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FOREWORD

Ten years ago Tom Karl and George Kukla proposed to analyze data from 130 rural

stations in the USA and Canada for evidence of any change in air temperature. The most

striking observation they made was a significant decrease of daily temperature range at most

of the stations over the last several decades.

At a smaller number of sites, together with their coworkers, they later examined how

the changes in the maximum and minimum temperature related to humidity, wind speed and

direction, urban-rural differences and cloud cover. The motive was to test if the change in

diurnal range could be linked to the greenhouse gas induced climate change. One of the

concerns of the project was that the identified change in the diurnal temperature range might

have multiple and possibly undeterminable causes.

The results obtained for the USA and Canada appeared consistent with the

expectations of the greenhouse gas induced climate change involving cloud cover and

atmospheric aerosols. However, because of the relatively limited area over which they were

obtained, the general circulation models were unable to shed further light on the observed

changes.

The experiment was therefore expanded to include available data bases from outside

North America. Contacts were made with researchers world-wide and up to century-long

observational records have been analyzed. The Minimax workshop has resulted from this

effort. The meeting was sponsored as a part of the National Oceanic and Atmospheric

Administration's National Environmental Watch Project and the U.S. Department of Energy



Environmental Science Division's Global Change Research Program.

These proceedings of the workshop provide a snapshot of the state-of-the-science.

Nearly 40 researchers from 10 nations report on the data, the analyses, the model studies, and

the potential future implications of a continuing change of diumal temperature range. The

discussion is timely, for it will contribute to the science assessment being conducted through

the Intergovernmental Panel on Climate Change.

I would like to thank all the workshop participants for their efforts and express my

appreciation to George Kukla and Tom Karl for organizing the meeting.

Michael R. Riches, Acting Director
Environmental Sciences Division
U.S. Department of Energy
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MINIMAX WORKSHOP SUMMARY

George Kukla
Lamont-Doherty Earth Observatory

of Columbia University
Palisades, New York 10964

Thomas Karl
NOAA/National Climatic Data Center

Federal Building
Asheville, North Carolina 28801

Michael Riches
Environmental Sciences Division, ER-74

U.S. Department of Energy
Washington, D.C. 10585

Following pages present the results of 37 scientists from ten countries who looked into

the character of current global warming. They confirmed the earlier finding of Karl et al.

(1993), namely that more of the warming is occurring at night thau during the day. As a

result, the diurnal temperature range (DTR) is decreasing over a major part of the studied

land surfaces, although areas of opposite trends were also detected. Additional observations

of the phenomenon were presented at the meeting and its causes and potential impacts

discussed.

OBSERVATIONS

In addition to the areas analyzed in Karl's work new zones with decreasing DTR were

identified in several countries in the North Atlantic region (Frich, this volume), Ireland,

Thailand, Bangladesh and Turkey (Jones, this volume), central India (Singh and Jones, this

volume) and elsewhere (Horton, this volume). The analyzed area currently covers over 40%

of the global land surface. Additional details were presented about the areas where the

nighttime wanning was reported earlier (Plummer et al., this volume; Horton, this volume,

i i i



Robinson et al., this volume; Smith, this volume; Razuvaev et al., this volume; Baker et al.,

this volume).

Although most global climate models expect the strongest impact < c he CO2 rise in the

high latitudes, no systematic change of minimum and maximum temperatures nor an overall

warming has been observed in the Arctic over the last 50 years or so (Kahl et al., 1993; Ye

et al., this volume).

Some researchers noted that the decrease of the DTR is most pronounced in autumn

(Horton, this volume; Karl et al., 1993; Kukla and Karl, 1993). Interesting is also the

location of the areas where the DTR increased, possibly in part as a result of decreased

cloudiness. Such zones are in the vicinity of Hudson Bay and Labrador where the

temperature range increases most markedly in winter and spring (Horton, this volume) in

parts of Europe (Brazdil et al., this volume; Horton, this volume; Jones, this volume),

northeastern and southeastern India (Singh and Jones, this volume) and notably uver the

west Pacific Islands (Salinger, this volume).

The decrease of the daily temperature range is not always due to the rise of the night

temperatures. For instance this is the case only over the northern and central section of the

European part of the former USSR, whereas in the southern part the range decreases because

of depressed daily maxima (Razuvaev et al., this volume).

Much attention has been paid to possible biases and inhomogeneities in the data. It is

well known that artificial perturbations of the landscape and in particular the urban growth

can lead to preferential increase of the nighttime minima (Oke, this volume). Also changes

in the instrumentation and location of the instruments can produce biases (Parker, this

volume). In order to minimize potential bias, earlier work gave preference to rural sites

wherever possible. As shown by Easterling and Peterson (this volume), the corrections for

inhomogeneities in various observational data sets can significantly distort trends at

individual stations but have only little effect on regional averages.

iv



RELATION WITH CLOUDS

The decrease in the daily temperature range has been found to relate closely with the

increases in cloud cover (Plantico et al., 1990; Frich, this volume; Kaas and Frich, this

volume; Plummer et al., this volume; Dessens and Biicher, this volume). However this is

not always the case. For instance in China the comparison of clear sky and overcast

conditions does not support the hypothesis that the decrease of the temperature range is due

to increased cloud amount (Baker, this volume). Possibly increased atmospheric humidity,

dust, or other factors closely related to the diurnal temperature range are responsible for the

changes. It must be also kept in mind that the instrumental and the urban warming biases

may not have been fully removed from all the analyzed data, especially not from those

coming from developing countries (Oke, this volume; Parker, this volume). Use of

additional data was suggested to help remove the possible remaining biases (Shea et al., this

volume; Parker, this volume) and new methods and approaches were proposed to the

problem (Galio et al., this volume).

The undeniable fact is however that the cloud cover is indeed increasing in most places

where the decrease of diurnal temperature range has been reported (McGuffie and

Henderson-Sellers, this volume) and that the preferential increase of night temperatures is in

line with such development. As reported by Parungo et al. (1994) the cloud cover increased

between 1952 to 1981 by 2.3% in the Northern Hemisphere and 1.2% in the Southern

Hemisphere. The daytime altostratus and altocumulus between 30° and 50°N latitude

increased by 27%.

MODELS

An important question was raised regarding the cause of the increase in cloud amount

over land. Global climate models which take in account only the rise of greenhouse gases

do not predict any significant change of the cloud cover over land, and a relatively minor

change in the diurnal temperature range (Mitchell et al., this volume; Cao et al., 1992). It is

known however that the sulfur compounds, released to the atmosphere by the burning of



fossil fuels interact in the formation of clouds and can increase their frequency and density

(Charlson, this volume). Such process can lead to a considerable mitigation of the

greenhouse warming (Schwartz, 1993 and in press).

Hansen et al. (this volume) considered such a scenario in their Wonderland climate

model. Their results came much closer to the observed changes than any earlier projection

based on global circulation models of increased carbon dioxide concentrations. They

concluded that the observed changes of diurnal temperature cycle are not due only to the

natural climate variability or only to global CO2 forcing, but rather result from a

combination of globally distributed greenhouse gas warming with the localized sulfate

related cooling, affecting low and middle level clouds over continents. They observe that in

their model an increase of tropospheric aerosols alone cannot provide enough negative

forcing over land. Only an increase of continental cloud cover, possibly a consequence of

anthropogenic aerosols, can damp the diurnal cycle by an amount comparable to the

observations (Hansen et al., this volume, figures 14 and 17).

If Hansen's results are correct, then a critical task for the climatologic community is to

detect which part of the cloud cover changes is due to artificial SO2 production and which

to other causes. Also important will be to determine how and where will the SO2 and CO2

emissions change in the future. The emission ratio of these two gases is currently

decreasing in many industrial countries due to the use of cleaner fuels. It may however be

increasing in the developing countries, where the use of sulfur-rich fuels is on the rise.

Other contributions were presented which investigate the potential link of clouds to the

diurnal temperature range. Cairns (this volume) calls attention to the differential impact of

low level and high level clouds on trie temperature minima and maxima. A case study of the

Mt. St. Helen volcanic ash eruption enabled direct observations of the effects of volcanic

aerosols on the diurnal cycle (Robock, this volume). In a simple radiative model

Demchenko and Golitsyn (this volume) report a potential asymmetry of the hearing rate

caused by CO2 which tends to decrease the diurnal range. Wang et al. (this volume) show



that increased attention in this respect should be paid to the artificial emissions of ozone.

Stenchikov and Robock (this volume) investigate in a simple model the impact of the CO2

and aerosols on the DTR and conclude that the changes in both directions are possible due

to the feedback mechanisms linked to atmospheric water vapor and clouds.

Henderson-Sellers and Pitman (this volume) call for precaution with modeling results.

They reported that ihe current generation of global climate models has a large disparity

among each other when surface heat and evaporative fluxes are compared, even when

identical input is used. Michaels et al. (this volume) reported serious differences between

the observations and the model predictions in the high latitudes. When compared with

observations, the modeled minimum and maximum temperatures in the central part of North

America differed considerably from the 1 x CO2 models (Kukla et al., this volume).

IMPACTS

The final session of the conference was dedicated to the human and other environmental

impacts of the expected continuation of the observed trends.

The heat related mortality in the cities is expected to increase with increasing frequency

of heat waves irrespective of the difference of the minima and maxima (Kalkstein, this

volume). It may be mitigated however by the wider use of air conditioning.

Before any projection of the changed diurnal temperature range on crops can be made,

the currently used models have to be improved, and more data on the frequency of weather

extremes will be needed (Katz, this volume).

It is however possible that crops will decrease due to the lack of crop vernalization

(Rosenzweig, this volume). Rather than affecting individual plant species, the change in the

DTR may influence the composition of the assemblage of particular ecosystems (Mooney et

al., this volume).
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CONCLUSIONS

1) The most generally noticeable aspect of the climate change within the last several

decades is the decrease of the daily temperature range over many land areas, due

mostly to the increase of night and early morning temperatures.

2) It appears that the temperature change in the mid-latitude lands is affected by

increasing cloudiness which leads to an increase of daily minima and suppression of

daily maxima and as a result to a depression of daily temperature range.

3) Over those parts of the oceans in the middle and low latitudes, which were hitherto

studied, the minimum and maximum temperatures are increasing uniformly.

4) There is no detectable overall warming in the high latitudes.

5) The cloud increase over land is tentatively related to the artificial sulfate production,

but the link is not verified.

6) If the cloud increase is indeed caused by artificial sulfur emissions and if these will

diminish in future, then the rate of global warming will increase.

7) If on the other hand the cloud increase continues unrelated to sulfates, then the bulk

of the future warming over land will be realized at night.
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Maxiaua and ainiaua temperatures: a backward and a forward look.

D E Parker

Hadley Centre, Meteorological Office, London Road,

Bracknell, Berkshire, RG12 2SY, United Kingdom

ABSTRACT

Parker,D.E.,1991 Maximum and minimum temperatures: a backward and a forward

look.

The effects of changing exposure of thermometers at land stations are

reviewed, and the documented influences of instrumental changes in the late

19th and early 20th century are presented, as wall as soma more recent

cas^s. In general, the effect of improved thermometer exposure has been an

apparent reduction in the diurnal temperature range, of several tenths °C.

Careful iiitercompariaons, lasting several years, are therefore needed

between present and proposed future instrumentation, if further artificial

changes are to be avoided. Past data should be carefully compensated for

changes of instrumentation and observing practices.

The analysis of monthly mean maximum and minimum temperature*! is an

insufficient basis for an understanding of current changes in diurnal range.

Concomitant changes of cloudiness and wind strength should be analysed.

Ideally, daily data should be stratified by cloud amount and wind strength

so that the effects of atmospheric circulation changes can be distinguished

from e.g. any increase of the clear-sky greenhouse effect.
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INTROOUCTION

Many of the papers in this workshop (e.g. E.B.Horton) have extended the

analyses of trends in maximum and minimum temperatures summarized in the

1992 IPCC Supplement (Folland et al., 1992). However, owing to limitations

on availability of the data, most of this work has been confined to data for

the last 50 years. In view of the known interdecadal fluctuations of

climate, a 50-year period is inadequate for the assessment of climatic

trends. Fig. l illustrates this problem for a variety of types of data.

For some data, eg those from satellites, the brevity of the record remains

unavoidable, but maximum and minimum temperatures were recorded worldwide

back into the 19th century. These data are therefore of great value, so

long as they can be homogenised: the earlier data, taken in non-standard

exposures (Parker, 1993) will require adjustment. This paper addresses the

task involved.

Other papers in this workshop also consider the need for joint analysis of

maximum and minimum temperatures with other types of data. Only in this way

can the results be verified and interpreted. In this papers, a few

recommendations for future work are made.

HISTORICAL DATA

Many of the typical thermometer exposures used in the late 19th and early

20th centuries are reviewed by Parker (1993), and fuller details for

particular countries and locations are given in the bibliography cited

therein. Parker (1993) also tabulated a variety of

experimentally-determined biases of historical exposures relative to

Stevenson screens. Here, some of the same findings are presented
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graphically to emphasise the effects on diurnal ranged in recorded

temperatures. The results can be used to estimate approximate adjustments

to the early records.

Many early thermometer-stands were open to poleward, allowing reflected

solar radiation to affect the thermometers by day, and permitting radiative

heat-loss at night. As a result, recorded diurnal ranges were enhanced

relative to what would have been measured in Stevenson screens (Figs. 2 and

3). The effect was greatest in summer. There were differences between

types of thermometer-stand : for example, the night-time cooling evident in

the Glaisher stand (Fig. 2; Margary, 1924) was not found in the French stand

(Dettwiller, 1978). Also Young (1920) only found generally small biases in

the USA's fruit-region shelter. His sample however, was small.

Wild's apparatus, common in Russia and eastern and central Europe in the

late 19th and early 20th centuries, was more complex, consisting of a

cylindrical shield inside a louvrad screen (Parker (1993) provides

illustrations*. However, its biases also enhanced the recorded diurnal

ranges (Fig. 4), though with less of an annual cycle than for the open

stands.

In the tropics, thatched or felted sheds were common until the 1920's, the

thermometers being suspended from the eaves in a cage, or fixed to a trellis

in the shed. Receipt of reflected solar and emitted longwave radiation from

the ground outside the shed made maxima too high relative to a Stevenson

screen, and minima were also too high owing to retention of heat by the

roofing material. According to the results of Field (1920) (Fig. 5a) diurnal

ranges were slightly reduced on an annual average, but with some seasonal

variation; Bamford (1928), however, obtained an enhanced diurnal range
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throughout the year (Fig. 5b). The biates will have been affected by the

material used in the shed, by the reflection and emission properties of the

ground outside it, and by the radiation and advection (wind) climate of the

site. The results of all instrumental comparisons must be to some extent

site-specific.

North-wall screened exposures yield reduced diurnal ranges (Fig. 6). These

exposures were common in much of central, northern and eastern Europe in the

late 19th and early 20th century; Russia before the 1870's; USA until 1890;

Canada in the late 19th century (Parker, 1993).

Hazen (1885) examined unscreened north-wall exposures, which were common in

the USA and Prussia until the early 1890'a. His results were for fixed

hours (as opposed to maxima and minima) and suggest a slight enhancement of

the diurnal range. However, the results will have been dependent on the

particular, very varied, aites used.

Some old exposures have never been compared with Stevenson screens. A

particular example is the Canadian screen and shed described by Kingston

(1878) and illustrated by Parker (1993). Reconstruction of the apparatus,

and a series of comparative measurements, have been recommended (Parker,

1993).

The above results show that in most, but not all, cases, apparent diurnal

ranges were reduced by the introduction of new instrumentation.

LOOKING TO THE FUTURE

Not only historical data have been affected by instrumentally-induced

biases. Quayle et al. (1991) presented a recent example : when thermistors
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were introduced at stations in the USA, observed diurnal ranges were reduced

by 0.7 deg C. in contrast, Gall et al. (1992) ascribed recent extremely

high maximum temperatures observed in Arizona to instrumental effects.

Therefore, careful intercomparisons, lasting several years, are needed

between present and any proposed future instrumentation, to avoid or

compensate for such artificial changes.

Further verification of changes of diurnal range can be obtained by

analysing concomitant changes of other variables, especially cloudiness,

wind strength, and humidity. Considerable work has already been done in

this area (Karl et al., 1993; other papers in this workshop). Ideally,

daily data should be stratified by cloud amount and wind strength and

humidity, so that the effects of atmospheric circulation changes can be

distinguished from e.g. any increase of the clear-sky greenhouse effect as

well as from instrumental effects. The data-processing burden for this task

will, however, be substantial; and the cloud, wind and humidity data will

require careful quality-control. Urbanization tends to reduce diurnal

ranges : this will need to be taken into account, possibly with the aid of

satellite data (Gallo et al., 1993).

The relationship between diurnal range and elevation could be investigated

using a combination of conventional and satellite data (Johnson et al.,

1993). Because the clear-sky greenhouse effect decreases with elevation,

the results could be used to bound estimates of the direct influence of

anthropogenic increases in the greenhouse effect on diurnal range. Th\e

would, of course, exclude indirect effects via changes in the atmospheric

circulation, and other effects such as the increasing aerosol burden.
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Figure 2
Temparatures, Glaisher stand minus old-style Stevenson screen,

London, 1881 to 1915 (Margery, 1924)
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Figure 3
Max temperatures, French screen minus new—style Stovenson

screen, Paris, based on 50 years' data (Dettwiller, 1978)
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Figure 4
Temperatures, Wiid's screened shield minus old-style Stevenson

screen. London, 1879 to 1881 (Whipple, 1883)
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Figure 5a
Temperatures, cage suspended beneath thatched shed

minus new-style Stevenson screen, Agra (India),
1917 to 1918 (one years' data only) (Field 1920)
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Figure 5b
Temperatures, trellis under felted shed minus

open based Stevenson screen, Colombo(Sri Lanka),
1923 to 1926 (Bomford 1928)
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Figure 6
Temperatures, north-wall screen minus old-style Stevenson

screen, London, 1878 to 1879 (one year's data only)
(Marriott 1879) ' "
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Daily Maximum and Minimum Temperature Datasets
Archived at NCAR and Some Applications

Dennis Shea, Roy Jeune and Wilbur Spangler
National Center for Atmospheric Research, Boulder, CO

ABSTRACT

The temporal and spatial coverage of daily data sets archived at the National Center for
Atmospheric Research are briefly described. These data sets form the foundation for climate
research. Most commonly they contain daily minimum and maximum temperatures (r£min and
TmOz, respectively) and precipitation. Other variables are reported less often: these include sea
level pressme, wind speed and direction, relative humidity, cloud type, etc. A proposed project to
establish a global Tmm/Tma-/precipitation dataset extending back to 1900 is presented. Finally,
some research results derived from using one particular daily data set are described. In particular,
(i) an example of the advantage daily climatologies is presented, and (ii) estimates of the "climate
noise" of surface temperatures over North America are described. This noise which results from
sampling variations inhibits detection of any climate signals (e.g. those arising from greenhouse
warming).

INTRODUCTION
For a number of years the National Center for Atmospheric Research (NCAR) has

been acquiring and storing daily station data from around the globe (Table 1). The sources
of these datasets include the National Climate Data Center (Asheville, North Carolina),
national meteorological centers, universities and individuals. These data sets most com-
monly contain daily minimum and maximum temperatures (rmjn and rrooi» respectively)
and precipitation. Other variables are reported less often: these include sea level pressure,
wind speed and direction, relative humidity, cloud type, etc. These daily data are currently
being used for agricultural studies, climate research, and to validate climate models. For
example, the difference between Tmax and Tmin gives an indication if the models are correctly
simulating the diurnal cycle.

Some of the datasets span more than 75 years (e.g., DS510 and DS516; see Table 1)
while others contain data which span a short time period (e.g., DS469). Several datasets
(e.g., DS463 and DS467) nominally have global coverage. However, only DS512 spans the
entire globe and is temporally current. That dataset is acquired from the Climate Analysis
Center (CAC). Briefly, data are received on a daily basis from the Global Telecommuni-
cation System, quality checked, and archived. On any given day, Tmin, Tmax, precipitation,
and other variables from more than 5000 stations around the globe (Figure 1) are available.
Currently, the data available at NCAR span 1979 through July 1993. The CAC constantly
updates this data set. NCAR archives these data in both synoptic and time series order.

It is possible that DS512 could be significantly expanded by using daily data spanning
1967-76 from DS463 and data from DS467 which contains data starting as early as 1899,
but with the vast majority starting in about 1940. The initial phase will be to prepare a
daily dataset for approximately 7500 stations spanning the period 1967-1993. The long-
term objective will be to recover data for missing periods and to extend the daily data
archive back in time to at least 1900. A project that involves several centers including
NCAR is now being discussed.
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TABLE1
NCAR Datasets containing Tmin and

NCAR
ID

DS463
DS467
DS469
DS483

DS508
DS510

DS512
DS516
DS518
DS522

DS523
DS524
DS565
DS582

AREA

Global
Global
Canada
Malaysia
Thailand
USA
USA
Pacific Is.
Caribbean
Global
Canada
Japan
USA
Canada
Australia
Russia
USA
Antarctica

NO.
STA.

7,500
7-10,000
95
112
52
137
11,000

7500
780
100+
372
127
10,000
223
1200
47

PERIOD

1967-80
1899-1972
1963-72
1951-85
1951-85
1881-1985
1888-1992

1979-7/93
1874-1989
1951-89
1888-1976
1874-1979
1939-82
1880-1989
1880-1987
1980-89

TYPE

D
D
D
D
D
D
D

MD
D
D
D
D
D
D
M

MD

ORDER

S
T
T
T
T

TS
T

TS
T
T
T
T
T
T
T
T

VOL

L
L
S
s
s
sL

M
L
S
S

M
S
M
S

1 Many of these data sets contain daily precipitation also.

Table 1: NCAR ID indicates NCAR's internal dataset identifier; AREA indicates the primary
geographical location of the data; NO. STA. indicates the approximate number of stations; PE-
RIOD specifies the time spanned by the data set; Type means D for daily and M for monthly;
ORDER indicates the manner of archiving where T means time series order and S means synoptic
order; VOL indicates whether the data set is small (S; less than 250 megabytes [MB]), medium
(M; 250-1000MB) or large (L; greater than 1000MB).

1W 19W 120H «U HV XW Jtt ME «E 120E 1S0E IK) «os

Figure 1: Distribution of 6300 reporting stations on 1 January 1989 from DS512.
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SAMPLE APPLICATIONS OF DAILY DATA
(a) Daily Climatologies over North America

Daily Tmtn, Tmai and precipitation data from DS522 generally spanning 50-70 years
have been used to document the mean annual cycle (MAC) of these quantities over North
America (Shea, 1984a, 1984b). These daily climatologies often reveal details of the MAC
which are not easily noted when using the more conventional monthly climatologies. For
example, at Tucson, Arizona, a decrease in Tm«x, (Fig. 2) which is not evident from monthly
means is readily observed. This decrease which occurs in July and August is seen to be
related to the onset of the "Arizona Monsoon". This is illustrated in figure 3 where a sharp
increase in the unconditional probability of precipitation on any calender day is evident.
Another feature revealed is that the change in Tmin is less than that observed by Tmoi.
A possible explanation is that the maximum cloudiness, which generally occurs in the
afternoon and evening, may lessen or disappear by the early morning.
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Figure 2. Raw and smoothed curves of Tmin, T,»ax, the mean [T=(TmiTl + Tmai)/2] and
the daily standard deviation (T,) for Tuscon, Arizona for the period spanning 1894-1973.
The boxes on the right list the monthly means, the standard deviation of the monthly
means and the fourier amplitudes and phasesi needed to generate the smooth curves. From
Shea (1984a).
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Daily climatologies (e.g., Shea, 1984a, 1984b; May et al. 1992) of Tmin, Tmox, pre-
cipitation and other variables (e.g., solar radiation) form the basis for stochastic weather
generation models (WGMs; Richarson, 1981; Richardson and Wright, 1984; Wilks, 1992).
These WGMs can be used to study the effects of inadvertent (e.g., greenhouse warming)
or proposed (e.g., dams) modifications upon the ecosystem. They are inexpensive to run
and relatively simple to develop. They can be used to generate largs numbers of samples
which allow users to ascertain the effects of changes and give some estimate of the errors.
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Figure 3. Raw and smoothed curves of the unconditional probability of precipitation (in
%; UPP) on any given calender day at Tuscon, Arizona. The box on the right gives for
each week of the year the mean UPP and the mean total precipitation for that week. The
box within the graph provides the fourier amplitudes and phases neeed to generate the

smooth curve. Erom Shea (1984b)
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(b) Estimates of Climate Noise
Detection of predicted climate signals from greenhouse gases is complicated by the

variability within the climate system (Hasselman, 1993). "Natural" variability may result
from changing boundary conditions such as the ENSO (El Nino - Southern Oscillation),
changing snow/soil moisture, etc. In addition, there is another type of variability which
has been called "climate noise" (Madden and Shea (1978) and Shea and Madden (1990);
hereafter MS and SM, respectively). This climate noise results from statistical sampling
alone. It is variability associated with weather fluctuations and is due strictly to the
atmosphere's internal dynamics. It would occur even within an unchanging climate.

Daily temperature data from DS522 were used by MS and SM to estimate the noise
associated with monthly means of surface temperatures over North America. Figures 4 and
5 show the standard deviation of the climate noise for January and July monthly surface
temperatures, respectively. As an example, January means of surface temperatures over
Montana would have a standard deviation of >4°C simply as a result of sampling variations
due to weather variability. Clearly, the noise estimates for January are generally larger
the estimates for July. Thus, at first impulse, one might focus on the summer months to
detect a climate change signal. However, if the signal is also small during the summer
months the possibility for detection will be difficult. The appropriate approach would be
to look in areas where the signal to noise ratios are largest.

Figure 4. Standard deviation in °C of the estimated climate noise for January monthly
mean temperatures due to sampling variations alone. From Shea and Madden (1990).
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Figure 5. Same as Figure 4 but for July.
SUMMARY

Daily data has been archived at NCAR for use in climatological research. Climatolo-
gies developed using these data sets reveal features obscured using traditional monthly
climatologies. In addition, the information from these climatologies may be used to de-
velop stochastic weather generation models. Finally, daily data have been used to estimate
the climate noise associated with daily weather fluctuations. The noise is larger in winter
than in summer. However, researchers must use caution when looking for predicted climate
signals.
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The Effect of Artificial Discontinuities
on Recent Trends in

Minimum and Maximum Temperatures

David R. Easterling and Thomas C. Peterson
Global Climate Laboratory

National Climatic Data Center
Asheville, NC 28801

ABSTRACT

A nuaber of recent papers have focused in the asymmetric

rise in minimum vs. maximum temperatures for various parts of the

globe. Here we re-examine this question in order to determine

the effects of inhomogeneities on the results. We apply an

inhomogeneity detection and adjustment technique we have

developed for individual station time series. Results show the

effects on large-area (hemispheric) aggregate time series to be

small. However, much larger effects on trends in minimum and

maximum temperature are found when umaller regions are examined.

1. INTRODUCTION

Much of the early "global warming" research focused solely

on trends in mean temperature (e.g. Jones, et al., 1986).

However, analysis of maximum and minimum temperature can provide

additional insights into climatic change. The first evidence

that maximum and minimum temperature may have different trends

over the past century were outlined by Karl, et al. (1984) who

looked at rural maximum and minimum temperatures for parts of

North America. More recently„ a number of studies have included

data for other parts of the world including the former Soviet
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Union, Peoples Republic of China, and parts of Europe and Africa

(Karl, et air 1991, and Karl, et al. 1993). These studies have

supported earlier findings that, in general, the minimum

temperatures are rising at a faster rate than maximum

temperatures leading to a decrease in the diurnal temperature

range (DTR). However, much of the data used in these studies

have not been thoroughly analyzed for inhomogeneities in the

station temperature time series.

A homogeneous climatic time series has been defined where

all variation is due only to variations in weather and climate

(Conrad and Pollack 1950). inhomogeneities in temperature time

series generally occur either as trends due to artificial changes

in the landscape surrounding the station, as in the case of urban

warming, or they occur as abrupt discontinuities. Abrupt

discontinuities generally occur for reasons such as station

relocations, instrument changes, or changes in averaging methods.

These changes may be random in their effects so that

discontinuities with warm biases are often assumed to cancel out

discontinuities with cool biases when time series are aggregated

into areal average time series. However, non-random changes in

location (e.g. movements from urban to rural airport locations),

or in instrument types (e.g. liquid in glass thermometers to

thermistors) may cause biases to be consistently in the same

direction (e.g. all warm or all cool) at many or even all

stations in a network. While the stations used in Karl et al.

(1993) were carefully selected to minimize these influences, it

is impossible to avoid completely all stations that undergo such
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changes and still have enough stations to produce robust

estimations of regional trends. Furthermore, it is also

impossible to determine if a time series is truly homogeneous as

defined above. Therefore, in this paper we define homogeneity in

terms of what Conrad and Pollack (1950) have defined as "relative

homogeneity**; that a station has been compared to surrounding

stations and found to be consistent with variations at those

neighboring stations.

A number of strategies have developed in the past few years

in order to account for the problem. Both subjective and

objective methods have been proposed and applied to temperature

time series in order to determine whether the data for an

individual station is homogeneous. Jones, et al. (1986) and

Rhoades and Salinger (1993) both used a subjective methodology

where the time series for individual stations were plotted with

neighboring stations, and a subjective assessment made regarding

homogeneity and the need for data adjustments. More objective

tests have been proposed and applied by Potter (1981),

Alexandersson (1986), and Gullet, et al. (1991) where

discontinuities are identified statistically. Recently, in

Easterling and Peterson (1993) we presented the results of an

assessment of the performance of these techniques, and a new

technique we developed. We found our technique to be the most

robust of those evaluated and when used with a methodology for

creating homogeneous reference series presented in Peterson and

Easterling (1993), it can to provide homogeneous temperature time

series. This technique was developed for use on the Global
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Historical Climatology Network (GHCN; Vose et al., 1992) mean

monthly temperature data but it also works well with monthly mean

maximum or minimum temperature.

The question we attempt to address in this paper is: are

the recent observed trends in minimum and maximum temperature
1

accurate reflections of changes in climate or are they due to

non-random discontinuities in the temperature time series? To

evaluate this problem we applied our objective inhomogeneity

detection and adjustment technique to the maximum and minimum

temperature data for the majority of the Northern Hemisphere and

reanalyzed the data looking for changes in trends.

2. METHODS

The first step in our homogeneity testing is to create a

homogeneous reference time series for each station using nearby

stations (Peterson and Easterling 1993) . Next a difference

series is created by subtracting the time series for the station

being tested from its reference series. The technique then tests

the difference series for changes in statistical characteristics

(in this instance we test for a change in the mean of the

difference series) indicating a discontinuity (EasterIing and

Peterson 1993). Lastly, the magnitude of the inhomogeneity is

determined and an adjustment is made to the station data to

account for the discontinuity.

We applied this technique to seasonal and annual minimum and

maximum temperature data from Russia, China, Canada, Japan, and

the United States (including Alaska but excluding Hawaii). This
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created a data set covering much of the Northern Hemispheric land

surface where much of the effects of inhomogeneities such as

station moves, changes in instrumentation, and changes in station

environment, have been systematically and objectively removed. A

couple of further notes are that we removed stations where the

adjustment values exceeded 3°C and when the dT/dt (year to year

change in temperature; Peterson and Easterling 1993) correlation

coefficient for the subsection of the time series surrounding a

particular discontinuity was less than 0.60 we did not make the

adjustment because either condition may indicate a problem in

that station's reference series we created.1

3. RESULTS

The effect of these adjustments on individual stations were

often significant, even to the point of changing the sign of the

trend at that station. A plot of the trends in the maximum,

minimum and range (DTR) for annual temperature averaged over the

Northern Hemisphere is shown in Figure 1. This plot indicates

that, when averaged over the entire hemisphere, our adjustments

had only a marginal effect on the trends. In this case, the

adjustments resulted in a slight increase in the slope for the

maximum temperature (approximately +0.2°C), but had virtually no

1 The dT/dt correlation coefficient is calculated using the
year to year change in temperature time series derived from the
candidate and from the reference time series. In this instance,
the subsection refers to the section of the time series surrounding
the discontinuity beginning at the previous discontinuity and
ending with the next. We use the dT/dt correlation because it
minimizes the effect of a discontinuity on the correlation
coefficient.
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effect on the slopes for the minimum and range. This provides

some verification of the robustness of previous results for large

regions (hemispheric to global scale) obtained using data that

were not tested for homogeneity.

However, when the results of analyses for different regions

are examined it is clear that our homogeneity testing and

adjustments can make a considerable impact. Figures 2 and 3 show

plots of the annual maximum, minimum, temperatures and range for

two regions in China: the north/northwest region and the

southeast region. In these two regions, the homogeneity testing

and adjustments produce larger changes in the slopes for linear

trends in maximum and minimum temperature in both regions.

However, in both regions there is not much difference in the

slopes of the diurnal temperature range between the raw and

adjusted data. This last point is somewhat surprising because

minor changes in maximum and minimum temperature trends could

significantly impact trends in the maximum minus minimum (DTR)

temperature. And indeed, in some other regions the sign of the

linear trend in DTR changes after adjustments to the maximum and

minimus temperatures.

Another interesting point, which was mentioned briefly in

Karl, et al. (1993) is the difference between these two regions

in the trends for the maximum temperature. The slope for the DTR

is very similar for each region, they are both decreasing at

approximately 2-3°C/century. Yet, the DTRs are decreasing for

different reasons. In the dry northwest China the maximum

temperature is increasing, but the minimum is increasing at a
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faster rate. However, in more moist southeast China the maximum

temperature is decreasing while the minimum temperature is

increasing. We found similar differences between western Canada

and eastern Canada and between western United States and eastern

United States (see Table I). Clearly these results indicate that

Table I. Trends in maximum and minimum temperature and

diurnal temperature range (DTR) for both the original data and

for data adjusted for artificial discontinuities for four regions

in North America.

Eastern Canada

Western Canada

Eastern USA

Western USA

Max (orig/adj)

°C/100 years

-0.91/-0.87

4-1.76/4-2.55

-0.34/-0.29

4-0.28/4-0.48

Min (orig/adj)

oC/l00 years

-0.49/-2.13

+2.79/+2.20

+0.46/4-0.70

4-1. 04/4-1.25

DTR (orig/adj)

oC/l00 years

-0.41/4-1.27

-1.01/4-0.38

-0.78/-0.98

-0.78/-0.76

either different physical mechanisms are at work or that effects

from the same mechanism work differently in various regions. We

are currently working on research focusing on the role of

precipitation in these differences.

4. SUMMARY AND CONCLUSIONS

It has become increasingly apparent that the use of
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honogeneous climate data is critical in climate studies. A

homogeneous data set can be achieved through careful station

selection. However, given the wide array of factors that can

cause discontinuities, it has been our experience that virtually

every station we have examined contain some inhomogeneities.

Therefore, we have chosen to systematically identify

inhomogeneities and adjust the data to account for these

discontinuities. The method we have used ?or homogeneity

analysis of the data in this study is statistically based,

objective, reproducible, and is designed to be applied to large

climate data sets. Using this technique, we have evaluated and

adjusted the majority of the maximum and minimum temperature data

currently available in digital form for artificial

discontinuities in station time series and reanalyzed the

adjusted data.

The large-area (hemispheric to global) trends previously

identified were essentially preserved in the adjusted data set,

indicating the robustness of earlier analyses using unadjusted

though often carefully selected data. We therefore conclude that

the trends in maximum and minimum temperature are not due to

widespread systematic changes in instrumentation but rather

climate change However, for individual stations and climate

regions within a country, adjustments for inhomogeneities can

significantly alter the perceived trends in maximum and minimum

temperature and trends in diurnal temperature range.

Furthermore, examination of regional differences in trends in DTR

may be the result of different physical mechanisms but not the
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result of artificial discontinuities.
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Anthropogenic bias influences on near surface air temperatures

T.R. Oke
Atmospheric Science Programme

Department of Geography
University of British Columbia

Vancouver, B.C., Canada

Abstract

Judging by recent publications concerns over systematic bias in near-surface air

temperature records, due to land surface changes associated with human "development"

(e.g. urbanization, irrigation, flooding, desertification, deforestation) or observing

practices, seem to have receded. This seems to be based on a perception that such bias

has been adequately handled by culling or "correcting" data from suspect stations.

Anthropogenic influences on air temperature records may be more pervasive and

subtle, than has been generally appreciated. These influences together with boundary

layer processes act asymmetrically from day to night so that the impact on maximum and

minimum temperatures is different. Some of these possibilities are outlined and it is

suggested that they remain a matter for concern.
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ABSTRACT

It has been established that minimum temperatures have been

increasing with time at a higher rate than maximum temperatures for

the past several decades, most prominently for large parts of the

northern hemisphere land mass, but in other areas as well. We

demonstrate that (for China, at least) this increase in nighttime

temperatures is not necessarily the result of changes in cloud

cover for the period 1951-1990.

I. INTRODUCTION

Bucher et al. (1991) was one of the first to illustrate the

observed rise in the minimum temperatures at a station in the

Pyrenees at an elevation of 2862 meters. More comprehensive

studies undertaken by Karl et al. (1991, 1993) have shown that

minimum temperatures have been generally increasing with time for

the past several decades over many of the earth's major land masses

(Figure 1). Salinger et al. (1993) also observe this phenomenon in

New Zealand. It has been hypothesized that this warming is due to:
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(1) increases in cloud cover (which- generally depress daytime

temperatures and can increase nighttime minima by retaining radiant

heat)? and/or (2) some combination of anthropogenic increases in

sulfate aerosols, greenhouse gases and biomass burning; or (3)

perhaps a measurement bias. Regardless of the physical linkages,

observational data substantiate the increase in the minimum

temperature over many diverse areas with various observing

programs.

This paper addresses the role that cloud cover may play in

nighttime warming in China and seeks to determine how much of the

observed temperature increase can be accounted for by the

variability of cloud cover. This study addresses the nine climatic

regions of China as defined by Karl et al. (1993). The stations

chosen are located in or near cities and towns with populations

less than 100,000. The methodology used in this study allows one

to determine the influence that reported nighttime cloud cover has

on the observed rise in the minimum temperature in China.

II. METHODOLOGY

A data set obtained by the exchange of climatological data

between the Peoples Republic of China and the United States has

provided a unique opportunity to examine the relationship between

the cloud cover and the observed change in minimum temperatures.

The data set consists of six-hourly observations that are comprised

of temperature and cloud cover for the period 1951-1990. We chose

a subset of these data such that all stations had continuous data

for the entire period and negligible trends of the urban heat

island effect. The locations of the stations are shown in Fig 2.
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The data were averaged over each region to obtain daily regional

time series for the maximum temperature, minimum temperature and

nocturnal cloud cover. The 0200 and 0800 LST observations of cloud

cover were averaged to provide the most representative value for

minimum temperature and nighttime cloud cover. These data provided

the basis for calculating monthly values of the minimum and maximum

temperature (Tmin, Tmax), cloud cover (CC) and a modelled minimum

temperature variable (Tmod) that is dependent on the relationship

between minimum temperature and observed daily cloud cover for each

climate region. Tmod monthly values result from determining long-

term mean Trains for each cloud cover category/ then replacing the

actual Tmins with the averaged Tmin value appropriate to each

actual cloud observation, and averaging these over each month to

create Tmods. The result is a time series of monthly mean values

of actual cloud cover and parameterized Tmin (i.e., Tmod). This

will be addressed in more detail below.

A check on the physical relationship between the minimum

temperature and cloud cover was examined for each region. A shift

to increasing temperatures would be expected for an increase in

cloud cover if:

a) The errors in observing the nighttime cloud cover are not

significant; and,

b) Most of the of cloud cover (reported in tenths) consists

of thermally insulating clouds, i.e., does not result from a cold

frontal passage on the night in question.

The observation errors are addressed by using a known physical

relationship between cloud cover and Tmin for each climate region.
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The climatology of China for low clouds in winter shows a

maximum in the south and southeast of around 5-7 tenths, with

decreasing cloudiness to the northwest and northeast reaching

averages of about 2-4 tenths. In spring there are similar spatial

patterns but the gradient is not as steep moving from the south to

the north. In general, the annual mean cloudiness pattern shows

decreasing cloud cover with increasing latitude.

Figures 3 and 4 illustrate the frequency distributions of

minimum temperature for different cloud cover categories and

regions. These examples are characteristic of all regions. There

is an obvious shift to an increasing minimum temperature for an

increase in cloud cover for 0200 and 0800 LST averaged

observations. There is a strong relationship for six of the

regions. This was further substantiated by Zhang and Lin (1992).

The ratio of low clouds to the total amount on an annual basis

varies from approximately 50% in regions 3, 6, and 7, to greater

than 50% in the northeast and southeast. The other three Regions

(4, 8, & 9) did not show similarly significant results, perhaps

because the cloud cover distribution was skewed towards overcast

for the majority of time (indicative of cold frontal activity, or

perhaps widespread cooling convective activity in some cases).

As noted, the distribution of minimum temperature was

parameterized as a function of cloud cover and climate region by

defining an average minimum temperature for each cloud cover

category, from clear to 10 tenths. Figure 5 illustrates this

relationship for all nine climate regions. A functional

relationship was developed for each region for the minimum
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temperature as a function of cloud cover such that we have;

Tmincc - F (CC, R) (1)

where;

CC - Cloud Cover

R « Climate Region

The observed daily cloud cover was used to generate

Traod(t) = F( Tmincc,CC(t)) (2)

where;

Tmod(t) is the value of Tmincc for the daily cloud

cover at time t for the particular climate region. This physical

relationship was used to develop a modelled minimum temperature as

a function of cloud cover for each climatic region. This newly-

developed term allows us to examine the minimum temperature as a

function of time on a monthly basis for each region. This modelled

minimum temperature couples the minimum temperature to the daily

cloud cover distribution for each month for each region. Thus when

we examine the time series of the modelled minimum temperature we

are examining the modeled minimum temperatures derived from

observed cloud conditions and statistical cloud-temperature

relationships for each region. Essentially, the observed cloud

cover is assumed to have a direct physical relationship to the

minimum temperature for each region, similar to our statistically

modelled results.

When reviewing the time series, an increase in modelled

minimum temperature would imply that the actual increase in minimum

temperature is coherent with and probably physically linked to the

observed trend in cloud cover. A decrease implies that cloud cover
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has essentially played no role in the observed increase in minimum

temperature and it must be due to other phenomena.

III. RESULTS

Monthly regional time series were determined for each of the

nine regions. Each region represents a compromise between climatic

homogeneity and an adequate number of stations within its boundary

to reduce the sampling error. Anomalies were calculated using the

entire base period from 1951-1990.

Region 6 was one of the more interesting to examine. It is in

the northwest of China and has a minimum in cloud cover, partly due

to the "fohn" effect produced by the prevailing westerlies.

Curiously, we find the lowest amount of clouds and a slight

decrease in cloud amounts over time in the spring, autumn and

winter. Ironically those three seasons also show an abrupt

increase in the minimum temperature. It is the only region where

an increase in the minimum temperature is observed in all four

seasons. Figure 6 shows the winter observed and modelled

temperature. What we find is an increase in the observed

temperature of 7.0 deg C/ 100 yr and no significant trend in the

modelled temperature indicating that, given the cloud cover

distribution for this season and region, we would not expect to

find a positive trend in the observed minimum temperature. In

contrast, when we examine the springtime (Figure 7) observed and

modelled temperatures for region 6 we still find a positive trend

in the observed temperature of 6.1 deg C/ 100 yr, but find a

decrease in the modelled minimum temperature of -1.6 deg c / lOOyr.

Figures 8 and 9 are typical of vhat we find for winter: essentially
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very little or no change in the modelled temperature and dramatic

increases in the observed minimum temperature.

Figure 10 shows the annual minimum temperature anomalies for all

nine regions. The spatial variability is apparent in this figure.

A definite rise can be seen from 1967 onward and the spatial

variability is on the order of 1.5 C. If we area-weight the annual

mean minimum temperature anomalies we obtain Figure 11.

This shows a trend of 2.5 C/100 years. When similar calculations

are performed on the modelled temperature we find no significant

change in the minimum temperature. This is further substantiated

by noting that there is essentially no change in the cloud cover

over the entire period of time on an annual basis.

IV. CONCLUSIONS

These analyses examine three physical meteorological variables

on different time and space scales. The smallest spatial scales

are the nine climatic regions, and the largest is China itself.

The time series for the modelled minimum temperature and cloud

cover are developed from the six hourly data and examined on

monthly and seasonal time scales. The minimum temperature is

developed from daily values and aggregated to monthly and seasonal

values. The purpose of this analysis is to understand if cloud

cover plays a significant role in the increase in the minimum

temperature.

Considering the absence of significant trends in modelled

minimum temperature and near-zero or slightly negative trends in

observed cloud cover in China, it is highly questionable that cloud

cover is the reason that we are seeing the observed increases in



-42-

minimura temperatures. We furthermore conclude that the observed

increase in the minimum temperature in China seems to be driven by

the wintertime increases in every climatic region in China.
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ABSTRACT

The use of remotely sensed data offers a potential objective

method for assessment of urban heat islands. Several studies that

utilized satellite derived data are reviewed and future prospects

are presented. The use of satellite derived Normalized Difference

Vegetation Index data and potential use of Defense Meteorological

Satellite Program sensor data are reviewed in detail.

INTRODUCTION

The development of temperature differences between cities

and their surrounding rural regions has been well documented

(Landsberg, 1981). The influence of urbanization on long-term

temperature records (the urban heat island effect) has even been

detected for cities with populations less than 10,000 (Karl et

'Corresponding author address: Kevin P. Gallo, Global Climate

Laboratory, National Climatic Data Center, Federal Building,

Asheville, NC 28801-2733.
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al., 1988). Urbanization within the United States has had the

greatest influence on minimum (compared to maximum or mean)

temperature records (Karl et al., 1988). Changnon (1992) presents

a review of additional climatic modifications attributed to

urbanization.

Efforts have been made to adjust temperature records for the

bias caused by urban build-up around weather stations located in

and near cities. One method for evaluation and adjustment of the

urban heat island (UHI) bias of climatological temperatures

requires "pairs" of urban and rural weather stations (Kukla et

al., 1986; Karl et al., 1988). The majority of the research on

the removal of UHI bias has occurred in the United States because

of the availability of long-term urban and rural temperature

records. A globally applicable methodology for assessing the UHI

bias is needed to remove this bias from future temperature

records in regions where pairs of urban and rural weather

stations are not available.

The use of urban population as a predictor of the amount of

UHI bias has been studied (Oke, 1973; Oke, 1982; Karl et al.,

1988). Limitations to the use of population statistics as an

estimator of the UHI bias include the lack of globally consistent

statistics. Additionally, population da*a given for a

geographically arbitrary boundary can be difficult to relate to

the population in the immediate vicinity of a weather station.

Several studies have demonstrated that remotely

sensed data can be used in analysis of urban heat islands. The

use of remotely sensed data may provide an objective and globally
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applicabie methodology for assessment of the UHI effect.

The objectives of this paper are to l) review the satellite

assessment of the UHI effect and 2) provide potential prospects

for future use of remotely sensed data to evaluate and monitor

the UHI effect.

REVIEW

Satellite-derived surface temperature data have been

utilized for urban climate analyses in several studies. Rao

(1972) was the first to demonstrate that urban areas could be

identified from analyses of thermal data acquired by a satellite.

Thermal-IR (10.2-12.5 urn) data acquired by the Improved TIROS

Operational Satellite (ITOS-1) was used to examine surface

temperature patterns for the cities along the mid-Atlantic coast.

Carlson et al., (1977) examined the surface thermal (10.5-12.5

pm) patterns of the Los Angeles region with day and night data

acquired by the Very High Resolution Radiometer (VHRR). Greater

variation between day and night radiant surface temperature was

observed in the industrial and central business zones of the

city, compared to the more vegetated regions. Matson et al.

(1978) also utilized VHRR thermal data (10.5 - 12.5 pm) acquired

at night to examine urban and rural radiant surface temperature

differences for cities in the Midwest and Northeast USA.

Price (1979) utilized Heat Capacity Mapping Mission (HCMM)

data (10.5 - 12.5 fim) to assess the extent and intensity of urban

surface heating in the northeastern United states. Byrne et al.,

(1984) found that minimum air temperatures averaged within
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climatically similar regions (that included urban and rural

environments) were linearly related to HCMM derived surface

temperatures observed at night.

Kidder and Wu (1987) examined AVHRR visible (.58-.68

near-JR (.72-1.1 pm) and thermal (3.6-3.9 and 10.3-11.3 pm) data

for the St. Louis region under snow covered and snow-free

conditions. Brest (1987) examined visible (.5-.6 pm) and near-IR

(.8-1.1 urn) Landsat 1, 2, and 3 data, and an estimate of albedo,

for 14 land-cover categories that included urban and rural

environments. Balling and Brazel (1988) used AVHRR thermal data

(10.3-11.3 im) to examine the radiant surface temperature of the

Phoenix, AZ region. Patterns of surface temperature were found to

be directly related to land-cover characteristics with regions

heavily industrialized 5 °C warmer than vacant land. Carnahan and

Larson (1990) used Landsat TM thermal data (10.4-12.5 Mm) and

observed that the Indianapolis, IN urban area displayed a cooler

radiant surface temperature, compared to the rural surface

temperature, for a single date.

Roth et al., (1989) utilized Advanced Very High Resolution

Radiometer (AVHRR) thermal data (10.5 - 11.5 pro) to assess the

urban heat island intensities of several cities on the west coast

of North America. Daytime thermal patterns of surface temperature

were associated with land use; higher surface temperatures were

observed in industrial areas than in vegetated regions. Nighttime

satellite observations revealed little difference in surface

temperatures of urban and rural regions, which suggests that the

sides of buildings (rather than roofs) and the characteristics of



-61-

other urban features may contribute to the higher minimum air

temperatures observed by thermometers in urban compared to rural

regions.

Gallo et al. (1993a) evaluated a satellite derived

vegetation index, radiative surface temperature, and minimum air

temperatures for the Seattle, WA region for the interval of 28

June - 4 July 1991. The normalized difference vegetation index

(NDVI) and radiant surface temperature exhibited an inverse

relationship for the region. Urban areas typically displayed low

values of the NDVI (and relatively high values of surface

temperature) while the inverse was displayed for the rural

regions. Although both NDVI and radiant surface temperature were

significantly related to minimum air temperature, the NDVI

accounted for a greater amount of the spatial variation observed

in mean minimum air temperatures.

Gallo et al. (1993b) further evaluated NDVI, radiant surface

temperature, and minimum air temperatures for each of 37 cities

and their respective nearby rural regions. The satellite-derived

NDVI data, sampled over urban and rural regions composed of a

variety of land surface environments, were linearly related to

the difference in observed urban and rural minimum temperatures.

The relationship between the NDVI and observed differences in

minimum temperature was improved when analyses were restricted by

elevation differences between the sample locations (Table 1), and

when biweekly or monthly intervals (Figure 1) were utilized

rather than daily data. Satellite-derived surface temperature

data, sampled similarly to the NDVI data, were minimally related
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Table 1. The twenty-eight cities included in analyses of Gallo et
al. (1993b) with elevation differences, between the observation
locations around each city, of less than 500 m.

ALTN Allentown, PA
BLGS Billings, MT
BNGR Bangor, ME
BSMK Bismark, NO
CL-M Columbia, MO
CL-S Columbia, SC
CNTI Cincinnati, OH
COSP co springs, co
DLAS Dallas, TX
DLTH Duluth, MN
EGNE Eugene, OR
FRGO Fargo, ND
GRFL Great Falls, MT
LBCK Lubbock, TX

LTRK Little Rock, AR
MLKE Milwaukee, WI
MTGY Montgomery, AL
NOLS New Orleans, LA
NSVL Nashville, TN
OLDO Orlando, FL
OMHA Omaha, NE
RMND Richmond, VA
SATO San Antonio, TX
SPKN Spokane, WA
STLE Seattle, WA
WSTR Worcester, MA
WTCA Wichita, KS
WTLO Waterloo, IA

to observed differences in urban and rural minimum air

temperatures.

The difference in the NDVI between urban and rural regions

appears to be an indicator of the difference in surface

properties (evaporation and heat storage capacity) between the

two environments that are responsible for differences in urban

and rural minimum temperatures. The urban and rural differences

in the NDVI explained a greater amount of the variation observed

in minimum temperature differences than radiative surface

temperature or past analyses that utilized urban population data.

The amount of variation in monthly urban-rural differences

in minimum air temperature associated with variation in urban-

rural differences in NDVI (37%) was greater than that associated

with population (29%) as evaluated by Karl et al. (1988). The

slope of the monthly relationship suggests that for each

incremental NDVI urban-rural difference of -.1, a difference of
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incremental NDVI urban-rural difference of -.1, a difference of

.9 °C might be expected.

<u
4
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c

i

X)

-3
-0.3 -0.S -0.1

urban-rural NDVI

0.1

Figure 1. Relationship between urban-rural differences in minimum
air temperature and NDVI for 28 cities for the 5 July - 1 August
1991 interval (Fig. 7c in Gallo et al., 1993b). City name
abbreviations are those listed in Table l.

In addition to the limitation of the application of the NDVI

analysis to cities (urban and rural regions) with elevation

changes less than 500 m, other potential limitations to the use

of NDVI were cited by Gallo et al. (1993a). The ND vegetation

index would not be useful during the winter months in
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environments where the vegetation is no longer green and

photosynthetically active. This analysis also may not be

appropriate for those cities located in arid climates where

vegetation primarily exists within the urban areas and is

supported by irrigation.

FUTURE PROSPECTS

Digital data from the Operational Linescan System (OLS) of

the U.S. Air Force Defense Meteorological Satellite Program

(DMSP) may offer a potential method for assessing urban heat

islands in non-vegetated environments. The National Snow and Ice

Data Center is currently archiving the digital OLS data. Data

acquired at night in the visible channel (.4 to l.l /m) channel

permits detection of the bright lights associated with urban

areas (Croft, 1981). Digitally calibrated data from a scene that

included the West Coast of the U.S., supplied by Hughes Aircraft

Corporation, was geometrically registered to the biweekly AVHRR

data produced routinely by the USGS EROS Data Center (USGS,

1991). The coregistration of the data made possible a direct

comparison of NDVI data and DMSP digital count data (Figure 2). A

50 km transect that intersected the Fresno, CA region was

examined. The transect lies west to east (left to right in

figure) through the Fresno region with the geographic center of

Fresno at approximately the 308 km transect coordinate.

The NDVI values in the region to the west of Fresno are

relatively high, while the DMSP values are low, which suggests

that this is a vegetated rural region. The NDVI decreases while
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Figure 2. NDVI (•) and DMSP (A) values for a transect that
includes the Fresno, CA region.

the DMSP values increase between transect coordinates 287 and

301. The DHSP values reach a maximum plateau over the urban

Fresno region, while the NDVI values remain fairly low. The NDVI

and DMSP values both decrease east of transect coordinate 317 and

continue to decrease along the remainder of the transect. These

data suggest a non-urban and non-vegetated land surface. The

urban and rural relationships between the NDVI and DMSP data

suggest that the urban-rural differences in DMSP data may provide

an additional tool for the assessment of the urban heat island

effect. The DMSP data may be most applicable in evaluation of
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urban heat islands in regions that are sparsely vegetated.

Additional coincident analysis of AVHRR and DMSF data are

planned.

CONCLUSIONS

The satellite derived NDVI sampled over urban and rural

regions provides information related to the difference in

observed urban and rural minimum temperatures. Data from the DMSP

satellite appear useful for identifying urban and rural regions

and may have potential for direct evaluation of urban and rural

temperature differences. The use of both NDVI and DMSP data may

provide a useful quantitative measure of urban heat islands that

would be globally applicable.
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ABSTRACT

The paper deals with the problem of changes in air temperature extremes on the

territory of selected regions of the former USSR in winter time. The improved version of

baseline daily extreme temperature data set was used for analysis of variations in

minimum, maximum temperatures and diurnal temperature range on European part of the

former USSR in the period from 1961 up to 1990. It is shown that the main features of

extreme temperature changes on territory of separate parts of this region are quite

different. In particular the decrease of diurnal temperature range for this period is

associated with increasing of minimum temperature for Northern and Central parts and

decreasing of maximum temperature for Southern part.

INTRODUCTION

An increase of mean minimum air temperature, recognized recently, is being noted

in the last few years practically for the whole territory of the Northern Hemisphere and for
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some regions of the Southern Hemisphere (Karl et al.,1993). Since no complete

explanation of this phenomenon, which is of great interest in terms of climate research,

has been offered yet, it seems to be reasonable to carry on a detailed study of it on the

territory of selected regions for various calendar periods of the year.

It is known that in the last thirty years the average seasonal temperature for the

cold period of the year on European part of the former USSR has increased considerably.

Taking it into account it is interesting to consider specific features of air temperature

extremes variation in this period.

The improved version of minimum.maximum and mean daily air temperature data

set for 223 stations of the former USSR was used for analysis. Data quality improvement

and analysis of data reliability received primary attention during the preparation of this

data set.

DATA

To analyse air temperature extremes variation the minimum, maximum and mean

daily air temperature baseline data set for 223 stations of the former USSR covering the

period from the beginning of observations to 1990 was used. The data set was prepared

in RIHMI-WDC in 1988-92. The first version of this data set (up to 1989) was prepared in

1988-1990 and issued in 1993 as Numerical Data Package - 040 "Daily Temperature and

Precipitation Data for 223 USSR Stations" by Carbon Dioxide Information Analysis Center,

Oak Ridge, USA (compilier Russell Vose) in collaboration with National Climatic Data

Center, Asheville, USA (compilier Peter Steurer) and All-Russian Research Institute of
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Hydrometeorological Information - World Data Center, Obninsk, RUSSIA (contributors

V.N.Razuvaev, E.G.Apasova, R.A.Martuganov). Most of the stations (90%) have a length

of record for more than 50 years, about 25% of stations have more than 100 year-record

of observation. Temperature observations were taken eight times a day from 1966-1989,

four times a day from 1936-1965, and three times a day from 1881-1935. As a result, daily

mean temperature is defined as the average of all observations for each calendar day.

Daily maximum/minimum temperatures are derived from maximum/minimum thermometer

measurements. Extensive geographical and historical information supplements each time

series. Geographical parameters include present-day station name, latitude, longitude,

and elevation. Historical parameters include relocation date(s), the distance and direction

of any move(s), changes in recording methods and instrumentation.

An improved version of this data set was prepared in RIHMI-WDC in 1992-1993.

Temperature observations for 1990 were added and gaps in each time series for 1966-

1990 period were filled in if possible. The original tables of observations were used for it.

The whole number of added temperature records is 45,000. An additional quality control

procedure was used and all erroneous values were substituted by data from original

tables of observations or flagged. A new metadata file with information about enviromental

changes around each station was prepared too. These data together with other historical

information give a great opportunity for creation of homogenious high quality daily

temperature data set.

For the purpose of this paper extreme daily temperature data for 53 stations on

the European part of the former USSR from 1961 -1990 were used. Most of these stations

have no changes of their location and are placed in not very high populated regions.
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Monthly means were defined as average of daily values for each calendar month.

Anomalies of extreme temperatures and diurnal temperature range (DTR) were defined

as deviations of monthly (seasonal) means from long-term means("normals") for the

period 1951-1980.

MEAN AIR-TEMPERATURE CHANGES IN 1931 -1990

An increase of annual temperature means has been observed in the last thirty

years for many regions of the World, including the former USSR territory. The difference

between annual means for 1961-90 and 1931-60 is equal 0.3°C for the whole USSR area

(T.Belokrylova, O.Bulygina, V.Razuvaev,1991). But on the territory of various parts of the

USSR the mean annual temperature variations have their own specific features. European

part (EP) of the former USSR (Fig.1) is one of such regions. Annual temperature change

on the whole area of EP is higher on 0.15°C for period 1961 -90 by comparison with 1931 -

60. But for the Northern part(85°N - 60°N) this difference is equal -0.32°C, for the

Central(60°N - 50°N) and Southern(50°N - 40°N) parts 0.22°C and 0.12°C respectively.

Changes in annual temperature are described mainly by changes of temperature in cold

(November - March) period of year (Northern region -(-0.50°C), Central -(+0.62°C),

Southern -(+0.43°C)). So it is interesting to investigate the variation of air-temperature in

the winter period more thoroughly.

One of the main features of temperature change is a presence or absence a

tendency in its variation in time. Coefficients of linear trend a, (°C/10 years) of mean

seasonal temperature for the cold period were calculated for all three regions of EP for
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1961-90. It was found that for Northern and Cenral parts the tendency in temperature is

positive (fi, = +0.14°C/10 years and 6, = +0.16°C/10 years respectively). At the same

time the tendency for Southern part is negative (6t = -0.08°C/10 years)(Table 1).

Table 1. Mean temperature variation characteristics for three regions on European part

ofthe former USSR;

AT - difference bstween average values of mean temperature for 1961-90 and 1931-60

periods (°C);

6, - linear trend coefficient of mean temperature anomalies for (1961-90).

REGION

NORTHERN
CENTRAL

SOUTHERN

WINTER
AT

-0.50

0.62

0.43

B,

0.21

0.40

-0.12

YEAR
AT

-0.32

0.22

0.12

0.14

0.16

-0.08

It is possible to suppose that similiar peculiarities could be found in extreme temperature

variations on the territory of this region.

AIR-TEMPERATURE EXTREMES VARIATION IN 1961-1990 WINTER SEASONS

Maximum, minimum temperature and DTR anomalies for a cold period

(November-March) as well as linear trend coefficients for 1961-1990 period are shown on
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Fig. 2. On general it is possible to note that tendencies concerning exreme and mean

temperature anomalies are the same (see Table 1). But extreme temperature variations

for selected areas are different in character. First of all it refers to minimum temperatures.

The largest Tmin increase is observed in the Central region (6, = 0.41 °C/10 years). The

Tmin increase in the North area is considerable too (B, = 0.31 °C/10 years). In the South

area Tmin is practically unchangable. T ^ also increases in the North and in the Central

areas, but decreases in the South area. Therefore mean seasonal temperature increase

tendencies to a considerable degree are determined by minimum temperature increase,

at the same tima in the South area negative trend in mean temperature for a cold period

is determined by maximum temperature decrease.

While considering temperature extremes variation, as a ruia diurnal temperature

range, i.e. difference between maximum and minimum temperatures receives primary

attention. As it is shown on the Fig. 2, a tendency of DTR anomalies decrease is noted.

This fact is pointed out previously in {T.R.Karl et a!.,1991). However, as it resulted from

this paper, DTR decrease tendencies are caused by different reasons for different areas.

Tmn increase as to compare with T ^ is observed in the Northern and the Central regions,

as for the Soutern region T,^ decrease is noted, while T ^ is practically unchangable.

This fact should be taken into account while giving reasons for DTR decrease, both when

using models and considering empirical data for large areas.
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DIURNAL TEMPERATURE RANGE VARIATION FOR A WINTER PERIOD ON EP USSR

FOR 1961-1990

Decrease of diurnal temperature range appears to be an important factor to

determine climate conditions change. At that it is important to identify changes in

frequency of definite values of DTR.

Averaging of temperature variation characteristics for large areas introduces

uncertainty connected with a free choice of borders of the region. So this paper

considers in addition peculiarities of temperature extremes variation, resulted from

observations made at selected stations located on the territory of different areas -

Arkhangelsk (Region I), Elatma (Region II), Sotchi (Region III) (see Fig. 1).

First of all it is reasonable to consider frequence of DTR in different temperature

gradations (Fig. 3) in the last thirty years. Frequences of Tmln and T ^ temperature were

calculated additionally by gradation with a width of 10.0°C. As it is seen, daily

temperature amplitudes of the range from 0.0 • 5.0 to 5.0 -10.0° C are most frequent at

stations Arkhangelsk and Elatma. At Sotchi station DTR in gradation 5.0 - 10.0°C is more

frequent. Frequencies of Tmfn and T ^ in various gradations are very much the same for

stations in the Northern and Central regions. For southern station T,,^ and Tmln are more

often occurenced in relatively small temperature range (0.0 - 10.0°C for Tmln and 10.0-

20.0«>C forT m J .

It is interesting to estimate the variability of the occurence of DTR in various

gradations during the last thirty years (Table 2.)
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Table 2. Linear trends coefficients (%/10years) for various gradations of DTR frequency

in cold periods of the year from 1961 to 1SS0 for three stations

Gradations of DTR

(°C)

0.0 - 4.9

5.0 - 9.9

10.0 - 14.9

15.0-19.9

20.0 - 24.9

ARKHANGELSK

0.90

-1.10

0.50

-0.40

0.00

ELATMA

1.39

-0.89

0.15

-0.50

0.17

SOTCHI

3.70

-2.70

-0.90

-0.10

0.00

An increase in frequency of DTR in gradation 0.0 - 4.9 °C and decrease in

gradation 5.0 - 9.9°C is a common faature for all three stations. It should be noted that

this conclusion can be considered only as an indication of such tendency in DTR change,

because there is no yet a comprehensive study of influence of changing of gradation's

range on this result,

Of great unterest is the frequency of minimum temperatures of different gradations

for different DTR values, since the same amplitude value can be observed at different

minimum temperature values characterizing thereby different synoptic conditions.

The Table 3 lists coefficients of the linear trend of minimum temperatures frequency

with different gradations, given specified diurnal temperature range gradations. In this
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case the total number of daily amplitudes of the specified gradation for each season was

taken to be 100%.

Table 3. Linear trends coefficients (%/10years) for frequency of T min gradations for two

lowest gradations of DTR (November - March period for 1961 -1990)

DTR = 0.0 * 4.9 (°C)

Tmin (°C)

-40.0 + -30.1

-30.0 * -20.1

-20.0 -r -10.1

-10.0-i--0.1

0.0-5- 9.9

ARKHANGELSK

0.15

-0.60

-3.30

1.49

2.23

ELATMA

-0.40

0.21

-2.90

1.08

SOTCHI

0.49

0.62

DTR = 5.0 * 9.9 (°C)

-40.0 4- -30.1

-30.0 * -20.1

-20.0 -5- -10.1

-10.0 -> -0.1

0.0 * 9.9

-0.26

0.33

-0.11

0.67

0.19

-0.90

-1.72

-0.02

1.20

1.42

-0.11

1.03

4.30
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As it is seen that there is an increase in the frequency of minimum

temperatures in the range from -10.0°C to +10.0°C, while the frequency of minimum

temperatures in the range from -30.0° C to -10.0°C tends to decrease (station

Arkhangelsk). As for station Elatma there is an increase in the frequency of minimum

temperatures in the range from 0.0°C to +10.0°C and decrease from -10.0°C to 0.0°C.

So it can be assumed that in the European part of the former USSR, represented by

stations Arkhangelsk and Elatma, synoptic situations with high minimum temperatures

and small daily amplitudes are become more frequent in the cold periods of 1961 -90. This

weather in winter is peculiar to thaws caused by the warm air advection in the system of

cyclones. For station Sotchi the diurnal temperature range decrease is to a great extent

associated with maximum (daytime) temperature decrease and can be connected with

possible variations of sunshine duration and daytime cloudiness.

CONCLUSIONS

The main results of analysis of air temperature extremes variation on EP USSR for

cold periods of 1961-1990 can be described as follows:

a) there are regions on EP USSR, where minimum temperature does not increase

in winter periods; it means that in addition to global reasons, which can be responsible

for increasing of minimum temperature on the global scale, some regional factors can

exist and influence upon changes of minimum temperature in various parts of the world;

the search of these factors is a very important part of the investigation of changes in

extreme temperatures in last years;
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b) the well established fact of decreasing of diurnal temperature range is

connected not only with increasing of minimum temperature, but with decreasing of

maximum temperature in some regions (see Fig.2); an analysis of changes of DTR on the

basis of Global Circulation Models and empirical data should reflect the possibility of

existing of at least two different reasons of decreasing of DTR;

c) the decreasing of OTR in the Northern and Central parts of the European Part

of the USSR is associated with increasing of number of days with relatively small DTR (5.0

• 10.0°C) connected with relatively high minimum temperatures(-10.0 -+10.0°C); so it

can be assumed that synoptic situations with high minimum temperatures and small daily

amplitudes are become more frequent in the winter seasons of 1961-90; such weather

in winter time is typical for warm air advection in the system of cyclones, so this result can

be considered as indication to increasing of extra-tropical cyclones number in winter time

on the European part of the former USSR.

The obtained results should be treated only as indicators of peculiarities of

air-temperature extremes variation. Further research is necessary to apply the results of

analysis for the whole territory of the former USSR. The comparison of extreme

temperatures variation on the European and Eastern parts of the former USSR in winter

time can be proposed. The study of influence of Siberian antycyclone on minimum and

maximum temperature changes is very important for understanding of the role of regional

factors in asymmetric variation of extreme temperatures. Analysis of a summer period

might contribute a great deal to understand peculiarities of mean daily amplitude and

is quite important because of the influence of mean daily amplitude values upon the

character of ripening of crops during this period.
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Fig. 1. European part of the former USSR, three regions ( I - Northern, II - Central, III -
Southern) and three representative stations for each region( I - Arkhangelsk, II - Elatma,
III - Sotchi).
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Fig. 2. Anomalies of Tmin, T ^ and DTR (»C) over Northern (I), Central (II), Southern (III)
regions of the former USSR area and coefficients of linear trends 6, (• C/1 Oyears) for cold
periods (November-March) from 1961 to 1990. Normal values were calculated for 1951 -
1980.
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ABSTRACT

According to the data averaged for 11 stations in the Czech

Republic and 14 stations in the Slovak Republic in the period

of 1961-1992 the mean air temperatures, mean maxima and mean

minima exhibited a positive trend in winter (statistically

significant), in spring, in summer and in the year and

a negative erend in autumn. Insignificant were changes in the

mean daily temperature range within the limits of -0.16 and

0.15 °c/10 years, a significant positive trend was exhibited by

the typical mountain station at Mt. Lomnicky stit (2635 m). At

stations in Prague, affected by the urban heat island, an

intensification of positive trends was reflected. Long-term

changes of the above temperature characteristics were

documented on the example of a typical urban station

Prague-Klementinum and anthropogenically unaffected station

Hurbanovo. In the case of temperature extremes the

statistically significant rise in extreme maxima in winter and
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the drop in the range of extreme maxima and minima in spring

deserve attention. Changes in mean maxima (with the exception

of winter) and of the daily temperature range are closely

connected with the cloud cover, while its correlation

coefficients with mean minima are not significant. In the case

of Hurbanovo there appears a close connection of changes in

daily temperature range to relative air humidity (with the

exception of winter).

INTRODUCTION

Changes in chemical and physical properties of the

Earth's atmosphere due to human activity can be one of the

factors that can contribute to an observable rise global

temperatures on the Earth and the asymmetric trend of extreme

temperatures. Thus, Karl et al. (1993), linking up with some

earlier papers (such as Houghton et al., eds., 1990; Karl et

al., 1991; Kukla and Karl, 1992) state that in the period of

1951-1990 minimum temperatures at 37 % of land increased three

times more quickly than the maximum ones (0.84 and 0.24 °C,

respectively). The corresponding drop of daily temperature

range corresponded with the increase in mean temperatures and

can be observed in all seasons of the year. The observed

changes in daily temperature range are greater than the

corresponding GCM estimates for equilibrium studies for 2xCO2

(Cao et al., 1992), which can be in connection with the

consideration of interactions with the active surface and cloud

cover (Karl et al., 1993? Kukla et al., 1993), regional effects

of clouds may be more significant than on a global average
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(Stenchikov and Robock, 1993). The present paper deals with the

analysis of the above temperature characteristics in the region

of the Czech and the Slovak Republics (further only CR and SR#

respectively).

DATA

For the processing mean monthly air temperatures (MT) were

used, as well as mean monthly temperature maxima (MTHAX) and

minima (MTMIN) and monthly temperature extremes (extreme

maximum TMAX and minimum TMIN) for 13 stations in the CR and

15 stations in the SR in the period of 1961-1992, from which

the corresponding characteristics were calculated for the year

and for the seasons. The mean daily air temperature range (DTR)

is defined as the difference of mean maxima and minima. The

employed stations represent different geographical units ana

regions, as well as different height positions (Fig. 1). With

the exception of the two Prague stations (Klementinum, Karlov),

the other stations are located outside the direct reach of the

urban heat island (airport stations or directly stations

outside major settlements). In the stations employed there were

no changes in station positions in the period of procession

(for the CR see Coufal et al., 1992), in instrumental equipment

or in the methods of measurement.

With the objective of eliminating local particularities of

the temperature field, for characteristics of the MT, the

MTMAX, the MTMIN and the DTR seasonal and annual series of

their areal means were calculated for the CR and the SR in the

form of deviations from the mean of the period of 1961-1990. In
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the case of the CR the two Prague stations were not included in

the calculation, ir. the SR the peak station of Mt. Lomnicky

stit, representing an extreme height position. For series of

temperature characteristics obtained in that way their linear

trend was calculated and its statistical significance was

verified by the t-test.

P 0 L k N D

J~*^L\i

Fig. 1. The employed meteorological stations: a) in the Czech

Republic: 1 - Brno-Tufany (height above sea level H=241

m); 2 - Cheb (H=474 m); 3 - Churanov (H=1118 m); 4 - 6eske Bu-

dejovice (H=388 m); 5 - Holesov (H=224 m); 6 - Hradec Kralove

(H=278 m); 7 - Liberec (H==400 m); 8 - Lysa hora Mt. (H=1324 m);

9 - Hilesovka (H=833 m); 10 - Mosnov (H=251 in); 11

- Prague-Karlov (H=232 m); 12 - Prague-Klementinum (H=191 m);

13 - Pfibyslav (H=530 m); b) in the Slovak Republic: 14

- Bratislava-Koliba (H=28S m); 15 - Cadca (H=423 m); 16 - Hur-

banovo (H=115 in); 17 - Kamenica nad Cirochou (H=176 xn); 18
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- Kosice (H=230 m); 19 - Kuchyna - Novy Dvor (H=213 m); 20

- Lomnicky stit (H=2635 m); 21 - Medzilaborce (H=308 m); 22

- Oravska Lesna (H=780 m); 23 - Pies€any (H=165 m); 24 - Poprad

(H=695 m); 25 - Sliac (H=313 m); 26 - Somotor (H=100 m); 27

- Strbske Pleso (H=1360 m); 28 - Telgart (H=901 m)

TREND OF MEAN MAXIMUM ; .ND MINIMUM TEMPERATURES

In the period of 1961-1992 the MTMAX and the MTMIN

exhibited, with the exception of autumn, a rising trend in the

two republics, higher about 0.1-0.2 °C/10 year in the CR than

in the SR (Table 1). But it was statistically significant for

the two characteristics only in winter for the CR, for the

winter MTMIN in the SR and for the annual MTMIN in the CR.

A quicker increase in the MTMAX than the MTMIN then conditioned

a positive trend of the DTR in the CR and for winter and summer

in the SR, whereas the spring and annual DTRs had a negative

trend in the SR. But the changes in the DTR are not

statistically significant, the same as in the case of

a negative trend of the DTR in autumn. That was due to

a quicker drop of the MTMAX than the MTMIN, statistically

significant in the SR. Graphically expressed partial

fluctuations of annual values of the MTMAX, the MTMIN and the

DTR (Fig. 2) and the seasonal DTR (Fig. 3) in the period of

1961-1992 indicate on the whole small differences between the

CR and the SR.

With changes in the MTMAX and the MTMIN in the CR and the

SR in the period studied there also corresponded changes in

mean temperatures with a negative trend in autumn
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(statistically significant in the SR) and a positive one in the

remaining seasons (statistically significant in winter, and in

the CR also in the year). The value of the MT trend is situated

either between the values of trends of the MTMAX and the MTMIN

(e.g. in winter) or it exceeds them (e.g. spring and summer in

the SR). Only in the case of autumn in the CR the trend of the

MT is in agreement with the trend of the DTR.

The trends of the analysed temperature characteristics in

Table 1 also indicate the possible differences due to urbanised

and extreme height positions„ The two Prague stations are

evidently affected by the intensification of the urban heat

Table 1. Values of the linear trend of selected temperature

characteristics (°C/10 years) in the CR and the SR in the

period of 1961-1992 (winters of 1961/62-1992/93). Levels of

significance: ** for the level of significance a=0.05, * a=0.10

Mean air temperature (MT)

Station

Czech Republic

Slovak Republic

Prague-Klementinum

Prague-Karlov

Lomnicky stit

Winter

0.73**

0.63*

0.74**

0.70*

0.52*

Spring

0.24

0.16

0.38*

0.33*

0.11

Summer

0.23

0.15

0.28

0.28

0.08

Autumn

-0.16

-0.39*

0.06

-0.01

-0.38

Year

0.24*

0.14

0.34**

0.31**

0.05

Mean maximum temperature (MTMAX)

Station Winter Spring Summer Autumn Year

Czech Republic 0.83** 0.28 0.25 -0.25 0.24

Slovak Republic 0.73* 0.10 0.10 -0.44** 0.10

Prague-Klementinum 0.88 0.39 0.23 0.12 0.39

Prague-Karlov 0.86** 0.37 0.27 -0.09 0.33**

Lomnicky stit 0.67** 0.22 0.18 -0.23 0.18
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Mean minimum temperature (MTMIN)

Station

Czech Republic

Slovak Republic

Prague-Klementinum

Prague-Karlov

Lomnicky stit

Winter

0.68*

0.60

0.73*

0.69

0.39

Spring summer

0.16

0.12

0.40

0.361

0.05

**

0.17

0.08

0.39

0.31

0.01

**

**

Autumn

-0.10

-0.37

0.22

0.14

-0.51'

**

Year

0.21*

0.14

0.42

0.36

-0.03

**

**

Daily temperature range (DTR)

Station

Czech Republic

Slovak Republic

Prague-Klementinum

Prague-Karlov

Lomnicky stit

Winter

0.15

0.13

0.15

0.17

0.28**

Spring

0.12

-0.02

-0.01

0.00

0.17**

Summer

0.09

0.03

-0.16

-0.03

0.17*

Autumn

-0.16

-0.07

-0.10

-0.22

0.28**

Year

0.03

-0.04

-0.04

-0.03

0.21**
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Fig. 2. Fluctuation of anomalies of the annual MTMAX, MTMIN and

DTR in the CR (a) and the SR (b). Smoothed by the method of

robust locally weighted regression with parameters: degree of

approximating polynomial m=l, the number of repetitions of the

recurrent procedure a=2, the weight function G 3(x), number of

weights k=3 (see Michalek et al., 1993). The linear trend is

expressed by the dashed line. The reference period 1961-1990.



-93-

1%1 1971 1981 1991

Fig. 3. Fluctuation of seasonal anomalies of the DTR in the CR

(a) and the SR (b) - for detail see text to Fig. 2

island of Prague (see Brazdil, 1992), but also by

a non-standard location. Thus, in the case of Klementinum,

practically located in the centre of Prague, the thermometers

are located in a metal screen on the northern wall of the

building facing the court built-up from all sides, at the

height of 6.5 m above the ground. At the observatory of

Prague-Karlov the extreme thermometers are located in the

meteorological screen, but on a platform 27 m above the ground.

The apparent influencing of the two Prague stations is evident

mainly for the MTMIN (statistically significant with the

exception of autumn and for Karlov also of winter), but



manifesting itself also by a more conspicuous increase in the

MTMAX, significant in winter, the year and for Klementinum also

in spring. The existing trends in the DTR were, however, not

statistically significant in either station in the period of

1961-1992.

On the other hand, the peak station of Mt. Lomnicky stit

in the Tatra Mts. exhibits a significant positive trend of the

DTR within the limits of 0.2-0.3 °C/10 years, which does not

correspond by the values and many a time by the sign with the

trends in the SR. In comparison with the SR, the MTMIN at Mt.

Lomnicky stit increased more slowly in winter, spring and

summer, whereas in autumn and in the year it had a negative

trend. On the other hand, in the case of the MTMAX the positive
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trend was higher there in spring, summer and the year.

LONG-TERM CHANGES IN MAXIMUM AND MINIMUM TEMPERATURES

Changes in the annual values of the MTMAX, the MTMIN and

the DTR in the present century are documented for homogeneous

series of Prague-Klementinum and Hurbanovo (Fig. 4) which are

at the same time examples of a strongly anthropogenically

affected (Prague-Klementinum) and unaffected (Hurbanovo)

station. Whereas changes in the MTMAX and the MTMIN are more or

less parallel at the two stations, greater differences can be

found in the fluctuation of the DTR. Annual values of the MTMAX

have exhibited a rising trend since the beginning of the

present century at Prague-Klementinum with a more conspicuous

maximum between the years 1943 and 1954. In the case of Hurba-

novo the corresponding rise from the beginning of the century

to the mid-1930s is practically missing, and after the most

conspicuous rise in the MTMAX in the years 1957-1961 the values

had, unlike Prague, a dropping trend until the mid-1980s. In

the case of annual values of the MTMIN, after a stagnation with

a partial maximum in the mid-1930s, the Prague values are

characterised by a rising trend since the early 1940s, which is

less intense for Hurbanovo. These differences can evidently be

ascribed to the effect of urban heat island intensification.

Quite different is the fluctuation of annual values of the DTR

at the two stations. The annual values grew at

Prague-Klementinum from the beginning of the century until the

latter half of the 1940s and they were followed by their drop

until the second half of the 1970s. At Hurbanovo, after a more

or less constant level of the DTR between the years 1910 and
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1935 there followed a rising trend until the beginning of the

1960s followed by a subsequent drop.

1901 1921 1941 1981

Fig. 4. Fluctuation of the annual MTMAX, MTMIN and DTR at

stations Prague-Klementinum (full line) and Hurbanovo (dashed

line). Smoothed by the Gauss filter (10 yrs).

The rising trend of the DTR up to the second half of the

1940s and a subsequent dropping trend in Prague-Klementinum is
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also well perceptible for spring, summer and autumn, whereas

for the winter DTR the drop began at the beginning of the

1940s, but it was replaced by a rise from the beginning of the

PC]
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Fig. 5. Fluctuation of the seasonal DTR at stations

Prague-Klementinum (a) and Hurbanovo (b). Smoothed by the Gauss

filter (10 yrs)

1970s. In the case of Hurbanovo there are substantially fewer

common features for the fluctuation of the DTR between the

individual seasons, the same as with respect to Prague-Klemen-

tinum (Fig. 5).
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TREND OF EXTREME AIR TEMPERATURES

The analysis of trends of extreme air temperatures of the

period of 1961-1992 was based on data from 13 stations in the

CR and 7 stations in the SR (numbers 14, 16, 18, 20, 22, 25,

27 in Fig. l). The TMAX and TMIN values can be affected to

1901 1921
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a greater extent by local factors than means of extremes. In

winter the TMAX increased (the rise prevailingly statistically

significant) more quickly than the TMIN with the exception of

four Slovak stations. In spring, during the drop in the TMAX

and a rise in the TMIN, significant at stations in the CR,

their difference exhibits a drop, in 2/3 of stations

statistically significant. In summer there prevails a rise in

the TMAX and the TMIN, only exceptionally statistically

significant. In autumn a drop in the TMAX was recorded with the

exception of Bratislava, Sliac and Kosice at all stations, the

TMIN was dropping particularly in the SR and in Moravia.

A quicker rise in the annual TMIN than the TMAX was reflected

by an insignificant drop of the range of the two extremes. For

a better illustration of changes in extreme temperatures

arithmetic means are given in Table 2 of trends of 11 stations

in the CR and of 7 stations in the SR (for detail see Brazdil

et al., 1993).
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Table 2. Trends of extreme air temperatures (TMAX, TMIN) and

the difference TMAX-TMIN averaged for 13 stations in the CR and

for 7 stations in the SR in the period of 1961-1992

Station

Czech Republic

Slovak Republic

Czech Republic

Slovak Republic

Czech Republic

Slovak Republic

inter

1.20

0.87

0.43

0.79

0.77

0.08

Spring

-0.32

-0.41

1.46

0.99

-1.77

-1.40

Summer

TMAX

0.20

0.10

TMIN

0.31

0.28

TMAX-TMIN

-0.11

-0.17

Autumn

-0.47

-0.15

-0.39

-0.68

-0.08

0.53

Year

0.18

0.09

0.64

0.86

-0.46

-0.77

POSSIBLE CAUSES OF FLUCTUATION OF MAXIMUM AND MINIMUM

TEMPERATURES

Among factors affecting changes in the MTMAX, the MTMIN

and the DTR there are, besides meteorological factors

(circulation, cloudiness, solar radiation, snow cover, etc.)

there are effects due to anthropogenic activity, either of

local (urban heat island, irrigation, desertification) or of

hemispheric or global (greenhouse effect, tropospheric

aerosols) extent (Karl et al., 1993). At the same time, the

effect of the latter group of factors is also projected into

changes in meteorological elements, either via changes in

properties of the active surface or their direct affecting. An

example can be possible changes in cloudiness linked up with
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the greenhouse effect and sulphur aerosols (see e.g. Charlson

et al., 1992). The hitherto observed drop in the daily

temperature range correlates best with the increase in cloud

cover (Karl et. al., 1993). It is, however, necessary to take

into consideration the fact that the values of cloud cover can

be loaded with considerable errors, particularly in observation

in the morning or evening terms in the dark.

Relations between cloud cover and changes in the MTMAX,

the MTMIN and the DTR were characterised by correlation

coefficients in the period of 1951-1992 for the stations Mile-

sovka, Prague-Karlov and Hurbanovo (Table 3). As

characteristics of cloud cover term means (7, 14, 21 h) were

used and the daily mean. The MTMIN values are little affected

by cloud cover, as shown mostly by small and insignificant

values of correlation coefficients with the exception of

summer, the year and partly spring at Milesovka and autumn at

Hurbanovo. On the other hand, in the case of the MTMAX with the

exception of winter and partly of autumn at Hurbanovo as well

the year at Prague-Klementinura, and the DTR with the exception

of spring and the year at Hurbanovo the correlation

coefficients with the cloud cover are statistically significant

for all three stations, of course they clarify only

exceptionally more than 50 % of common variance of the two

types of series (i.e. the correlation coefficient higher than

0.70). In the case of the MTMAX it holds only for Milesovka in

summer, for the DTR also in autumn and for Prague-Karlov also

in winter and in spring. In comparison with those two stations

the correlation coefficients at Hurbanovo are, with the

exception of autumn, lower in the MTMIN. That can signal
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a closer bond of the above temperature characteristics to

advection changes in the weather character in the western part

of the CR, projected to changes in cloud cover. While in the

case of the DTR the closest relation to changes in cloud cover

is prevailingly in autumn, in the MTMAX in the case of all

Table 3. Correlation coefficients of selected temperature

characteristics with cloud cover in the period of 1951-1992 (*

- statistically significant values for a=0.05)

Mean maximum temperature (MTMAX)

Station

Milesovka

Prague-Karlov

Hurbanovo

Milesovka

Prague-Karlov

Hurbanovo

Milesovka

Prague-Karlov

Hurbanovo

Winte

-0.14

-0.01

-0.12

0.02

0.18

-0.02

-0.11

0.01

-0.08

Spring Summer Autumn

Cloud cover 7 h

-0.52

-0.34"

-0.44*

-0.77

-0.67"

-0.56"

-0.55

-0.50*

-0.16

Cloud cover 14 h

-0.62

-0.36*

-0.43*

-0.69

-0.54*

-0.64*

-0.47

-0.50*

-0.32*

Mean cloud cover

-0.52

-0.35*

-0.47*

-0.76

-0.60*

-0.56*

-0.50

-0.56*

-0.31*

Year

-0.65

-0.41*

-0.41*

-0.61

-0.27

-0.38*

-0.63

-0.36*

-0.43*
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Mean minimum temperature (MTMIN)

Station

Milesovka

Prague-Karlov

Hurbanovo

Milesovka

Prague-Karlov

Hurbanovo

Milesovka

Prague-Karlov

Hurbanovo

Winter Spring Summer Autumn Year

0.04

0.19

0.04

-0.03

0.11

0.18

0.08

0.24

0.14

Cloud cover 7 h

-0.31

0.05

-0.20

-0.65

-0.26

-0.03

-0.06

0.16

0.43:

Cloud cover 21 h

*
-0.09

0.08

0.01

-0.57

-0.11

0.07

Mean aloud cover

-0.27

0.06

-0.09

-0.66

-0.22

-0.03

0.08

0.24

0.25

0.02

0.25

0.3411

-0.47

-0.08

-0.31

-0.35

-0.02

-0.14

-0.43

•0.01

-0.24

Daily temperature

Station

Milesovka

Prague-Kar1ov

Hurbanovo

Milesovka

Prague-Karlov

Hurbanovo

Milesovka

Prague-Karlov

Hurbanovo

range (DTR)

Winter Spring

Cloud

-0.63* -0.64*

-0.70* -0.71*

-0.37* 0.39*

Cloud

-0.59* -0.69*

-0.76* -0.69*

-0.48* 0.22

Cloud

-0.64* -0.56*

-0.77* -0.61*

-0.72* -0.00

Summer Autumn

cover 7 h

-0.71*

-0.79*

-0.60*

cover 14 h

-0.57*

-0.57*

-0.62*

cover 21 h

-0.59*

-0.84

-0.69*

-0.601

-0.81

-0.80*

-0.6311

-0.58

-0.47*

-0.84

-0.82*

-0.61*

Year

-0.66

-0.64*

-0.20

-0.66

-0.58*

-0.28

-0.61

-0.64*

-0.40*
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Milesovka

Prague-Karlov

Hurbanovo

-0

-0

-0

.65*

.81*

.57*

-0

-0

0

Mean

.68*

.74*

.24

cloud

-0.

-0.

-0.

cover

67*

72*

60*

-0

-0

-0

.87*

.84*

.66*

-0

-0

-0

.68*

.65*

.31*

three stations it is also in summer, which indicates the

importance of the radiation type of weather on the formation of

extremes in summer. In some cases there is a higher correlation

of the studied temperature characteristics with the duration of

sunshine, such ?s in the DTR in summer at Hurbanovo (0.72) or

for Prague-Karlov in autumn (0.92) and in spring (0.85). In the

period of 1951-1992 the two stations exhibited an extension of

the sunshine duration only in winter, whereas in the remaining

seasons and in the year the sunshine duration had a dropping

trend. But its real value was probably lower, as follows from

measurement errors linked up with a long-term use of the same

sunshine recorder (Havlik and Mozny, 1991). The two stations

differ, however, by the trend of cloud cover. While Hurbanovo

exhibits a statistically significant drop in cloud cover in all

terms and seasons of the year, at Prague-Karlov an

insignificant drop was recorded only in winter, in the other

seasons an increase in cloud cover was observed there,

statistically significant for only spring, summer and the year

at the term of 14 h.

Statistically significant were also correlation

coefficients between the DTR and the values of mean relative

air humidity with the exception of winter (-0.27) at Hurbanovo

(for spring -0.52, for summer -0.71 and for autumn -0.64). For

the period of 1903-1993 the corresponding correlation
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coefficients are even higher (-0.36, -0.60, -0.76, -0.73,

respectively). In spring and summer the relative air humidity

thus better summarises potential effects on the DTR changes

than overall cloud cover.

CONCLUSION

The analysis of mean maximum and minimum temperatures in

the CR and the SR in the period of 1961-1992 does not confirm

the information about the regionally or globally quicker rise

in the MTMIN than the MTMAX and the corresponding drop in the

DTR (Karl et al., 1993). Positive or negative trends of the DTR

fluctuating on the average within the limits of -0.16 and 0.15

°C/10 years are statistically insignificant in the CR and in

the SR. The observed rise in mean temperatures on the whole

corresponds with the rise in the MTMAX and the MTMIN. In the

same way, the drop in autumn temperatures is in accord with the

drop in mean maxima and minima. Higher positive trends of the

studied temperature characteristics in the CR and higher

negative trends in the SR can signal a weakening of warming in

the west-east direction. By changes in cloud cover (and/or

sunshine) it is possible to clarify a considerable part of

changes in the MTMAX and the DTR, which corresponds to a number

of hitherto studies (such as Karl et al., 1993; Frich, 1992,

1993). On the other hand, for the MTMIN the relation to

accessible cloud cover characteristics is insignificant.

Another important factor well correlating with changes in the

DTR is probably also the relative air humidity. Further

analyses of maximum and minimum temperatures in the CR and the

SR assume an extension of the station network, using the robust
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method of trend determination and looking for bonds to further

meteorological elements that can affect the fluctuation of the

processed temperature characteristics.
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OBSERVED TRENDS IN THE DIURNAL
TEMPERATURE RANGE IN THE NORTH

ATLANTIC REGION

Povl Frich
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Lyngbyvej 100
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During the past 130 years the climate of the North Atlantic region has been observed at a
number of stations. Some of these stations have been included in the North Atlantic
Climatological Dataset (NACD).

NORTH ATLANTIC CLIMATOLOGICAL DATASET (NACD)

10'N

Figure 1: Mao with NACD stations selected for this study.

Time series of monthly values have been digitized and preliminary results show that
relocations and changes in the observational procedures and instruments have caused
significant inhomogeneities (c.f. Frich, 1992 & 1993).



-110-

Oiumol temptrctire rang* — Cloudiness (revtratd scale)

iiiiiiiiiiiiiiiiiiiiiiMiuiHiiiiiuiiiiiiiiiiiiiiiiiHiiiiimiiumiiiiHiiiiiiiiiimiHimii
M90 1870 1M0 1190 1900 1110 1920 1930 1940 1990 19S0 1970 1980 1»0

Year

V90

Figure 2: Variations of diurnal temperature range and cloudiness in Copenhagen.
Mean summer CTJA1 values 1861-1991.

Such inhomogeneities, which in this case was caused by an improved thermometer screen,
will lead to artificial trends if the series remain uncorrected. Another solution is to reject
the old part of the series.
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Figure 3; Annual variation and lintar trends in the mean summer DTR at 4 stations
in the North Atlantic reeion^

In this study the series of diurnal temperature range (DTR) is analyzed in conjunction with
series of cloud cover. It is wellknown (e.g. Karl et al., 1993), that on a seasonal basis,
the DTR is highly correlated with cloudiness.
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Figure 4t Mean summer diurnal temperature range tTJTJiO versus mean summer
cloud cover at 3 stations in the North Atlantic reeion.

This result implies that variations in cloudiness is causing variations in DTR both on a
year to year basis and on a decadal tune scale. Variations in cloudiness is part of the
natural variability of the general atmospheric circulation system, but the increasing trends
in cloud cover, which has been observed in the North Atlantic region over the past
decades could also be caused by external factors. This result is discussed in conjunction
with results presented by Eigil Kaas (this volume).
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Abstract

Recently, Karl et al. (1993) analysed monthly mean maximum and

minimum temperatures from countries comprising 37Z of the global

landmass. Over the period 1951-90, minimum temperatures warmed by

0.84°C compared to only 0.28°C for mpTriTWi"' temperatures. Over the same

period average temperatures, estimated for all the world's land areas,

warmed by 0.33°C, compared to 0.56°C from those analysed by Karl et al.

The difference is due primarily due to the lack of tropical countries in

the earlier analysis.

In this paper results are presented for five countries not

analysed earlier, Bangladesh, Ireland, Italy, Thailand and Turkey.

Introduction/Data

The selection of the countries studied here is wholly dependent

upon the availability of the basic data. All were received through

personal contacts in each country, principally as a result of data

requests concerning specific projects. The three European countries

(including Turkey) supplied data to assist the Climatic Research Unit's

construction of a baseline climatology for the region for the 1961-90

period. While most European countries supplied the climatological

averages for the period, sometimes at great expense, the three countries

studied also supplied time series data for the period. In the case of

Italy, this was for the 1951 to 1980 rather than the 1961-90 period.

Data for Bangladesh was digitised by the author from sheets photocopied

in the country. Data for Thailand were received from the Thai

Meteorological Service through Briony Horton of the Hadley Centre, UKMO

(see Horton, 1993, this volume).



-114-

For all five countries, national monthly time series were

calculated by averaging all available station data in anomaly form from

the full period of record (see Table 1). In the averaging, no attempt

was made to areally weight the station data. In all the countries the

stations, however, tend to be evenly spread over the national area (see

Figure 1).

Results

Seasonal temperature series are shown in Figure 2 and the

temperature changes estimated by fitting a linear trend over the periods

of data availability given in Table 1. Significant decreases in the

diurnal temperature range are evident in Thailand, Turkey and

Bangladesh. Decreases in the range occur in all seasons in Thailand.

These decreases result principally from increases in nighttime minimum

temperatures and may be related to urban influences at some of the

sites. Most come from the largest cities in the country. The rise in

minimum temperatures is so large that these results must be questionable

until further work with rural sites in the country or its neighbours can

be performed.

The decreases in the range over Turkey and Bangladesh occur mainly

in one or two seasons. Most of the decrease in Turkey occurs during the

autumn while in Bangladesh the decrease occurs during the dry season

months from December to May. Ireland and Italy show no changes in the

range in accord with other analyses from western Europe (Horton, 1993,

this volume). Ireland shows a significant increase in mean temperatures

while Italy shows a significant decrease. A cooling in the central and

eastern Mediterranean (see also the slight cooling over Turkey) and the

Middle East has been noticed in earlier analyses (Jones et al., 1988;

Jones and Briffa, 1992).

Discussion

Various possible causes for the asymmetric response of daytime and

nighttime temperatures were discussed by Karl et al. (1993). The

widespread nature of the response is consistent with the increases in

cloud cover that have been reported from North America, Europe,

Australia and India (see, e.g., Henderson-Sellers, 1986, 1989 and

McGuffie and Henderson-Sellers, 1989). General Circulation Models are

still relatively deficient in their representation of clouds and it is
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thus premature to try to attribute the cloud cover increase to the

build-up of greenhouse gases and sulphate aerosols in the atmosphere.

Only two of the five countries studied here also made available

station time series information on cloud cover. These two were Ireland

and Turkey and their analyses will be addressed later. One possible

surrogate for cloudiness or sunshine data is precipitation data. Whilst

data for this variable are more readily available, the agreement between

cloudiness and precipitation in many regions of the world and in many

seasons make precipitation a relatively poor surrogate for

cloudiness/sunshine.

Jones (1992) studied the changes in diurnal temperature range in

Sudan, where only rainfall was available as a cloudiness surrogate.

There, the warming in the maximum temperatures in the summer rainy

season was consistent with the marked reductions in rainfall seen in

this area. During the rainy season, the diurnal temperature range

increased. Annually, however, there was a decrease in the range due to

the opposite response in the longer dry season (September-May). During

the dry season, precipitation rarely occurs so cannot be used as a

surrogate. During this period, particularly winter (Dec-Feb), the

increased number of dust storms (partly due to the dryness of the rainy

season) and aerosol particles cool daytime and warm nighttime

temperatures.

Four of the countries studied here have marked seasonal rainfall

regimes. Turkey and Italy have a Mediterranean climate with marked

winter rains. Bangladesh and Thailand are located in the course of the

south Asian monsoon belt with principal rains in the May to October

period. While there is little significant change in the range in either

Italy or Turkey in the dry season, both the tropical countries show a

marked decrease in the range during the drier season months. In

Bangladesh, the decrease in the range is confined to winter and spring,

while in Thailand the reduction in the range is twice as great during

the dry season.

For Ireland and Turkey, cloudiness data are available for the

1961-90. National averages were computed in the same way as for the

mean monthly maximum and minimum temperatures. Seasonal time series for

these two countries are shown in Figure 3. Table 3 gives correlations

between the 30 years of cloudiness data with maximum and minimum
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temperatures and the diurnal temperature range. As would be expected,

correlations with maximum and minimum temperatures are positive during

the winter part of the year and stronger with the minimums. Caring

summer, correlations are inverse and stronger with the mazimums. For

the diurnal temperature range, all months are strongly inversely

correlated with cloudiness. For Ireland, the range/cloudiness

correlations are stronger during sunnier, but for Turkey there is little

seasonal variation. In both countries, the relationships reduce

dramatically when the data are averaged to annual resolution. The

strength of the correlations on a monthly basis means that most of the

variance of the changes in the range can be explained by changes in

cloudiness.

Conclusions

Overall the results broadly confirm the analysis undertaken by

Karl et al. (1993). The decreases in the range seen, though, are

generally smaller than for the larger countries of the Northern middle

and high latitudes. For Ireland and Turkey, most of the alight changes

in the range can be explained by changes in cloudiness. The results

strike a note of caution, however. Care must be taken when analysing

data from rapidly developing countries in the tropics such at Thailand.
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Table 1.

Country

Bangladesh

Ireland

Italy

Thailand

Turkey

Number of stations

17

11

48

11

179

Reference Period

1949-89

1961-90

1951-80

1951-90

1961-90
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Table 2. Change in temperatures (°C), using a linear trend, for the four
countries over their periods of record. (Asterisks indicate

Ireland (61-90)
DJP
MAM
JJA
SON
ANN

Turkey (61-90)
DJF
MAM
JJA
SON
ANN

Italy (51-80)
DJF
MAM
JJA
SON
ANN

Bangladesh (49-89)
DJF
MAM
JJA
SON
ANN

Thailand (51-90)
DJF
MAM
JJA
SON
ANN

Max

0.79*
0.34
0.88*
0.12
0.54*

Max
-0.33
-0.04
-0.25
-1.16*
-0.45

Max
0.12

-0.55
-0.95*
-0.70*
-0.52*

Max
-0.23
-0.77*
0.45
0.53
0.00

Max
0.12
0.21
0.39
0.36
0.16

Min

0,73*
0.12
1.05*
0.34
0.56*

Min
-0.05
0.07
0.10

-0.37
-0.07

Min
0.08

-0.54
-0.84
-1.19*
-0.62*

Min
1.05*
0.25
0.31
0.46
0.52

Min
1.75*
1.50*
1.14*
0.93*
1.33*

Range
0.06
0.22

-0.16
-0.22
-0.02

Range
-0.28
-0.10
-0.34
-0.79*
-0.38*

Range
0.04

-0.01
-0.11
0.49*
0.10

Range
-1.28*
-1.02*
0.14
0.07

-0.52*

Range
-1.63*
-1.71*
-0.75*
-0.58*
-1.16*
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Tahle 3. Correlations between the national averages of cloudiness and
maximum and minimum temperatures and the diurnal temperature
range.

Turkey (61-90)
J
F
M
A
M
J
J
A
S
0
N
D

Max
0.41

-0.05
-0.19
-0.67
-0.53
-0.34
-0.47
-0.50
-0.36
-0.41
-0.00
0.30

Min
0.64
0.19
0.30

-0.34
-0.11
0.22

-0.03
-0.20
0.23
0.29
0.46
0.62

Range
-0.79
-0.62
-0.78
-0.88
-0.79
-0.73
-0.83
-0.77
-0.81
-0.89
-0.73
-0.76

Annual 0.00 0.23 -0.39

Ireland (61-90)

J
F
M
A
M
J
J
A
S
0
N
D

Max

0.58
0.42
0.26

-0.27
-0.46
-0.63
-0.83
-0.66
-0.24
0.54
0.47
0.61

Mm
0.76
0.59
0.57
0.34
0.29
0.03

-0.49
-0.14
0.36
0.75
0.64
0.75

Range
-0.72
-0.52
-0.80
-0.90
-0.90
-0.89
-0.91
-0.95
-0.81
-0.82
-0.62
-0.62

Annual -0.30 0.08 -0.15
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ao 35

Longitude ("£)

ricur" : : Locations of the stations in each of the five countries.



Figure 2: National averaged time series for the five countries expressed as
anomalies for each season from the reference periods given in Table 1:
a) Bangladesh, b) Ireland, c) Italy, d) Thailand and e) Turkey.
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Figure 3: National averaged time series for cloudiness for Ireland and
Turkey. Data are in oktas, expressed as anomalies from the
reference periods given in Table 1. In order to allow comparison
with the range, series data are plotted inversely. Upward trends
therefore relate to decreasing cloudiness and vice versa.
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ABSTRACT

Trends in maximum and minimum temperatures over Australia from

1951 to 1992 have been examined using data adjusted for

inhomogeneities. The results, showing a decrease in the diurnal

temperature range (DTR) over large areas of the Australian

continent, confirm earlier findings and are consistent with

trends over much of the global landmanoo The trends are largely a

consequence of the minimum temperatures increasing more than the

maximum temperatures. Decreases in the DTR were strongest over

the northeastern interior of the continent and over a small area

of the southwest. While the recent changes in the DTR may be

associated with increased cloudiness over the continent, further

work is required to account for the observed regional

differences.
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INTRODUCTION

Karl et al. (1993) presented strong evidence for the existence of

a widespread decrease in the mean monthly diurnal temperature

range (DTR) over the past several decades in many regions of the

globe. The DTR is defined as the difference between the mean

monthly maximum and minimum temperatures. The decrease was a

manifestation of a rise in the minimum temperature which has

occurred at a rate three times that of the maximum temperature

during the period 1951-90.

Previous studies have suggested the DTR has been decreasing over

large areas of the Australian continent (Coughlan et al., 1990;

Jones et al., 1990; Plummer, 1991; Jones, 1991; Karl et al.,

1993). However, although these studies have generally relied on

data from Australian stations that are of a high quality,

according to available station histories, they have not been

corrected for discontinuities. This present study has used a

1951-92 dataset derived from the Australian Bureau of

Meteorology's Reference Climate Station (RCS) network where the

data has been adjusted for inhomogeneities. Consequently, the

magnitude, sign and seasonality of changes in maximum and minimum

temperatures over Australia during this period can be examined

with greater confidence.

The trends over the latter half of the century have also been
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examined in the context of secular scale trends in the DTR of a

small number of stations with high quality data which have also

been subjected to homogeneity analysis.

BACKGROUND

Recent studies have examined trends in maximum and minimum

temperatures over the Australian continent. Coughlan et al.

(1990) used data from a non-urban 36 station network to show that

more stations experienced a decrease in the DTR rather than an

increase over the period 1958-88. However, the network was not

dense enough to delineate clearly the spatial patterns of trends

and most stations were located near the coast. From a more

detailed analysis of trends in the southeastern corner of the

continent, Coughlan et al. (1990) observed a reduction in the DTR

in data from the inland stations (particularly since the early

1940s) which was absent from the coastal data.

Using a 1930-88 dataset from 49 non-urban stations over eastern

Australia, Jones et al. (1990) calculated an increase in the mean

temperature of 0.56°C over the full period of record. This was

mainly due to a rise in the minimum temperature (0.81°C) compared

to the maximum (0.30°C). Plummer and Wright (1993) used data from

the same network, but including data up to 1992, to show that

mean temperature over eastern Australia had increased at a rate
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of 0.17°C per decade since the mid-1940s. Prior to this there had

been little warming. The maximum temperature increased by 0.12°C

per decade, and the minimum by 0.22°C per decade over the same

period. Karl et al. (1993) used 1951-90 data from the same

network to examine the spatial patterns of trends in temperature

over eastern Australia. They found increases in maximum and

minimum temperature in most regions and, overall, a decrease of -

0.07°C per decade in the annual DTR. However, while the north

exhibited a relatively large decrease in the DTR, stations in the

southeast of the continent tended to show a negligible or slight

increase in the DTR. The largest decreases in the DTR were

observed in the austral autumn and spring seasons.

Decreasing trends in the DTR over Australia were observed by

Balling et al. (1992), explained by a decrease in maximum

temperature of a magnitude larger than the increase in minimum

temperature over the period 1911-78. From 1978, maximum and

minimum temperatures were found to increase although the trend in

the DTR was consistent with the pre-1978 value. There was no

indication of whether the data used in this study had been

adjusted for discontinuities such as thermometer screen changes

or site moves.

Jones (1991) used data for over 300 Australian stations to

examine climatic trends over Australia. He calculated an overall

mean decrease in the DTR of -0.04°C per decade since the turn of



-131-

the century and suggested that this was possibly associated with

an increase in cloud cover over the continent. Jones and

Henderson-Sellers (1992) further examined historical records of

cloudiness over Australia. Records from a large network of

stations showed a 5% increase in cloud from 1910 to 1989, with

the major rise occurring between 1930 and 1980. However, cloud

data from a smaller, independent network showed a small decrease

in cloud cover and so the conclusions of this work remain

tentative.

This present study has used homogeneous temperature data in an

attempt to reduce some of the uncertainties in previous worko

DATA AND METHOD OF ADJUSTMENT

Seasonal mean maximum and minimum temperatures for 92 stations

were checked and adjusted for inhomogeneities. while most of

these stations had sufficient data over the 1951-92 period to

calculate trends, some commenced at a later date. For these

shorter records, the 1961-92 trends were calculated for

comparison with trends over this period at neighbouring stations.

The stations were mostly from the Australian RCS network and

therefore were selected for future climate monitoring and climate

change research using WMO guidelines (WMO, 1986). Briefly,

stations which: had long, homogeneous records; experienced few
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relocations or changes/problems in instrumentation; were located

in towns with small populations; and had a reasonable expectation

of future operation, were given priority for RCS selection. All

available Australian stations with a reasonable length of record

over the 1951-92 period were used in the comparison and data

adjustment process.

Station history documentation was available for most stations in

the network and was used in the data adjustment process. Anomaly

differences of the annual mean maximum and minimum temperature

between each RCS and its neighbouring stations were plotted and

examined for obvious discontinuities or non-climatic trends in

any of the stations compared.

The bivariate test, developed by Maronna and Yohai (1978) and

applied by Potter (1981) was used to test and correct for

inhomogeneities in the seasonal data. Inhomogeneities are

typically identified by comparing data with a suitable reference

series. The method generates a test statistic for each data value

and an estimate of the maximum probable offset, or adjustment,

for that year.

The relatively sparse Australian station network makes it

difficult to construct an appropriate reference series using a

simple regional average. For this present study, each nearby
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station was individually tested, with its remaining neighbours,

using the Potter technique. Through the redundancy of a multiple

station comparison, the most suspect (in terms of data quality)

stations were identified. There has been no widespread systematic

change in instrumentation, during the period of interest, and

therefore this method should be effective. By systematically

identifying and correcting for inhomogeneities in data for the

RCSs neighbouring stations, after (in most cases) several

iterations, the homogeneity of the data from the RCS was tested

and adjustments made if necessary. Historical station

documentation and the anomaly difference plots were used to help

confirm, or otherwise, results from the statistical technique.

RESULTS

The spatial patterns of the adjusted Australian 1951-92

temperature trends are shown in Figure 1. Trends are in units of

°C per decade. Maximum temperatures (Figure l(a)) have increased

over most areas although a band of negative trend is apparent in

the north. The strongest warming has generally occurred through

subtropical regions where trends in excess of 0.2°C per decade

have been observed. Trends in minimum temperatures (Figure l(b))

were positive throughout the entire continent and values in

excess of 0.3°C per decade were observed in parts of the:

northeast coast; south-central region; and far southwest of the
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continent. Warming of over 0.4°C per decade was observed in the

northeastern interior.

The resultant DTR analysis (Figure l(c)) shows decreases over

most of the continent. The largest decreases of around -0.4°C per

decade were observed in the northeastern interior (NEI). A small

region in the southwest (SW) has experienced a decrease in excess

of -0.2°C per decade. These falls in the DTR are a consequence of

minimum temperatures increasing at a greater rate than the

maximum temperatures. There is sufficient evidence to suggest a

region of small positive trend extending over the southeastern

corner (SE) of the continent.

The strongest seasonal DTR decreases in the NEI and SW regions,

where the annual mean DTR decreased the most, occurred in the

austral autumn (MAM) and autumn/spring(SON) seasons respectively.

The weakest decreases in NEI were observed in the austral summer

(DJF) and in the austral winter (JJA) for the SW region, mainly

as a result of strong warming in the maximum temperatures. Over

the SE region, where the DTR has shown a slight increase, the

strongest trend occurred in the austral winter. Indeed, DTR

trends in the austral winter tended to be more positive (or less

negative) throughout much of southern Australia.
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HISTORICAL PERSPECTIVE

To asses the significance of the decadal trends in the DTR, it

would be constructive to consider them in context of secular

scale changes. However, maximum and minimum, temperature data

before the 1950s are more scarce, and inhomogeneities more

common. The DTR is particularly sensitive to changes in the

thermometer shelter as these tend to affect the maximum and

minimum temperatures differently. Thus particular caution must be

observed when identifying discontinuities and analysing trends

over this period. Six stations' records were chosen based on

their length, lack of missing data, location and quality, as

judged from station history metadata. Their locations are shown

in Figure 1. Two of the stations, Mildura and Windsor, were

composites of more than one site. The data for these two stations

were adjusted using at least 24 months of overlapping data so

that the sites were compatible before proceeding with further

adjustments.

A reference series was constructed for each candidate station

using the nearest neighbouring stations' data. For each year, the

neighbouring stations were ranked in order of their interannual

change in temperature, and the median value selected to represent

the expected climatic variation in the region of the candidate

station. Unless several stations have undergone a systematic

change of the same sign, this reduces the effect of outliers in
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estimating the interannual variation in the reference series.

Changes in mean were identified at the candidate station relative

to the reference series by employing the method described for the

post-1950 data set above. Adjustments were determined from

periods between discontinuities of the candidate minus reference

series. Several changes also identified in the station history

files were detected using this method. As further research is

progressing to optimise the compilation of the median reference

series, the results over this time scale are tentative. The

historical stations were also examined using individual station

comparisons, as described for the modern period. Only the period

from 1910, when metadata is less scarce and neighbouring stations

more abundant, has been examined to date although data is avail-

able from the last century. The results give an initial

historical context in which to consider the recent decadal

changes in DTR.

The large decreasing trend in DTR at Boulia (Figure 2), repre-

sentative of the NEI region, has been occurring since the 1950s

and was preceded by a period of negligible trend. The three

stations in the SE region exhibit slight positive trends in DTR,

although Windsor features a decrease in the middle of the

century. Derby, a station in the northwest, shows a decreasing

trend in DTR following a period of increase. The station

representing the SW region (Busselton) shows a decrease in DTR

after marked decadal variation through the first half of the
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century.

DISCUSSION AND CONCLUSION

The spatial pattern of the adjusted eastern Australian DTR trends

was generally consistent with that given in Karl et al. (1993).

The decreasing DTR observed over most areas of the continent in

recent decades has been confirmed and is not due to unreliable

observations. The changes are mainly a consequence of the minimum

temperatures increasing more than the maximums. since most of the

stations used in the study are from remote localities or small

towns, it is doubtful that urbanisation effects significantly

account for the trend although some contribution is still

possible.

The decrease is most apparent in the northeastern interior of the

continent and in a small region of the southwest. From a

preliminary study of the historical record it would appear that

decreases in the DTR in these regions have largely occurred in

the latter half of the twentieth century. The strongest seasonal

decreases have occurred in the austral autumn in the northeastern

interior and in autumn/spring in the southwest. Slight positive

trends in the DTR were observed in the southeast.

It has been suggested that the decreases in the DTR may be



-138-

associated with increases in cloudiness over Australia. However,

since the trends in cloud cover showed no clear geographic or

climatic variations (Jones and Henderson-Sellers, 1992), it is

difficult to account for the observed regional changes in DTR in

terms of changes in cloudiness. The decreases in the DTR in the

southwest or the continent are particularly interesting. Previous

work by Wright (1974), Pittock (1983), and Nicholls and Lavery

(1992), the last using data from a high quality, consistent,

rainfall dataset, have shown that winter rainfall has been

decreasing in this region since around 1950. This region is very

much a 'Winter Rainfall' climatic zone. Since a decrease in

rainfall during this season would be suggestive of an associated

decrease in cloud cover and increase in the DTR, it would appear

that changes in cloud cover may not be responsible for the

asymmetric changes in temperature in this region. Clearly,

further investigations of the relationships between variations in

cloud cover and the DTR over Australia are required.
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Figure 1. Trends in annual: (a) maximum temperature; (b) minimum

temperature; and (c) DTR, over eastern Australia during the

period 1951 to 1992. Contour interval is 0.1°C/decade.
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Figure 2. Trends in annual DTR for long-term stations, adjusted

for discontinuities. An 11-point moving average has been applied

to emphasise low frequency variations. The DTR values have been

transposed by -2 (Windsor), -1.5 (Mildura) and +0.5 (Derby) for

clarity. Locations are circled in Figure 1.
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ABSTRACT

Diurnal temperature trends are described for newly homogenised climate data sets for a

large area of the South Pacific. The diurnal trends differ from those documented for Northern

Hemisphere land areas, where decreases are observed in the diurnal temperature range as a

result of increases principally in minimum temperature. The Southwest Pacific divides into

four regions that share coherent diurnal temperature trends over the past five decades occur.

Two regions southwest of the South Pacific Convergence Zone (SPCZ) display steady

wanning in mean temperature. The other two regions, located northeast of the SPCZ, cooled in

the 1970s and warmed in the 1980s. The warming in three of the four regions can be attributed

to increases in both mean daily maximum (mostly daytime) and mean daily minimum (mostly

night time) temperature, with little change in the diurnal temperature range. In New Zealand,

modification of the regional temperature trend occurs as atmospheric circulation interacts with

the high orography, producing different local behaviour in trends of maximum and minimum

temperature and diurnal temperature range. The present results come from sites where there can

be no question of any urban influence. Most of the Southwest Pacific sites provide a very good

climate monitoring platform for the surrounding oceans because of their island location.

INTRODUCTION

Global mean surface temperatures have increased by 0.3-0.6°C over the last 100 years,

with the five global-average warmest years being in the 1980s (Houghton et al., 1992). The

diurnal character of the warming has been the subject of considerable analysis and debate. It

has been observed from northern hemisphere land datasets that observed wanning over the past

several decades is primarily due to an increase in the daily minimum (night-time) temperatures



-146-

with little contribution from daily maximum (daytime) temperatures (Karl et al., 1991).

Recently, Karl e t al. (1993) analysed monthly mean maximum and minimum temperatures

from countries comprising 37 percent of the global landmass. Over the period 1951-90,

minimum temperatures warmed by 0.84°C compared to only 0.28°C for maximum

temperatures. Over the same period average temperatures, estimated for the global land area,

wanned by 0.33°C, compared to 0.56°C from those analysed by Karl et al (1993). However,

in the New Zealand region of the southern hemisphere, Salinger et al. (1993) note that wanning

over the past five decades can be attributed to increases in both mean maximum and mean

minimum temperature. These results suggest that whilst changes in cloud cover and the

presence of sulphate aerosols may play a direct role in the northern hemisphere, sulphate

aerosols may be less important in the southern hemisphere.

New data has become available for the Southwest Pacific. The new high quality data

presents new opportunities to examine diurnal changes in temperature behaviour. This study

deals with temperature trends over the last five decades from the Southwest Pacific, a vast area

of mainly ocean between 165°E to 145°W and 5°N to 55°S (21 million km?).

DATA AND METHODS

A number of methods were used to prepare the new high quality dataset for the

Southwest Pacific. Firstly, temperature records were selected from climate stations whose

records were of high quality and complete, at sites which were permanent and representative of

the main geographical and circulation features of the region or island group. From these criteria

37 stations were selected for analysis of diurnal temperature trends. Six New Zealand sites

were selected with high quality records and no known anthropogenic influences. Many more

could have been chosen, but the density was kept comparable to that elsewhere in the

Southwest Pacific. For the more detailed New Zealand study, data from 20 New Zealand sites

were used. Station histories were prepared (Collen, 1992; Fouhy et al., 1992) from which the

homogeneity of the temperature records could be assessed.

The next procedure was to carefully homogenise the temperature series that were as

complete as possible from each of the selected climate sites. The methodology of Rhoades and
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Salinger (1993) was used as this provides a procedure for adjustment of temperature series for

sites where no neighbour stations exist for comparisons. Many of the island sites in the South

Pacific have no neighbour stations, especially in their earlier years of record. In all cases where

adjustments have been made, the data from any earlier site was adjusted to that of the current

temperature recording location.

To summarise the temporal temperature trends over such a vast area of the Pacific, two

approaches were used to define areas that share coherent temperature anomalies. The first,

cluster analysis using hierarchical agglomerative techniques (Willmott, 1978) was used to

group stations into clusters based on degree of association from annual values of temperature.

Principal component analysis was the second methodological approach employed (Salinger

1980a, 1980b). As the purpose was to investigate the spatial distribution of interannual

temperature anomalies, the principal components were rotated orthogonally by the varimax

criterion so as to produce components that delineate separate groups of highly intercorrelated

stations.

Thev single-site' temperature series are displayed as differences from the means of the

reference period 1951-80. These data series are combined to form time series of annual

anomalies for each of the emergent temperature regions. The regional anomalies in maximum,

minimum and diurnal temperature range are smoothed using a selected gaussian filter (Jones et

al., 1986) which suppresses periods of less than 10 years, in order to facilitate trend detection.

As well, changes in temperature, using a linear trend, are calculated for each of the regions over

the period 1941-90.

SOUTH PACIFIC DIURNAL TRENDS

Clustering and principal component analysis yield four regions which behave coherently

for temperature trends (Fig.l). These regions group according to the main climatological

features of the South Pacific. Two regions lie northeast of the South Pacific Convergence Zone

(SPCZ), one where the Intertropical Convergence Zone (TTCZ) and SPCZ merge and the other

in the central Pacific region of divergent easterly winds. The two southwest of the SPCZ

include the southeast trade wind region, and die New Zealand region.
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South East Trades (Region Tl)

This region comprises a large part of the South Pacific around 20°S. All stations are

located in the sub tropics to the southwest of the SPCZ in the Southeast Trade Wind belt, and

include the territories of New Caledonia, Vanuatu, Fiji, northern Tonga, Niue, the Southern

Cook Islands and the southwestern islands of French Polynesia. Annual temperature series are

shown in Fig.2 and the temperature changes, estimated by fitting a linear trend over the 1941-

90 period, given in Table 1. These show a warming trend of 0.45°C, which includes a 0.37°C

increase in mean daily maximum temperature and 0.47°C increase in mean daily minimum

temperature, leading to a slight decrease in the diurnal temperature range, by 0.10°C. The

increases in daily mean and minimum temperatures are significant Seasonal temperature trends

over the five decade period are similar to the annual trend. Apart from the austral winter period

(JJA), minimum temperatures increase slightly more than maximum temperatures, with the

diumal temperature range decreasing slightly. Significant increases in mean and minimum

temperatures occur for the austral summer and autumn seasons. A slight decrease in the diumal

temperature range is recorded in all seasons apart from winter.

The Central Pacific (Region T2)

This extensive area in die central South Pacific includes all stations located between the

ITCZ and SPCZ in an area of divergent easterly winds, and includes Samoa, Tokelau, eastern

Kiribati, northern Cook Islands and the northeastern part of French Polynesia. This region

shows a temperature warming trend of 0.43°C over the five decade period (Fig.2), comprising

of an increase of 0.34°C in mean daily maximum temperature and 0.45°C in mean daily

minimum temperature, with a slight decrease in the diumal temperature range of 0.11°C. These

same trends in the fitted linear regressions (Table 1) are apparent in all the austral seasons apart

from winter. Similar increases occur in trends in both daily maximum and minimum

temperature, and no change in the diurnal temperature range.
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New Zealand (Region T3)

This region comprises a large southern area including Campbell Island (53°S) in the

south, New Zealand, Chatham Islands (44°S, 176°W) to the east, and as far north as

Nuku'alofa (21°S) in southern Tonga. Most of the area is influenced by the southern latitude

westerlies and subtropical anticyclonic belt. Mean temperatures increase sharply in this region,

amounting to a significant warming of 0.77°C (Table 1 and Fig.2) from 1941-90. Significant

increases in the fitted linear trend occur for both annual mean daily maximum and minimum

temperatures of 0.62°C and 0.86°C respectively. At the same time there is a significant, but

small decrease in the diurnal temperature range of -0.24°C. Similar trends are seen in the

austral summer season, and the decrease in diurnal temperature range is more marked in spring

(-0.55°C). Little trend in the diurnal temperature range occurs in autumn and winter, where the

temperature increase in both daily maximum and minimum temperatures is comparable.

Meeting ofJTCZ and SPCZ (Region T4)

The fourth region comprises the area of western Kiribati and Tuvalu, close to where the

SPCZ merges with the FTCZ. No trend is discernible in mean temperatures over the 1941-90

period (Fig. 2). Fitted linear trends show a slight increase in daily maximum temperatures and

decrease in daily minimum temperatures leading to a slight, but non-significant increase in

diurnal temperature range of 0.25°C. The seasonal trends in daily maximum and minimum

temperature and diurnal temperature range are similar to the annual trends.

NEW ZEALAND DIURNAL TRENDS

For the two islands of New Zealand itself, the warming over the past five decades can

be attributed to increases in both mean daily maximum and mean daily temperature. However,

New Zealand is a long narrow country extending from 34 to 46°S, with axial ranges trending

southwest/northeast. The interaction of the regional circulation and orography causes local

differentiation of climatic anomalies. Salinger (1979) has identified six "response areas', areas

that share coherent temperature anomalies (Fig. 3).
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North Island

The North Island axial ranges are lower than in the South Island, giving less

differentiation between the western and eastern response areas (Fig. 4). The warming trend

over the period 1941-90 (Table 2) is 0.78 and 0.89°C for the Western North Island and Eastern

North Island areas respectively. In the western area the warming includes a 0.64°C increase in

mean daily maximum temperature and 1.11°C increase in mean daily minimum temperature,

leading to a decrease in the diurnal temperature range of 0.47°C. The increases of daily

maximum and minimum temperature in the eastern area, by 0.59 and 1.23°C, gives a similar

diurnal temperature range decrease of 0.64°C. The seasonal trends are most pronounced in the

austral spring and summer seasons, when significant decreases occur in the diurnal temperature

range.

South Island

The South Island, with more accentuated relief, shows a much more diverse response in

changes to the diurnal temperature range (Fig.4). A similar trend to the North Island response

areas occurs in the South Island response area of Southland, where over the 1941-90 period the

mean temperature increases by 0.91°C, made up of an increase of 0.43°C in daily maximum,

1.31°C in daily minimum temperature, and a 0.88°C decrease in the diurnal temperature range.

As in the North Island areas, the largest decrease in diurnal temperature range occurs in the

austral spring and summer.

In other South Island areas, the increase in mean temperature over the 1941-90 period is

similar (0.6 - 0.9°C), but trends in diurnal temperature behaviour differ (Fig.4). In the West

Coast area, the daily maximum temperature increase (1.06°C) is more than that for the daily

minimum temperature (0.80°Q leading to a slight increase in the diurnal temperature range

(0.23°C). All seasons, apart from winter, show similar trends to the annual in the diurnal

temperature range and maximum and minimum temperatures. The two eastern South Island

response areas (Eastern South Island and Inland Central) show no trend in the diurnal

temperature range because both daily maximum and minimum temperatures increase by a

similar amounts (Table 2). These warm by about 0.7°C for Eastern South Island and 0.65°C in
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the Inland Central area. However, Eastern South Island displays the decrease in diurnal

temperature range evident in other areas in spring and summer. In contrast, there is an increase

in autumn and winter.

DISCUSSION

The results show that temperature trends in the Southwest Pacific and their diurnal

characteristics group into four relatively coherent zones. These are strongly related to the

strength and position of the main clirnatological features affecting the region. Temperature

region Tl lies just to the southwest of the SPCZ in the southeast trade wind belt on the northern

side of the zone of migratory anticyclones of the Southwest Pacific. Region T2 lies between

the ITCZ and SPCZ and is dominated by divergent easterly winds from the semi-permanent

anticyclones of the southeast Pacific. Temperature region T3 includes the zone of migratory

anticyclones of the Southwest Pacific and westerlies on their southern flanks. Region T4

occurs where the ITCZ and SPCZ merge.

The importance of orography in differentiating the regional trend into local diurnal

temperature trends is clearly illustrated by the impact of New Zealand's orography on the

warming signal over the period 1941-90. New Zealand lies between the migratory anticyclones

of the Southwest Pacific to the north and the southern westerly circulation to the south. The

mean airflow which prevails is from the west southwest (Maunder, 1971). The axial ranges

(Fig.6) trend southwest/northeast which produce regions which are exposed and sheltered to

the flow.

In the North Island the axial ranges are lower. As a result only two temperature

response areas occur; Western North Island to the west of the axial ranges, and Eastern North

Island to the east. The lower relief gave smaller west/east differences in diurnal temperature

behaviour. The results from the South Island show that the higher axial ranges, which are at

least 1000 metres over a distance of 700 km, produce more pronounced local temperature

response areas. Four response areas occur. The two regions most exposed to the mean

airflow, West Coast and Southland, demonstrated larger increases in mean temperature (about

0.9°C) from 1941-90 than the other two. However, the largest increase was in daytime
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temperatures in the former and night time temperatures in the latter leading to a diurnal

temperature range increase in West Coast and a decrease in Southland. The two more sheltered

regions, Eastern South Island and Inland Central demonstrated similar increases in both day

and night time temperatures, and no change in the diurnal temperature range.

It has been suggested that increases in temperature, especially mean daily minimum can

be a result of the unremoved portions of the urban heat islands in temperature records (Jones et

al, 1990). However, the data used in this study come mainly from island locations where there

can be no suggestion of urban influences. The records have been rigorously screened, and. the

clean nature of the temperature records remote from highly urbanised or industrial areas mean

that they depict real trends in surface diurnal temperature behaviour.

Mechanisms (Folland et al., 1992) have been suggested for the decrease in diurnal

temperature range observed in many northern hemisphere land records. These include an

enhancement of night-time warming due to increases of greenhouse gases and clouds, and a

counteraction of greenhouse-gas induced warming by day due to increases in clouds, cloud

albedo and backscattering of solar radiation by sulphate aerosol. Some of these mechanisms

will not apply in the South Pacific. Increases in concentrations of greenhouse gases and

changes in cloudiness could be plausible mechanisms for the overall increase in both daily

maximum and minimum temperatures. However, as the Southwest Pacific region is free of

large sources of sulphate aerosols and production of other air pollutants which could increase

the turbidity of the atmosphere,.increased backscattering of solar radiation by sulphate aerosols

and other air pollutants is unlikely to counteract any wanning by day. The results are consistent

in that there is little change in the diurnal temperature range over the 1941-90 period.

CONCLUSIONS

In summary, this study shows that generally, both daily maximum and minimum air

temperatures have increased throughout the South Pacific region in the last five decades. Of the

four regions that share similar trends in diurnal temperature behaviour, mean daily maximum

temperatures increase in all of them, whilst mean daily minimum air temperatures have

increased in only three of the four regions. As a consequence changes in the diurnal
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temperature range are only small. For New Zealand, temperatures increase in both daily

maximum and minimum air temperatures. However, modification of the overall regional

temperature trends occurs in the diurnal temperature behaviour with the interaction between

atmospheric circulation and New Zealand's orography. This interaction gives local response

areas with different trends in maximum and minimum temperature. In one response area the

diurnal temperature range increases, in three the range decreases and in two areas there is no

trend in the diurnal temperature range.

The Southwest Pacific results suggest that increased concentrations of greenhouse gases

and changes in cloudiness could be plausible mechanisms for the overall increase in night-time

temperatures. The increase observed in day-time temperatures suggests that the mechanism of

backscattering of solar radiation by sulphate aerosols and other air pollutants is unlikely.

Finally, the oceanic nature of most of the sites mean that they provide a very good platform

from which to monitor climate trends for the surrounding oceans.
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Figure 1. The Southwest Pacific, showing regions of coherent temperature trends. Regions:

Tl - South east Trades, T2 - Central Pacific, T3 - New Zealand, T4 - ITCZ and SPCZ.

jo°s-

20°S-

30°S-

40°S-

50°5-

17(

\

\

•

V

)°E 18

\ 0
A T4.

q

T3

h
j

0°

\

17C

':- \

)°W 16C

T2

°W 15C

T l
^ —

»

-

14C°w

N



-156-

Figure 2. Aggregated temperature trends and annual anomalies in the Southwest Pacific for

regions Tl - T4, expressed as departures from the 1951 - 80 period. Trends in mean,

maximum and minimum temperature and the diurnal temperature range are shown.
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Figurc 3. New Zealand temperature response areas and stations used in this study (after

Salinger, 1979).
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Figure 4. Trends and annual anomalies in the diumal temperature range for the six New

Zealand response areas used in this study, expressed as departures from the 1951 - 80 period.
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Table 1. Seasonal and annual changes in temperature (°C), using a linear trend, for the four

regions of the South Pacific for the five decades 1941-90. Asterisks indicate significance at the

5% level. (ANN= annual, DJF = December, January, Febraary; MAM = March, April, May;

JJA = June, July, August; SON = September, October, November).

Southeast Trades (Region Tl)

Central Pacific (Region T2)

New Zealand (Region T3)

ITCZ and SPCZ (Region T4)

Mean Max

Mean Max

Mean Max

Mean Max

Min

Min

Min

Min

Range

DJF
MAM
JJA
SON
ANN

0.46*
0.45*

0.36
0.44
0.45*

0.43
0.36

0.33
0.33
0.37

0.49*
0.52*
0.35
0.52
0.47*

-0.06
-0.16
0.02

-0.19
-0.10

Range

DJF
MAM
JJA
SON
ANN

0.41
0.43

0.40
0.49
0.43

0.34
0.26

0.39
0.37
0.34

0.43
0.52

0.35
0.53
0.45

-0.09
-0.26
0.04

-0.16

-0.11

Range

DJF
MAM

JJA

SON
ANN

1.00
0.64

0.70
0.67
0.77*

0.77
0.61

0.66

0.35
0.62*

1.19*
0.56
0.71

0.90
0.86*

-0.24*
0.05

-0.05

-0.55*
-0.24*

Range

DJF
MAM

JJA
SON
ANN

0.01
-0.02

0.05
0.01
0.02

0.21
0.11

0.24

0.06
0.16

-0.08
-0.09

-0.14

-0.05
-0.09

0.29
0.20

0.38
0.11
0.25
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Table 2. Seasonal and annual changes in temperature (°C), using a linear trend, for the six

response regions of New Zealand the five decades 1941-90. Asterisks indicate significance at

the 5% level. (ANN= annual, DJF = December, January, February; MAM = March, April,

May; JJA = June, July, August; SON = September, October, November).

Western North Island Mean Max Min Range

DJF
MAM
JJA
SON
ANN

Eastern North Island

DJF
MAM
JJA
SON
ANN

West Coast

DJF
MAM
JJA
SON
ANN

Eastern South Island

DJF
MAM
JJA
SON
ANN

Inland Central

DJF
MAM
JJA
SON
ANN

Southland

DJF
MAM
JJA
SON
ANN

1.19
0.73
0.71
0.87
0.78*

Mean

1.15
0.79
0.76
0.87
0.89*

Mean

1.15
0.95
0.78
0.84
0.92*

Mean

0.93
0.69
0.75
0.47
0.74*

0.90
0.73
0.44
0.36
0.61

Mean

0.93
0.93
1.01*
0.73
0.91*

0.84
0.64
0.65
0.39
0.64

Max

0.60
0.68
0.53
0.34
0.59

Max

1.45
1.00
0.63
1.05
1.03*

Max

0.72
0.79
0.82
0.19
0.67

1.05
0.75
0.35
0.39
0.67

Max

0.18
0.48
0.81

-0.01
0.43

1.53
0.73
0.72
1.31*
1.11*

Min

1.66*
0.84
0.97
1.38*
1.23*

Min

0.81
0.83
0.88
0.60
0.80

Min

1.06
0.47
0.57
0.71
0.70

0.76
0.70
0.52
0.31
0.61

Min

1.58*
1.20*
1.13*
1.29*
1.31*

-0.69
-0.09
-0.07
-0.92
-0.47*

Range

-1.06*
-0.16
-0.44
-1.04*
-0.64

Range

0.64
0.17

-0.25
0.45
0.23

Range

-0.34
0.32
0.25

-0.52
-0.03

0.29
0.05

-0.17
0.08
0.06

Range

-1.40*
-0.72
-0.32
1.30*

-0.88*
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THE CLIMATE RECORD: CHARLESTON, SOUTH CAROLINA

1738 - 1991

David J. Smith

South Carolina Water Resources Commission, 1201 Main Street/ Suite 1100

Columbia, South Carolina 29201

ABSTRACT

Charleston, SC was one of the first mainland settlements of European

immigrants in North America. In the early to middle 1700's a medical society

was formed in Charleston to study seasonal trends and causes of medical

diseases. Beginning in 1738, upon the arrival of Scottish doctor John Lining

the long series of weather observations began. This long record provides a

snapshot of climate history along the coastal southeast U.S. In an attempt to

determine any possible trends in temperatures and precipitation, a daily

record of observations from 1738 to 1991 was compiled.

The records indicate a significant upward temperature trend in the mean

annual temperature from 1890 through 1940. After about a decade of near

average conditions, a step wise fall in mean annual temperature occurred

abruptly from 1951 through 1955. Mean annual temperatures remained much below

the long-term average from 1955 through 1976. From 1977 through 1991, the

mean temperature varied widely around the long-term average, but resulted in a

slight upward trend to near the long-term average by the early 1990's.

Winter experiences the highest degree of interannual variation of

maximum and minimum temperature, even though the Spring and Fall are

traditional transitional climate seasons. It is notable that the degree of

interannual variation has increased beginning in 1925 and continues today when

compared to the data prior to 1925.

The climate transition seasons of Spring and Pall show the least

variation in the maximum temperature, while the minimum temperature in the

Fall shows more variation than the Spring. In each case, the maximum and

minimum seasonal temperatures show no trend throughout the period.

On an annual basis, the temperature range averaged 7.9°C. Interannual

variation spanned a range from 8.7°C in the late 1940's to 7.1°C in the late
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1800'a. Notable trends in the temperature range include an increase from 1900

through 1945 followed by a decrease from 1946 through 1977. Since 1977, the

annual temperature range at Charleston averaged 7.7°C; a decrease from the

long-term average of 0.24°C.

The seasonal temperature range displays a much more variable pattern.

Most notable is the summer temperature range, which averages 6.9°C. The

seasons of winter, spring and fall experience a temperature range between 7.8

and 8.6°C. Winter temperatures have the broadest range. The Spring

temperature range curve follows a trend similar to the annual curve. The

other seasons have a distinctly divergent and more moderate trend.

INTRODUCTION

Charleston, SC was one of the first mainland settlements of European

immigrants in North America. In the early to middle 1700's a medical society

was formed in Charleston to study seasonal trends and causes of medical

diseases. Beginning in 1736, upon the arrival of Scottish doctor John Lining

the long series of weather observations began.

This particular climate record was maintained throughout some of the

most tumultuous years of U.S. history ranging from an earthquake, Civil War,

and rapid urbanization. The daily records were kept by individuals during the

first years and then the location was instrumented and operated by federal

agencies (Aldredge, 1936). This long record provides a snapshot of climate

history along the coastal southeast U.S. In an attempt to determine any

possible trends in temperatures and precipitation, a daily record of

observations from 1738 to 1991 was compiled.

This work, carried out in search of real and perceived climate

variation, was conducted using original records kept in the library archive at

the University of Charleston, South Carolina. During the compilation,

personal notes and general descriptions of the climate in Charleston were

discovered and reviewed. The analysis presented in this cursory study, an

extension of Smith and Colgan (1993), provides a statistical picture of

climate in Charleston, but is inadequate to portray the conditions which

occurred over the long history in Charleston described in personal accounts.
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In this paper the daily observations provide a substantially long time

series in which the variation of maximum and minimum temperatures are

analyzed. Even though this location is predominantly controlled by the

influence of maritime air, the location does present a stable look at the

fluctuations in climate over time. The use of charting maximum and minimum

temperatures also provides a general idea of changes in seasonal transition,

particularly between winter and spring, and summer and fall. The degree to

which the annual "march" of temperatures varies determines the overall degree

of change, rather than the deviation from a monthly average. Thus, the trends

(if any) in maximum and minimum temperatures have a better chance of capturing

climate change than do average temperatures.

A STABLE STATION HISTORY

Of the dozen sites which recorded early weather observations throughout

the English Colonies, the Charleston location has been the most stable.

Throughout the long history of weather observations, the station location has

changed three times. These changes, however, have been confined to Lining's

house, No. 1 Broad and East Bay and finally at 200 East Bay - The U. S. Custom

House. The latest move was to the Custom House Pier on July 18, 1985. Until

1985, the three previous sites provided for excellent, non-obstructed

observations.

Station History - Charleston, SC (City Office)

1871 to 1897;

NO. 1 Broad £ East Bay St. 32 deg 46.6 min / 79 deg. 55.6 min. 3.4 meters

MSL Assigned station - 16.3 m (1951); 14.7 m (1965) [Form £00-1].

1897 to 1985;

U.S. Custom House, Charleston, SC 20C East Bay [220 meter* N of previous

location] 32 deg. 46 min 50 sec / 79 deg. 55 min. 36 sec. Elevation 2.7 m

MSL. Assigned station - 14.7 m MSL.

1985 to Present:

A Handar DCP-hydrology station was installed on a pier 132 meters east of the

Custom House. Elevation was 1.52 m above the ground.
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Current Status;

Office not manned. Automatic equipment:wind, temp, precip. Remote readout to

airport WSO. Wind, precip., temp by Handar system. Custom House is near end

of peninsula. Broad rivers to east and west; wide harbor and open sea to

southeast. City level. Sea water moderates temperatures all seasons. Data

published.

ANNUAL TEMPERATURE RECORDS

The annual temperature record in Charleston dates back to 1738 and is

compiled from monthly temperature records through 1670 and from daily records

beginning in 1871 (U.S. Army Signal Corps, U. S. Dept. of Agric, U.S. Dept.

of Commerce). Figure 1 shows the annual mean temperature at Charleston. An

11-year moving average is plotted to show the relative temperature trends.

This figure displays a significant upward temperature trend in the mean

annual temperature from 1890 through 1940. After about a decade of near

average conditions, a step wise fall in mean annual temperature occurred

abruptly from 1951 through 1955. Mean annual temperatures remained much below

the long-term average from 1955 through 1976. From 1977 through 1991, the

mean temperature varied widely around the long-term average, but resulted in a

slight upward trend to near the long-term average by the early 1990's. The

mean annual temperature varied from a low of 18.0°C in 1886 to a high of

21.0°C in 1990. The overall trend in temperature was upward, however, the

major warming occurred before 1940. The recent warming since 1977 of mean

annual temperature is matched in rate and magnitude by the warming which

occurred from 1910 through 1940.

MAXIMUM AND MINIMUM TEMPERATURES

Figures 2a-c are smoothed time series plots of the annual and seasonal

mean maximum and mean minimum temperature at Charleston from 1885 to 1984, a

100-year period extracted from a 120 year record beginning in 1871. The

annual trend of maxiiuim temperatures follows the trends described in the mean

annual temperature records. The interannual variation, however, in maximum

temperature is less than that shown by the minimum temperature (Fig. 2a). The

major warming from 1910 to 1940 is a result of an increase in both the maximum
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and minimum temperature.

The warming which began in 1977 continues at present, and is primarily a

result of a rise in the maximum temperature. It is also the decrease in the

maximum temperature during the 1950's which contributed to the step wise

cooling in the mean annual temperature.

Seasonal trends in maximum and minimum temperatures are shown in figures

2b and 2c, respectively. The seasonal summaries are divided into equal three-

month periods corresponding to Winter (JAN-MAR), Spring (APR-JUN), Summer

(JUL-SEP), and Fall (OCT-DEC). The grouping of seasons in this manner more

accurately reflects the astronomical seasons. The data were smoothed using a

6-year moving average to remove some of the annual variability for

presentation purposes.

As shown in Table 1, winter experiences the highest degree of

interannual variation of maximum and minimum temperature, even though the

Spring and Fall are traditional transitional climate seasons. It is notable

that the degree of interannual variation has increased beginning in 1925 and

continues today when compared to the data prior to 1925. The overall standard

deviation of winter maximum temperature is 1.61°C; and 1.50°C for minimum

temperature. The high variation is significant since the standard deviation

is nearly two times larger than the standard error of the mean (0.8). Since

1977, there is a slight downward trend in maximum and an upward trend in

minimum winter temperatures, however, the standard deviation of minimum

temperatures increased significantly.

The climate transition seasons of Spring and Fall show the least

variation in the maximum temperature, while the minimum temperature in the

Fall shows more variation than the Spring. Very little variation, as noted

by a standard deviation of 0.72 (Spring) and 1.00 (Fall)°C of maximum

temperature. A standard deviation for minimum temperature, however, of 0.67

(Spring) and 1.11 (Fall)°C quantifies the higher variability in the Fall. In

each case, the maximum and minimum seasonal temperatures show no trend

throughout the period. During the later years, 1977 through 1991, the minimum

and maximum Spring and Fall temperatures show a distinct nighttime warming in
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the Fall of 0.72°C. The magnitude of these changes, however, are nearly twice

the standard error of the seasonal means.

The warm, humid summers in Charleston have resulted in a stable,

relatively less variable record of maximum and minimum temperatures. The

relatively stable readings of summer temperatures has added to a reduction in

the contribution by other seasons to the overall annual temperature. The most

notable trend has been since the early 1970's as both maximum and minimum

temperatures show an increase. The standard deviation for maximum and minimum

summer temperatures is 0.72 and 0.67°C, respectively. The trend since 1977 in

summer temperatures shows a relative increase in the maximum temperature of

0.27°C, while the minimum increased by 0.45°C. Work is on-going to relate the

seasonal and annual temperature trends to approximate trends in the harbor

water temperature. There is a substantial moderating contribution on the

daily, monthly, seasonal, and annual temperature variations by the large water

bodies near Charleston. The questions remains as to the relative effects the

water temperature has on seasonal variations. It is assumed that the relative

stability of the harbor water temperature will moderate the interannual

variability in temperature. Without adequate water temperature data, the

exact relationship between water and air temperatures is unknown.

THE TEMPERATURE RANGE

One method used to assess climate variation and potential trends as an

indicator of climate change is to analyze the temperature range. This range,

the difference between the mean maximum and mean minimum temperature, has been

computed annually and by season for Charleston.

Figures 3 and 4 a-d show the annual and seasonal temperature range for

the period from 1885 to 1984. The temperature range is a good indicator of

the relative contribucion of atmospheric heating and cooling and air mass

characteristics to climate variation.

On an annual basis, the temperature range averaged 7.9°C. Interannual

variation spanned a range from 8.7°C in the late 1940's to 7.1°C in the late

1800's. Notable trends include an increase from 1900 through 1945 followed by

a decrease from 1946 through 1977. Since 1977, the annual temperature range
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at Charleston averaged 7.7°C; a decrease from the long-term average of 0.24°C.

The seasonal temperature range displays a much more variable pattern

when compared to the annual record. Most notable is the summer temperature

range, which averages 6.9°C. The seasons of winter, spring and fall

experience a temperature range between 7.8 and 8.6°C. Winter temperatures,

although moderated by the local waters, have the broadest range. The Spring

temperature range curve most aptly follows a trend similar to the annual

curve. The other seasons have a distinctly divergent and more moderate trend.

As shown in Table 1 and figures 4 a-d, the seasonal trends of

temperature range begin with a slight decrease around the turn of the century.

The seasonality from 1930 through 1950 indicates a spring and summer decrease

in range, while the fall and winter range remains stable. This is consistent

with the disproportionate rise in maximum temperatures noted above in figure

3b for the spring and summer. Bach of the seasons experiences a rise in the

range from 1955 through the early 1970'a then levels off and declines towards

the late 1970s. By 1980, the largest decrease in temperature range occurred

in all seasons except for summer. It is worth noting that the recent

decreases in the temperature range are within one standard deviation of the

mean for the period (0.65 to 1.02°C).

CONCLUSION

The Charleston climate record has provided a wealth of information which

confirms the perception that variation in maximum and minimum temperatures is

a good descriptor of decadal and interannual climate variation. When

comparisons are made to the 1977-1991 period, the overall trend in

temperatures is upward, especially during the night. At Charleston, this

particular signal is likely a result of the move of the station to a location

adjacent to the harbor in 1985. When using a 100-year record (1885-1984),

however, the trend in maximum and minimum temperatures was negligible; of the

order of 0.01°C, for the seasonal and annual values. Even with this long

time-series, the trend in maximum and minimum temperatures at this coastal

location is still within the normal variation of the local climate and also

much less than the resolution of the instruments used.
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ANNUAL TEMPERATURE 1738-1990
CHARLESTON, SOUTH CAROLINA
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Figure 1: Average annual temperature for Charleston, SC from 1738 to 1990 based on
daily and monthly observations.
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Figure 2a: Annual average maximum and minimum temperatures for Charleston, SC
using a 6-year average for the period from 1885 to 1984.
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Figure 2b: Seasonal average maximum temperature for Charleston, SC using a 6-year
average for the period from 1885 to 1984.
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Figure 2c: Seasonal average minimum temperature for Charleston, SC using a 6-ye^r
average for the period from 1885 to 1984.
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Charleston, SC 1885-1984
Annual Temperature Range
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Figure 3: Average annual temperature r a . ^ at Charleston, SC 1885-1984.
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Flgures 4a and 4b: Seasonal average temperature range at Charleston; Winter (4a) and
Spring (4b).
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Charleston, SC 1885-1984
Seasonal Range - SPRING

10.S

6.5 11111111 ii 11 i n 111111111 u r n ii ii in n i m in II 11 in II 111111111 ii 11 ITi II 11111 n 11111111) 11111111 n 11'
1885 1890 1895 1900 1905 1910 1915 1920 1925 1930 1935 1940 194S 1950 1955 i960 1965 1970 1975 1980

YEAR



-176-

Figures <ic and 4d: Seasonal average temperature range at Charleston, SC; Summer (4c)
and Fal! '4d).

Charleston, SC 1885 -1984
Seasonal Range - SUMMER
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Charleston, SC 1885-1984
Seasonal Range - FALL
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Charleston, South Carolina Statistical Summary

Maximum and Minimum Temperatures

1885-1984

MAXIMUM STd.

Winter 16.07 1.61

Sprinjj 26.35 0.72

0.72

1.00

0.52

Summer

Fall

Annual

Winter

Spring

Summer

Fall

30.02

19.40

22.96

MINIMUM

7.45

18.51

23.07

11.01

STd.

ANNUAL 15.07

1.50

0.67

0.67

1.11

0.54

1977-1991

MAXIMUM

15.35

26.47

30.30

19.79

23.02

MINIMUM

9.90

18.85

23.52

11.73

15.90

STd.

STd.

1.50

1.11

0.83

0.95

0.59

1.72

0.95

0.67

1.33

0.86

Companson
1885-1984 vs. 1977-1991

MXTEMP STd.

-0.7228 -0.1112

0.1112 0.3892

0.278 0.1112

0.3892 -0.0556

0.0556 0.06672

MNTEMP STd.
2.4464 0.2224

0.3336 0.278

0.4448 0

0.7228 0.2224

0.834 0.31692

Temperature Range

1885-1984
Range STd.

Winter 8.58 0.49

Spring 7.82 0.51

Summer 6.99 0.44

Fall 8.36 0.47

ANNUAL 7.92 0.30

"STd. = Standard deviation

1977-1991
Range

8.24

7.66

6.77

8.04

7.68

STd.
0.68

1.02

0.94

0.65

0.59

Comparison
1885-1984 vs. 1977-1991
Range STd.

-0.34 0.19

-0.16

-0.22

-0.32

-0.24

0.51

0.50

0.18

0.29

Table 1: Summary statistics for maximum and minimum temperatures, and the
S S f S ? " T'tnF f ° r C h a r I e s t o n» SC -1885 to W84; along with a comparison to the

period.
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The Geographical Distribution of changes In Maximum and Minimum Temperatures

Briony Horton, Hadley Centre, Meteorological Office, UK

ABSTRACT

A dataset containing monthly maximum and minimum temperatures over as wide an

area of the world's land surface as is available is described. Seasonal trends of

maximum and minimum temperature, and diurnal range, are presented and

discussed. Results of statistical tests on the significance of local and regional trends

are presented. Changes are related tentatively to changes in mean sea level pressure

and rainfall. Time series of maximum and minimum temperatures for the UK, ex-

USSR, China and the USA are discussed which indicate that further improvements

are needed in the quality control and homogenisation of maximum and minimum

temperature data.

Introduction

Recent work (e.g. Karl et al., 1993) has highlighted an increase in minimum temperatures

relative to maxima over a large area of the world's land surface. It is thought that most of the rise

in the global mean temperature over the last 40 yean can be attributed to increasing minimum

temperatures (Karl et al., 1993). Until recently climate models had not been designed to simulate

changes in the diurnal temperature range, concentrating on changes in the mean temperature.

However, more sophisticated models which do simulate the diurnal temperature range are now

available (e.g. Cao et al., 1992). Cao et al. have used a model to simulate changes in the diurnal
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temperature range with increasing atmosphere greenhouse gases and found that it suggests a

smaller reduction in the range than has been observed over the recent past. It is, however, possible

that atmospheric aerosols may have depressed the diurnal temperature range in the observations

(JPCC 1992). Modellers will require a high quality dataset of maximum and minimum temper-

atures with which to verify future simulations.

A reduced diurnal temperature range will have a variety of impacts, for example on crop

regimes, ecosystems and maybe human health. Therefore a dataset containing monthly maximum

and minimum temperatures from as much of the global land surface as possible is being compiled

at the Hadley Centre for Climate Prediction and Research. The dataset will be used to analyse

recent changes in the diurnal temperature range and could be used by climate modellers for model

verification studies. Since maximum and minimum temperatures are not yet available on the GTS

it has been necessary to request individual countries for the data. Thus the development of the

dataset is an ongoing process.

The dataset

The dataset consists of station records of maximum and minimum temperatures covering

approximately 42% of the global land surface. However, only stations with near complete data

over the period 1951-90 were used in this study. This requirement reduced the land coverage to

34%. Data were from varying sources detailed in Table 1.

It was assumed that none of the data had been quality controlled, so the following checks

were performed on the data:

a) unlikely values (i.e. those lying outside 4 standard deviations from the monthly mean)

were checked against neighbouring stations, and removed where obviously in error.

b) time series of differences between stations and near neighbours were calculated and
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plotted, allowing discontinuities to be identified and remedied. The method for removing such

discontinuities was to find by linear regression the neighbouring station which was most highly

correlated with the erroneous station, then to use the linear regression coefficients for the data after

the discontinuity to calculate calendar monthly corrections to be applied to the erroneous station's

record. The corrections were applied to the station's record previous to the jump.

c) the residual time series graphs also allowed stations with trends relative to their neigh-

bours to be identified, but these were not adjusted in any way.

All of the monthly means were converted to monthly anomalies with respect to their 1951-

80 normal values. To enable charts to be plotted the data were gridded into 5 degree boxes.

Changes in maximum temperature

Charts were plotted of the 1981-90 mean maximum temperature anomaly (w.r.t. 1951-80)

averaged over each season (Figure 1). There have been widespread increases during the first half

of the year followed by a mixed pattern of increases and decreases during northern summer, and

widespread decreases during northern autumn. In winter (December to February) the largest in-

creases are in the northern half of North America, northern Asia and Australia. Decreases occur in

the southern USA, Newfoundland, Japan and China. In spring (March to May) the whole of North

America shows strong positive anomalies as do eastern and north-western Asia. The only region

displaying strong negative anomalies is western China. Central Asia has weak negative anomalies.

Sudan and central Asia show strong positive anomalies in summer (June to August), while regions

of Asia between 20 and 40, and 90 to 120 degrees East have negative anomalies. Eastern Australia

has had cooler maxima in this season (the Austral winter) but New Zealand has been slightly

warmer. Most of North America shows weak positive anomalies during summer, with some neg-
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ative anomalies in the deep south and Newfoundland. In autumn (September to November) most

regions have lower maximum temperatures, with Sudan, the southern third of East Australia,

Thailand and the most northern parts of Asia showing increases. In North America the only region

to have had increased maxima during autumn is the extreme south east.

Changes in minimum temperature

Charts were plotted of the 1981-90 mean minimum temperature anomaly (w.r.t. 1951-80)

averaged over each season (Figure 2). In general minima have increased over the whole data area

in every season. In the northern hemisphere from December to August the pattern of change is

similar to that of maxima, although increases in minima have generally been greater, and decreases

smaller. In autumn (September to November) the northern half of North America shows reduced

minima anomalies while the southern half has had increased minima. Most of Asia has had in-

creased minima in autumn except for regions around the Black Sea and Japan. East Australia

shows increased minima throughout the year, except for a small region in the south which has only

had increases from March to May.

Changes in diurnal temperature range

Charts were plotted of the 1981-90 mean diurnal temperature range anomaly (w.r.t. 1951-

80) averaged over each season (Figure 3). They reveal a striking reduction in diurnal temperature

range over most of the data area. The only widespread areas showing an increase on an annual

average are coastal areas of North America, the British Isles, southern Sudan and New South

Wales (Figure 4a).

In North America the strongest and most widespread reduction has occurred from Sep-
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tember to November. Regions in the vicinity of the Rocky Mountains have seen reductions

throughout the year. In Asia the reduction has been greatest and most widespread from December

to May. However there was a region of anomalous increase to the east of Lake Baikal in Siberia

during this period. In China the diurnal temperature range has decreased in all seasons. Sudan and

South Africa have shown roughly similar tendencies despite being on opposite sides of the equator.

There has been a large increase in the diurnal temperature range in the Sudan from June to August,

with a corresponding decrease from December to February. In eastern Australia the strongest

reduction occurs during the southern hemisphere autumn and winter, but New Zealand seems to

have had greater reductions in the remainder of the year.

Figure 4a shows areas of significant change in average annual diurnal temperature range

between 1951-80 and 1981-90. A two-tailed t-test was used to determine 5 degree boxes with

changes significant at the 10% level. Serial correlation was accounted for in the t-tests by using

the equivalent number of independent samples (Waldo Lewis and Mclntosh, 1952). The chart

shows that there have been some significant increases in diurnal range: notably along the north

Canadian coast, in southern Sudan, and in some of the Pacific islands. Significant reductions in

diurnal temperature range are mainly restricted to Alaska and northern Canada in North America,

but are much more widespread over the remaining data area. These results compare well with

those found by Karl et al. (1993).

Figure 4b summarises these results by showing the globally averaged linear trend values of

maximum and minimum temperatures and diurnal temperature range during each of the boreal

seasons since 1940. The graph confirms the findings in the previous sections that spring has been

the season with the greatest warming of both maximum and minimum temperatures, and that au-

tumn has seen the greatest reduction in diurnal temperature range. The annual trends, found by

taking the means of the seasonal trends, show that the minimum temperatures have increased at a

rate almost four and a half times that of the maximum temperatures over this period.



-184-

Comparison of mean sea level pressure with diurnal range

Fields of 1981-90 mean sea level pressure (PMSL) anomaly charts obtained from NCAR

(Jenne, 1975) (Figure 5) were compared with the previously described diurnal temperature range

anomaly charts.

The PMSL field for December to February reveals a stronger westerly flow over the British

Isles and into central Europe, caused by both the Azores High and Icelandic Low being enhanced.

An increased westerly flow may have increased the apparent winter diurnal range by increasing the

frequency and intensity of air mass transitions (fronts) (Karl et al., 1986). Further work is required

to verify this.

In Asia the Siberian anticyclone has been reduced in strength resulting in a more westerly

flow and less severe temperatures. Both the maximum and minimum temperatures have positive

anomalies over the 1981-90 period, and the diurnal temperature range is lower than in 1951-80 by

up to 1.5C. Cloudiness, wind and humidity data may be needed to assess the reasons for this.

Lower pressure over Greenland has caused cold relatively dry air to flow over Newfound-

land, possibly reducing cloud cover and increasing outgoing radiation during winter. Both

maximum and minimum temperatures were lower than normal during 1981-90.

During 1981-90 the Aleutian low pressure area was enhanced, and elongated southwards,

causing a more southerly flow over Alaska. A slightly higher pressure over the western coast of

North America increased this southerly flow, bringing warm moist air northwards across Alaska

and then south-eastwards towards the Great Lakes. This produced warm maximum and minimum

temperature anomalies across Alaska and Canada. The diurnal temperature range was reduced in

the east of this region, but in the west the signal is less clear. Temperatures in the USA to the east

of the Rockies have been affected by a more easterly flow than normal bringing drier continental

air. This may have reduced cloud amounts and increased the diurnal range, but again further work
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is needed for verification.

The major feature in the spring PMSL anomaly field is an area of higher pressure than

normal east of Newfoundland. This has caused a more southerly flow over Newfoundland, which

is indicated by increases in maximum and minimum temperatures. The diurnal temperature range

has increased in this region. The Aleutian low pressure area is again enhanced and stretched

southwards, but the anomalies are smaller than in winter, with similar, but weaker consequences.

The PMSL fields for summer and autumn show only weak anomalies. The large decreases

in diurnal temperature ranges in autumn need to be assessed using e.g. cloudiness, wind and hu-

midity data.

Comparison of diurnal temperature range fields with rainfall fields

It was considered possible that changes in rainfall could be used as a proxy for changes in

cloudiness: thus increased rainfall would indicate increased cloudiness. Increased cloudiness is

likely to depress the diurnal temperature range by suppressing incoming radiation during the day

(decreasing maximum temperatures) and outgoing radiation at al! times (increasing minimum

temperatures). This assumption is probably good for temperate regions where rainfall is normally

frontal; however in the tropics, where rainfall is convective, increased rainfall may not necessarily

be associated with increased general cloudiness.

1981-90 diurnal temperature range fields were compared visually with 1981-90 percentage of

normal rainfall fields found from M. Hulme's gridded rainfall dataset (1992). Unfortunately, data

are sparse over much of Asia. Annual and seasonal field correlation coefficients were calculated

(Table 2).

The annual fields are not well correlated. However in North America regions of increased

rainfall have had larger reductions in diurnal temperature range and regions with drier conditions
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correspondingly smaller reductions. It is difficult to see any corresponding patterns over the re-

maining area.

The rainfall and diurnal temperature range anomaly fields for December to February bear

little resemblance to each other. Of the four seasons, this had the lowest field correlation

coefficient. Northern autumn had the best field correlation. There is good agreement ever North

America, and some agreement over European Russia, Turkey and east Australia.

Although the field correlations given in Table 2 are small, they are negative, which is as

expected. It is clear, however that if cloudiness is a major contributor to the reduction of diurnal

range, at least in some cases (Plantico et al., 1990) rainfall is not a good proxy.

Individual Country Trends

Monthly maximum and minimum temperature anomalies (with respect to 1951-80) were

plotted for individual countries beginning where possible in 1930. The graphs were smoothed

using a 24 month running mean (Figure 6).

In general maximum and minimum temperatures have followed the same patterns in the

UK, though there have been some inter-decadal variations: in the 1940s maximum temperature

anomalies were generally higher leading to an inc. ~ased diurnal temperature range. There appears

to have been no increase in minimum temperatures relative to maximum temperatures during the

last decade.

The contiguous USA shows wider differences than the UK. Between about 1981 and 1988,

minimum temperature anomalies were higher than maximum temperature anomalies, causing the

noted decrease in diurnal range. However, in 1988 the situation reversed, and for the remainder of

the decade the anomalies have been of a similar magnitude.

A similar pattern to that of the contiguous USA is reflected in the Alaskan record (not
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shown), though there the relative increase in the minimum temperature record began in 1977.

However, Alaskan stations are likely to have suffered from urban wanning which is known to

affect the minimum temperatures more than the maxima (Oke, 1978).

From 1979 to 1989 the Turkish record shows relative warmth in the minimum temperature

record, but as with the USA records both anomalies have become more similar since. Time series

of seasonal anomalies were tested for a significant change after 1978 using a t-test. Autocorrela-

tion was accounted for using the method of Waldo Lewis and Mclntosh (1952). Although the

diurnal temperature range decreased by nearly 6% during winter the change was only significant

at the 10% level. Differences during the remaining seasons were not statistically significant.

From 1971 to 1977, and from 1980 to 1990 Chinese minimum temperature anomalies were

more positive than the maximum temperature anomalies. The difference between minimum and

maximum temperature anomalies reached 1°C. t-tests were performed on the Chinese seasonal

diurnal range record for changes in 1971 and 1979. Differences for March to May and June to

August were found to be significant at the 5% level using both break dates. Winter differences

were found to be significant at the 1% level with both change dates. Autumn differences were

statistically significant at the 1% level with the change occurring in 1970 and significant at the 5%

level after 1979.

The records for the ex-USSR stations show a clear discontinuity at the beginning of 1978.

The minimum temperature anomalies became higher than the maximum temperature anomalies,

and the diurnal range decreased by 2% for the year as a whole. It is thought that this discontinuity

may be the result of a change in observing practices, such as altering the time of observation (Karl

et al., 1986). t-tests performed on the seasonal anomaly time series show the change to be signif-

icant at the 5% confidence level during winter and spring, significant at the 1% level during

summer, and significant at the 0.2% limit during autumn.
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Conclusions

It has been shown that the diurnal temperature range has decreased over most parts of the

world for which we have data and that the season of greatest reduction has been northern hemi-

sphere autumn. However there have also been areas of increase. It is possible to link some of the

winter changes to changes in mean sea level pressure, and the autumn changes to changes in rain-

fall, but both these links are very weak.

For a wide range of countries the increase in the minimum temperature relative to the

maximum began in the 1970s. For such a widespread change to have occurred within a few years

adds weight to the argument that the change is important. However, the time period that has been

examined is short, so the chances that the changes are part of the natural variability are high as

indicated by figure 6. It cannot be ruled out that some, or many of the changes are due to changes

in observing practices. Therefore more effort will be needed to quality control and homogenise

global maximum and minimum temperature data before these trends can be regarded as being

quantitatively secure.
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Figure 1. 1981—90 seasonal maximum temperature anomalies in
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Figure 4a. 1981-90 annual diurnal temperature range anomalies in tenths
°C (w.r.t. 1951-80). 5° boxes which are significantly different
are denoted by the letter S.
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Figure 5. 1981-90 seasonal mean sea level pressure anomalies

(w.r. t ." i951-80) in hPa (from NCAR model analyses).
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Figure 6. 1981—90 maximum and minimum temperature anomalies
(w.r.t. 1951—80) for various countries. The time series
have been smoothed using a 24 month running mean.
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NOAA/NCDC
Asheville (USA)

East Australia

U.S.A.
Canada

ex-USSR

Pakistan
South Africa

Sudan
China
Japan

Data Origins

CRU
EastAnglia(UK)

Bangladesh

Finland

Personal
Request

U.K.
Eire
New Zealand

Thailand

Turkey
Argentina

Burma
Iran
Ethiopia
Zambia
Zaire

Table 1. Origins of maximum and minimum temperature data used in this study.
Negotiations are ongoing with countries in italics.

Season
(northern)

Winter
Spring
Summer
Autumn

Number of pairs
of data

257
258
262
260

Correlation
Coefficient

-0.07
-0.15
-0.17
-0.31

Table 2. Field correlation coefficients between rainfall and diurnal temperature
range
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Abstract

Surface air temperance over India has shown rising trend of about .4/100 year during
present century. This trend is higher for post monsoon and winter season, but the monsoon
season shows cooling trend with higher cooling over north-west India (Hingane, et ai ,
1985). Recently Srivastava et al. (1992) have examined trends in maximum, minimum and
mean temperature of 475 stations and have found a general cooling trend north of 23N and
warming trend south of it. They have also noted higher rising trend in maximum
temperature over peninsula as compared to the minimum temperature. However asymmetry
in the temperature trend does not seem to have been investigated so far. We have analyzed
the trends in temperature over India with due attention to the diurnal temperature range.

Temperature data of about 28 stations for the period 1901 to early 1980's have been
analyzed by applying Mann-Kendall test, linear least square fit and Petit test. Our analysis
suggests that there have been no uniform fall of diurnal temperature range over Indian
region during the period of study. Though central India shows a falling trend, the peninsula
and the sub-Himalayan region show rising trend (Fig.). Certain issues for future analysis of
temperature data have been pointed out.

X Natter \ 1 f
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ABSTRACT

Distinctive annual cycles of daily maximum and minimum temperature and temperature

range are observed across the United States when averaging daily data for multiple decades. In

some cases, abrupt changes in the range between daily maximum and minimum temperatures

are observed within annual cycles. Such discontinuities, or steps, of 5°C may occur within a

week, despite the fact that the daily data are averaged over several decades. Discontinuities are

most pronounced in the fall and spring, and display differing characteristics of timing, rapidity,

magnitude and direction of change across the nation. In northern and central portions of the

eastern U.S., a winter minimum and summer maximum in temperature range is observed, while

in the southern U.S. the opposite is found. Abrupt discontinuities are observed in early

November in the Northeast and in late spring and early summer in the Southeast and Southwest.

Differences in mean daily temperature cycies between various portions of this century are a

function of variations in maximum and minimum temperatures. The central U.S. had higher

maximum and minimum temperatures during the 1930s than at other times this century, with

little affect on daily temperature range. In the Northeast, the temperature range was lower in

the 1930s, as a result of decreased maximum and increased minimum temperatures.

The dynamics responsible for changes within the annual cycle or between different periods

have not yet been unequivocally identified. The location of the polar front jet stream and its

associations with solar radiation, clouds, snow cover and other atmospheric and surface

variables are certainly involved. For instance, a fall discontinuity appears to be associated with

clouds in the Northeast U.S, and a spring snow melt signal is apparent in the extreme Northeast.

Also, a monsoonal signal is suggested in the Southwest U.S.

While this is a preliminary study, it is important at this time to demonstrate that lengthy

time series of daily temperature data identify important information regarding climate

diagnostics and climate change detection that is lost when monthly or longer averages are

employed. We believe that the identification of the climate system dynamics responsible for the

structure of the annual cycle of daily temperature is a necessary first step in the study of



potential human-induced climate change.

INTRODUCTION:

In recent years a large body of research has been directed toward the detection of potential

changes that may be taking place within the earth's climate system. More sensitive approaches

to detection are being made possible by advancements in two key areas: progress in techniques

related to modeling the earth's climate system, and the refinement of quality-controlled

climatic data sets that allow intensive investigations of climate change issues. Many detection

studies have been based on fingerprint methods (Madden and Ramanathan 1980; Barnett 1986).

In this procedure, baseline model simulations are completed to provide a point of comparison

for later model runs that include increased levels of CO2 or other greenhouse gases. This allows

the models to provide a suite of potential transformations from the present climate state to a

new one that is in equilibrium with the changed atmospheric greenhouse-gas content. These

templates, or fingerprints, can be used to guide researchers in searching for specific climate

change signals within observed records that match the patterns found by the models. These and

other hybrid methods of climate change detection (Barnett and Schlesinger 1987; Wigley and

Bamett 1990) have been unable as yet to detect an unambiguous climate change signal.

One of the greatest weaknesses of detection methodologies in use today is their reliance on

monthly or annual averages in conducting fingerprint comparisons. Although these low-

frequency statistics are usually the simplest to employ, there is a considerable loss of

information when daily data are averaged over longer periods. Specifically, information

concerning changes in the shape of the annual cycle is obscured in these procedures.

The use of daily data in climate change studies has been limited in the past by the lack of

quality controlled, homogeneous datasets that have a long period of record and dense station

distributions over a large spatial domain. It is well know that temperature time series can be

affected by a multitude of operational changes, including time of observation biases (Karl et al.

1986), station moves, instrument replacements, warming caused by urbanization (Karl et al.
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1988; Karl and Jones 1989), or changes in the station's microclimatic environment. Thus,

any daily data used in studies of climate change must undergo rigorous quality control

procedures before being used.

The purpose of this paper is to demonstrate the utility of long time series of daily data in the

understanding of climate change. We are interested in the low-frequency signal of climate

change that is contained within the structure of long continuous time series (up to 100 years)

of daily data. Data from the Historical Daily Climate Dataset (Robinson, 1993) are used to

generate daily annual cycles of maximum and minimum temperatures at six stations in the

eastern United States, three in the U.S. Great Plains and one in the southwest U.S. The annual

cycle climatologies for these stations are then examined for a recent 30 year interval, and

observed changes in the annual cycle of temperature during this century are investigated at

three stations. Finally, we speculate as to the potential climate system dynamics at work within

the annual cycle and between different periods. We believe that the i Jantification of the climate

system dynamics responsible for the shape of the annual cycle of temperature is a necessary

first step in the study of potential human-induced climate change.

BACKGROUND

Investigations into temperature changes using the instrumental record have been conducted

across the spectrum of spatial scales, from global studies to examinations at single locations.

The study of planetary-scale variations of surface air temperatures is exemplified by those who

have considered changes in areally averaged hemispheric temperatures (Jones et al. 1986;

Hansen and Lebedeff 1987; Angell 1988; Spencer and Christy 1030). Others have examined

changes in temperature and its variability at continental and hemispheric scales (Barnett

1978; Gutzler et al. 1988; Karl et al. 1991a), while regional temperature changes have been

documented over diverse areas of the globe (Diaz 1986; Karl et al. 1991b; Michaels et al.

1988; Walsh and Chapman 1990; Kalkstein et al. 1990; Samson 1989). Even though

temperature variations at a single location are difficult to interpret because of human-induced
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changes that can affect a given observing site, several studies have documented changes in the

temperature regime at this level (e.g., Agee 1982; Skaggs and Baker 1989).

In these studies, which concentrate on mean temperatures, as well as in those which explore

long term changes in diurnal temperature ranges (Karl et at. 1984; Karl et al. 1987; Robinson

1992), daily data are generally aggregated into monthly, seasonal or annual means. While these

studies have increased our knowledge of climate dynamics, the aggregation of daily climate

variables may result in the loss of valuable information. For example, using daily

temperatures for a 74-station network in the eastern United States, Guttman and Plantico

(1987) compared the published daily normals, interpolated from monthly averages for a 30-

year period, to the calculated 30-year average daily temperatures. They found that the

published normals were statistically different from the annual cycles created by using observed

daily data, and that singularities seemed to exist in the average annual cycles of the observed

data at several of the stations. In a follow up study, the same authors found no significant

periodicities in the calculated daily annual cycles (Guttman and Plantico 1989). Most recently,

Ruschy et al. (1991) have discussed large step changes in the annual cycle of the daily

temperature range at several stations in Minnesota.

Few additional studies have examined long (>30 year) time series of observed daily data.

Brinkman (1983) examined daily climate variability in Wisconsin with respect to seasonal

temperature extremes, and Agee (1982) and Skaggs and Baker (1989) studied climate changes

at singular locations. We know of no investigations of the annual cycle of daily temperature that

have been completed using a spatially diverse station network possessing a long period of record.

DATA

In recognition of the need for lengthy and accurate climatological observations for use in

global change studies, a unique digital set of daily climatic data for approximately 1300 United

States stations has been assembled (Robinson 1993). This set, known as the Historical Daily

Climate Dataset (HDCD), contains observations of precipitation, snowfall, snow on the ground
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and maximum and minimum temperature. Records extend from 1988 back to the turn of the

century for about 400 of the stations, and to the 1920s and 1930s for most others. Similar

digital data are unavailable for almost all other U.S. stations before 1948. The quality of all

data (each variable for each day of record) is examined, and flags representing the results of the

query are incorporated into the set. Included in the set are station observations from every

conterminous U.S. state, with the exception of Delaware. Most are cooperative stations or

smaller first order sites, which are less likely to be influenced by urbanization than larger

first order stations.

For the purposes of this introductory study, ten stations fr, r i the HDCD will be examined.

These include Caribou, ME; Burlington, VT; Cooperstown, NY; Woodstock, MD; Winnsboro, SC;

Br!!3 Glade, FL; Grand Island, NE; Gothenburg, NE; Washington, IA; and Willcox, AZ (table 1).

Daily temperature data for the periods of record discussed here are 99% or more complete, and

of the available data, less than 0.2% are flagged as suspect at any station. For the purposes of

this study, it was not necessary to fill in missing data, and all flagged data are excluded from the

analyses.

DAILY ANNUAL CYCLES

a Maximum and Minimum Temperatures

Daily annual cycles are derived here from maximum and minimum temperatures by

calculating the long-term daily mean for each day of the year. The traditional method used to

generate daily means is the application of a spline, fitted to 30-year monthly averages and

evaluated for each day. This may suffice for many climate applications, but obscures potentially

Woeful climate information. For example, at Cooperstown, NY (Fig. 1a), extended periods of

alternating cold and warm intervals during January and February do not follow the spline fitted

data. In Gothenburg, NE (Fig. 1b), the daily means show considerable fluctuations, with many

one and two-day deviations from the spline data. In addition, deviations that last for extended

periods are also common at Gothenburg, especially in the maximum temperature annual cycle.
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b. Temperature Range

We have found that the daily temperature range exhibits rapid variations over the course of

the mean annual cycle. Major discontinuities in temperature range are observed at many

stations. Step changes may occur over periods as short as several days. For example, the mean

daily temperature range at Burlington, VT fails from approximately 13°C to 8°C over a three

day period in early November (figure 2b). There is also a step change from 10°C to 13°C over

approximately two weeks in the middle of April. The step changes are quite large, despite the

fact that the daily data are averaged over a 30-year period. These discontinuities are also found

at other stations in Vermont.

An inspection of annual cycles of daily temperature range at stations along the east coast of

the United States finds abrupt transitions of varying magnitude and length (figure 2). The daily

range cycle at Caribou, ME (figure 2a) has the same general characteristics as Burlington,

including a summer maximum and winter minimum. The autumn decrease in range is not as

pronounced as in Vermont, occurring over the course of six weeks. Rather than a single step in

spring, Caribou's range first decreases for one to two weeks in early April and then rises to

summer levels by early May.

Overall, the daily temperature range is similar at Caribou and Burlington, and only about

2°C degrees less pronounced than at Cooperstown, NY (figure 2c), the next station examined in a

southward progression along the interior East Coast. The shape of the New York station's annual

cycle is quite similar to the Vermont station. This is most apparent in fall, when the

discontinuity in range is coincident with that of Burlington. The spring increase in range at

Cooperstown is more gradual than in Vermont. It is similar to that observed at Woodstock, MD

(figure 2d), although at the Maryland station this rise is rather continuous from an early

winter range minimum. The range decrease at Woodstock in autumn begins at about the same

tima as the more northern stations, but is more gradual. A fall maximum in temperature range,

approaching that of late spring, is observed at Woodstock, but not further north. The magnitude
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of the daily temperature range is similar at Woodstock and Cooperstown.

While the magnitude of the annual cycle of daily temperature range is only about 1°C higher

at Winnsboro, SC (figure 2e) than at Woodstock, a very different shape to the cycle is evident.

A summer range minimum occurs in South Carolina, with range maxima in the transitional

seasons. Winter daily ranges are slightly larger than in summer. No pronounced

discontinuities are seen at Winnsboro, the decrease in range from spring to summer being quite

gradual, with the fall increase occurring throughout October. It is interesting that the fall peak

in South Carolina is coincident with the sharp downward discontinuity at the northern stations.

Such a fall peak is not observed further south at Belle Glade, FL (figure 2f), rather a gradual

increase in daily temperature range is observed from October to late January. At this time, the

temperature range levels off until a rather pronounced step decrease of approximately 2°C

occurs in April. The range varies little from June through September. While the annual cycle

is less pronounced at Belle Glade than elsewhere in the eastern U.S., the magnitude of the daily

temperature range is similar to that found elsewhere in the eastern U.S.

Distinctive annual cycles of daily temperature range are also observed in other areas of the

United States. For example, at Grand Island, NE, the flow of the cycle during the year is

smoother than in Eastern regions (figure 3a). The shape of the cycle is most similar to

Woodstock, MD in the East. This is interesting, given that these stations are at about the same

latitude. In the southwestern U.S., there is a pronounced decrease in the daily temperature

range during early July (figure 3b). A gradual increase at Willcox, AZ follows, progressing to

an early November maximum, much as is observed at Winnsboro, SC.

c. Interdecadal variations

Through time, change in the shape of the daily annual cycle of temperature variables may

indicate changing climate system dynamics. Within a single month, large variations are

observed in the mean daily differences that would not be distinguishable in monthly data. For

instance, at Washington, IA, daily minimum temperatures during one 15 year period (1973-
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88) were more than 3°C colder during the first half of January than during the 1952-67

period (figure 4). Opposite conditions were observed during the second half of the month. If

one were to calculate the monthly difference, the two anomalies would nearly cancel, leading to

the erroneous conclusion of no change. A similar situation can be observed in February, also,

but not in March. Small changes in the timing of seasonal warming or cooling can create very

large differences in temperature between two sub-monthly periods.

Examinations of the full annual cycle of daily temperatures show unique characteristics

within certain decades. For example, mean daily maximum temperatures at Grand Island, NE

were warmer in the 1930s compared to the entire 1900-88 period on approximately 90% of

the days of the year (figure 5a). The warmth was most pronounced during summer. Daily

minima showed similar tendencies, resulting in little change in daily temperature ranges over

the course of the year (figure 5b).

The situation in the 1930s was different at Burlington, VT, where mean daily maximum

temperatures showed only the slightest tendency towards being cooler than over the entire

1900-88 period (figure 5c). Minima showed some increase in the 1930s at Burlington,

combining with the maxima to result in a stronger tendency towards a suppressed daily

temperature range during this period (figure 5d).

DISCUSSION

The dynamics responsible for changes within the annual cycle or between different periods

have not yet been unequivocally identified. Depending on the region, polar front positioning, the

location of seasonal highs and lows, or monsoonai dynamics may be important in determining the

abrupt transitions observed in the daily annual temperature cycles. These circulation features

are associated with variations in atmospheric and surface moisture, clouds and snow cover, all

of which influence the radiation balance, and, ultimately, surface air temperatures. The

arrival of the polar front into the northeastern U.S., with an associated increase in cloudiness,

may explain the abrupt reduction in daily temperature range in fall. This discontinuity
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precedes the establishment of a persistent snow cover by several weeks, thus snow can not be

invoked as an explanation. At Caribou, ME, the timing of snow melt in spring is more in line

with changes in the temperature range. Maxima may be held close to the freezing point until the

snow disappears, potentially explaining the temporary pronounced decrease in the temperature

range.

Summer range minima in the southeastern U.S. may be due to the onset of persistent

maritime-tropical air masses. With them, atmospheric moisture increases, keeping daily

minima higher, and afternoon cloudiness is enhanced, suppressing maxima. This situation is

less common during the transitional seasons, leading to an increased range. Lower solar

radiation and perhaps increased cloudiness associated with mid-latitude disturbances lower the

winter range from the transition season maxima. This situation is more pronounced in the

Southwest, with monsoonal ciouds and precipitation affecting both maximum and minimum

temperatures in summer.

A tendency towards greater continentality of the climate over the central United States in the

1930s, with associated drier atmospheric and surface conditions, explains increased maxima

and minima at Grand Island, NE. These conditions were apparently not felt in the northeastern

U.S., where a suppressed temperature range (a result of decreased maxima and increased

minima) may have resulted from increased cloudiness. In the case of interdecadal comparisons

in Washington, IA, the abrupt changes from colder to warmer relative conditions may be

associated with changes in the location, intensity, and timing of the establishment of a longwave

trough over the eastern U.S.

Work has commenced to increase the spatial coverage of the temporal analyses, as well as to

diagnose the causes of variations in the daily temperature cycles. As mentioned previously, no

other studies have explored daily temperature cycles at broad spatial dimensions. Only one local

study has attempted to diagnose abrupt changes in the annual temperature cycle (Ruschy et al.

1991). Changes observed in Minnesota during the fall and spring were found to be related to

solar radiation, cloudiness and snow cover. However, with none of these variables does the
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timing of changes during the year fit the abrupt changes in daily temperature range. The

atmospheric circulation may play a key role in the timing of these temperature changes. Thus,

temperatures may be influenced by a combination of these and other forcings, or, perhaps,

thresholds are exceeded as these variables change, triggering the abrupt changes in temperature

range.

SUMMARY AND CONCLUSIONS

Distinctive annual cycles of daily maximum and minimum temperature and temperature

range are observed across the United States when averaging daily data for multiple decades. In

all cases, distinct structures in the range between maximum and minimum temperatures are

observed within the annual cycles. Range changes of 5°C may occur within a week, despite the

fact that the daily data are averaged over many decades. Range changes are most pronounced in

the fall and spring. Observed differences in mean daily temperature annual cycles between

various portions of this century are found for submonthly periods. While the dynamical

analysis of causes for these changes is ongoing, atmospheric and surface climate forcings are

clearly implicated.

It is apparent that the use of lengthy time series of daily data identifies important

information regarding climate diagnostics and climate change detection that is lost when monthly

or longer averages are employed. We are continuing to expand the spatial coverage of the

temperature analyses, and are beginning rigorous diagnoses of variations in the mean annual

daily cycle climatologies as well as interdecadal variations in these cycles. We also plan to

compare observed daily annual cycles with those derived from genera! circulation model output,

for the purpose of detecting a greenl ouse-gas induced climate change. If observed changes in

annual cycles over the Twentieth Century correspond to differences in annual cycles between

control and doub!ed-CO 2 model climates, a large step will have been taken toward confirming

the cause of recent climate change.
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Table 1. Location and elevation of study stations.

Station Latitude Longitude Elevation (m)

Belle Glade, FL

Burlington, VT

Caribou, ME

Cooperstown, NY

Gothenburg, NE

Grand Island, NE

Washington, IA

Willcox, AZ

Winnsboro, SC

Woodstock, MD

26° 39'

44° 28'

46° 52'

42° 42'

40° 56'

40° 58'

41° 17'

32° 18'

34° 23'

39° 20*

80°

73°

68°

74°

100°

98°

91°

109°

81°

76°

38'

09'

or

55'

10'

19'

41'

51'

06'

52'

6

101

190

366

783

566

230

1273

171

140
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Flgure. la & b. Annual cycle of daily maximum and minimum temperatures
at: a) Cooperstown, NY, and b) Gothenburg, ME. Based on a
30 year mean of daily values (1959-88) (thin line) and a spline
fit applied to mean monthly temperatures during this period
(thick line).
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Flgure 2. Mean daily annual cycles of temperature range (maximum
•inus minimum) for six stations in the eastern
United States.
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Burlington, Vermont
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Woodstock, Maryland
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Winnsboro, South Carolina
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Belle Glade, Florida
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Figure 3. Mean daily annual cycles of temperature range for
Grand Island, NE and Willcox, AZ. Note the vertical
scale for 3b has been altered to accommodate the data.
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Willcox, Arizona
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Figure A. Differences in m.e.a.tt ̂ aî -y annual cycles of minimum temperature
in January through March between 1952-67 and 1973-88
(difference equals 73-88 minus 52-67).
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Figure 5. Differences in mean daily annual cycles of maximum temperature
at Grand Island, NE between 1900-88 and 1930-39 (difference
equals 30-39 minus 00-88).
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Figure 5b. Same as 5a, except for temperature range.
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Flgure 5c. Same as 5a, except for Burlington, VT.
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Figure 5d. Same as 5a, except for temperature range at Burlington, VT.
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Qoudiness Trends this Century from
Surface Observations

KMcGuffle, University of Technology, Sydney
A Henderson-Sellers, Macquarie University

Introduction

Clouds modify both the short and longwave radiation which at the surface and as such play a
crucial balancing role within the global climate system (e.g. Charlock, 1982; Ramanathan et
ai, 1989). Although the role of clouds within the present climate system has been studied in
considerable detail, it is difficult to determine the role of cloudiness trends in recent climatic
change. Karl et al. (1993) have discussed the trends in daily temperature extremes and range
and have attributed the downward trend in diurnal temperature range, due in turn largely to an
increase in minimum temperature. This increase in minimum temperature may be attributed
at least in part to increasing cloudiness, but it is difficult to obtain reliable data on cloudiness
trends. In order to gain an insight into the variations which have occurred in cloudiness over
this last century, we have examined historical observations of cloud amount from around 350
individual stations around the world of which 86% show an increase in cloudiness (Figure 1).
This upward trend is evident on all the continents studied and regions of strong cloudiness
trends are in general regions of strong trends in diurnal temperature range.
The initial studies of Henderson-Sellers 1986a,b provided initial evidence that cloud amount
changes could be discerned from long term records of cloud amount. Although cloud amount
has historically been recorded as a subjective assessment of sky cover, many empirical
relationships have provided evidence that the subjective assessment is a useful and consistent
climatological assessment of cloud amount. More recently, objective examinations of the
character of skycover have provided further evidence for the usefulness of the observed
cloudiness record.

Reasons for trends

Any apparent trend which is evidenced in these results may be attributed to a long term
oscillation (-80-100 yrs). There are a number of aspects of the historical cloud record which
need to be explored in order to understand fully the nature of the signal in cloudiness
observations. There are inherent biases due to station selection (e.g. urbanisation) changes in
observing practice and/or reporting procedure. Changes in station locations may have an
important effect as will die number of observations made per day. Figure 2 shows the
annually averaged cloudiness residuals for each of the four continents studied. The temporal
heterogeneity caused by the non-constant number of stations which exist through time is
reduced by plotting on residuals. All regions show clear upward trends although the trend in
Europe is much less obvious, due perhaps to the wider range of cloud regimes included.

The possible reasons for false trends include:

• Observer bias
• Urbanisation (local aerosol increases)
• Changes in observation frequency
• Transcription error (systematic)
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Station location changes

We have examined the possible impact of these potential influences and have found no strong
evidence for a consistent false trend in cloudiness.
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Figure 1: Global map (equal lat/long) showing locations of ail the stations used for the 4
continent analysis. Solid circle indicates locations where cloud amount has increased
or stayed constant, crosses indicate where cloud amount has decreased.
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Figure 2: Trends in cloudiness residuals for the regions we have examined.
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Abstract

Information on the diurnal cyje of low, mid and high level cloud amount, for the period

December 1983 to November 1990, compiled by the International Cloud Climatology Project

(ISCCP), is analyzed using complex empirical orthogonal functions applied to the complex

envelope of seasonal variations in the diurnal cycle. It is found that previous results on the

diurnal variation of cloud amount, obtained from satellite and station data for more restricted

periods and regions than that used here, are verified by the ISCCP data. The early afternoon

maximum in low level cloud amount over all the world's continental land masses implies that

diurnal variability enhances this cloud type's albedo effect. Conversely the nightime and early

morning maxima in mid and high level cloud amount, over much of the globe, enhance their

greenhouse effect Any secular change in the diurnal variability of these cloud types could

therefore have a significant effect on the net radiation at the earth's surface.
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Introduction

Water vapor and clouds of liquid water and ice in the Earth's atmosphere are crucial

elements in the determination of the radiative properties of the atmosphere and the sensitivity of

the Earth's climate to forcings, both anthropogenic and natural. Clouds play a key role in

determining the radiative balance of the Earth, in the hydrological cycle and in the determination

of the water vapor distribution in the atmosphere. The increasing concentration of carbon dioxide

and other anthropogenic gases in the earth's atmosphere and their predicted warming effect has

led to considerable debate about the magnitude and sign of the cloud feedbacks. These may be

expected to act in a warmer climate as a result of changes in the distribution, structure and

optical properties of clouds and consequent modifications of the water vapor distribution. These

feedbacks are important in the problem of climate change, since the radiative effects of clouds

are large compared to virtually all climate forcing mechanisms that have been proposed. The

uncertainties associated with cloud feedbacks have been noted in an intercomparison of global

circulation models (Cess et al. 1989).

With regard to the impact of clouds on surface air temperatures, there has been a

relatively large decrease in the diurnal temperature range over the United States during the last

four to five decades (Karl et al. 1984). This decreased daily temperature range has been

statistically associated with an increase in cloud amount, precipitation and decreasing sunshine

(Plantico et al. 1990). Although a change in the mean cloudiness can modify the daily

temperature range, so might a change in the diurnal variability of cloud. This is because the

radiative effect of a cloud type depends on its diurnal phase as well as its height, optical

thickness and seasonally (Hartmann and Doelling 1991b). For example, an increase in the

magnitude of the diurnal range of low cloud over land, because it peaks in the early afternoon,
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would increase the effective albedo of the cloud (reflecting solar radiation back to space) without

significantly modifying its greenhouse effect (which is a reduction in longwave radiation emitted

to space). This would tend to cause cooler daytime maximum temperatures, leaving the

nighttime temperature minimum relatively unaffected. It has been suggested that the effect of

diurnal cloud variations on the net radiation can be as great as 50Wm'2 (Hartmann et al. 1991b).

We therefore consider the magnitude and timing of diurnal cloud variations in an attempt to

assess their possible impacts on the diurnal cycle of surface air temperature. Previous studies

have mainly focused on the analysis of outgoing infrared (IR) radiation which can lead to

ambiguities in the assignment of radiances to cloud types. These studies have also been for

limted periods and of limited regional extent. In this study the magnitude and phase of the

diurnal cycle of cloud types, on a global scale over a seven year period, are determined.

Data

The dataset used in this study was produced by the International Cloud Climatology

Project (ISCCP) and has been described by Rossow and Schiffer (1984). In this dataset clouds

are classified according to their optical thickness and cloud top pressure. Since we are interested

in diurnal variability, and the ISCCP cloud algorithm requires visible radiances in order to

retrieve the cloud optical depth, our clouds are classified by altitude only. Thus our cloud types

are high (cloud top pressures below 440 mb), middle (cloud top pressures between 440 and 680

mb) and low (cloud top pressures greater than 680 mb). ISCCP cloud products are available in

daily (Cl) and monthly mean (C2) versions, with results reported every three hours at 250km

resolution. We have used the Cl version of the ISCCP data which provides information on the
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monthly mean diurnal cycle in terms of Greenwich Mean Time (GMT). The data used here

covers the period between December 1983 and November 1990 and the analysis is restricted to

the region from 60"S to 60°N because of the absence of geostationary satellite coverage at high

latitudes. The Himalayan plateau is excluded from the analysis because of, what appear to be,

problems with the ISCCP infra-red thresholding algorithm over such a cold surface.

The variation in the number of geostationary satellites available over the course of the

record means that inter- and intra-annual estimates of diurnal variability can be biased by changes

in sampling in some parts of the world. In order to minimize this problem we averaged the

monthly data up to a seasonal time scale so that we could analyze the seasonal and inter-annual

variability of the diurnal cycle.

Method of Analysis

In order to evaluate the global structure of diurnal variability in cloud it is necessary to

convert the GMT data, provided in the ISCCP climatology, to local time (LT). One approach

would be to bin each GMT sample at a gridpoint to the three hour LT bin that is nearest. The

problem with this approach is that the ISCCP observations have already been sorted according

to their nearest three hourly GMT bin and the actual time of observation may therefore differ

from the time at the center of the GMT bin by up to an hour and a half. Since rebinning to local

time causes the same problem the original local time of the data samples can be up to three hours

different from the local time assigned to them. This means that simply rebinning data to local
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time can severely alias the diurnal cycle.

This problem can be overcome by using a model for the diurnal cycle, such as a diumal

harmonic, which can be interpolated to the actual local time. Since there is evidence for

asymmetries in the diurnal cycle of cloud we did not use a simple harmonic as our model of the

diurnal cycle, but, rather, principal components (PC's) of the diumal variability (Preisendorfer

1988). The PC's allow the diurnal cycle to be represented in terms of a distorted sinusoid which

explains the maximum amount of diurnal variance in the data. The PC's are, therefore both a

natural representation and a tool for compression of information about the diurnal cycle. The

PC's that we used were calculated for each season averaged over the seven years of data

available. The principal components analysis was then applied to the climatology of the diurnal

cycle for each season. We found that the global average diumal cycle is almost the same in all

seasons with the first PC representing the daily average, the second and third PC's being,

distorted, quadrature components of the diumal cycle and tl,.s third and fourth PC's being,

distorted, quadrature components of the semi-diurnal cycle. The proportions of the global cloud

% Variability

Summer
Low

Winter

Summer
Mid

Winter

Summer
High

Winter

Mean

76

78

79

80

76

76

Diurnal Cycle

14

14

12

12

14

14

Semi-Diurnal Cycle

6

5

5

4

5

6

climatology that are associated with the average over the day, the diurnal and the semi-diurnal

harmonics, for all cloud types, for both the summer (June, July, August) and winter (December,
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January, February) seasons are shown in Table 1. As has been aoasnl previously (Meissncr and

Arldn 1987), most of the diurnal variability is explained by the diurnal harmonic. We therefore

used the two quadrature diurnal harmonic &C-- Jjsained for each cloud type to model the diurnal

cycle. These components are sh©wo, ios each cloud type, in figure 1.
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Figure 1. Distorted, quadrature, diurnal cycles for the three cloud types, contracted from a

principal component analysis.

The way in which we used these two diurnal harmonics to analyze the variability of the

diurnal cycle in terms of local time is as follows. First the diurnal cycle for each grid-point for

each season is projected onto each of the diurnal harmonics, yielding two data sets, which

represent the global and seasonal variations of the respective diurnal harmonics. The projection

onto the diurnal harmonics is done by multiplying the available GMT diurnal cycle data (for a
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particular season and gridbox) by the values of the diurnal harmonic which have been

interpolated to the correct local time, at the center of the gridbox, for each GMT. Since cloud

detection and classification is done at a much higher resolution than the gridbox size, the local

time (calculated for the center of the gridbox) may be a mis-estimate of the time at which the

cloud was detected (if it was detected at the edge of the gridbox). For example the longitudinal

extent of a gridbox at 60*N/S is 5" and the mis-estimate of local time at this latitude may be

as much as ten minutes [2.5#/360"x24(hours)]. This source of error is therefore negligible

compared with the (three hourly) temporal resolution available. In order to limit distortion of

the analysis by missing data we required that at least five diurnal samples be present in order to

assign a projection onto the diurnal harmonic, otherwise the data is considered to be missing.

As a result of this requirement, there is a swathe over the Indian sub-continent where the diurnal

cycle is not well resolved because the geostationary Indsat data has not been provided to ISCCP.

Rather than analyzing the variability of the two projected data sets separately we then combine

them into a complex valued data set. This is motivated by the fact that the two diurnal

harmonics are in quadrature. Thus, by taking the projection onto one harmonic as the real part

of the data and the projection onto the quadrature component as the imaginary part, one can

analyze the change in phase and amplitude of the diurnal cycle on inter- and intra-annual time-

scales in a compact way. This complex signal is essentially the envelope of variations in the

diurnal cycle, which is intimately related to the analytic signals (Born and Wolf 1984) commonly

used in the formation of complex empirical orthogonal functions (CEOF's). The fact that we are

analyzing the envelope of a high frequency signal (the diurnal cycle) means that there is no

problem in interpreting our results. In general, analytic signals, formed from broadband time-

series, are not causal which can lead to problems in interpretation. The final part of the analysis
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is the formation of CEOF's of the complex data set (Preisendorfer 1988), by a complex singular

value decomposition, which are used to isolate the principal modes of variability of the diurnal

cycle, for the three cloud types, on a global basis. The results obtained can be checked against

previous studies that used infrared radiance data and against station data.

Although the semi-diurnal cycle is of some interest with regard to aliasing and bias in

satellite measurements we have not analyzed it here, because of stricter requirements on missing

data and its consequent sensitivity to variations in satellite sampling on an inter-annual time-

scale.

Results

Our results are presented in the form of maps (which are CEOF's), principal components

of the diurnal cycle (previously discussed in Fig. 1) and time series for the seven year record.

The EOF's (Figs. 2 and 4) indicate the amount of projection of the diurnal cycle onto a particular

PC and are ordered according to the amount of diurnal variability that they explain. The PC's

are distorted, quadrature phase diurnal cycles (Fig. 1). The time series (Fig. 3) indicate how the

diurnal cycle is changing over the course of the record. The projection onto the PC (Fig. 1)

given by a solid line is used to construct the real part of the complex data set and the projection

onto the PC given by the broken line is used to construct the imaginary part of the data set The

EOF's (Figs. 2 and 4) are represented by arrows which correspond to positive real data if they

point vertically up, and to positive imaginary data if they point to the right The real part of the

variation in the diurnal cycle over the course of the record is represented by a solid line, while

the imaginary part is given by a broken line. All of the time series have been normalized to have

close to unity peak to peak variation. The physical magnitude of the diurnal variations in cloud

amount can therefore be estimated from the values of cloud amount associated with the longest
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arrow in each figure (Figs. 2 and 4) which are given in the figure captions. In the case of the

mean diurnal cycle (first EOF's for the three cloud types shown in Fig. 2) the interpretation of

the diumal phase and amplitude of cloud amount is simple, since the tnie series (not shown)

associated with these maps is close to unity throughout the seven year record. The time series

for the second EOF's (Fig. 4) is generic to all the cloud types and is a summer/winter annual

cycle which is predominantly real valued (Fig. 3a). The third EOF's (not shown) are spatially

less coherent and correspond to more complicated temporal variations (Figs 3b-d). In the

following we will describe what the combination of EOF's, PC's and time-series means with

regard to variations in the diumal phase and amplitude of low, mid and high level cloud amount

If we consider figures la) and 2a) together, we can readily determine the mean structure

of diurnal variations in low cloud. Since the arrows over ocean point, almost uniformly, to the

right, they are imaginary and come from the projection of the data onto the imaginary (dashed)

diurnal cycle (Fig. la) which has a broad peak between 03:00 and 06:00 LT. Over land the

arrows point upward and to the left, which indicates a positive projection onto the real (solid)

part of the diurnal cycle and a negative projection onto the imaginary (dashed) part of the diurnal

cycle. As the real part has a peak at 12:00 and the imaginary part has a minimum at 15:00 (Fig.

la), the low cloud over land peaks at around 13:30. The morning maximum in low cloud over

oceans that we find in this analysis agrees with the observations of Short and Wallace (1980).

Our results indicate that this is the mean state of the diurnal variation in low cloud over a seven

year period, while the results of Short and Wallace (1980) are for two seasons, summer 1975 and

winter 1976. The variability in the diurnal cycle over the course of a year shown in figures 3a)

and 4a) indicates that the diurnal cycle is stronger in the summer hemisphere, for both land and

oceans. An interesting feature of the southern hemisphere (SH) stratus decks is that cloud
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a Mean Diurnal Cycle of Low Cloud

Mean Diurnal Cycle of Mid Cloud

Mean Diurnal Cycle of High Cloud

Figure 2. Phasing of the mean diurnal cycles for the different cloud types, these maps are the

fast EOFs for the three cloud types. Hie time series associated with these maps is equal to unity

throughout the record. The peak to peak variability in cloud amount associated with the longest

anow in each of the figures is respectively 19% for tow cloud 20% for mid cloud and 17% for

high cloud.
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amouni peaks earlier in the day during SH summer.

A significant cloud type for the tropics, which is observed in this and other studies (Duvel

1989), is the mid level cloud that has its maximum at sunrise. Such behavior is prevalent over

much of tropical South America and Africa with the maximum diurnal variability being in the

summer hemisphere. This cloud type is of interest, because its diumal phase enhances its

greenhouse effect at the expense of its albedo effect, causing warming of the tropics.

Furthermore the nature and origin of these mid level clouds is unclear. The results we present

in figures lb) and 2b) indicate that the diurnal peak is centered on 06:00 and varies between

04:00 and 08:00 regionally. This behavior in the tropics is somewhat modified over the annual

cycle (Figs. 3a and 4) with the diurnal maximum in mid cloud amount tending to peak later in

the summer hemisphere and earlier in the winter hemisphere. Mid level cloud also has a

significant diurnal cycle with an 03:00 peak in the regions of Southern hemisphere stratus decks

which is enhanced during southern hemisphere (SH) summer. In the inter-tropical convergence

zone (TTCZ) and over land outside the tropics there is a diurnal peak in mid cloud amount at

24:00, which agrees with the observations of Short and Wallace (1980). This diurnal cycle is

enhanced in the summertime over China, the western USA, Australia and the inter-tropical

convergence zone (TTCZ). Conversely this diurnal cycle is larger in winter over the northeastern

Americas and northeastern Asia. Over the great plains of the USA the phase of the diurnal cycle

of mid cloud amount varies seasonally, being after midnight in the summer and before midnight

in the winter. In the region of the great plains the magnitude and phase of the diurnal cycle in

thunderstorm frequency has a maximum at around 02:00, which is anomalous compared with the

rest of the USA (Rasrnusson 1971). It appears that the behavior of the diurnal cycle in mid level

cloud in this region may be related to this phenomenon. A feature of the diurnal cycle of mid
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level cloud over the oceans poleward of 40*N/S is the presence of a diurnal cycle with a

maximum in cloud amount at ground 06:00 in summer. This would appear to be related to the

formation of large scale marine stratus over these oceans in the summer hemisphere.

a Summer/Winter Low Cloud
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Figure 3. a) The annual cycle in diurnal variability is generic to all three cloud types, having

a summer/winter phase and being predominantly real valued. Figures 3b, 3c and 3d are the third

principal components of the CEOF's for the different cloud types, b) Low cloud exhibits a

strong spring/fall annual cycle, c) Mid cloud is affected by satellite changover. d) Asymmetric

annual cycle in high cloud.

The mean state of the diurnal cycle in high cloud can be determined from figures lc) and

2c). Over tropical Africa there is a broad peak in high cloud amount between 24:00 and 03:0G

while over sub-tropical Africa and South America die peak is a little earlier, between 21:00 and

24:00. The ITCZ, the South Pacific convergence zone (SPCZ) and the South Atlantic

convergence zone (SACZ) all have an early evening (18:00 to 21:00) peak in high cloud amount
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a Summer/Winter Variability of the Diurnal Cycle of Low Cloud

b Summer/Winter Variability of the Diumal Cycle of Mid Cloud

C Summer/Winter Variability of the Diurnal Cycle of High Cloud

Figure 4. Phasing of the summer/winter variation in the diurnal cycle for the different cloud

types, these maps are the second EOFs for the three cloud types. The time series associated with

these maps is shown in figure 3a. The peak to peak variability in cloud amount associated with

the longest arrow in each of the figures is respectively 7% for low cloud 5% for mid cloud and

10% for high cloud.
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An early evening peak in high cloud amount is also found over the western and eastern USA and

Australia. The picture of seasonal variability in the diurnal cycle of high cloud amount (Figs.

3a and 4c) is fairly uniform over the whole globe, with the diurnal cycle being enhanced in the

summer hemisphere. A study of high cloud in the tropics, in summer, based on IR radiances

indicates that the peak in high cloud over land should occur between 18:00 and midnight LT,

with considerable regional variability (Duvel 1989), which result is born out by our own study.

Over the tropical oceans the early evening peak in high cloud also agrees with the study of Duvel

(1989), who also observed that the high cloud has a secondary maximum in the morning over

the ocean. This morning maximum appears to be related to the formation of deep convective

towers, while the afternoon maximum is related to the subsequent formation of large scale cirrus

anvil (Fu et al. 1990). The diurnal variability of summertime high cloud should be associated

with the diurnal variability in thunderstorm frequency. A final check of the validity of the results

given here can therefore be obtained from an analysis of the diurnal frequency of thunderstorms

in summer compiled by Rasmusson (1971). This analysis used 294 stations, with records

covering 7 to 20 years for the contiguous United States. The maximum in thunderstorm activity

in afternoon and early evening over much of the United States and the anomalous late night/early

morning maximum extending southwestward from the Great Lakes are both observed in our

analysis of the diurnal variability of high cloud. The magnitude of the diurnal cycle in high

cloud over the United States in summertime compares favorably with that observed in another

satellite based analysis (Meissner and Arkin 1987).

The method of analysis that we have used here may appear needlessly complicated for

the determination of the climatological diurnal variability of low, mid and high level cloud

amounts. However we hope that in future it may be of use in the analysis of interannual
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variations in the diurnal and semi-diurnal cycles of cloud amount. The time-series of figures 3b),

3c) and 3d), which are associated with the third EOF's of the three cloud amounts, not shown

here, are presented as examples of the uses and problems associated with this method. Figure

3a) shows the variation of the diurnal phase of low cloud with a spring/fall phased annual cycle.

Figure 3b) is related to changing satellite coverage affecting the observed diurnal cycle of mid

level cloud near the edge of geostationary satellite coverage. Figure 3d) appears to be related

to an enhanced diurnal cycle in high cloud amount during the Asian monsoon, though such an

ascription is tentative given the missmg data over the Indian sub-continent. Evidently careful

account needs to be taken of changes in satellite coverage and navigation if use is to be made

of this data in the analysis of interannual variations in the diurnal cycle of cloud amount

Conclusions

Low level cloud has a significant diurnal cycle with a maximum at around 13:30 LT over

almost all of the continental land masses. Such a phase of the diurnal cycle tends to enhance the

albedo effect of low clouds over land, while low clouds over ocean tend to have an early

morning maximum which suppresses the albedo effect of the clouds. The diurnal maximum in

mid level cloud amount over almost the whole globe is either in the early morning or late at

night. This means that the diurnal cycle tends to enhance the greenhouse effect of these clouds,

while suppressing their albedo effect. The same is true for high level clouds whose diurnal

maximum tends to be in the evening or at night over much of the globe. Thus the net effect of

diurnal variations in these cloud types, over land, is to cool the surface during the day (low

cloud) and warm the surface at night (mid and high cloud). The fact that the phase and

amplitude of the diurnal cycle can vary seasonally and is different for different cloud types

suggests that there are different responses to climate change associated with different cloud types
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(Carlson 1993). If a changing climate modifies the diurnal variability of the different cloud types

this could have a significant impact on the net radiation at the surface even if the mean cloud

properties remain the unchanged. The ISCCP dataset used in this study, unlike those used in

previous analyses, provides global coverage, adequate diurnal sampling, classification into cloud

types and is readily available to the scientific community. In this survey we have verif ed, using

other satellite based analyses and ground stations, that the ISCCP climatology provides useful

and accurate information about the diurnal cycle in low, mid and high level cloud amounts.
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Changes in minimum and maximum temperatures at the Pic du Midi

in relation with humidity and cloudiness, 1882-1984
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Abstract

A historical series of minimum and maximum temperature data at the Pic du Midi, a

mountain observatory at 2862 m MSL in the French Pyrenees, has been updated after

correction of a systematic deviation due to a move of the station in 1971. These data, which

now cover the period 1882-1984, are examined in parallel with humidity and cloudiness data

relative to the same period. From the beginning to the end of this period, a contrasted

temperature evolution is observed between nights and days, with a mean 2.46°C night-time

warming, opposite to a 0.5 TC daytime cooling. In consequence, the mean yearly diurnal

temperature range has dropped by 37% during the period of measurement, with a maximum

seasonal decrease of 47% in spring. Season-to-season and year-to-year inter-relationships

between minimum temperature, maximum temperature, relative humidity and cloudiness lead

to the only firm conclusion that the decrease in maximum temperature is related to a

concomitant increase of 15-16% in both relative humidity and cloudiness. In the surrounding

plain of Aquitaine, a significant increase in minimum temperature has also been observed these
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Introduction

There is, in France, a meteorological station of particular interest to look for diurnal

and seasonal temperature trends. It is the Pic du Midi de Bigorre (43°04rN, 0°09'E, 2862 m

MSL), an astronomical observatory which dominates the plain of Aquitaine and has been

operated by professional meteorologists since 1882.

In a first study of the Pic du Midi temperature series (Bucher and Dessens, 1991), we

have highlighted a strong significant increase in the mean annual minimum temperature during

the 89 yr-period of 1882-1970, and a slight non-significant decrease in the mean annual

maximum temperature. Although the meteorological station was closed only at the end of

1984, we initially decided not to use the data for the years 1971 to 1984 because the station

was moved in 1971 nearer to the north ravine of the Pic du Midi.

In the present paper, we extend the temperature series to 1984 after correction of the

systematic temperature deviation due to the move of the station. The correction is made

separately on the minimum and maximum series by applying a bivariate test to the Pic du Midi

series and to regional series constituted of the averaged data collected at three stations in the

plain. We also present relative humidity measurements (18861984), cloudiness observations

(1883-1981) and we compute season-to-season and year-to-year correlations between these

different meteorological elements.

Extension of the temperature series to 1984

The seasonal and annual maximum and minimum mean temperatures at the Pic du

Midi given in Appendix A in Bucher and Dessens (1991) suffer from two deficiencies. The first

one was a computing error in the winter series (D-J-F), with December being from the

corresponding year, and not from the year before. The second deficiency was deliberate: the

data for the years 1971 to 1984 were not adjusted considering the move of the station in 1971.

Since the publication of the 1991 paper, we have constructed minimum and maximum

regional series using temperatures measured at the airport weather stations of Bordeaux-

Merignac, Pau-Uzein, and Toulouse-Francazal. These three stations are located far upwind

from the nearest towns served by the airports, and they have been operated without an
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interruption since 1946. The bivariate test presented in Bucher and Dessens (1991) leads to the

firm determination that the move of the Pic du Midi station in 1971 has produced a shift in

mean of -0.9°C for the minimum temperatures and of -1.0°C for the maximum temperatures.

The year of the change is correctly given by the test statistics, and the test significance is high.

Appendix A gives the complete set of data for the period 1882-1984 after adjusting

them according to the above computation, with the exception of the war years of 1943 and

1944 for which most of the meteorological observations were either missed or lost. A detailed

discussion on the quality of temperature data at the Pic du Midi was already presented in

Bucher and Dessens (1991).

The annual mean minimum and maximum temperatures, Tm;n and Tm a x , are

represented in Fig. 1. The trend lines are determined by regression analysis with time as the

independent variable. Ordinates of the seasonal and yearly trend lines of T m m and T m a x and of

the mean diurnal temperature range, T range = Tm a x - Tm m , are given in Table 1 for the first

and last years of the period.

With the years 1971 to 1984 now included, the trends given in Bucher and Dessens

are emphasized: +2.46°C for T m m (instead of+2.11 °C), -0.51°C for T m a x (instead of

-0.45°C), +0.97°C for (Tmjn + Tmax)/2 (instead of+0.83°C), and -2.46°C for T r a n g e (instead

of-2.11°C).

The decrease in T range is really very important (Fig. 2), ranging from 31% in the fall

to 47% in the spring (Table 1). It is interesting to note that the decrease in the annual mean

Trange f° r t n e whole period can be attributed for nearly equal parts to the periods 1882-1942

and 1945-1984.

Relative humidity measurements

Again with the exception of the years 1943 and 1944, and of 1959 (July and August

are missing), the relative humidity series is complete from 1886 to 1984. The series is

homogeneous in the sense that the monthly means, which are directly available on the

observation notebooks, were always computed from the relative humidity recorded each 3

hours at the hair hygrometer. Moreover, as the humidity measurement is not very accurate
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especially at low temperatures, it is probable that the changes concerning the station location

and the environment do not affect the series homogeneity. The seasonal means are given in

Appendix B, and the mean annual relative humidity is represented on Fig. 3. The seasonal

trends are indicated in Table 1: the relative humidity has increased at a very significant level

(better than 0.01) in all seasons, with a maximum relative increase of 2 1 % in summer.

As the relative humidity increases and goes closer to 100%, its standard deviation

decreases, as clearly shown in Fig. 3. The mean value of the standard deviation decreased from

6.7 before 1943 to 2.7 after 1944.

Cloud cover

The cloudiness measurement series is another nearly continuous one at the Pic du

Midi. However, the number of missing years is higher than for the temperature or the humidity,

since 8 years are missing between 1883 and 1981. Cloudiness observations are made each 3

hours, including at night. The clouds taken into account for the determination of the

cloudiness at the Pic du Midi are only those at or above the altitude of the Pic du Midi, and not

below. Observations were made in tenths of ths sky covered by cloud until 1948, then in oktas

(eighths) when the World Meteorological Organization issued new guidelines. In Appendix C,

the data for the period 1883-1948 have been converted from tenths to oktas.

Fig. 4 shows that the mean annual relative humidity has significantly increased, and

Table 1 indicates that the increase is observed in all season, ranging from only 8% in the fall to

27% in winter.

Relationships between elements

Plantico et al. (1990) have shown that the study of inter-relationships between trends

or anomalies of temperature, cloudiness, sunshine and precipitation in the United States could

contribute to the understanding of climate change processes. We present in Table 2 the

seasonal and annual year-to-year correlations between the meteorological elements described

in the previous sections. Several relationships are statistically significant, and could be

interpreted as follows.
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" Tmax> Tmin: ^ significant seasonal correlations between T m a x and T m j n simply

express that the mean temperature of an air mass governs the same cold or warm tendency

during nights and days. The correlations are particularly strong in the fall and in winter.

- T m a x , relative humidity: the seasonal opposite relationships between these two

elements mean that, in average, a humid weather gives a colder day than a dry weather does.

" Tmax> cloudiness: the highly significant negative relationships are a confirmation of

the previous remark. They suggest that the opposite century tendencies between the decrease

in T m a x and the increase in relative humidity or cloudiness are correlated.

- Tmjn, relative humidity: it is surprising to observe a significant year-to-year

correlation between the mean annual values of T m m and relative humidity while the seasonal

values are not or poorly correlated. The direct mean relationship between T m m and relative

humidity may signify that when the oceanic influence is dominant throughout a year, nights are

warmer.

- Tmjn , cloudiness: it seems that cold nights and cloudy weather are associated in the

fall.

" Trange> relative humidity and Trange, cloudiness: the correlations between these

two pairs of elements are governed by the correlations between T m a x and respectively relative

humidity and cloudiness. The strong correlations between T r a ng e and relative humidity in

summer and during the whole year is due to a negative T m a x , relative humidity correlation

combined with a positive Tmjn , relative humidity correlation. Definitely, these very significant

correlations between Tr a nge and relative humidity or cloudiness prove that, at least at the Pic

du Midi, T r a ng e is strongly influenced by the cloud amount at or above the station.

- Relative humidity, cloudiness: a situation with 100% relative humidity (fog)

corresponds to a 8 oktas cloud cover. Since this situation is frequent at the Pic du Midi, it

certainly contributes to the strong correlations between relative humidity and cloudiness.

Otherwise these correlations suggest that the cloud increase is due to more clouds at levels

near the top of the Pic du Midi.



-258-

Minimum and maximum temperature trends in the surrounding plain

Although there is not a single location in southwestern France with a 100-year period

series of temperature measurement, it is worthy to observe what happens in the modern period

in the plain stations around the Pic du Midi. The three airports serving Bordeaux, Pau and

Toulouse have meteorological stations of particular interest because these are well located far

away upwind of the towns, and because they are operated by professional meteorologists.

Bordeaux and Toulouse have been operated since 1921, but data during the war period have

been interpolated at both stations. We then decide to build a regional series with the three

stations only for the postwar period.

The trends of minimum and maximum temperatures are given in Table 3. As at the Pic

du Midi, the minimum temperature has increased in all seasons, but the level of significance is

lower than .01 in winter and spring. The maximum temperature has increased in all season at a

non significant level, except in spring where a nearly significant decrease of more than 1°C is

observed. It is precisely in spring that a maximum seasonal decrease in T m a x is observed at the

Pic du Midi.

As a whole, the temperature trends in Aquitaine are very similar to those observed

over the world (both hemispheres) where the-minimum temperature has increased of 0.84°C

from 1950 to 1990, while the maximum temperature has increased of only 0.28°C (Karl,

1993).

Discussion and conclusions

The hundred-year-old series of temperature, relative humidity and cloudiness at the

Pic du Midi constitute an original set of data to be discussed in the context of climate change.

They are relative to a high altitude location in a moderately polluted region of western Europe.

Moreover, the near environment of the station has suffered only slight changes since the

building of the observatory, at the end of the past century.

From discussions following the publication of the preliminary set of data (Bucher and

Dessens, 1991), it appears that the meteorological observations at the Pic du Midi may usefully

rontrihutA to thp Hfhato on oinha! warmino Pnr pvamnlp Slinn fiQCTO'l onA \Air>YinoAc flQQt\
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have considered the Pic du Midi observations to evaluate the role of anthropogenic sulfate

aerosols in producing cloud condensation nuclei responsible for increased albedo and

cloudiness. Kukla and Karl (1993) have also examined the Pic du Midi data in the context of

the new evidence of the ongoing reduction of the day-night temperature difference in most

parts of the world. Then, we have decided to carefully re-examine the data, to extend them to

the most recent period of observation, and to complete by relative humidity and cloudiness

measurements. Without venturing a general interpretation, we may conclude our data

examination as follows.

1- The period of observation being 103 years for temperature and 99 years for

relative humidity and cloudiness, the trends given below, which are relative for the whole

period of observation, may also be considered as trends per hundred years.

2- As a consequence of a mean night-time warming of 2.46°C combined with a mean

daytime cooling of 0.51 °C, the mean annual diurnal temperature range has dropped by 2.98°C.

This amount represents a 37% decrease of the mean annual diurnal temperature range. All

seasons are affected by this contrasted evolution, although T m a x has very slightly decreased in

winter (this is possibly an indication of no major bias in the series), and very significantly

decreased in spring. The largest diurnal temperature range decrease is observed in spring

(47%). The values of these variations seem to be well beyond the values of possible

measurements biases.

3- Relative humidity and cloudiness have concomitantly decreased by 15-16%. Again,

all seasons are affected, although with a low non-significant decrease in cloudiness during the

fall.

4- Very significant season-to-season as well as year-to-year relationships between

relative humidity and cloudiness suggest that the observed long-term increases of both

elements are physically related, and that the increase in cloud cover occurs in the middle

atmosphere (~3 km).

5- Significant season-to-season and year-to-year correlations between the maximum

temperature and either the relative humidity or the cloudiness indicate that the observed

decrease in maximum temperature is due to the increase in cloud cover.
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6- Due to low significant and conflicting relationships, it is not possible to suggest any

relation between the large Tm ;n increase observed in all seasons and the changes in relative

humidity and cloudiness. A pure greenhouse effect may be the driving force of this change.

7- In the surrounding plain of Aquitaine, the minimum temperature has increased of

more than 1°C from 1946 to 1992, while the maximum temperature has only slightly increased

of 0.2°C. A decrease in T m a x is even observed in spring, the season where the decrease in

T m a x at the Pic du Midi is the more pronounced.

As a final remark suggested by this study and other recent results, it may be

emphasized that besides the widespread "greenhouse effect", we have to be suspicious that

there may be an evenly important "tent effect" due to a concomitant increase in greenhouse

gases and cloud cover.
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Appendix A
Seasonal and annual maximum and minimum mean temperatures (°C) at the Pic du Midi.

1882
1883
1884
1885
1886
1887
1888
1889
1890
1891
1892
1893
1894
1895
1896
1897
1898
1899
1900
1901
1902
1903
1904
1905
1906
1907
1908
1909
1910
1911
1912
1913
1914
1915
1916
1917
1918
1919
1920
1921
1922
1923
1924
1925
1926
1927
1928
1929
1930
1931
1932
1933
1934

D-J-F
max

-2.4
-0.6
-1.9
-2.9
-3.9
-5.0
-3.5
-4.4
-4.0
-5.1
-2.9
-4.6
-3.0
-6.0
-2.3
-3.8
-2.2
-1.5
-4.3
-4.0
-4.1
-1.9
-5.9
-3.2
-4.8
-6.0
-3.4
-5.1
-4.5
-4.0
-1.6
-2.5
-4.3
•6.8
-3.1
-5.8
-4.1
-4.8
•2.1
•3.4
-3.7
-5.1
•5.7
-2.7
-2.0
-4.0
-2.8
-5.0
-4.1
-4.9
•3.1
-4.4
-5.6

min

-9.7
-13.0
-9.5
-10.0
-11.4
-12.2
-10.9
-11.7
-11.6
-13.0
-10.4
•11.5
-11.0
-12.7
-9.6

-10.7
-8.9
-8.2

-11.0
-11.1
•11.0
•8.2

-12.9
-10.4
•11.9
•12.8
-9.6
-11.2
-10.4
-10.4
-7.8
-8.1
-10.6
-12.1
-8.8

-11.6
-9.8

-10.4
-8.0
-9.7
-10.2
-11.3
-13.1
-9.1
-8.2
-11.4
-9.1
-11.3
-10.3
-11.0
-10.1
-10.6
-11.2

M-A-M
max

0.2
0.7
0.5
-0.1
1.4
-0.2
0.5
-0.9
-0.5
-0.3
1.4
3.2
0.4
0.0
0.1
1.0
-1.0
0.9
-1.1
-0.2
0.3
0.0
1.1
0.0
0.3
-0.2
-0.7
0.5
-1.3
•0.3
0.6
03
0.5
0.0
-0.5
-1.1
-0.1
-0.1
2.1
0.0
0.2
0.3
2.2
-1.8
0.9
1.0
-0.3
1.2
0.3
1.4
-0.9
1.5
1.2

rain

-83
-123
•6.7
-9.3
-7.0
-8.8
-8.6

-10.4
-10.5
-10.6
-8.7
-4.3
-8.1
-7.5
-8.5
-6.5
-8.9
-6.8
-9.7
-8.6
-7.9
-8.6
-6.8
-7.8
•9.0
-8.2
-8.4
-7.4
-9.3
-8.8
-6.8
-6.6
•6.7
-7.2
-7.8
-8.5
-8.5
-8.2
-5.1
-8.6
-7.4
-8.0
-5.8
-9.2
-6.6
-6.2
-7.3
-6.2
-7.1
-6.1
-8.8
-63
-8.0

J-J-A
max

10.8
9.7
8.8
10.0
8.6
11.2
8.3
9.5
8.7
8.9
10.2
9.6
9.7
9.8
7.9
10.2
11.2
10.0
9.9
10.0
93
8.8
113
9.7
11.2
9.7
8.5
7.4
7.6
10.8
7.7
9.2
7.9
9.9
9.0
9.6
9.9
9.7
9.5
10.5
9.6
10.8
9.8
8.9
9.7
8.9
12.1
10.3
9.6
10.2
8.4
10.4
10.3

mill

1.2
0.6
13
2.5
1.4
2.7
0.5
1.5
0.5
-0.9
15
2.5
2.1
23
0.5
3.0
3.1
2.0
2.1
2.7
1.7
1.2
3.4
1.8
2.7
2.4
1.5
0.2
0.2
2.7
0.3
1.8
0.6
25
1.7
2.1
2.0
1.5
1.3
2.5
1.5
2.1
2.4
1.9
1.1
2.1
4.2
2.8
33
2.2
0.5
1.9
1.6

S-O-N
max

3.0
2.7
1.2
1.9
3.5
1.4
3.7
3.4
2.7
4.2
2.9
2.8
2.5
5.5
0.2
3.7
4.4
5.5
3.2
2.0
1.9
23
3.7
0.5
43
23
4.7
2.9
0.9
3.6
1.2
3.0
2.8
1.2
2.3
3.2
2.4
0.4
2.8
5.1
1.9
2.4
3.3
23
3.8
3.1
3.2
3.8
4.3
3.1
2.0
1.8
3.6

min

-7.1
-4.8
•4.5
-5.4
-3.5
-5.8
-3.5
-3.9
-4.8
-3.0
-3.4
-3.4
•3.7
•3.8
-6.5
-2.8
-2.5
-0.8
-3.5
-4.7
-4.6
-3.6
-3.0
-6.8
-3.1
-3.9
-1.4
-3.8
•5.2
•3.0
-4.8
-2.8
-3.4
-4.7
-3.9
-3.0
-4.0
-5.9
-3.7
-1.6
-4.7
-4.2
-3.1
-4.6
-2.8
-4.0
-3.5
-2.7
-1.7
-3.9
-3.7
-4.8
-3.9

max

2.9
3.1
2.1
2.2
2.4
1.8
2.2
1.9
1.7
1.9
2.9
2.7
2.4
2.3
1.5
2.8
3.1
3.7
1.9
1.9
1.8
2.3
2.5
1.7
2.7
1.4
23
1.4
0.7
2.5
2.0
2,6
1.7
1.1
1.9
1.5
2.0
1.3
3.1
3.0
2.0
2.1
2.4
1.7
3.1
2.2
3.0
2.6
2.5
2.4
1.6
2.3
2.4

Year
min

-6.0
-7.4
-4.8
-5.5
-5.1
-6.0
-5.6
-6.1
-6.6
-6.9
-5.2
-4.2
•5.2
-4.7
-6.0
-4.2
-43
-3.4
-5.5
-5.4
-5.4
-4.8
-4.8
-5.8
-53
-5.6
-4.5
-5.5
-6.2
•4.9
-4.8
-3.9
-5.0
-5.4
-4.7
-5.2
-5.1
-5.7
-3.9
-4.3
-5.2
-5.3
-4.9
-5.2
-4.1
-4.9
-3.9
-43
-3.9
-4.7
-5.5
-4.9
-5.4
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Appendix A (continued)

1935
1936
1937
1938
1939
1940
1941
1942
1943
1944
1945
1946
1947
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984

max

-4.9
-3.8
-2.1
-4.9
-4.3
-5.0
-6.5
-6.4

-4.5
-4.0
6.1

-3.6
-2.6
-4.2
-7.3
-4.3
-5.7
-5.3
-3.9
-6.5
-3.3
-3.7
-2.3
-3.3
-4.0
-2.5
-7.0
-2.0
-5.0
-1.9
-2.7
-4.0
-4.6
-5.3
-4.0
-4.2
-4.0
-3.5
-1.2
-3.1
-3.9
-2.9
-3.7
-2.8
-4.0
-2.8
-2.5
-3.6

D-J-F
min

-11.5
-10.2
-9.0

-11.0
-10.3
-10.0
-12.1
-12.1

-10.3
-9.1

-11.1
-8.6
-7.0
-8.5

-11.8
-8.5

-11.1
-10.2

-8.8
-11.9
-8.8
-9.2
-8.1
-9.6
-9.6
-8.0

•12.7
-8.4

-11.0
-8.1
-9.2

-10.5
-10.3
-10.8

-9.5
-9.1
-9.2
-9.0
-6.2
-8.1
•8.2
-8.3
-9.0
-8.1
-9.8
-7.7
-7.8
-9.0

M-A-M
max

-0.5
-0.5
0.0
0.9

-3.3
0.3

-1.3
0.9

3.0
-1.4
1.1
0.2

-0.8
-1.4
-3.0
-0.1
0.2

-1.3
1.0

-1.0
0.4

•1.6
-0.3
1.1
2.4

-1.2
-0.8
0.8

•0.5
0.4

-0.2
-C.3
-0.7
-1,8
-2.2
-2.6
-1.4
-1.7
-2.8
-0.4
-0.3
•2.4

-2.5
-2.4
•0.3

•0.5
-2.2
-2.4

min

-8.0
-7.0
-7.6
-63
-9.6
-6.0
-8.2
-6.0

-4.3
-6.1
-4.6
-4.7
-5.6
-6.1
-7.9
-4.1
-5.9
-7.3
-5.7
-6.5
-5.8
-7.1
-6.0
-5.7
-3.8
-7.1
-7.6
-5.3
-6.7
-6.4
-6.6
-6.7
-6.2
-8.5
-7.1
-7.6
-6.9
•6.0
-8.0
-5.2
-5.6
-7.6
-7.2
-7.8
•5.6

-6.1
-6.8
-7.6

J-J-A
max

10.3
8.8

11.4
10.2
8.3
8.2
8.6
9.3

10.0
9.0

10.9
9.1
9.9

10.5
7.9
9.6
7.9
7.3
8.5
7.2
7.9
8.9
9.1
8.7
9.9

10.4
8.4

10.4
8.7
8.8
9.8
8.7
8.8
9.6
8.6
7.5
9.0
9.3
8.7
8.1
5.9
8.1
9.7
8.9
9.5

10.2
10.1
8.9

min

2.8
1.1
3.6
3.1
1.6
1.5
1.5
2.4

2.4
3.1
5.2
3.0
4.7
4.9
2.6
3.9
2.3
1.3
2.9
1.3
2.2
2.2
2.7
2.7
3.5
3.7
2.0
3.6
2.3
2.3
3.4
2.2
2.1
2.9
3.1
1.9
3.8
3.3
3.5
3.3
1.0
2.S
3.8
3.2
4.1
4.5
4.9
3.6

max

2.4
1.2
2.9
3.7
2.4
1.9
2.7
3.2

3.3
3.4
3.5
4.8
2.5
2.5
1.4
0.8
4.1
4.0
2.3
1.6
3.8
3.6
3.1
1.1
3.2
3.9
4.0
4.6
1.5
2.3
3.9
4.9
3.7
5.9
3.2
2.4
4.1
0.0
2.1
1.1
4.3
5.2
3.2
4.3
4.5
4.3
6.2
2.6

S O N
min

-4.2
-5.3
-2.9
-2.0
-3.3
-4.1
-4.0
-3.2

-1.5
-1.1
-0.9
0.7

-1.7
-2.1
-2.5
-4.2
-1.5
-2.3
-3.0
-3.8
-1.9
-2.2
-1.9
-4.1
-1.9
-2.1
-2.1
-1.6
•3.6
•3.4
-1.8
-0.9
-2.3
-0.6
-1.9
-2.4
-1.2
-5.8
-3.0
-3.9
-0.9
-0.5
-2.0
-1.2
-0.3
-0.3
0.7

-2.3

Ann£e
max

1.8
1.4
3.0
2.5
0.8
1.3
0.9
1.7

2.9
1.7
2.3
2.6
2.2
1.8

-0.2
1.5
1.6
1.2
2.0
0.3
2.2
1.8
2.4
1.9
2.9
2.6
1.1
3.4
1.2
2.4
2.7
2.3
1.8
2.1
1.4
0.8
1.9
1.0
1.7
1.4
1.5
2.0
1.7
2.0
2.4
2.8
3.3
1.4

min

-5.2
-5.3
-4.0
-4.0
-5.4
-4.6
-5.7
-4.7

-3.4
-3.3
-2.8
-2.4
-2.4
-2.9
-4.9
-3.2
-4.0
-4.6
-3.6
-5.2
-3.6
-4.1
-3.3
-4.2
•2.9
-3.4
-5.1
-2.9
-4.7
•3.9
-3.5
-4.0
-4.2
-4.2
-3.8
-4.3
-3.4
-4.4
-3.4
-3.5
-3.4
-3.4
-3.6
-3.5
•2.9

•2.4
-2.2
-3.8
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Appendix B
Seasonal and annual mean relative humidity (%) at the Pic du Midi.

1886
1887
1888
1889
1890
1891
1892
1893
1894
1895
1896
1897
1898
1899
1900
1901
1902
1903
1904
1905
1906
1907
1908
1909
1910
1911
1912
1913
1914
1915
1916
1917
1918
1919
1920
1921
1922
1923
1924
1925
1926
1927
1928
1929
1930
1931
1932
1933
1934
1935
1936
1937
1938

D-J-F

81
75
64
71
68
53
63
72
67
77
59
72
59
59
76
57
67
50
73
54
65
70
69
56
68
56
53
44
50
68
63
74
49
74
59
53
55
59
73
55
62
69
69
64
76
79
48
71
67
74
87
75
69

M-A-M

85
68
73
67
77
61
70
74
80
81
79
75
79
69
72
82
76
62
69
68
67
64
70
63
70
67
61
57
67
65
78
71
68
67
63
66
65
55
68
72
66
75
74
65
79
79
80
73
78
72
91
85
64

J-J-A

80
58
65
60
66
67
70
77
68
69
74
68
63
72
70
69
63
66
60
67
52
60
64
59
64
57
54
44
57
54
62
61
47
62
56
49
45
40
62
67
63
66
60
60
74
70
80
71
65
70
84
76
72

S-O-N

74
66
65
62
60
62
77
82
74
70
77
64
73
63
78
69
68
65
55
70
57
72
59
59
71
59
50
67
49
69
64
56
67
80
63
49
57
73
68
65
70
61
67
66
74
66
80
81
68
77
81
71
76

Year

80
67
67
65
68
61
70
76
72
74
72
70
68
66
74
69
68
61
64
65
60
66
65
59
68
60
54
53
56
64
67
65
58
71
60
54
55
57
68
65
65
68
67
64
76
73
72
74
69
73
86
77
70
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Appendix B (continued)

1939
1940
1941
1942
1943
1944
1945
1946
1947
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984

D-J-F

82
70
69
73

72
72
79
74
55
68
77
73
68
70
73
69
60
64
66
78
76
65
70
65
73
73
67
71
74
82
67
79
73
71
63
65
78
80
82
73
61
80
74
71

M-A-M

88
72
68
61

71
68
87
75
80
81
72
84
75
80
74
65
71
71
77
66
77
71
78
76
80
79
75
77
73
82
79
80
84
71
80
84
71
79
85
83
80
84
75
79
78

J-J-A

77
71
71
66

74
74
73
75
78
75
72
77
77
78
76
77
77
76
65

71
73
67
80
77
70
72
71
72
75
72
79
76
65
82
70
78
70
59
75
69
71
78
66
71

S-O-N

66
73
69
67

76
68
71
78
66
80
76
73
85
70
66
64
63
67
68
76
80
82
67
78
69
78
78
76
70
74
63
72
74
76
72
73
77
84
74
72
70
72
73
74
70

Year

78
71
69
67

70
76
77
74
73
72
78
77
74
71
70
70
68
68

76
75
69
76
73
75
74
73
71
76
74
74
78
71
76
72
73
78
74
78
73
72
76
73
72
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Appendix C
Seasonal and annual mean cloudiness (oktas) at the Pic du Midi.

1883
1884
1885
1886
1887
1888
1889
1890
1891
1892
1893
1894
1895
1896
1897
1898
1899
1900
1901
1902
1903
1904
1905
1906
1907
1908
1909
1910
1911
1912
1913
1914
1915
1916
1917
1918
1919
1920
1921
1922
1923
1924
1925
1926
1927
1928
1929
1930
1931
1932
1933
1934
1935

D-J-F

3.7
4.1
4.0
4.1
3.8
3.8
3.8
3.1
2.6
3.9
3.5
3.2
4.9
3.0
5.0
3.6
3.9
5.5
4.0
4.5
3.5
5.4
3.9
4.7
4.9
4.9
4.2
5.3
3.9
4.9
3.6
3.7
5.8
4.4
5.1
3.7
5.6
4.0
4.4
4.6
4.8
4.9
3.5
5.1
4.2
4.3
4.4
4.7
5.5
3.3
5.0
3.7
5.2

M-A-M

4.7
4.9
5.3
4.9
4.7
4.6
4.4
5.1
5.0
4.4
3.3
4.7
4.9
4.9
4.6
5.2
4.5
4.7
5.7
5.5
4.7
4.9
5.5
5.0
4.8
5.1
5.0
5.2
5.4
5.1
5.0
5.7
5.5
5.6
5.1
5.3
5.2
4.8
5.5
5.5
5.1
4.7
6.5
4.8
4.6
5.3
4.3
5.5
5.0
5.6
5.0
5.6
5.4

JJ-A

4.0
4.2
4.5
4.3
4.0
4.1
3.4
3.3
3.5
3.7
3.8
2.8
3.4
4.4
3.6
3.2
4.2
4.0
4.2
4.1
4.2
4.0
4.4
3.6
3.7
4.6
4.4
4.5
4.5
4.4
4.2
4.6
4.1
3.8
3.7
3.7
3.6
3.9
4.1
3.8
3.4
3.3
4.6
3.7
3.8
3.2
3.9
4.1
4.1
5.2
3.9
4.4
4.3

S-O-N

5.0
3.9
4.8
4.5
4.4
3.8
3.5
3.4
3.4
4.4
4.3
4.0
4.1
4.5
3.8
4.5
3.8
4.8
4.3
4.6
4.6
3.9
4.8
4.2
5.1
4.2

. 4.5
5.3
4.7
4.0
5.3
4.1
4.7
4.3
4.5
5.0
5.5
4.8
4.0
4.4
5.0
4.5
3.9
4.5
3.9
4.6
4.6
4.7
4.3
5.1
5.3
4.4
4.9

Year

4.3
4.3
4.6
4.4
4.2
4.1
3.8
3.7
3.6
4.1
3.7
3.7
4.3
4.2
4.2
4.1
4.1
4.7
4.5
4.7
4.2
4.5
4.6
4.4
4.6
4.7
4.5
5.1
4.6
4.6
4.5
4.5
5.0
4.5
4.6
4.4
5.0
4.4
4.5
4.6
4.6
4.3
4.6
4.5
4.1
4.3
4.3
4.7
4.7
4.8
4.8
4.5
4.9
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Appendix C (continued)

1936
1937
1938
1939
1940
1941
1942
1943
1944
1945
1946
1947
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981

D-J-F

6.1
5.3
47
5.4
5.6
5.9
5.2

4.5
4.5
5.9
5.5
3.6
4.5
5.7
4.6
4.0
4.7
5.1
4.5
3.7
4.0
3.8
4.9

4.8
3.6
4.3
6.0
4.8
4.9
5.0
5.6
4.4
5.2
4.5

3.7
5.5
5.7
5.4
4.7
3.9

MAM

5.8
5.8
3.9
5.7
5.4
5.9
4.4

4.3
4.1
6.7
5.8
5.0
5.1
4.6
6.1
5.4
5.0
5.1
4.2
4.6
5.2
5.5
5.3
5.2

5.4
5.5
5.5
5.3
4.9
5.3
5.3
5.9
5.0
5.7
5.4
4.8

5.7

5.3
6.0
5.5
5.4
5.7

J-J-A

4.7
4.8
4.2
4.8
4.6
5.7
4.6

3.6
4.4
41
4.3
4.1
4.0
3.9
4.7
4.4
4.2
4.0
4.7
4.0
4.6
4.7

4.6

3.7
5.6
4.3
4.1
4.2
3.8
4.4
4.8
4.2
4.3
4.6
4.8

4.7
4.9
3.6
3.6
3.6
3.6

S O N

5.5
5.4
5.0
5.1
5.0
3.9
5.6

5.6
3.7
4.8
4.6
3.4
5.4
4.9
4.9
5.5
3.7
4.0
4.1
4.1
4.0
4.2
5.2
5.9

4.4
4.8
4.2
5.8
5.2
5.1
5.0
4.3
3.7
4.2
5.0
4.0

4.4
4.9
3.8
3.6
4.8
4.3
4.3

1 Year

5.5
5.3
4.4
5.2
5.1
5.3
4.9

4.2
5.0
5.1
4.5
4.5
4.5
5.3
5.0
4.2
4.4
4.5
4.3
4.4
4.6

5.1

5.2
4.4
4.9
5.1
4.7
4.9
5.0
4.6
4.6
5.0
4.5

4.9
4.7
4.8
4.5
4.4
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Figure 1. Original series and trend lines of annual mean minimum and maximum temperatures
at the Pic du Midi during the period 1882-1984.
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Figure 2. Original series and trend line of annual mean diurnal temperature range at
the Pic du Midi during the period 1882-1984.



y=-136.2553+0.1064646*x r=0.483
PIC DU MIDL RELD HUMIDITY C°/J
1886-1984

100

- 80

1900 1920 1940 1960 1980

YEflRS

Figure 3. Original series and trend line of annual mean relative humidity at the Pic du Midi
during the period 1886-1984.
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Figure 4. Original series and trend line of annual mean cloud cover at the Pic du Midi during
the period 1883-1981.
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Table 1. Mean seasonal and annual trends of minimum and maximum temperatures, relative

humidity and cloudiness at the Pic du Midi. Changes are significant at the 1% level for trend

correlations (given in parentheses) larger than .25.

T • °f

*max» *~

1 range *-

Relative

Humidity, %

Cloudiness,

oktas

1882

1984

Change

1882

1984

Change

1882

1984

Change

1886

1984

Change

1883

1981

Change

DJF

-11.23

•8.90

+2.33(.46)

-3.81

-3.96

-0.15 (.03)

7.41

4.86

-2.54 (.69)

62.7

73.1

+10.4 (.35)

4.01

5.11

+1.10 (.41)

MAM

-8.51

-5.92

+2.59 (.50)

0.71

-1.04

-1.75 (.41)

9.23

4.86

-4.37 (.83)

68.9

78.4

+9.5 (.38)

4.85

5.49

+0.64 (.35)

JJA

1.30

3.37

+2.07 (.53)

9.80

8.89

•0.91 (.25)

8.39

5.53

-2.86 (.77)

61.6

74.4

+12.8 (.43)

3.88

4.43

+0.55 (.32)

SON

-4.52

-1.60

+2.92 (.55)

2.59

3.34

+0.75 (.17)

7.16

4.96

-2.20 (.70)

650

74.4

+9.4 (.37)

4.36

4.70

+0.34 (.17)

Year

-5.73

-3.27

+2.46 (.70)

2.29

1.79

-0.51 (.22)

8.04

5.06

•2.98 (.83)

64.5

75.0

+10.5 (.48)

4.27

4.93

+0.66 (.50)
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Table 2. Season-to-season and year-to-year correlations between elements. Correlations are

significant at the .01 level for coefficient values larger than .25.

Tin»x» Tmin

Tmax' R*1* Humify

Tmax , Cloudiness

T m j n , Rel. Humidity

TmiD» Cloudiness

T r a n g c , Rel. Humidity

Trangc» Cloudiness

Re!. Hum., Cloudiness

DJF

+.73

-.34

-.38

-.17

-.07

-.23

-.41

+.67

MAM

+.39

-.43

-.57

+.05

-.13

-.44

-.32

+.45

JJA

+.50

-.28

-.44

+.19

-.13

-.50

-.29

+.38

SON

+.81

-.22

-.49

+.04

-.29

-.42

-.24

+.52

Year

+.32

-.21

-.45

+.33

+.15

-.49

-.42

+.38

Table 3. Mean seasonal and annual trends of minimum and maximum temperatures in the

plain of Aquitaine. The data are relative to the mean values at the three airport stations of

Bordeaux, Pau and Toulouse. Changes are significant at the 1% level for trend correlations

(given in parentheses) larger than .36

We

'max* *-

1946

1992

Change

1946

1992

Change

DJF

1.75

2.97

+1.22 (.28)

9.88

10.74

+0.86 (.19)

MAM

6.34

6.99

+0.65 (.26)

17.29

16.20

-1.09 (.29)

JJA

13.46

14.74

+1.28 (.45)

24.85

25.17

+0.32 (.07)

SON

8.30

9.32

+1.02 (.36)

18.28

18.96

+0.68(22)

Year

7.46

8.50

+1.04 (.54)

17.57

17.76

0.19 (.08)
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Observed Effects of Aerosols on the Diurnal Cycle
of Surface Air Temperature

ALAN ROBOCK

Department of Meteorology, University of Maryland, College Park, Maryland 20742 USA

1. Introduction

Volcanic eruptions and forest fires produce episodic tropospheric aerosol clouds. In
several of these cases, I have studied the effects of these clouds on surface air temperature
and observed large effects on the amplitude of the diurnal cycle. In this talk I will show
these cases as examples of the response of the diurnal cycle to relatively large forcing. The
examples presented here can serve as tests for models attempting to simulate the effects of
aerosols on the diurnal cycle.

2. Volcanoes

Volcanic eruptions produce short-lived tropospheric aerosol clouds and longer-lived stra-
tospheric clouds. Both of these clouds are combinations of ash (silicate) particles and sulfuric
acid droplets. Both types fall out of the troposphere rapidly (in a week or two), and the larger
ash particles fall out of the stratosphere within a month, but the sulfate particles can last for a
year or two in the stratosphere. While the long-lived stratospheric aerosols may have a small
effect on the diurnal cycle, this effect would be difficult to detect in surface temperature
records. But the shorter-lived effects of tropospheric aerosols was observed after the 1883
Krakatau eruption (Simkin and Fiske, 1983, p. 258), the 1980 Mount St. Helens eruption
(Robock and Mass, 1982; Mass and Robock, 1982), and the 1991 Pinatubo eruption (Oswald,
1993). Fig. 1, from Mass and Robock (1982), shows the truncated diurnal cycle at three sta-
tions after the Mount St Helens aerosol cloud came over. In this case, the large optical depth
of the cloud virtually isolated the surface from space, and in Yakima, the surface air tempera-
ture was 15°C for 15 hours, independent of the time of day.

3. Forest Fire Smoke

Smoke particles, which have different optical properties than volcanic ash or sulfate aero-
sols, and also have large effects on the diurnal cycle. In five different cases of extensive
forest fire smoke (Robock, 1988a, 1988b, 1991a, 1991b), the surface temperature effects were
detemt'ned under the smoke cloud. The effects were measured from very close to the smoke
source to several days and several thousand kilometers downwind. In all cases, daytime cool-
ing and no nighttime effects were found.

The locations of smoke clouds from extensive forest fires in western Canada in 1981 and
1982, in northern China and Siberia in 1987, and in Yellowstone National Park in Wyoming,
USA, in 1988 were determined from satellite imagery. As these smoke clouds passed over
the Midwestern United States for the Canadian and Yellowstone fires, and over Alaska for the
Chinese/Siberian fires, surface air temperature effects were determined by comparing actual
surface air temperatures with those forecast by Model Output Statistics (MOS) of the United
States National Weather Service. In the caae of fires in northern California in September,
1987, the anomalies of maximum and minimum surface temperature were examined. MOS
error fields corresponding to the smo:^ cloud locations showed daytime cooling of 1.5° to 6°C
under the smoke, but no nighttime effects. In California, maximum temperature anomalies
ranged up to 20°C while there were no minimum temperature anomalies. Fig. 2 gives an
example of the effects of the Yellowstone smoke on maximum and minimum temperature,
from Robock (1991b).
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4. Discussion

In the case of Mt. St Helens, the maximum temperature was reduced and the minimum
temperature was increased by the aerosols. Hie large effect on minimum temperature was
due to the large infrared optical depth of a dense cloud of large particles. In the case of
smoke, with small particles and smaller optical depths, a large effect on maximum tempera-
ture was observed while there was a negligible effect on minimum temperature. In all cases
the diurnal range was reduced, but different physical mechanisms were important in different
cases.

In one case of smoke from Amazon deforestation burning, a reduction of maximum tem-
perature was observed, but at the same time as a simultaneous increase in smoke and a frontal
passage (Robock, 1991a). In this case, the cause of the temperature change could not be
determined between the competing effects of radiative and advective processes. Future
modeling and observational studies will be needed to separate out all the possible causes of
changes of the diurnal cycle.
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12 12

0

Surface temperature variation from 17-20 May 1980
at Yakima and Spokane, Washington; Great Falls, Montana; and
Boise, Idaho The arrows indicate times
of the arrival of the Mount St. Helens plume.

FIG. 1. Diurnal cycle changes after the 1980 Mt. St. Helens volcanic
eruption (Mass and Robock, 1982). The volcanic plume never came over
Boise, which shows the gradual synoptic-scale warming of the region.
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ABSTRACT

An air mass-based synoptic climatological approach is used to determine if the

frequency of occurrence of the coldest and mildest air masses at seven stations in the Russian

Arctic has changed and if the physical character of these air masses have shown signs of

modification over the past 40 years.

It has been suggested that a detected increase in surface temperatures over the past

40 years within the coldest air masses in the western North American Arctic may be

attributed to the shorter residence time of these air masses through the time period. A re-

evaluation of the data at two of the stations in the Alaskan and Yukon Arctic indicates that

a long-term wanning is, in fact taking place even when residence time is kept constant.

Results for seven additional Russian stations are less conclusive, and they do not

exhibit a consistent statistically significant warming.

It is possible that changes in the physical character of these very cold air masses are

due to factors other than residence time, such as anthropogenic influences.
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INTRODUCTION

A thorough understanding of climatic trends is crucial for the accurate prediction of

future climate conditions, which is needed to help provide policy makers with a scientific

basis for their decision-making. General circulation models (GCMs) suggest that increased

atmospheric concentrations of CO; and other trace gases will lead to large-scale global

warming. For example, the Intergovernmental Panel on Climate Change (IPCC, [1990])

predicts that some areas of the globe will experience a wanning of up to 5°C within the next

century. The most pronounced warming is projected to occur in the northern polar regions

(Hansen and Lebedeff, [1987]), where theoretical studies have shown that climate change

will be greatest because of the feedback involving temperature, ice extent, and surface albedo

(Budyko, [1969]).

Considering these model predictions, there is interest concerning whether any

evidence exists to suggest mat (he global climate in general, and the northern polar region

in particular, has already experienced significant climate change. There is disagreement

among researchers who have attempted to determine if a significant warming in the Arctic

has already occurred. For example, research on Alaskan permafrost bore holes show a polar

warming of 2° to 4° C during the past century (Lachenbruch and Marshall, [19861).

Higuchi [1988] found mat the mean annual temperature, as well as the temperature

variability, has increased in the Canadian Arctic. However, in analyzing the 1000-500 hPa

thickness records, Michaels et al., [1988] found no detectable climate change trend in Alaska

during the past 40 years. Also, Kahl et al., [11993] evaluated Arctic tropospheric temperature
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rccords, and concluded that greenhouse-induced wanning is not detectable in the Arctic

troposphere for the period from 1958 to 1986. Finally, Wood [1990] notes that evaluations

of current observational data for winter surface wanning in northern polar regions has

produced conflicting results, and he urges that the "... differences need to be reconciled."

Considering the conflicting outcomes of these various studies, signs of long term wanning

in the Arctic are unclear.

The above studies have typically examined only annual maximum temperature, or a

similar individual variable, as an indication of climate change. However, the climate of a

particular location can be identified by the frequency and character of the air masses thai,

passes through the region. Thus, for example, the character of some air masses might be

undergoing alteration conducive to warming, but these changes might be too subtle to bs

detected through evaluation of mean annual temperatures, which does not discriminate

between air masses.

An automated temporal synoptic index (TSI; Kalkstein and Corrigan, [1986]) which

assigns each day to a particular synoptic category based on air mass differentiation using

readily available meteorological elements, has been used successfully in previous climate

change analyses. Using the TSI, Kalkstein, et al., [1990] showed that the coldest air masses

at four stations in the Alaskan and western Canadian Arctic are undergoing a significant

long-term warming. By discriminating between air masses in the western North American

Arctic, and by evaluating the change in both the frequency and character of these air masses,

they determined mat this procedure represents a more feasible means to detect climate change
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than by merely relying on general temperature trends. In a similar study, Dunne [1991] used

the TSI to evaluate seven additional stations within the Canadian Arctic, extending to the east

coast. Results of this study show mat there are statistically significant decreases in the

frequencies of the coldest air masses in most locales between 1953 and 1986. In addition

to the frequency changes, the temperature of the coldest air masses increased at most of the

stations.

ANALYSIS OF RESIDENCE TIME

Burn [1993] has suggested that the results from the Alaskan stations used by

Kalkstein, et al., [1990] may be biased, as the coldest temperatures within the coldest Arctic

air masses typically occur several days after the onset of domination. Burn suggests that a

shorter length of residence time of these very cold air masses may be partly responsible for

the apparent increase in temperature found by Kalkstein, et al., [1990] and Dunne [1991].

The lowest air temperatures during a cold air mass invasion at valley stations may occur

several days after the initial intrusion of the air mass due to enhanced time of long-wave

radiative loss and cold air drainage into valley floors. If the residence time of the Arctic air

masses is shorter, then the air mass would not reach its coldest temperature. Thus, a shift

in residence time of the air mass, rather than an increase in its temperature, may have

occurred.

If this is the case, first day temperatures of the coldest air mass intrusions would not

be expected to increase, as residence time would remain constant. However, if first day
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temperanires do show an increase, this indicates that processes other than residence time

changes are contributing factors. Such a finding would add validity to the suggestion that

the physical character of these air masses has shown signs of modification over the past 40

years.

To remove residence time as a potential variable that affects the minimum temperature

within the coldest air masses, Kalkstein et al., [1993] analyzed temperatures on the first day

of each cold air mass incursion to determine if they had changed during the period of record.

In addition, they attempted to isolate periods of similar incursion length of very cold air mass

category 11 at Fairbanks and category 21 at Gulkana (refer to Kalkstein et al., [1990] for the

specific meteorological properties of these air masses) through the period of study (1948

through 1986) to determine if the lowest temperatures do, in fact, occur several days after

the onset of the air mass invasion.

An evaluation of the consecutive day runs of each of the coldest air mass incursions

support Burn's assertion that the lowest temperatures occurred several days after the

incursion of the air mass. For example, the lowest temperatures for air mass category 11

in Fairbanks occur six days after the onset of its intrusion (Figure 1). A similar finding is

noted for category 21 at Gulkana (although the lowest temperature is reached on the third

day), which suggests that the persistence of stable conditions associated with the coldest air

masses in valley locations is necessary to generate the coldest conditions. Clearly, it is

necessary to establish some stations at non-valley sites to evaluate boundary layer disparities

in air mass character which occur between sites at different elevations.
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The first-day evaluation for coldest category 11 at Fairbanks reveals a statistically

significant mean temperature increase during the period of record (Table 1). The mean

temperature of category 11 for the first day of its residence time increased by 2.8° C during

the period of record. This statistically significant increase is greater than the mean

temperature change for all days of category 11 noted in Kalkstein et al., [1990]. Most of

the change occurred due to an increase in the minimum temperature, which rose by 3.3° C

during the period. Maximum temperature increased by 1.3° C, but this rise is not

statistically significant.

Although the change in character of the coldest air mass is not as dramatic at

Gulkana, a mean temperature increase during the first day of residence time is noted (Table

1). The mean temperature of this category increased by 2.2° C during the period of record,

which is greater than the change for all category 21 days in Kalkstein et al., [1990]. Similar

to the results of the Fairbanks analysis, most of the warming is due to a change in the

minimum temperature. These values are considerably more robust than those found for all

category 21 days within die original study.

The results of this evaluation suggest that the physical character of the coldest air

masses at both Gulkana and Fairbanks is changing. It is possible that in Fairbanks a portion

of the change is attributed to local urban effects. However, this is certainly not the case for

Gulkana, which is distant from any urban area. Nevertheless, these alterations appear to be

independent of microenvironmental factors common to valley sites and are not influenced by

the residence time of the air mass as suggested by Burn [1993]. Thus, it is suggested that
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changes in die physical character of these very cold air masses in the Alaskan and Canadian

Arctic are due to factors other than residence time, such as possible anthropogenic wanning

influences or normal cyclical changes in climate.

DETECTION OF AIR MASS CHANGE IN THE RUSSIAN ARCTIC

Kalkstein et al., [1990] and Dunne [1991] found that, in both Alaska and northern

Canada, the coldest and the wannest air masses have experienced significant long term

warming. However, since upper level circulation is very influential on air mass character

and frequency, it is quite possible that the air masses in the eastern Arctic might not have

experienced similar same changes. To determine if the results found by Kalkstein, et al.,

[1990] and Dunne [1991] are characteristic of the entire Arctic, seven Russian meteorological

stations (all located North of 60° N) are selected for a similar, detailed synoptic evaluation

and comparison with North American stations.

The seven Russian stations are: Kem'port, Narjan-mar, Osirov-Dikson, Tura,

Viljujsk, Cokurdah and Korf (Figure 2). The length of the period for the available data

varies for each station. For example, at both Kem'port and Ostrov-Dikson, the period of

observations began at 1936, but they stopped at 1984 and 1985 respectively. Although mere

are different periods of record for the Russian stations, each station had a complete data

record from 1951 to 1984. To maintain a consistency between the North American and

Russian analyses, the stations in this study are analyzed using the TSI. Winter (December,

January, and February) is also selected to be consistent with the previous western Arctic
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research. Based on GCM output, winter is the season that will experience the most

pronounced climate change if global warming occurs. Including those stations studied by

Kalkstein et al., [1990] and Dunne [1991], a total of seventeen Arctic stations have been

evaluated. These stations should provide adequate representation of the circumpolar Arctic

region.

Hourly observations for temperature, dew point, relative humidity, station pressure,

sea level pressure, cloud cover, wind speed and direction have been recorded at each station.

Four six-hourly observations of temperature, dew point, sea level pressure, cloud cover, and

wind speed and direction (a total of 24 variables for each day) are used to determine the air

masses resident at each location using the TSI. The output from the TSI is a calendar of the

air masses* as well as the mean values for each of the 24 variables for each air mass.

The TSI consists of two major statistical procedures: principal component analysis,

and average linkage clustering. By using principal component analysis, a much smaller

number of independent component variables are produced, thus avoiding the redundancy of

the original set of collinear meteorological variables while still explaining much of the

variance within the data set. Once a significant number of principal components is

determined, component scores are calculated to represent meteorological conditions, since

the scores are weighted summed values whose magnitudes are dependent upon the initial

meteorological observations. As a result, days with similar meteorological conditions will

tend to exhibit proximate component scores (Kalkstein and Corrigan, [1986]).
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The average linkage clustering produces clusters with small intragroup variances and

large intergroup group variances (Kalkstein et al., [1987]). Several synoptic categories at

each station can be produced by applying the clustering procedure on the component scores.

The frequencies and meteorological characteristics can then be determined for the constructed

synoptic categories. Long-term changes in category frequency and character can be

examined in detail, especially for the extreme air masses, whose trends are most significant.

The Russian data poses some unique problems in the synoptic analysis. For example,

during the period of record, there was a systematic shift in observation times at all of the

stations. The observations were made at six hour intervals (e.g., 0100, 0700, 1300 and

1900, local time) during the period before 1966. However, after 1966, the observations

were made at three hour intervals (e.g., 0000, 0300, 0600, 0900, 1200, 1500, 1800 and

2100, Moscow time). An adjustment for this time shift is made by converting Moscow time

into local time at each station. The final data used at three of the stations (Nar'jan-mar,

Ttira, Cokurdah) have the same observation time throughout the entire period of record.

However, at the rest of the Russian stations, the data sets contains a one hour time difference

between the time period before and after 1966. Since each station experiences a very short

time of exposure to direct radiation each day in the winter (Borisov, [1965]), this shift in the

recording hour should not create a problem.
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Results

Using the TSI, eight major synoptic categories are identified at all of the Russian

Arctic stations except one, Nar jan-mar, where nine categories are detected. The coldest air

masses are easily distinguished at each station (Table 2). The coldest air masses at stations

located in the northwest (Kem'port, Nar'jan-mar) and in the northeast (Cokurdah, Korf) are

associated with Arctic cyclone activity. These air masses originate in the Arctic ocean-ice

region, and are characterized by low dew points, moderate pressures, and varying wind

speeds. The coldest air masses in central Siberia (Tura and Viljujsk) are associated with

strong anticyclonic motion. These air masses originate over the continental land surface, and

have the lowest temperatures and dew points of all the air masses across the region, as well

as high pressures and light winds.

The warmest air masses are typically associated with frontal activities (Table 2). At

two of the stations, Viljujsk and Cokurdah, which are located in areas where the polar front

rarely occurs, the wannest air mass has a maritime influence. Those warm air masses

associated with frontal activity experience high temperatures and dew points, weak pressures,

strong zonal (either westerly or easterly) winds, and high cloud covers. The warm air masses

which have a maritime influence show lower temperatures and dew points, higher pressures,

light winds, and moderate cloud cover.

As in the previous studies, mean annual daily temperature and frequency for each of

the wannest and coldest air masses are analyzed using regression analysis to determine if any

significant changes had occurred over the study period (Tables 3 and 4). The frequencies
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of the coldest air masses at four stations (Kem'port, Nar'jan-mar, Viljujsk, and Cokurdah)

show a downward trend (Table 3). However, only at Nar'jan-mar is the decrease

statistically significant. The three other Russian Arctic stations (Ostrov-dikson, Tura, and

Korf) show very slight upward trends in the frequencies of the coldest air masses; however,

none of these results is statistically significant. The most significant downward trends are at

Cokurdah and Nar'jan-mar, which have rates of frequency change at of 0.13% per year and

0.10% per year, respectively.

The frequency trends of die wannest air masses show increases over the study period

at four stations (Kem'port, Nar'jan-mar, Tura, and Cokurdah). At the other three stations

(Ostrov-Dikson, Viljujsk, and Korf), there are slight decreases in the frequency. The most

significant increase is at Nar'jan-mar, where the average yearly rate of increase was 0.13%,

while the largest decrease is at Korf, where the rate of decrease averaged 0.06% per year.

The temperature trend throughout the period is determined for both the warmest and

the coldest air masses (Table 4). The results for the coldest air masses are weaker than die

results found by Kalkstein, et al., [1990] and Dunne [1991]. Only Cokurdah and Tura show

an increasing trend for the coldest air masses. The other five stations exhibit a slight

decreasing trend, with none of the results at those stations achieving statistical significance.

The largest warming in the coldest air masses occurred at Tura, which has a fairly consistent

increase of approximately 0.1 ° C per year. Those stations which displayed cooling trends

have smaller changes than those stations with wanning trends. The temperature trends of

the warmest air masses show a decrease at all stations, except for Kem'port. The cooling
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rates of die warmest air masses are comparatively higher, 0.13°C and 0.09° C per year

respectively, at Ostrov-Dikson and Cokurdah, the only two stations where the temperature

trend is statistically significant.

The results indicate that the Russian Arctic has not exhibited a consistent statistically

significant warming. At two cities, Ostrov-Dikson and Korf, there is more evidence for a

cooling. Rather, the stations experienced a variety of changes in the character and frequency

of the two extreme air masses. For example, at Cokurdah, the coldest air mass wanned and

was less frequent, while the warmest air mass increased in frequency, but cooled. At

Viljujsk, both the temperature and frequency decreased for the coldest and warmest air

masses. At Tura, the coldest air mass warmed while the warmest air mass cooled, and the

frequency of both air masses increased. At Nar'jan-mar, the coldest air mass occurred

significantly less frequently and experienced cooling, while the warmest air mass cooled and

was more frequent. At Kemport, the coldest air mass occurred less and cooled, while the

warmest air mass warmed and increased in frequency.

These results are less conclusive than the previous climate studies of the Norm

American Arctic (Kalkstein, et al., [1990]; Dunne, [1991]). However, it appears that a few

stations in central and eastern Siberia have exhibited warming within the coldest and wannest

air masses. However, results from the other Russian stations did not show a similar

wanning.
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CONCLUSION

The coldest and wannest air masses in the Arctic have undergone a variety of changes

in both character and frequency during the past few decades (Table 5). The frequency of

the coldest air masses decreased at a majority of the stations. This pattern is most

pronounced in the western Arctic, the area which showed the most statistically significant

results. At a few of the Russian stations, the frequency of the coldest air masses seemed to

increase slightly, but the results in those locations are inconclusive. The frequency of the

warmest air masses increased significantly at most of the stations in the western Arctic but

decreased in both northeastern Canada and some locations in central Siberia.

An examination of the temperatures of the warmest and coldest air masses shows a

similar trend. The temperature of the wannest air masses has increased in both Alaska and

northwestern Canada, but decreased in northeastern Canada and the Russian Arctic. The

mean temperature of the coldest air masses seems to have increased significantly in the

western Arctic, and at few locations in Russia. At some stations in northwestern Russia, die

coldest air masses experienced cooling; however, this cooling is not as substantial as die

warming trends of the other areas of the Russia Arctic. Thus, warming seems to have

occurred in the Alaskan Arctic and in die western and central portions of die Canadian

Arctic. However, in the Russian Arctic and in the eastern Canadian Arctic, die climate

signal is weak, with die possibility that a slight cooling might have also occurred during die

past few decades.
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There are several possible explanations for the warming identified in the western

Arctic. According to Karl, et al., [1993], these include, but are not limited to, large-scale

anthropogenic effects caused by changes in greenhouse gases and tropospheric aerosols.

Cleariy, to complete this analysis of Arctic air masses, changes in the circumpolar upper

level circulation, and their links to the surface air mass character and frequency, need to be

examined. Such an analysis should help determine if these alterations are natural patterns

or if they are related to some humsji-induced activity.
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Figure 1. Mean daily temperature trends during outbreaks of the coldest air masses at Fairbanks
(Category 11) and Gulkana (Category 21).
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Figure 2. Meteorological Stations in the Continental Arctic.
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Table 1: Summary Statistics for First Day Air Mass Temperature Trends:
Fairbanks and Gulkana

Category

Mean Daily Temp.

Mean Minimum Temp.

Mean Maximum Temp.

Mean Daily Temp.

Mean Minimum Temp.

Mean Maximum Temp.

Change:
1948 through 1986" b*

Fairbanks: Air Mass Category 11

+2.82°C 0.072

+3.33°C 0.085

+ 1.33°C 0.034

Gulkana: Air Mass Category 21

+2.22°C 0.057

+2.61°C 0.067

+ 1.17°C 0.030

i-value

7.65

9.97

1.06

2.05

2.11
0.44

Prob > F

0.0093

0.0035

0.3108 •

0.1637 •

0.1573*

0.5110 •

"Refer to Kalkstein et al., [1990] for calculation of these values.
• Relationship is not significant at the 0.050 level.
•Positive slopes indicate upward temperature trends,
(table reproduced from Kalkstein, et al., [1993])
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Table 2: Characteristics of the coldest and the warmest air masses
in seven Russian Arctic stations

Station Freq. of Temp Dpt Press
occurrence

uu w Cloud

Kem'port
Narjan-mar
Ostrov-Dikson
Tun
Viljujsk
Cokurdah
Korf

5.1%
14.9%
10.3%
28.3%
15.3%
8.9%

14.7%

Coldest Air

-24.9
-31.3
-33.4
-44.7
-45.6
-40.6
-23.8

-27.1
-34.0
-35.6
-47.3
-48.6
-42.8
-29.3

Masses

1018.5
1018.8
1031.0
1032.0
1026.1
1013.2
1011.2

1.2
-0.7
-0.9
-0.1
0.1
2.2
1.3

-0.2
-0.5
2.5

-0.1
0.2
2.0

-5.7

3.2
2.6
2.4
7.3
2.8
2.7
1.4

Warmest Air Masses

Kern port
Narjan-mar
Ostrov-Dikson
Tura
Viljujsk
Cokurdah
Korf

13.2%
3.2%

11.9%
4.4%
3.0%

20.9%
6.2%

-3.9
-3.6

-12.6
-15.8
-22.4
-25.4
-2.5

-6.2
-5.4

-13.9
-18.9
-24.8
-27.2
-4.9

1017.2
1021.3
1012.3
1013.3
1027.6
1020.8
998.0

5.6
6.2
4.9
1.7
1.5
1.5

-4.3

-0.4
-0.1
2.0
0.2
0.3

-1.2
-1.6

7.3
9.5
8.5
8.4
7.0
8.5
9.6
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Table 3: Summary statistics for air mass frequency trend

Station

Kem'port
Narjan-mar
Ostrov-Dikson
Turn
Viljujsk
Cokurdah
Korf

Kem'port
Narjan-mar
Ostrov-Dikson
Tura
Viljujsk
Cokurdah
Korf

ionshio is sienifica

Coldest Air Masses
Slope

-0.01445
-0.10069
0.00089
0.00490

-0.06531
-0.13646
0.00200

F-value

0.059
3.766
0.002
0.034
0.927
2.414
0.003

Warmest Air Masses

0.01471
0.13346

-0.04328
0.01898

-0.01372
0.02454

0.272
1.572
6.058
0.158
0.016
0.372

-0.05953 3.294

mt at the 0.050 level.

Prob>F

0.8100
0.0665*
0.9625
0.8540
0.3460
0.1359
0.9576

0.6068
0.2244
0.0188*
0.6973
0.8997
0.5489
0.0832*
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Table 4: Summary statistics for air mass temperature trend

Station

Kem'port
Nar'jan-mar
Ostrov-Dikson
Tura
Viljujsk
Cokurdah
Korf

Coldest Air Masses
Slope

-0.00512
-0.03056
-0.00219
0.07781

-0.04683
0.05823

-0.01674

F-value

0.039
0.270
0.011
4.721
0.582
0.692
0.970

Prob>F

0.8447
0.6073
0.9176
0.0378*
0.4539
0.4157
0.3301

Wannest Air Masses

Kem'port
Nar'jan-mar
Ostrov-Dikson
Tura
Viljujsk
Cokimfah
Korf

0.02163
-0.01310
-0.13003
-0.01723
-0.11181
-0.09584
-0.01809

1.210
0.129
15.17
0.119
2.146
5.484
1.399

0.2777
0.7227
0.0003*
0.7323
0.1611
0.0297*
0.2436

* Relationship is significant at the 0.050 level
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Table 5: Summary of Changes hi Arctic Air Masses

Station Coldest air mass Warmest air mass
Freq. Temp. Freq. Temp.

Anchorge -* +* +* +
Fairbanks +* +*
Gulkana + + + +
Mayo . -* + +*
Norman Wells - +* +* +*
Mould Bay + + + +
Fort Reliance + + +
Cambridge Bay -* + +*
Coral Harbour +* -*
Clyde no -* -
Kem'port - + +
Narjan-mar -* - + -
Ostrov-Dikson + -*
Tura + +* + -
Viljujsk - " - -
Cokurdah + + -*
Korf + -*

* Relationship is significant at the 0.050 level.
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Abstract

The simulation of diurnal range in a low resolution atmospheric model coupled to a

mixed layer model of the ocean is assessed. The simulated diurnal range is generally

similar to that observed, though in mid-latitudes, the diurnal cycle i less than observed.

In the Asian monsoon region, the diurnal cycle is excessive in summer, as the simulated

monsoon and associated cloud do not penetrate far enough North.

On doubling CO2, the diurnal range over land decreases, whereas the mean

temperatures increase by 6.3C. In CO2 doubling experiments with a one-dimensional

model, atmospheric absorption by carbon dioxide and water vapor increases, reducing

solar heating at the surface, and surface evaporation increases faster with temperature

than the transfer of sensible heat (due to the Clausius-Clapyeron relation), both of which

tend to reduce the diurnal cycle. However, in the three dimensional model, the diurnal

cycle increases substantially where the snowline recedes, where the land surface becomes

drier, or where there are substantial decreases in cloud cover.
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Long-Term Changes of the Diurnal Temperature Cycle:
Implications about Mechanisms of Global Climate Change

JAMES HANSEN, MAKIKO SATO AND RETO RUEDY
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2880 Broadway, New York, NY 10025

Abstract. We use a global climate model to investigate the impact of a wide range of radiative forcing and
feedback mechanisms on the diurnal cycle of surface air temperature. This allows us not only to rule out many
potential explanations for observed diurnal changes, but to infer fundamental information concerning the nature
and location of the principal global climate forcings of this century. We conclude that the observed changes of
the diurnal cycle result neither from natural climate variability nor a globally-distributed forcing, but rather they
require the combination of a (negative) radiative forcing located primarily over continental regions together
with the known globally-distributed forcing due to anthropogenic greenhouse gases. Tropospheric aerosols
alone cannot provide the continentally-located forcing, i.e., they are not capable of damping the diurnal cycle as
much as observed. Only an increase of continental cloud cover, possibly a consequence of anthropogenic
aerosols, can damp the diurnal cycle by an amount comparable to observations. A corollary of these results is
quantitative confirmation of the widely held suspicion that anthropogenic greenhouse gas warming has been
substantially counterbalanced by a forced cooling. Under the assumption that the cloud change is sulfate driven,
a further implication is that the net rate of global warming is likely to increase substantially in coming years. We
note that, on the long run, the daily maximum temperature will increase by an amount not much less than the
increase of the mean temperature.

INTRODUCTION

Global surface air temperature increased about 0.5°C,
or 1°F, in the past century (IPCC, 1990,1992; Hansen and
Lebedeff, 1987; Jones et al., 1991). This observed global
warming provides circumstantial evidence in favor of the
contention that the greenhouse effect of anthropogenic trace
gases is the dominant global climate forcing mechanism
on that time scale. However, the observed global
temperature change of that period permits a broad range
of interpretations, in part because of the uncertain con-
tribution of unforced climate change, but especially be-
cause of the absence of measurements of many potentially
significant global climate forcings (Hansen et al., 1993a,b).

One approach toward analysis of the cause of cli-
mate change, with potential value even in the absence of
measurements of some key climate forcings, is to search
for a "fingerprint" of the forcings in the spatial and temporal
patterns of observed climate change. Fingerprint studies
employing the geographical patterns of surface temperature
change have been fruitless, as should be expected given
the large natural variability of regional climate and the in-
ability of current models to portray realistically many as-
pects of regional climate change including changes related
to variability of ocean circulation. The fingerprint approach
also is limited by the fact that climate models predict rather

similar latitudinal and seasonal responses to different
forcings, e.g., to increased solar irradiance and increased
homogeneously mixed greenhouse gases (Manabe and
Wetherald, 1975; Wetherald and Manabe, 1975; Hansen
etal., 1984).

Perhaps the most useful fingerprint has been the ob-
servation (Augell, 1986,1991; OortandLiu, 1993; Oort,
1993) that warming of the past several decades extends
upward only to about 12 km altitude, rather than the ap-
proximate 16 km altitr.de expected for climate forcing by
only homogeneously mixed greenhouse gases. The lower
altitude for the switchover from wanning to cooling has
been shown to be an expected consequence of ozone de-
pletion in the lower stratosphere (Hansen et al., 1993a).
However, the effect of this inferred ozone climate forcing
on surface air temperature cannot presently be quantified
accurately because of the absence of adequate measure-
ments of the change of the ozone vertical profile (Lacis et
al., 1990; Hansen et al., 1993b).

In this paper we study the implications of a different
fingerprint in observed climate change, the change of the
diurnal cycle of surface air temperature. Karl etal. (1993)
examined the change of amplitude of diurnal surface air
temperature variations over a large portion (about 37%)
of the Earth's land area for 1951-1990, a period encom-
passing more than half of the global warming of the past
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century. They found that the amplitude of the diurnal cycle
decreased by about 0.5°C, about the same as the mean
wanning of these same regions for the 1951-1990 period.
Changes of the diurnal cycle having the sign and approxi-
mate magnitude of the observations were found incidentally
in global climate model simulations, using climate forcings
based on independent evidence, by Hansen et al. (1993a),
but they did not investigate systematically the dependence
of the diurnal cycle on individual climate forcings.

Here we examine how the diurnal cycle of surface
air temperature is altered by a wide range of different cli-
mate forcings, concluding that the observed diurnal changes
provide a remarkably strong constraint on the nature of
the climate forcings. Specifically, we show that none of
the known globally-distributed climate forcings, such as
changes of greenhouse gases, stratospheric aerosols, or
solar irradiance, can account for the observed diurnal
changes. Similarly, global radiative feedbacks, such as a
change of clouds and water vapor due to an increasing
greenhouse effect, do not produce the observed diurnal
changes. Only a forcing concentrated more in the
continental regions, such as anthropogenic tropospheric
aerosols and aerosol-forced cloud changes, yields a change
of the diurnal temperature amplitude comparable to that
observed, and then only in combination with a larger global
wanning mechanism. Aerosols alone cannot account for
the observed damping of the diurnal cycle. Thus the results
confirm the existence of a significant cloud radiative
forcing, with the simplest interpretation having a net aerosol
plus cloud forcing about half as large as the anthropogenic
greenhouse gas climate forcing.

OBSERVATIONS

We base our present analysis on the observations re-
ported by Karl et al. (1993). The areas represented by
their data cover about 50% of Northern Hemisphere land
and 10% of the Southern Hemisphere, corresponding to
about 37% of global land. Specifically they examine the
monthly mean maximum and minimum temperatures for
these regions for the period 1951-1990. They find that the
average minimum temperature increased 0.84cC while the
average maximum temperature increased only 0.28°C.

In principle, several parameters could be required to
define the diurnal cycle of temperature (Figure 1). The
diurnal cycle can be examined in detail in a global climate
model, but available observations are often restricted to
maximum and minimum temperatures. The diagnostics of
our present climate simulations include the maximum, the
minimum, and the true diurnal mean temperature. We find,
as shown below, that the difference between the change of
(maximum+minimum)/2 and the change of the true mean
is generally very small, and thus it is sufficient to deal with
two parameters. The mean temperature has been used

Control Experiment

Fig. 1. Schematic indication of parameters used to define
the diurnal cycle of surface air temperature.

widely as a climate diagnostic for many years. Thus for
the purpose of climate analyses it is most appropriate to
choose, as the two parameters, the mean temperature and
the amplitude of the diurnal cycle.

Our notation is as follows. T§ is the mean surface air
temperature over the diurnal cycle, i.e.,

T, (°C) = true diurnal mean. (1)

The (full) amplitude, or range, of the diurnal temperature
variation is

Amp(°C) = Max-Min.

The asymmetry of the diurnal cycle is

(2)

Asym (°C) = (Max + Min)/2 - T,. (3)

The Karl et al. (1993) data correspond to a change of
mean temperature AT, = 0.56°C and a diurnal amplitude
change AAmp = -0.56°C. Urban effects probably contri-
bute something to both the mean warming and the decreased
diurnal amplitude, but Karl et al. present evidence, from
rural stations, that the urban effects are relatively small.
Thus we assume that the mean warming of the nonurban
surface air over land is about 0.5°C ± 0.1°C and that the
change of amplitude is about -0.5°C ± 0.1 °C. The exact
values do not affect our conclusions, but in view of the
implications inferred from the change of diumal cycle, it
is important to improve knowledge of diurnal change as
much as possible. It would be particularly useful to have
data on diurnal changes for the land areas not represented
in the observations used by Karl et al. (1993). As illustrated
by their Figure 2, and discussed below, the areas with
available data are biased toward Northern Hemisphere
middle latitudes.
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Fig. 2. Amplitude of diurnal cycle of surface air temperature in observations for January and July reported by May et al.
(1992) and as simulated by GISS model II.

MODEL

Most of our calculations here are carried out with a
sector version (120 degrees of longitude) of the GISS cli-
mate model n. A sector model, as first employed by
Manabe (1969), has a computational efficiency which
allows us to explore the effect of many radiative forcings
and feedbacks on the diurnal cycle. However, we first show
here the geographical and seasonal variation of the am-
plitude of the diurnal cycle simulated by the full model n,
because only that can be compared in detail with ob-
servations and because the diurnal cycle was not included
in our published model documentation (Hansen, et al.,
1983).

The amplitude of the diurnal cycle in model II and
observations is shown in Figure 2 for January and July.
Differences between die model and observations are ap-
parent, especially a tendency for the diurnal amplitude to
be too large in the summer. However, the model does give
about the observed magnitude of the diurnal cycle ampli-
tude, including seasonal and latitudinal variations. Thus

we anticipate that changes to the diurnal cycle calculated
to result from specified changes in radiative forcings, which
are represented in model II with some precision (Hansen
et al., 1983), should be reasonably realistic, especially when
averaged over large areas.

The geography of the sector ("Wonderland") version
of model II is chosen such that the amount of land as a
function of latitude is the same as on Earth (Figure 3). The
land masses have fictitious names to help keep emphasis
on the purposes for which the model is intended, that is,
analysis of climate mechanisms, rather than on climate
impacts in specific real world regions, which are often sub-
ject to overinterpretation. This is particularly relevant to
analysis of the diurnal cycle, which is influenced by many
unpredictable local and regional climatic factors, but never-
theless carries substantial information in its large scale
changes.

The zonal mean climate of the Wonderland model is
very similar to that of the full model n. We illustrate here
only the zonal mean temperature, zonal wind and mass
stream function (Figure 4). The winter low level tempera-
ture inversion at high latitudes is too weak in the model
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55

Longitude (degrees)

Fig. 3. Geography of Wonderland. The GCM computa-
tional grid is indicated.

DJF Zoool Wind (m s')

and the summer high latitude stratosphere is too cold, the
latter problem shared with many other models. The meri-
dional circulation, in both the Hadley and Ferrel cells, is
weaker than observed, but similar to model EL A more
comprehensive documentation of the Wonderland model
is in preparation (Hansen et al., 1994).

In addition to the above standard version of the Won-
derland model, we have used other versions of the model
in which specific feedback processes are prohibited from
operating, for example, either the clouds or the sea ice being
held fixed. The purpose of these alternate versions is to
allow us to study the role of each feedback process in af-
fecting climate sensitivity, as well as to provide informa-
tion on how atmospheric and surface processes affect the
diurnal cycle of surface air temperature.

All these versions of the model have an ocean mixed
layer of seasonally varying depth with specified horizontal
heat transports (Hansen et al., 1993a; 1994). As in the
model described by Hansen et al. (1984), the ocean heat
transports are obtained as the implicit ocean transports in
the first control run of the model, which has specified sea-
sonally varying sea surface temperatures.

Because we find that cloud changes must be the key
factor causing observed changes of the diurnal cycle of
surface air temperature, let us clarify how clouds are
calculated or specified in the Wonderland model.
Calculated clouds have the same properties as in model II
(Hansen et al., 1983), with the optical thickness fixed as a

60 -30 -60 -90 90 60 30
(a)
JJA Zonal Wind (m s')

DJF Stream Function ( )0 9 kg s*') DJF

-30 -60 -9090 60 30
(0

0 -30 -60 -90
(e)

JJA Stream Function (IP9 kg s'1) JJA

1000
90 60 30 0 - 3 0 -60 - 9 0 9 0 6 0 30 0 ^30 -60 - 9 0 9 0 60 30 6 -3O -60 - 9 0

LATITUDE (b) LATITUDE (d) LATITUDE (f)

Fig. 4. Zonal mean temperature (a,b), zonal wind (c,d), and mass stream function (e,f) in the Wonderland model control
run (years 51-100). The upper figures axe for Dec-Jan-Feb and the lower for Jun-Jul-Aug. Compare to obsenations
and model II results in Figs. 20,29 and 31 of Hansen et al. (1983).
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Fig. 5. Annual-mean global-mean surface air temperature in four control runs of the Wonderland model. Each of the
runs had a 100 year spin-up, and the temperature illustrated is the deviation from the 101-300 year mean, o is the
standard deviation about this 200 year mean. The run with all feedbacks included was run an additional 600 years
(Figure 8); the standard deviation for the full 800 years is also a = 0.13°C.

function of model layer and clouds prohibited from
occurring in the top two layers of the model (above ISO
mb). "Fixed clouds" were obtained by saving the computed
clouds at every time step, gridbox and atmospheric level
in one year of the model control run with computed clouds.
Thus in the experiments with fixed clouds, the clouds vary
spatially, diurnally and seasonally, but they are the same
every ye*r and they are the same in the relevant control
run ?s in the experiment runs. Although clouds are not
allowed to change as a climate feedback mechanism in the
model with fixed clouds, in some experiments we insert
specified cloud changes at particular levels or geographic
locations in order to determine their influence on the diurnal
cycle. This approach for analyzing the relation between
clouds and the diurnal cycle is dictated by the large

uncertainty in the nature of anthropogcnically forced cloud
changes as well as by our inability as yet to model clouds
reliably as a climate feedback mechanism.

CONTROL RUNS

The global mean temperature in 200 year periods of
four control runs is shown in Figure 5. Variability of
temperature is largest when all feedbacks are allowed to
operate, as expected since in the model both sea ice and
clouds are positive feedbacks (Hansen et al., 1984). The
standard deviation of annual-mean global-mean surface air
temperature is 0.13°C in the case with all feedbacks, 0.09°C
with fixed sea ice, 0.060°C with fixed clouds, and 0.058
with fixed sea ice and clouds.



- 3 0 6 -

AwpCC) Fixed Clouds A«p(°C) All Feedback
Warw Period 1 - Cool Period 1

Harm Period 2 - Cool Period 2
12 16

Fig. 6. Annual mean amplitude of the diurnal cycle of sur-
face air temperature in two control runs of the Wonderland
model.

Analysis of surface air temperature variability in the
standard (all feedbacks included) version of the
Wonderland model (Miller and DelGenio, 1994) has shown
that part of the variability is associated with a positive
interaction between low latitude sea surface temperature
fluctuations and cloud cover, which is at least partly an
unrealistic aspect of the cloud parameterization in model
II. Additional variability is associated with a positive
interaction between sea ice fluctuations and local cloud
cover. These positive interactions, or feedbacks, among
the global climate feedbacks are manifested in the standard
deviations given above for the four control runs in Figure
S. Because of uncertainty about the realism of modeled
cloud feedbacks, our analyses of the diurnal cycle use both
fixed cloud and calculated cloud models.

The simulated amplitude of the diurnal cycle of
surface air temperature, Amp, is shown in Figure 6 for two
control runs of the coarse resolution (7.86 x 10 degree, 9
layer) Wonderland model. Amp depends relatively little
on whether the radiative feedbacks, including water vapor
change (not illustrated), are allowed to operate or not al-
lowed to operate.

Kukla and Karl (1993) ask whether the observed near-
global decrease of Amp by about 0.5°C could be a result
of natural climate variability. We have looked at the
unforced variability of Amp in the our global climate mo-
dels in several ways. First, because one might expect large
global changes of Amp to occur in conjunction with ex-
treme global temperatures, we compared Amp in cool and

4

Fig. 7. Change of T, and Amp between cool and warm pe-
riods in the control run with all feedbacks operating (see Fig.
5). The maps show the differences: warm period 1 minus
cool period 1, and warm period 2 minus cool period 2.

warm decades of the control run with all feedbacks allowed
to operate. Figure 7 shows the change of the diurnal am-
plitude from cool to warm periods, for which the corre-
sponding global mean surface air temperature changes were
about 0.3°C. Substantial changes of the diurnal amplitude,
a large fraction of a degree, occur in any given region.
Some of the diurnal changes over land are associated with
long-term fluctuations of soil moisture, while the largest
diurnal changes over ocean are in association with fluctu-
ations of sea ice cover. Thus it is clear that considerable
intcrannual and long-term changes of the amplitude of die.
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Fig. 8. Annual and 10-year running mean changes of Amp over land for the control run of the Wonderland model with
aH feedbacks allowed to operate. The change of global mean temperature is shown for comparison.

diurnal cycle can occur regionally without any climate
forcing. However, the changes of Amp averaged over all
land were found to be only -0.09 and -0.08°C in the intervals
of Figure 7.

Figure 8 shows the interannual and decadal changes
of Amp over land and global T, for 800 years of the con-
trol run with all feedbacks allowed to operate. There is
some (negative) correlation of Amp over land with global
T(, as expected, since the amount of water vapor over land
tends to increase with higher global temperature. Other
mechanisms can be examined via Figure 9 which shows
changes of several quantities between two decades having
a large difference of Amp averaged over global land. The
largest regional variations of Amp are associated with chan-
ges of soil moisture, evaporation and cloud cover. How-
ever, the largest change of Amp between any two decades,
averaged over global land, is only about 0.2°C, and the
trend over any 40 year period is considerably less. We

conclude that observed changes of Amp over land by 0.5°C
cannot be a result of natural variability unless there are
mechanisms of variability several times larger than those
in our model, which seems to us to be unlikely.

2xCO2 AND ±2% So EXPERIMENTS

It is instructive to examine first the change of diurnal
cycle for the climate forcings used by Manabe and
Wetherald in their classical experiments (Manabe and
Wetherald, 1975; Wetherald and Manabe, 1975): a dou-
bling of atmospheric carbon dioxide and a two percent
change of solar irradiance. For intercomparison of these
and other forcings it is useful to specify the magnitude of
all forcings in the same units. For that purpose we choose
the instantaneous forcing, defined as the radiative flux
change at the 150 mb level, approximately the tropopause,
in a one year run of the model with the radiative forcing
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Fig. 9. Regional changes of several quantities between the two decades having the largest difference of Amp averaged
over land in the Wonderland control run in which all feedbacks are allowed to operate. The quantities illustrated are
surface air temperature, diurnal amplitude of surface air temperature, ground wetness, evaporation, cloud cover and
planetary albedo. Changes are for years 521-530 minus years 481 -490.

mechanism inserted but with all global properties including
temperature held fixed. Elsewhere (Hansen et al., 1994)
we illustrate quantitatively the merits of alternative mea-
sures of climate forcing. The instantaneous flux change at
150 mb is an adequate measure of climate forcing for the
purposes of analyzing changes of the diumal cycle.

Global maps of this climate forcing are shown in Fig-
ure 10 for the 2xCO2 and +2% So experiments. The 2xCO2

forcing is much more globally uniform than the +2% So

forcing, which is more concentrated toward low latitudes.
The forcing for -2% So is the negative of that for +2% So.

The equilibrium surface air temperature change is
shown in Figure 11 for all three forcings (2xCO2, +2% So,
and -2% SJ for two versions of the model (fixed clouds
and the standard version of the mode! with all feedbacks
operating). Additional feedbacks, other man clouds, and
their interactions are examined by Hansen et al. (1994).
We note here only that there is a reinforcing interaction
between the sea ice and cloud feedbacks, which increases
toward colder climates as greater regions of sea ice come
into play, as is most evident in the Southern Hemisphere
in the -2% So experiment We do not know whether this
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F(W/»2) 2 x C02 F(H/«2) 2% So Fig. 10. Climate forcing for 2xCO2 and +2%SO experiments,
defined as the instantaneous radiative flux change at the
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Fig. 11. Equilibrium
surface air temperature
change, ATa(°C), for three
global climate forcings,
for two versions of the
Wonderland model.
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Fig. 12. Equilibrium change of the diurnal ampHtude of surface air temperature variations, AAmpfC), for the same
three climate forcings and two versions of the Wonderland model as in Fig. 11.

interaction is realistic, but it does not significantly affect
our conclusions in this paper, which are based on observed
changes of the diurnal cycle over land.

The change of the amplitude of the diurnal cycle for
these same six experiments is shown in Figure 12. Solar
irradiance change is an example of a forcing which does
not itself alter the opacity of the atmosphere in either the
shortwave (solar radiation) or longwave (terrestrial radia-
tion) spectral region. The global damping of the diurnal
cycle with increasing solar irradiance is primarily a result
of increasing atmospheric water vapor, which reduces

nighttime cooling. The damping is larger over land than
over open ocean. The largest damping occurs where sea
ice cover decreases. Doubled carbon dioxide increases
the damping of the diurnal cycle compared to increased
solar irradiance, because carbon dioxide itself increases
the atmospheric longwave opacity, but the carbon dioxide
impact is much less than that of water vapor.

Figure 13 and the first six lines of Table 1 summa-
rize the changes of Tt and Amp averaged over all land in
Wonderland (excluding the ice sheets of Friesland and
Whiteland), averaged over all land at latitudes 31-5SN (the
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Fig. 13. Equilibrium response of surface air temperature parameters T,(°C) andAmp(°C) in two versions of the Wonderland
model for three global climate forcings.

latitudes where the largest number of real world ob-
servations are available), averaged over the Industrial
Region of Northland (where, in some experiments, the
forcing is more concentrated), and averaged over a remote
ocean region at low and southern latitudes (analogous to a
region in the real world with observations reported by
Salinger, 1993). These regions, identified in Figure 3,
provide some indication of the spatial inhomogeneity of
the response, and are helpful for specific discussions later
in the paper.

Several conclusions are suggested by these exper-
iments and supported by experiments for a number of ad-
ditional radiative forcings as described later in this paper
and by Hansen et al. (1994). Changes of T, and Amp are

reasonably linear as a function of the forcing over a range
of forcing (±2%S) which is at least as great as that occurring
in the past century. The main nonlineariry occurs in the
standard model (all feedbacks allowed) in the region of
Southern Hemisphere sea ice, where the sea ice and cloud
feedbacks reinforce each other and are more effective for
a colder climate with more sea ice. A corollary is that
changes in Amp for a given type of forcing are approxi-
mately proportional to the calculated equilibrium global
temperature change, so we can estimate changes of Amp
for smaller forcings by reducing the calculated values in
proportion to the global temperature change.

Let us define the normalized changes of the ampli-
tude and asymmetry of the diurnal cycle as the calculated
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Table 1. Changes of surface air temperature and diumal cycle parameters in GCM experiments with a variety of
globally uniform radiative forcings. All of these experiments have fixed clouds except the three experiments indicated
as "all feedbacks." The "land" results refer to the mean for all land in Wonderland excluding the ice-covered continents
Whiteland and Friesland. Ozone changes are for a doubling of the climatological amount in the indicated layers.

Experiment

2xCO2 (fixed clouds)
+2% So (fixed clouds)
- 2 % Sa (fixed clouds)

2xCO2 (all feedbacks)
+2% So (all feedbacks)
- 2 % So (all feedbacks)

Ghost (surface)
Ghost (layer 1)
Ghost (layer 4)
Ghost (layer 7)
Ghost, 8W/m2 day (layer 1)
Ghost, 8W/m2 night (layer 1)

Ozone (layer 1)
Ozone (layer 4)
Ozone (layer 7)
Ozone (layer 10)

no trop. aerosols
trop. aerosols Ar=0.1
strat. aerosols AT=0.1

+5% clouds (layer 1)
+5% clouds (layer 4)
+5% clouds (layer 6)
+5% clouds (layer 7)

Greenhouse gases only

ghg+sulfate (AT=0 .057 )

ghg+low clouds (Agcc=1.2%)

ghg+mid clouds (Agcc=2.3%)

4.35
4.39

-4.39

4.35
4.39

-4.39

4.00
4.00
4.00
4.00
4.00
4.00

.23
2.00
4.66
-.69

2.61
-2.44
-3.09

-5.60
-3.01

.76
1.25

2.38

.99

1.00

1.00

global

2.70
2.88

-3.05

3.64
3.22

-4.70

2.82
2.89
2.44
2.34
2.84
2.91

.18
1.24
1.83
-.16

1.59
-1.55
-1.76

-3.85
-1.65

.49

.71

1.58

.65

.67

.77

AT,

all
SH-NH land

-.17
-.14
-.51

.39

.27
-3.41

-.20
-.16
-.10
-.18
-.14
-.19

-.01
.00

-.11
-.04

.13
-.11
-.24

-.53
-.10
.06

-.03

-.01

.05

.03

.06

2.80
3.02

-2.93

3.56
3.26

-3.48

3.03
2.95
2.53
2.55
2.91
3.04

27
(.26
1.99
-.15

1.59
-1.53
-1.71

-3.63
-1.61

.47

.75

1.61

.67

.68

.79

AAmp

all
land

-.44
-.32
.38

-.64
-.44
.71

-.69
-.36
-.37
-.37
-.29
-.43

-.39
-.37
-.29
-.02

.02

.15

.21

.19

.03
-.10
-.12

-.27

-.15

-.21

-.26

all
land

-.08
-.05
.06

-.09
-.07
.10

-.11
-.06
-.07
-.07
-.05
-.07

-.00
-.02
-.04
-.02

.01

.05

.06

.03

.01
-.10
-.08

-.08

-.11

-.15

-.16

"AAmp

mid
lat.

-.06
-.04
.03

-.09
-.06
.13

-.09
-.04
-.04
-.05
-.03
-.05

-.00
-.01
-.03
-.02

.03

.01

.02

-.02
-.03
-.06
-.03

-.07

-.08

-.15

-.16

indus.
region

-.09
-.03
.04

-.12
-.06
.17

-.10
-.03
-.05
-.05
-.03
-.04

-.00
-.01
-.03
-.01

.07

.03

.01

-.03
-.04
-.01
-.01

-.07

-.07

-.19

-.21

remote
ocean

-.02
-.01
.01

-.01
-.01
.04

—

—

.01

-.01
-.04
-.02

-.02

-.05

-.02

-.07

"AAsym

all
land

.013

.014
-.013

014
.015

-.015

.019

.012

.016

.019

.015

.009

.001

.003

.010

.007

.005
-.011
-.018

-.015
-.013
.016
.014

.013

.015

.011

.013

changes reduced to their values for a global warming of
0.5°C, i.e..

and

"AAmp = AAmp x[0.5/IAT,l] (4)

"AAsym = AAsym x [0.5/IAT,!], (5)

where AT, is the surface air temperature change averaged
over all land excluding the ice sheets of Whiteland and
Friesland. As summarized in Table 1, the calculated
damping of the diurnal cycle corresponding to a global
wanning of 0.5°C is only about 0.1 °C for either solar ir-
radiance or CO2 changes, far smaller than the observed
AAmp of about 0.5°C.
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Tabte 2. Changes of surface air temperature and diurnal cycle parameters in GCM experiments with a variety of inho-
mogeneously distributed radiative forcings. All of these experiments have fixed clouds except the second greenhouse
gas plus sulfate experiment, which allowed all model feedbacks to operate. The land" results refer to the mean for all
land in Wonderland excluding the ice-covered continents Whiteland and Friesland.

Experiment

sulfate Ax=0.33

+3% clouds (layer 1)
+3% clouds (layer 4)
+3% clouds (layer 7)

ghg+sulfate (At=0.25)

ghg+sutfate (all feedbacks)

ghg+1.6% clouds (layer 1)
ghg+2xAt (layer 1)
2xAx(layer7)
ghg+1.2% ctouds+AT=0.06

ghg+R&E suifate (0=0.95)
+1.13% low cloud (°c AT)

gbg+R&E suifate (0=0.95)
+I5%tow+1.5%high clouds

-1.84

-2.59
-1.20

.77

.99

.99

.98
1.38
.91

1.02

.99

1.03

global

-1.09

-1.51
-.52
.48

.73

1.33

.75

.91

.44

.72

.65

.67

AT.

SH-NH

.52

.66

.07
-.02

.43

.88

.46

.46
-.10
.41

.62

.77

all
land

-1.45

-1.90
-.44
.51

.51

.93

.51

.62

.51

.50

.43

.40

AAmp

all
land

-.03

-.37
-.35
-.11

-.27

-.40

-.43
-.23
-.07
-.37

-.30

-.38

all
land

-.01

-.10
-.39
-.11

-.27

-.21

-.42
-.19
-.07
-.37

-.35

-.47

"AAmp

mid
lat.

-.09

-.18
-.58
-.09

-.33

-.36

-.55
-.24
-.02
-.51

-.58

-.81

indus.
region

-.12

-.25
-.33
-.16

-.32

-.50

-.66
-.27
.02

-.75

-.86

-1.34

remote
ocean

.01

.02

.05
-.03

-.06

-.01

-.03
-.05
T.04
-.02

-.07

-.04

"AAsym

all
land

-.005

-.012
-.005
.014

.027

.024

.012

.034

.012

.013

.025

.030

A principal conclusion of these experiments is that
die change of atmospheric opacity associated with plausible
carbon dioxide and solar irradiance forcings is much too
small to decrease the amplitude of the diurnal cycle by
0.5°C. We show below mat mis result is general to a much
larger group of climate forcings, provided that the forcings
are distributed globally, i.e., with the same optical depth
over ocean as over land. The calculated damping of the
diurnal cycle, less than 0.1 °C averaged over all land areas,
is primarily aresult of the atmospheric water vapor increase
associated with a global wanning of 0.5°C. The added
effect of carbon dioxide opacity itself is small, still leaving
the total damping at less than or about 0.1 °C. This result
does not depend upon whether or not cloud feedbacks are
allowed to operate in the model. Of course the result must
be qualified by the caveat mat the real world may have
changing sources of atmospheric opacity other than those
included in our model, or those in our model may be unre-
alistically simulated. But the huge discrepancy with the
observed AAmp, more than a factor of five, makes model
deficiencies an unlikely explanation.

Another conclusion of these simulations and those
described below is that changes of Asym, when scaled to
their values for global temperature change of 0.5°C or less,
are small (Tables 1 and 2). Thus the two parameters Ta

and Amp can adequately describe the diurnal temperature
change.

OTHER GLOBAL FORCINGS

We have carried out simulations with the Wonder-
land model using a large number of additional climate for-
cings. Figure 14 and Table 1 summarize the change in the
amplitude of the diurnal cycle of surface air temperature
for several global climate forcings. The results in Figure
14 all refer to the model with fixed clouds. We have nor-
malized the results for each forcing, using equation (4), to
the response for a global temperature change ± 0.5°C.

The "ghost" forcings refer to a heating introduced at
arbitrary specified times and places, usually with a global
average value of 4 W/m2. The ghost forcings illustrated in
Figure 14 were introduced in a given atmospheric layer.
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nA Amp (°C) over Land, Global Forcings
(all forcings give global AT, = ±0.°5C)
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Fig. 14. Change of the amplitude of the diurnal cycle of surface air temperature in the Wonderiand model for several
global dimate forcings. Results are scaled to those for a forcing of magnitude required to yield AT, = ±0.5°C. Clouds
are fixed in all of the experiments, but the last three experiments contain specified cloud changes; Agcc is the cloud
cover change in percent of the total area of the Earth.

with the forcing uniform around the globe and constant in
time. Layer 1 is the lowest layer of the atmosphere (984-
934 mb, on global average), layer 4 is about the middle of
the troposphere (720-550 mb), and layer 7 is near the top
of the troposphere (255-150 mb).

In tropospheric sulfate aerosol experiments, the
aerosols were placed in the lowest three model layers (984-
720 mb, on global average; Hansen et al., 1983) with equal
optical depths in each layer, because layer thickness increa-
ses with height, the aerosols were concentrated toward the
ground. Tests with an alternative vertical distribution of
aerosols showed no significant change. The aerosol optical
depth required to yield an equilibrium global cooling of
0.5°C, about 0.032, can be compared with the optical depth
0.017 estimated by Charlson et al. (1991) as the global
mean anthropogenic sulfate amount in 1990. Stratospheric
sulfate aerosols yielded the same change of diurnal ampli-
tude, +0.5°C, as tropospheric aerosols (Table 1).

The cloud cover changes were made in the regions
that were cloud-free in the control run, i.e.,. in gridboxes
without clouds in any layer, thus maximizing the impact of

the cloud change. The units for cloud cover (gcc) are the
percentage of the total area of the globe, thus the change
of high clouds required to yield AAmp = -0.1°C reduces
the cloud free portion of the model by 3.3%, from 45.2%
(in the control run) to 41.9%.

The dependence of AAmp upon the altitude of the
forcing is illustrated in Figures 15 and 16 for global ghost,
ozone and cloud forcings. A100 year GCM run was made
for each forcing inserted individually into each model layer.
The ghost forcing was a uniform 4 W/m2. The ozone
forcing was a doubling of ozone in the layer. The cloud
forcing was an increase of the clouds in that particular layer
such as to reduce the cloud-free fraction of the globe by
5% of the area of the globe. Only two cases yielded "AAmp
more than 0.1°C,and both are physkallyiinpiausible. One
case was ozone increase in the lower stratosphere, but the
change of "AAmp was only about 0.2°C and the required
ozone change (a doubling of the climatological ozone
amount in that layer) is unrealistic. The second case was
for a cloud increase near the height where albedo cooling
and greenhouse wanning cancel (between layers 5 and 6,-
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Fig. 15. Change of the amplitude of the diurnal cycle of surface air temperature (normalized to AT, = 0.5"C) in the
Wonderland model for a globally uniform "ghost" climate forcing as a function of the pressure level at which the forcing
is introduced. Results are shown for both the model with fixed clouds and the model with all feedbacks (water vapor,
sea ice and clouds).
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nAAmp(°C)

o 0.1

Fig. 16. Change of the amplitude of the diurnal cycle of surface air temperature In the Wonderland model for specified
global changes of ozone or cloud cover. The amplitude changes for ozone change refer to a doubling of ozone amount
in each layer. Clouds are fixed in all of the model runs, but the experiments on the right include a specified cloud
change at a given atmospheric level, as required to yield a temperature change of ±0.5*C over land; cloud increaee In
the lowest 5 layers yields cooling, while cloud increase in layers 6 to 9 causes warming.

i.e., about 400 mb or 7-8 km), but an implausibly large
global cloud cover change would be needed to yield the
observed change of diurnal amplitude, as discussed below.
Although most of the results we have illustrated are for the
model version with fixed clouds, many calculations also
were made using the model with calculated clouds, with
qualitatively similar results.

The results illustrated in Figure 12-16 and Table 1
do not reveal any plausible globally uniform climate for-
cing which can produce a decrease of Amp by 0.5°C while
at the same time producing a global wanning of only 0.5°C.

Indeed, with individual globally uniform forcing* the dis-
crepancy with observations is about a factor of five.

It is reasonable to next ask whether some combina-
tion of these forcings could increase the magnitude of
AAmp. A promising approach would be to combine a lar-
ger amount of greenhouse gases (with a forcing as much
as 2 W/m2 being perhaps conceivable) with an amount of
tropospheric aerosols appropriate to limit the global warm-
ing to 0.5°C. These changes damp the diurnal cycle by
several mechanisms: the aerosols reduce die solar heating,
while both the aerosols and the additional greenhouse |
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"A Amp ("O over Land, Forcings over Land
(ad forcings give global land AT, = ±0.5°C)
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Fig. 17. Change of the amplitude of the diurnal cycle of surface air temperature in the Wonderland model for specified
changes of aerosols or clouds over land areas. The model has fixed clouds, except for the specified changes. The
results are normalized to a global temperature change of ±0.5°C [cf. Equation (4)].

increase the atmospheric infrared opacity, thus reducing
nighttime cooling. But quantitative examination reveals
that these mechanisms provide little help. The reason is
that most of the diurnal damping is due to increasing water
vapor, and as long as the global wanning is held to 0.5°C
the water vapor contribution changes little from one ex-
periment to another. None of the forcings which rely on
change of water vapor to decrease Amp yield a change of
Amp approaching the observed value, as long as the global
temperature increase is only 0.5°C, because the atmospheric
temperatuie exerts such a strong control on the amount of
water vapor in the air.

The only apparent mechanism capable of producing
such a large change of AAmp involves a change of clouds.
Indeed, an increase of clouds is often cited as a qualitative
explanation for the observed decrease of the diurnal
amplitude of surface air temperature. Because of the
dominating influence of cloud changes on global average
changes of the amplitude of the diurnal cycle, we discuss
the impact of cloud changes in some detail.

First consider an increase of low clouds. By itself,
an increase of low clouds causes global cooling and in-
creases the amplitude of diurnal surface air temperature
variations (Table 1, Figures 14 and 16). AAmp increases
because the reduced water vapor more than offsets the fact
mat added clouds decrease solar heating of the surface and
decrease longwave cooling. The only way that a low cloud
change can contribute significantly to a reduction of Amp

is if the low cloud increase is combined with a larger posi-
tive forcing such as increasing greenhouse gases. As an
extreme example we first use the 1850-1990 increase of
homogeneously mixed greenhouse gases (CO, 285-354
ppm; CH4 0.80-1.25 ppm; N2O 285-296 ppb; CFCs as per
Hansen et al., 1989), which causes an instantaneous forcing
of 2.4 W/m2, and combine this with an increase of low
clouds (Agcc = 1.2%) which reduces the net forcing to 1
W/m1. The resulting equilibrium normalized change of
amplitude averaged over land areas is "AAmp » -0.15°C
(Table 1). Thus even with an exaggerated greenhouse
forcing [the forcing of these greenhouse gases for the
interval 1950-1990 is about 65% of that for the interval
1850-1990 (Hansen et al.,1989)] a global increase of low
clouds cannot achieve the observed 0.5°C damping of the
diurnal cycle.

Middle level clouds are no more effective at damp-
ing the diurnal cycle, if the cloud change is distributed glo-
bally. The middle level clouds do not cool the surface as
strongly as the low level clouds, and thus it is feasible to
add a greater amount of middle level clouds. But the net
result of combining middle level clouds with a greenhouse
forcing of 2.4 W/m2 is still only "AAmp > -0.16°C (Table 1).

Next consider an increase of high level clouds, spe-
cifically level 7 in the GISS model (255 to 150 mb, about 10
to 14km), wruchbascimis clouds offixed optical depm 0.33.
An increase of such cirrus clouds causes global warming and
damps the diurnal cycle. For a global wanning of 0.5°C the
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damping of the diumal cycle is -0.08°C (Table 1). This is
only about the same or slightly greater than the normalized
AAmp for CO2 or So changes, and far less than observed.

An effective way to achieve a large damping of the
diurnal cycle via cloud changes, with a feasible change of
net climate forcing, is to combine increases of high clouds
and low clouds. An increase of high clouds by Agcc=20%
(i.e., 20% of the area of the globe) with a low cloud in-
crease of 4% would damp the diurnal amplitude by about
0.5°C. However, this is not a realistic possibility, since a
reduction of the cloud free area of the Earth from about
45% to about 20% would not have gone unnoticed.

MORE REALISTIC FORCINGS

It is informative to compare the above results, in
which none of the known global climate forcings yields a
damping of the diurnal cycle approaching the observed
changes, to the results of Hansen et al. (1993a), the latter
published in Research and Exploration and hereafter refer-
red to as R&E. Although the R&E calculations were carried
out with the purpose of determining the expected mean
temperature changes for various climate forcings, one of
the experiments was examined for diumal cycle changes.
With forcings that included greenhouse gases, tropospheric
aerosols, and low cloud increases associated with the aer-
osols, it was found that a substantial damping of the diurnal
cycle occurred, about -0.25°C averaged over all land and
-0.6°C in the region of large aerosol increase (the area la-
beled "Industrial Region" in Figure 3).

There are two fundamental differences between the
simulations in R&E and those in the earlier sections of this
paper. First, the aerosol and cloud forcings in R&E were
not globally uniform, but rather were concentrated more
heavily over land areas. This difference is the primary
reason that a larger damping of the diurnal cycle was ob-
tained in the R&E study. Second, the results in R&E were
the transient response to a transient forcing, while the above
results are the equilibrium response to fixed forcings. This
difference is less important id affecting the magnitude of
the diurnal damping, but, as explained below, it is important
to understand the different response times for the mean
temperature (AT,) and the diurnal damping (AAmp).

Forcings over land. Long-lived greenhouse gases,
stratospheric aerosols, and solar irradiance changes occur
about equally over land and ocean. However, anthro-
pogenic aerosols, and thus also probably anthropogenic
cloud changes, are more concentrated over land. Therefore
we illustrate first in Figure 17 and Table 2 the impact of
aerosol and cloud changes which are uniform over land
and zero over ocean.

A sulfate aerosol optical depth 0.33 over all land
yields an equilibrium cooling of -1.5°C over land and
damps the diurnal cycle over land by -0.03°C. Normalized
to a cooling of -0.5°C over land, requiring an aerosol optical
depth 0.11, implies a diurnal amplitude change -0.01°C.
Thus this aerosol is able to approximately cancel the in-
crease of the diurnal amplitude which would normally be
caused by the water vapor decrease associated with a cool-
ing of 0.5°C. But the aerosol optical depth is much larger
than estimates for the real world, and, even if combined
with greenhouse warming, aerosols do not yield a damping
of the diurnal cycle as great as observed changes.

Cloud changes over land have a large impact on the
amplitude of the diurnal cycle over land. For a given change
of cloud cover, low clouds cause the greatest decrease of
the amplitude of the diurnal cycle (Table 2). However,
when normalized to a temperature change over land of
0.5°C (Figure 17), middle level clouds have a larger im-
pact on the amplitude of the diurnal cycle. High clouds
have little direct impact on the diurnal cycle, their main
influence being through increased water vapor associated
with global warming.

Clearly there are different combinations of cloud
changes over land which, combined with greenhouse warm-
ing, are capable of substantially damping the diurnal cycle.
Unfortunately, available cloud observations are not suffi-
ciently accurate to specify actual cloud changes to the requi-
red precision. Low clouds are usually assumed to be the
most affected by anthropogenic aerosols. But there may
also be anthropogenic high cloud changes, for example, as
a result of aircraft emissions. Nor can we rule out signifi-
cant changes of middle level cloud cover, even though such
clouds are less abundant than low and high clouds. In the
following simulations we consider principally low level
cloud changes, because of the considerable evidence about
the importance of low level anthropogenic sulfate aerosols
and their likely influence on clouds (Charlson et al., 1992).

The combined effects of changes of greenhouse gases,
aerosols and clouds are illustrated in Figure 18 and Table
2. The forcings employed are somewhat larger than ex-
pected for the period 1950-1990, in order to provide a good
signal-to-noise ratio. The greenhouse gas change, for
example, is that estimated for the period 1850-1990
(Hansen et al., 1989), yielding an instantaneous forcing at
the tropopausc of 2.4 W/m2 (about 2.1 W/m2 "adjusted"
forcing, if stratospheric temperature is allowed to equili-
brate). But the greenhouse forcing for the interval 1950-
1990 is almost two-thirds of that for the entire 1850-1990
period, so the forcing is not too inappropriate even for the
limited interval of the past four decades. For the sake of
obtaining a uniform comparison, we combine the green-
house gas forcing with the amount of aerosols and/or clouds
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Fig. 18. Change of the amplitude of the diurnal cycle of surface air temperature in the Wonderland model for specified
changes of global greenhouse gases plus aerosols and/or clouds over land areas. The net forcing is 1 W/m* in all
cases. The aerosols and clouds are uniformly distributed over lane in the first three cases, and according to the
distribution of Fig. 19 in the fourth case.

required to yield a net (instantaneous) forcing of about 1
W/mJ. The use of a net 1 W/m2 forcing achieves a normali-
zation to a warming close to 0.5°C; simple use of equations
(4) and (5) would not be valid for combinations of positive
and negative forcings.

The first case in Figure 18 has global greenhouse gas
forcing and tropospheric sulfate aerosols of optical depth
0.25 over land. This combination yields a damping of the
diurnal cycle of about 0.3°C over land, but the amount of
aerosols is unrealistically large, more than a factor of four

larger than the estimate of anthropogenic sulfate by
Charlsonetal.(1991). The second case, greenhouse gases
plus low clouds (Agcc • 1.6%), yields a damping of about
0.4°C averaged over all land, and 0.55°C at middle lati-
tudes, where most of the observations of diurnal cycle
changes are available. The third and fourth cases in Figure
18 have global greenhouse gases, a realistic aerosol optical
depth [0.017 averaged over the globe, the value estimated
for anthropogenic sulfates by Charlson et al., (1991), equi-
valent to about 0.06 over land], and an increase of low
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Fig. 19. Geographical distribution of aerosol optical depths
in the Wonderland model for the fourth case of Figure 18.
This is the same distribution used by Hansen et a!. (1993a),
based on the anthropogenic sulfate global and zonal
amounts of Charlson et al. (1991), using an analogous
spatial dispersion over land at the same latitudes of
Wonderland.

level clouds. In the third case the aerosol and cloud changes
are distributed uniformly over land, while in the fourth case
these changes have a spatial distribution meant to be more
characteristic of anthropogenic sulfate (Figure 19).

The geographical distributions of the equilibrium AT,
and AAmp for these same four forcings are shown in Figure
20. In the three cases which include cloud changes the
magnitude of the damping of the diurnal cycle is compar-
able to that observed, of the order of 0.5°C at middle lati-
tudes. AAmp is somewhat smaller when averaged over all
land (Figure 18), but given the distribution of observations
[(Figures 1 and 2 of Karl et al., (1993)], the middle latitude
result is perhaps as relevant as the all-land result.

A larger AAmp can be obtained by including some
middle and high level cloud changes, in addition to the
low clouds (Tables 1 and 2). However such refinements
are not very meaningful, given the absence of sufficiently
precise data on cloud changes. We conclude only that cloud
changes over land are capable of damping the diurnal cycle
to a degree comparable to observations.

We note that AAmp in the last three cases of Figure
18 is about 0.1 °C larger than in the case examined in R&E
(Hansen et al., 1993a). The reason is that the case in R&E
contained also biomass burning aerosols, with a global
mean optical depth equal to that of the sulfate aerosols;
the biomass aerosols were distributed more over the oceans
(Figure 16 in R&E), and it was assumed that the biomass
aerosols were equally as effective as sulfate at increasing
cloud cover. Thus with the constraint of 0.5°C wanning
over global land, the cloud change over land was smaller
than in the cases we have examined here. If one argued
that the results in Figure 18 are closer to observations than
those in R&E, it might suggest either that the anthropogenic
increase of biomass burning aerosols is less than the an-
thropogenic increase of sulfate aerosols, or that biomass
aerosols are less effective at increasing cloud cover.
However, we do not believe that the present observational
data allow such refinements.

We also note that we have focused on changes of
cloud cover, rather than changes of cloud optical depth.
Although it is believed that aerosols influence both of these
cloud properties, changes of cloud optical depth have less
impact on the diurnal cycle of surface air temperature. This
is illustrated by simulations (Table 2) in which we doubled
the optical depth of all large scale clouds in layer 1 ("stra-
tus") and, separately, doubled the optical depth of all large
scale clouds in layer 7 ("cirrus"). Although cloud cover
changes are required to yield the observed magnitude of
AAmp, increased cloud optical depth may contribute to
the observed effect.

One significant feature in the observed spatial distri-
bution of diurnal cycle changes is the small change obser-
ved in remote parts of the ocean. Salinger (1993) exa-
mined the change of diurnal cycle for a large region of the
ocean east of Australia, from about ION to 55S latitude,
covering about 40 degrees of longitude. He found that the
damping of the diurnal cycle was only about 0.1°C, as
opposed to the 0.56°C damping found by Karl et al. (1993)
for largely continental regions. This is consistent with dam-
ping by increased water vapor and homogeneously mixed
greenhouse gases at these remote regions, with little effect
from aerosol and cloud changes. Of course a gridbox that
is mostly ocean would not be expected to show much
change in diurnal cycle in any case, averaged over the grid-
box, but the effect of aerosol and cloud changes would be
expected to show up on the islands. Thus the small diurnal
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GHG + Aerosol GHG * Low Clouds CHC + Aer/Clds(iinif) CHG + Aer/Clds(R&E)

CHC + Aerosol CHG + Low Clouds GHG + Aer/CIds(unif) GHG + Aer/Clds(R&E)

Fig. 20. Equilibrium change of the mean and diurnal amplitude of surface air temperature, AT, and AAmp, for the same
four climate forcings as in Figure 18.

change observed by Salinger provides a useful confirmation
of our interpretation about the continentality of that climate
forcing which is principally responsible for large observed
diurnal changes.

Transient response. One unrealistic feature of the
above simulations is the fact that they each represent the
equilibrium response to a fixed forcing, rather than the
transient response to transient forcings. The reason for
this approach is our desire to isolate the variables for the
sake of analysis, and also to minimize computational
requirements. The principal transient effects can be
understood in fairly simple ways.

The large thermal inertia of the oceans implies that
the response time of the surface air temperature to a given
radiative forcing is at least several decades. Thus transient
effects are important for surface air temperature, because
most of the anthropogenic forcings date from recent
decades. Although the response time of the climate system
is quite uncertain, because it depends strongly on climate
sensitivity, it is estimated that the current (realized) response
to anthropogenic greenhouse gases is between about 1/3
and 2/3 of the equilibrium response (Hansen et al., 198S).
A useful indication of transient effects can be obtained by
examining the intermediate (transient) response in our
experiments above with fixed forcings.



- 3 2 1 -

GBG -<• Aer/Clds (unifoni)

Mean ATs = 0 . 3 3 ^ Mean Ms =0.5%

GHG + Aer/Clds (R4E)

Mean ATs = 0.33 X Mean ATs = 0.5

0 1

GHG + Aer/Clds (uniform)

Mean Afc - 0 . 3 3 ^ Mean ATa - 0.5 °C

GHG + Aer/Clds (RIE)

ATs » 0 . 3 3 t Mean Afc - 0 . 5 ^

AA«p CC)
- .5 - . 3 - .1 0 .1

Fig. 21. Non-equilibrium change of the mean and diurnal amplitude of surface air temperature, AT, and AArnp, for two
of the climate forcings of Figure 18. The results are averages over several years at the times when the global wanning
had reached 0.33°C and 0.5°C.

Figure 21 and Table 3 show AT, and AAmp at the
time the global mean AT, had reached 0.33°C and 0.5°C in
several of our simulations with greenhouse gas, sulfate
aerosol, and low level cloud changes. The equilibrium
AT, in the two cases in Figure 21 were 0.72°C and 0.65°C.
It is apparent that AAmp over land areas is nearly
independent of time, despite AT, being substantially smaller
in the earlier results. The reduction of AT, in the earlier
results is more over the oceans than over land, especially
in regions of changing sea ice cover.

The time dependences of AAmp averaged over all
land and AT, averaged over all land and over the globe are
shown in Figure 22. The temperature response over land
is substantially delayed by the ocean's thermal inertia, but
most of the change of diurnal cycle occurs immediately
with the climate forcing, not with the temperature chanfe.
The time constant for T, changes is short, about a decade,
in this model which has only a mixed layer ocean. When
the deep ocean heat capacity is included the T, response a
further delayed, but most of the Amp change would still
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Table 3. Transient changes of surface air temperature and diurnal cycle parameters in GCM experiments with a variety
of inhomogeneously distributed radiative forcings. The "land" results are the mean for all land in Wonderland excluding
the ice-covered continents Whiteland and Friesland. Values are shown for transient periods, averaged over several
years, by which time global mean warming reached either 0.33°C or 0.5°C.

Experiment

ghg+sulfate (At=0.25)

ghg+low clouds Agcc=1.6%

ghg + sulfate (At=0.06)
+ low clouds (Agcc=1.2%)

ghg + R&E sulfate aerosols
+ low clouds (Agcc=1.13%)

global

.33

.50

.33

.50

.33

.50

.33

.50

^ .

SH-NH

.16

.30

.22

.19

.12

.16

.39

.49

all
land

.25

.30

.19

.39

.24

.39

.24

.32

AAmp

all
land

-.26
-.29

-.42
-.46

-.38
-.39

-.24
-.30

all
land

-.26
-.29

-.42
-.46

-.38
-.39

-.24
-.30

mid
lat.

-.23
-.29

-.53
-.58

-.55
-.54

-.46
-.53

"AAmp

indus.
region

-.18
-.29

-.64
-.78

-.77
-.71

-.78
-.90

remote
ocean

-.02
-.02

—

-.04
-.03

-.06
-.05

"AAsym

all
land

.019

.025

.029

.031

.008

.010

.012

.020

occur immediately with the forcing. Only that portion of
the Amp change which is due to water vapor change should
be delayed and vary with the air temperature over land.

The transient results of Table 3 also allow us to com-
pare the relative warmings in the two hemispheres with
observations. The observations (e.g., Figure 8 of Balling,
1993) show that the Southern Hemisphere wanned about
0.2°C more than the Northern Hemisphere during the past
four decades. With the aerosol and cloud forcings in our
simulations, which are either proportional to land area or
even more heavily weighted toward the Northern Hemi-
sphere (with the R&E sulfate distribution), the relative
hemispheric temperature change by the time the global
wanning reaches 0.33°C (approximately the global warm-
ing in the period 1951-1990) is of the observed sign and of
a magnitude comparable to that observed. We certainly
do not take this as a confirmation of the forcings, because
the uncertain factors are too great (e.g., the model results
depend on the accuracy of the sea ice feedback, and also
unrepresented feedbacks in the ocean dynamics could alter
the results), but rather as an indication that there is no great
inconsistency with observations of the hemispheric
responses.

DISCUSSION

Principal conclusions. The large observed damping
of the diurnal cycle of surface air temperature implies the
existence of a substantial climate forcing located in con-
tinental regions. Anthropogenic aerosols can account for
only the smaller portion of this forcing; the remainder can

only be provided by increased cloud cover. The magni-
tude of the required cloud increase, Dgcc = 1-1.5% for
low clouds, corresponds to an increase of sky coverage of
3-5% over land (i.e., from, say, 55% to 58-60%). Ground-
based observations of cloud cover are not inconsistent with
such a cloud change (Henderson-Sellers, 1989; McGufne
and Henderson-Sellers, 1993), but the spatial coverage and
long-term precision of the data are inadequate for quanti-
tative studies.

Needed observations. The climatic implications of
such cloud and aerosol changes can be discerned only if
the changes are known globally on decadal time scales.
The required long-term precision of measurement required
to interpret decadal climate change are a cloud cover change
Agcc=0.4% as a function of cloud height (Ap=5 mb) and
a tropospheric aerosol optical depth change Ax = 0.01
(Chapter 7, Table 7.4, Hansen et al., 1993b); not coinci-
dentally, these same precisions are required for understand-
ing of the diurnal cycle changes. Although such preci-
sions are not attained by existing or flight-scheduled
satellite instruments, the capabilities have been demonstra-
ted with relatively inexpensive long-lived planetary instru-
ments. Specifically, a Michelson interferometer (Hanel et
al., 1980) has been shown to be capable of the cloud mea-
surements in a multilayered atmosphere (Carlson et al.,
1993). Similarly, a photopohuimeter has been demonstra-
ted to be capable of such precise aerosol measurements
(Travis, 1992), including accurate determination of aeroaol
and cloud microphysical properties. Without such data,
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Fig. 22. Time dependence of AAmp averagad over al land and AT, averaged ovar ad land and averaged over tn« globe,
for the same climate forcings as In Figure 21.

long-term global climate forcings will remain unknown and
interpretation and projection of any observed global climate
change will be impossible.

Implications. Our analysis of the observed change
of the amplitude of the diurnal temperature cycle leads to
the conclusion that there has been a substantial negative
climate forcing over the past four decades, including an
increase of cloud cover. Although the data do not allow
die forcing to be pinpointed, die simplest interpretation is
that low clouds have increased in association with increas-

ing anthropogenic sulfate aerosols. In that case, the cloud
change required to yield die observed damping of die di-
umal cycle is about half as large as die anthropogenic green-
house g u climate forcing, and of tfie opposite sign. Perhaps
not coincidentally, reduction of greenhouse gas forcing by
about one half is required for climate models to yield best
agreement wim observed wanning of die past century, if
climate is as sensitive as indicated by paleoclimate data
(Hansenetal., 1993a).

The existence of diis negative climate forcing repre-
sents a problem for policy makers, in die absence of more
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prccise identification and measurement of the forcing. Aer-
osols and aerosol-induced cloud changes may arise chief-
ly from fossil fuel burning, the activity which is also main-
ly responsible for increase of atmospheric carbon dioxide.
Thus the impact of policies related to fossil fuel use on the
net climate forcing can be assessed reliably only with
quantitative understanding of the aerosol and cloud for-
cings, as well as the greenhouse gas forcing. Comparison
of the greenhouse gas and aerosol/cloud forcings is further
complicated by the very different spatial distributions of
these forcings, which implies that they can not cause a
simple cancellation.

Finally, we note that the claim made by "greenhouse
critics" in the popular press, that global wanning is a
"benign" nighttime phenomenon, is incorrect. The tem-
perature changes, as we have shown, represent the combi-
nation of an overall warming and a damping of the diurnal
cycle. We can safely predict that on the long run the effect
of the diurnal damping on maximum temperatures will be
small, for the following three reasons. First, even during
the past four decades the O.S6°C damping of the diurnal
cycle did not eliminate daytime wanning, but rather reduced
it from 0.56°C to 0.28°C. Second, as illustrated by Figure
22, almost all of the damping caused by a climate forcing
occurs immediately with the introduction of the foicing,
while the mean temperature rise is delayed by the thermal
inertia of the climate system. Thus the unrealized wanning
for greenhouse gases already in the atmosphere will appear
almost equally in daily maximum and daily minimum tem-
peratures. Third, as anthropogenic emissions level off the
forcings which principally damp the diurnal cycle, aerosol
and cloud changes, will level off, but the long-lived green-
house gases will continue to accumulate. Thus, except for
the small damping due to increased water vapor, the max-
imum temperature should increase as fast as the minimum
temperature. Empirical evidence for our conclusion about
maximum temperature could be provided by the occurrence
of daily maximum temperature records at a frequency ex-
ceeding statistical expectations.
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ABSTRACT

A simple regression model relating local monthly mean diurnal temperature range (DTR)

and cloudiness at 10 synoptic stations in the Nordic region to monthly mean large-scale

tropospheric flow has been constructed. The tropospheric flow data, which is input to the model,

includes both 500 hPa height and 500/1000 hPa thickness fields which are compressed via an

EOF-technique. The regression coefficients are calculated from a 27 year record of analysed

flow and locally observed DTR and cloudiness.

The regression model has been used to down-scale the large-scale flow produced in a

climate model CO2 sensitivity experiment The down-scaled scenario "A" DTR is generally

smaller than found when down-scaling the corresponding climate model control experiment.

The opposite statement applies to cloudiness. Scenario "A" DTR-anomalies of the order —2

degrees Kelvin (K) are obtained in the central/northern parts of Fenno-Scandia in the middle of

the 21st century while anomalies much closer to zero are found over the Iceland/Southern

Greenland region. Consistent with this picture the scenario "A" cloudiness anomalies are

predicted highest near the central/northern parts of Fenno-Scandia.

The results presented here indicate that periods observed to be anomalously warm on a

large-scale - corresponding to the scenario "A" experiment - are also observed more cloudy and

it is argued that clouds may have a thermostatic effect.

We have calculated DTR and cloud cover trends at the 10 stations used in the regression

model in order to assess if they are consistent with the scenario "A" estimates and as such reflect

a forcing of the climate system. We find that none of the stations show DTR/cloud cover trends

significantly different from zero in the period 1961-1987. We do, howe 'er, see a negative DTR
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trend and a positive cloud trend when we consider a slightly longer time series (1950-1992) at

Reykjavik. All statements about trends are, however, very uncertain because thj observed

records in addition to any trends reflect a large natural variability even on decadal time scales

and possible observational inhomogeneities.

1. Introduction

It has been reported (Karl et al., 1993a) that the diurnal temperature range (DTR) is

decreasing over large areas of the globe. Results presented by several authors at the Minimax

workshop confirmed this general impression even though there may be problems with many

observations (Parker, 1993; Frich, 1993a, 1993b). New maps of DTR trends were presented

(Horton, 1993) and these seemed to indicate that certain areas were exceptional in that they did

not show negative trends found at most other places of the globe. One of these areas covers the

North Sea region including the British Isles,

Results presented at the Minimax workshop and elsewhere have - not surprisingly -

indicated that the negative DTR trends are often associated with an increase in cloud cover. It

is, however, uncertain what causes the cloud cover to increase. It may (Karl et al., 1993a) be

1) indirectly related to the observed global warming and increase of greenhouse gases,

2) related to indirect effects of increases in aerosols, or

3) simple a manifestation of natural climatic variability,

or combinations of these, e.g. Hansen (1993)

In this paper we will mainly be concerned with the first of these three possibilities: we estimate

the changes in DTR and cloud cover associated with an increased greenhouse effect, and then

a few long observation records are examined in order to see if the predicted changes are

consistent with the observed trends.

Concerning the future DTR conditions, it is often impossible to use the existing direct

climate model output, since DTR is not calculated or is not part of the model output.

Furthermore, the coarse resolution of most models makes it difficult to relate their direct model

output tc specific geographic localities which may be influenced by sub-grid scale processes,
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e.g. steep orography. For this reason we have chosen to use a "perfect prog" type (Klein et al.,

1959) statistical down-scaling of a fully coupled ocean-atmosphere general circulation model

in order to obtain future records at 10 stations of DTR and cloudiness. Statistical down-scaling

techniques have previously been used by several authors, e.g. Karl et al. (1990), Karl et al.

(1991), von Storch et al. (1991), Zorita et al. (1992), Hewitson and Crane (1992), Werner and

von Storch (1993) and Bardossy and Plate (1992).

Observed trends - in e.g. DTR - caused by a slowly varying external forcing of the climate

system are often very difficult to detect because of possible inhomogeneities in the data and

because the observed records are short compared with the typical time scale of natural climatic

variability. The problem of inhomogeneous data series is not solved by gridding the data or

using various other smoothing techniques. As pointed out by Karl et al. (1993b), getting around

the problem will take a number of years. One immediate solution, which we have chosen, is to

reject the older part of the series knowing that especially the synoptic network of stations has

remained fairly stable over the last 3-4 decades. This will, admittedly, result in a decrease in the

signal to noise ratio because of the long time scale of natural variability (decadc(s)). We have

looked for trends (1961-1987) at the 10 stations used in the down-scaling model and

furthermore in a longer record (1950-1992) at three stations which are considered to be of high

quality.

The organization of the paper is as follows: First, all the data - large-scale flow as well as

station records - used are described in section 2. Then section 3 outlines the statistical technique

which is used to obtain local, future climate predictions from a down-scaling of the large-scale

flow produced in a climate model CO2 sensitivity study. The outcome of the down-scaling is

future time series of both DTR and cloud cover at 10 stations in the Nordic region. In section 4

these results are presented as long term differences between the predictions and the present day

observed values. Next, in section 5, observed DTR/cloud cover trends are calculated and

compared with the estimates from section 4 as well as with other observations. Section 6 is a

discussion, including a summary, of our findings.
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2. Data

Our statistical model estimates a set of local predictands from a set of large-scale flow

predictors. The predictand variables observed at synoptic stations are:

• monthly mean of diurnal temperature range (DTR),

• monthly mean of cloudiness

As predictors we need observed as well as model generated monthly mean data. Both 500 hPa

height fields and 500/1000 thickness fields have been chosen as predictors.

The observed predictor and predictand data we use cover all months in the 27 year period

Jan. 1961 to Dec. 1987. The predictands are based on measurements at the 10 synoptic stations

with geographical positions marked in Fig. 1 as large black squares. The observed predictors

are calculated from 500 and 1000 hPa height field analyses covering the area depicted in Fig. 1,

The original observed predictor data are analyses from the National Meteorological Center

(NMC) available on a 5 by 5 degree regular grid. These data were interpolated to the Gaussian

grid points shown as dots in Fig. 1.

The model predictors are taken from the last 30 winters of the 100 year control and

scenario "A" (IPCC (1990, 1992)) simulations with the ECHAM-1 model (Cubasch et al.,

1992). These data were directly available on the Gaussian grid shown in Fig. 1.

In addition to the regression model predictors and predictands we use 3 slightly extended

time series of data (DTR, cloudiness) observed at Sodankyla* (Northern Finland), Reykjavik

(Iceland) and Copenhagen (Denmark). These time series cover the period 1950-1992 and they

will be used to see if any trends has been observed in DTR and cloudiness. We consider these

three series to be of high quality since there is a reasonably high and stable negative correlation

between cloudiness and DTR. Furthermore the independent measure of hours of bright sunshine

correlates well with DTR and negatively with cloudiness. We note, that the observations at

Sodankyla* and Copenhagen in the period 1961-1987 are identical to those used for calculating

the regression model coefficients.
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3. The regression model

The down-scaling regression model relates monthly mean of local quantities to monthly

mean of regional and large-scale flow in the free atmosphere. In order to account for both free

atmosphere wind and temperature fields, ihe free atmosphere flow is represented by 500 hPa

height fields and 500/1000 hPa thickness fields. We use a multiple linear regression technique

to obtain relations of the form:

Yj(t) = a j + b j l X , ( t ) + . . . + b j i k X k ( t ) + . . . + bjtKXK(t) (1)

where Yj (t) is an estimate of a locally observed parameter Yj(t) at time t; for each k, X^t) is

a number characterizing how much a certain anomalous free atmosphere flow pattern

contributes to the total flow at time t. The constants aj and bj^ are linear regression coefficients.

In the following we refer to Y;(t) as a predictand and to the Xĵ tJ's as the predictors. In order to

find the regression coefficients we will use the observed predictors and observed predictands

described in section 2. It has been chosen to consider each of the 4 seasons separately - meaning

that the regression coefficients for a given predictand Yj are different from season to season.

The predictor time-series are obtained as projections of 500 hPa height anomaly and 500/

1000 thickness anomaly fields onto a set of Empirical Orthogonal Functions (EOFs). These are

"two variable"-EOFs, meaning that each of them represents a combined pattern of 500 hPa and

500/1000 hPa thickness field anomalies. We have found it is of fundamental importance to

include tropospheric temperature information in the predictors in order to estimate greenhouse

gas induced changes. It has been chosen to calculate the EOFs from 60 years of model fields

and not from the 27 years of analysed fields. This means that all 30 years of the control plus all

30 years of the ECHAM-1 scenario "A" experiment are used. Constructed in this way the EOFs

effectively span the variability of both the control experiment, the scenario "A" experiment and

the variability in the observed flow as can be seen from table 1 which lists explained variance

for winter (as an example). But even more important the EOFs also span the full long term

difference between the scenario "A" and the control fields which is - of course - most
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pronounced in the thickness field. We note, that the spatial structure of the first EOF,

constructed this way corresponds to the long term difference between the scenario "A", i.e. a

large thickness field anomaly over the entire area (with largest amplitude in the north east). The

regression coefficients are determined by minimizing the root mean square difference between

the estimate (1) and the observed value, Yj(t). The number of predictors (K) are determined in

a way which maximizes the performance of the regression model when it is applied to

independently observed data (Kaas 1993c). It has been found that the maximum obtainable

correlation between observed DTR and independent regression model estimates is on the order

0.5 - 0.8, and that this correlation is significantly positive for all stations and seasons (except for

a few in summer). For cloudiness the independent correlations are slightly higher. Once having

determined the regression coefficients from observed data (1) can readily be used to down-scale

the large-scale flow generated by a climate model. In case of the control experiment the

predictors are calculated as projections of the model field anomalies onto our EOFs. By

anomalies we here mean anomalies from the long term mean of the control experiment. In case

of the scenario "A" we are interested in the scenario "A" model experiment relative to the

control, i.e. we project the scenario "A" fields minus the control long term mean onto the EOFs

in order to obtain the predictors. We have applied an inflation of a type similar to that used in

Karl et al. (1990) to the climate model interpretation results produced by (1). In case of the

control experiment the inflated estimate reads:

- c [ Y f ( t ) - a j ] o(Y=)

(Yf(t)), = J _g >' + «j (2)
(Y?) J

where subscript I denotes inflated value and superscript C the control experiment while O is the

standard deviation "operator". The other symbols have the same meaning as above, i.e. aj is the

observed long term mean of the observed quantity Yj which has standard deviation o (Y=)„ In

case of the scenario "A" the inflation reads:

(3)

where superscript A denotes scenario "A" experiment and o (Yj) is the standard deviation of
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the control simulation estimate of Yj before control run inflation. Yj L]N (t) is the linear time

trend (including the long term mean) of the scenario "A" estimated directly from (1) and
~A * A "A

Y j RES ( 0 = Yj (t) - Yj LINM 'S * e corresponding residual. We will omit the notation ()| in

what follows even though the operations (2) and (3) have been applied. Note, that the inflation
~C "A

has no impact on the long term mean values of Yj (« ap and of Yj .

The yearly cycle has been removed from the observed predictors and predictands before

these were used to calculate the regression coefficients. This is done in order to avoid

misinterpretation of the scenario "A" estimate as a shift towards enhanced solar forcing in the

warmer seasons and not - as it is - an increased level of long wave radiation with no change in

the solar forcing. For each season and variable Z its yearly cycle Zy(m) in a given month m (-1,

2, or 3) is defined as the average of Z in month m over all the years available. By (Z)ny we

denote a variable where the yearly cycle has been removed:

(Z(t) ) n y = Z(t) - Zy(m(t)) + Z (4)

Here Z denotes long term mean of Z. The yearly cycle was also removed from the model

predictors ( x £ and X*) before these were used to calculate control and scenario "A"
- C " A

experiment time series of the local variables Y and Y .

In the following we will be interested in the difference between long term means of the

scenario "A" and the control experiments. A Monte Carlo technique has been used to obtain an

estimate of the significance of these results. The method is described in detail in the appendix.

Here we note, that only the uncertainty of the regression coefficients are tested by this

technique, while we have no method to quantitatively measure the reliability of the difference

fields between the scenario "A" and the control experiments.

4. Scenario "A" estimate

In this section we present the long term mean results obtained when the regression model

is fed with predictors calculated from SOO hPa height and 500/1000 hPa thickness fields

generated in the scenario "A" experiment. See section 2 and 3 for details. Formally, the scenario
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"A" estimates represent model years 71-100 from the initial state (1985) but because of the cold

start problem described by Hasselmann et al. (1992) some 15-20 years should be subtracted

from the formal validity period. This means that our results represent the conditions in the

middle of the 21st century.

Table 2 shows the predicted scenario "A" average change in DTR at the 10 stations shown

on the map in Fig. 1. For most stations and seasons DTR is predicted to decrease relative to

present day conditions. However, some stations, mainly in the North Atlantic/Greenland region

(e.g. Kirkjubasjarklaustur and Nuuk), show small scenario "A" anomalies. Largest sensitivity to

the general greenhouse gas induced warming of the troposphere is seen at the stations in central

Fenno-Scandia (Ostersund, Stockholm, Sodankyla" and Kuopio). Generally the signal is

strongest and most significant in winter and spring and weak or absent in summer and autumn.

As an example we have in Fig. 2 plotted scenario "A" winter time-series of DTR at 4

stations and the corresponding quantile-quantile (q-q) plots (see e.g. Karl et al. 1990). We see

that due to the inflation described in section 3 the q-q scatter plots lie close to the identity for

the control experiment (the "-" signs). We see no tendency for a systematic anomaly in the

variability of scenario "A" DTR (the ' V signs) - even though the overall value is lower than

the observed/control value. We have looked for such variability anomalies in all the predictions

of DTR (asid cloudiness) but not found any.

It may be questioned if estimates using the regression model are synoptically reasonable,

i.e. if low/high DTR values are found in winter months which are known from meteorological

synoptic experience to behave in this way. An example of a high DTR winter month is Jan. in

model year 75 and a low DTR month is Jan. in year 96 (see Fig. 2). We have, in Fig. 3 and 4

plotted 500 hPa height and 1000 hPa thickness fields for these two model months. The 1000 hPa

height field in Fig. 3 is known to correspond to cold conditions in Scandinavia with high DTR

values. Westerlies advecting mild and moist air towards northern Europe are rare in observed

winter months dominated by this kind of flow. The relatively low values of the thickness over

Scandinavia are consistent with this picture. Comparing the upper and lower panel in Fig. 3, we

can actually see that advection from cold towards warmer areas dominates over large areas -

particularly to the west of Norway and over the British Isles. Conversely, the flow configuration
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in Fig. 4 is of a "mild" type with low DTR's: advection of mild air from southwest dominates

the Scandinavian weather in January in model year 96. From these two examples and many

others not shown we conclude that the internal climatic variability in the model on large

geographical scales determines the predicted local weather in a way quite similar to what is

known in the observed climate.

It is well known that clouds have a tendency to levei out the diurnal temperature variation.

In our data this can be seen clearly from table 3 which shows the correlation between observed

DTR and the observed cloudiness. Except for Nuuk and Tromse in autumn and winter these

correlations are all negative. In Nuuk and Tromso the sun is only marginally over the horizon

in winter, and at both stations DTR is probably determined more by the cyclonic activity than

by diumal variations in radiative processes. It is also likely that the position of orography

relative to the stations may have influence, since frequent down-slope "Fohn" wind conditions

with stable high temperatures determined by large-scale potential temperatures are associated

with few clouds. One may wonder why stations like SodankylS (to the north of the polar circle)

also show strong negative correlations during winter. This is probably because clear skies are

associated with development of a shallow surface inversion (with little heat capacity) which

easily oscillates quite dramatically in strength during the polar night because only small

radiation variations are needed to break it down. Such radiation variations could stem from

multiple sources such as single clouds passing the location or temporary variations in the free

atmosphere temperature etc.

Since the correlations between clouds and DTR are observed to be negative it is tempting

to investigate if the regression model predicts a long term increase in clouds in the scenario "A"

climate. As can be seen from table 4 this is the case for autumn, winter and spring at most

stations - still with the stations in central Fenno-Scandia being most significant and with those

in the Western Atlantic region as exceptions.

It is interesting to take a look at the right most column of table 2 and 4 which shows the

yearly average scenario "A" anomalies. They can - in principle - be compared directly with the

observed trends described below.
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5. Observed trends

In this section we briefly describe calculations of trends in DTR and cloud cover at the

stations shown on Fig. 1. It has been chosen simply to calculate trends as the difference between

the mean of the last and the first half of the data series because anomalous observations in the

end and beginning of the series are given unreasonable weight in a traditional least square

estimate. We note, however, that our conclusions are independent of this choice. Another

argument for the choice is that the outcome of the statistical model also reflects the difference

between two periods, meaning that comparison can be made in a consistent way. In order to test

if there are significant changes in DTR and cloud cover from the first to the second period a

simple two-tailed students t-test was used (null hypothesis: zero difference between means).

First, the trends in the period 1961-1987 of DTR and cloud cover were calculated at all

10 stations. Nuuk, was found to have a negative yearly mean DTR trend just about the 95%

significance limit but otherwise we found no significant trends. We suspected this result could

be an artifact of a simple sampling problem - the signal to noise ratio being much too small. For

this reason two other approaches were investigated:

First, the same data was used but we constructed new DTR and cloud cover time series

by merging (e.g. Ostersund, Stockholm, Sodankyla' and Kuopio) combinations of stations. In

the combined series the overall natural variability from year to year was - not surprisingly - less

than at single stations. The result for all 2-,3- or 4- combinations of stations was, however, the

same: no trends over the period 1961-87.

We then selected the 3 stations described in section 2 (Sodankyla, Reykjavik and

Copenhagen) for which data are available in an extended period (1950-1992) and which are

considered to be of high quality. The observed DTR and cloud cover is shown as time series in

Fig. 5 for the entire year and for each of the 4 seasons. Table 5 lists the DTR trends (calculated

as period differences) and table 6 the cloud cover trends for these three stations. We see

significantly (95%) negative DTR trend at Sodankyla and Reykjavik in spring, a positive trend

in autumn in Copenhagen and a 99% significant negative trend at Reykjavik when the entire
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year is considered. For clouds Reykjavik shows a 95% positive trend in all seasons except

autumn while the yearly positive trend is significant at the 99% level. For the other two stations

no significant trends are found.

The overall conclusion is that - except for the Greenland/Iceland area - we see no or small

observational trends in recent decades in the Nordic region at least for the stations we have used.

This is to some extent consistent with the picture described by Horton (1993), i.e. general

decrease of DTR at large fractions of the globe with the British Isles being one of the exceptions.

It was also shown by Jones (1993) that the trend is very small in Ireland. A common picture

seems to emerge from the investigations: The northeastern Atlantic region including

northwestern Europe is an area with smaller trends in DTR than generally found over the rest

of the hemisphere.

It is noteworthy, that the North Atlantic region of modest or no trends in DTR coincides

more or less with areas where the mean temperature trends are non-existent or even negative as

compared with the global average. It should also be noted that in the same area several climate

models have shown little sensitivity to changes in the greenhouse gas loadings.

6. Summary and discussion

In order to estimate future levels of DTR a kind of "perfect prog" (Klein et al., 1959)

regression model was used to down-scale the flow generated in a greenhouse gas sensitivity

experiment with a coupled atmosphere-ocean general circulation model - the ECHAM-1 model.

In this way IPCC (1992) scenario "A" anomalous values of DTR were obtained at the 10

synoptic stations shown in Fig. 1. These predicted DTR anomalies are generally negative with

strongest signal in winter over Fenno-Scandia and smallest at Iceland/Greenland stations.

The presence of clouds has been observed to coincide with low DTR values relative to

clear sky conditions, e.g. Karl et el. (1993a). A similar relationship between clouds and DTR is

seen in the data we have used. Inspired by this finding the statistical model was used to calculate

scenario "A" anomalies of cloud cover. Consistent with the reduced DTR estimate, the cloud

cover anomaly is generally positive and show the strongest signal in the cold part of the year

mainly over Fenno-Scandia.
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It has been reported that DTR is decreasing over large areas of the globe, e.g. Karl et al.

(1993a). Seen in view of our statistical prediction such observations are consistent with a

positive forcing of the climate system, e.g. an increased level of greenhouse gases. We have,

however, not found similar trends at the stations used with Reykjavik and possibly Nuuk being

exceptions. This does not disagree with observations presented at the Minimax workshop

indicating particular small negative or even positive trends over the British Isles including

Ireland, e.g. Horton (1993) and Jones (1993).

Consistent with the widespread observed DTR decreases the cloud cover has been

observed to increase at many locations over the globe (several Minimax contributions). Also for

cloudiness we have to consider the Nordic region as one with little change in the last 30-40

years: Except for Reykjavik where a positive trend is found, there are no trends in the observed

cloud cover at the stations we have investigated.

In summary we are left in a situation where our statistical model indicates that if a

greenhouse signal should be observed then it is likely to occur over Fenno-Scandia and not over

the Iceland/Greenland region whereas our observations behaves opposite: only significant

trends over Iceland/Greenland. These findings does however, not disprove that the climate is

exposed to an external forcing. It is possible that the high natural variability at the more

continental stations (see fig. 6), prevents the detection of any significant trend in this region in

recent decades. The reported DTR (and temperature) trends elsewhere, combined with our and

other predictions, support the idea that the system is forced. However, we cannot conclude that

a forcing has its source in an increased greenhouse effect, since other types of forcing are likely

to result in the same type of climatic response. This may happen because the climatic feed-back

mechanisms to a large degree determine the actual type and strength of signal (Kaas 1993b).

The long term difference between the scenario "A" and the control experiments is

characterized by a general heating of the troposphere, which is strongest in the northeast part of

the region plotted in Fig. 1 (see Kaas, 1993a for details). This statement is valid in all seasons.

Using the regression model to calculate the local scenario "A" climate is consequently

equivalent to calculating the observed anomaly of the local variable in a subset of months

observed to be anomalously warm in the troposphere over the entire region. Seen in this way it
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is interesting that the DTR generally is predicted to decrease and the cloudiness to increase -

most in the cold season but also at some stations in summer. We consider the scenario "A"

decrease in DTR to be closely related to/caused by the corresponding increase in cloudiness, i.e.

the interesting question is why more clouds are observed during anomalously warm autumn-,

winter- and spring months than during cold months (by warm we here mean that the lower

troposphere is warm on a large-scale). For stations near the sea it may be argued that because

the sea surface temperatures lag variations in the lower tropospheric temperature there will be

a tendency for stable boundary layers during periods (months) with a warm troposphere.

Stratocumulus clouds are often formed at the top of such inversions and they will act to decrease

the DTR. But why is the same tendency observed for the more continental stations? Usually a

month in the cold season observed to be anomalous warm at a given location is dominated by

advection of moist mild air from southerly and southwesterly directions. We can partly explain

the positive cloudiness anomaly since condensation into clouds is more likely at times of warm

advection than during periods of cold advection. The high scenario "A" radiative equilibrium

temperature is, however, to a large degree determined by the greenhouse effect from water

vapor (feed back mechanism). This feed back also works in the present climate during warm

periods meaning that the advective explanation above can only partly explain our results. They

then to some extent support the idea that clouds act as a thermostat partly compensating the

greenhouse forcing.

The regression model does not correct for the rather dramatic systematic errors in the

large-scale climate model control experiment (Kaas, 1993a) which may also lead to errors in the

scenario "A" predictions presented here. Since, however, the general heating of the troposphere

is one of the more robust results which is common to all climate model CO2 sensitivity

experiments, the results presented here may be of more general validity.
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Appendix

The long term mean estimates of the predictands (Yp are dependent on the long term

mean value of the predictors and on the value of the regression coefficients in (1). Here we will

use a Monte Carlo technique to test the sensitivity of our result to the actual months of observed

data which was used to calculate the regression coefficients: For each predictand and season we

randomly select 27*3 - 81 months of matching predictand and predictor data from our 81

months long observed record. We allow the same month to be selected multiple times. This set

of "random" months is now used to calculate new regression coefficients and based on these we

obtain an estimate of the long term mean of the scenario "A" prediction. This random selection

procedure and Icng term mean calculation is repeated a large number of times. All the so

produced scenario "A" estimates are used to calculate 99% and 95% confidence intervals. It has

been found empirically that 10000 selections is a good compromise between needs for limited

computation time and convergence of the confidence interval. We note, that only uncertainties

in the construction of the regression coefficients are included in this measure of confidence.

Any uncertainties in the long term mean difference between the large-scale flow in the climate

model scenario "A" and the control experiment are not accounted for. We note, however, that

the number of model years (-30) used to calculate the long term scenario "A"/ control averages

is enough to obtain stable DTR and cloud cover estimates. We could just as well have taken 10

or IS model years and obtained essentially the same results.
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Fig. 1. Location of the 10 synoptic stations used in the study (large squares) and the Gaussian
erid noints {smaller dots* used for 500 hPa heieht and 500/1000 hPa thickness fields.
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Fig. 2. Regression model estimates of monthly mean DTR in winter at 4 synop stations using
ECHAM-1 scenario "A" predictors. From top to bottom these stations are Bergen, Stockholm,
Sodankyla and Copenhagen. The panels to the left show the predicted time-series (3 winter
months each year). For these panels the GCM year is shown on the abscissa while the ordinate
shows the DTR in °C. The horizontal (constant) lines on each left plot indicate the long term
average of the observed DTR in the years 1961-1987). The panels to the right are (for the same
4 stations) quantile-quantile plots of the regression model DTR estimates and the observational
DTR data. Here estimates for the control experiment versus the observed data are marked with
"-" and for the scenario "A" versus observed data with "+". The line with slope equal to one and
intersecting the origin has been drawn on all q-q plots.
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Fig. 3. Average 1000 hPa height (lower panel) and 500/1000 hPa thickness (upper panel) in
January in year 75 of the ECHAM-1 scenario A experiment. Contour intervals are 25 m in the
lower panel and 50 m in the upper.
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Fig. 4. As in Fig. 3 but for January in model year 96.
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Table 1. Fraction (%) of total variance explained in winter by the empirical orthogonal functions

(EOFs) described in the text. The cumulated variance is shown in parenthesis. The first column

lists the EOF-number, the second lists explained variance of the flow observed in winter months

1961 -1987 and the third lists explained variance of the flow generated by the ECHAM-1 control

experiment.

EOF
no.

1

2

3

4

5

6

7

8

9

10

NMC analyses

7.7 (7.7)

13.2 (20.9)

9.8 (30.6)

16.1 (46.8)

7.4 (54.1)

14.7 (68.9)

6.2 (75.1)

5.4 (80.5)

2.9 (83.4)

2.3 (85.8)

ECHAM control exp.

7.7 (7.7)

23.8 (31.5)

17.8 (49.2)

13.4 (62.6)

7.6 (70.2)

4.7 (74.9)

4.6 (79.6)

3.4 (83.0)

US (85.6)

1.8 (87.4)
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Table 2. Average change in diumal temperature range (DTR) at the 10 stations in the model

years 71-100 relative to present observed conditions. Light shading indicates weakly (95%)

significant greenhouse signal (negative sign) and dark shading to a more (99%) significant

greenhouse signal. The black shading (with white numbers) refers to significant signals

opposite to a greenhouse signal, i.e. a significant increase in DTR. The significance test is

described in the appendix

STATION

Tromso

Bergen

Ostersund

Stockholm

Sodankyla

Kuopio j
Kirkjubsjarklaustur

Nuuk/Godthab |

Thorshavn

Copenhagen

scenario

Winter

-0.1 ±0.3

|-0.1 ±0.5

0 3 ±0.8

-0.2 ±0.6

"A" anomaly in diumal temperature range
(K)

Spring

0.4±0.8

-03 ±1.4

0.2 ±0.7

0.0 ±0.7

-0.1 ±0.5

0.4 ±0.8

Summer

-0.2 ±1.0

0.0 ±1.0

-0.1 ±1.1
0.1 ±0.9

-0.3 ±0.9

-0.1 ±1.2

Autumn

0.2 ±0.4

C.I ±0.5

0.0 ±0.6

-0.4 ±0.8

-0.110.5

11.4 0.™

*

11 ,1 • < ! . "

Year

-.2

-3

-.4
•1.2

-1.9

-.9

.0

.1

•3

•A
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Table 3. Correlations between observed monthly mean DTR and monthly mean cloud cover in

the period 1961-1987 at each of the 10 synop stations.

STATION

TromsB

Bergen

Ostersund

Stockholm

Sodankyla

Kuopio

Kirkjubaejarklaustur

Nuuk/Godthab

Thorshavn

Copenhagen

Correlation between observed DTR and
cloudiness

Winter

0.14

•0.42

•0.45

-0.63

-0.65

-0.65

-0.46

0.40

-0.26

•0.62

Spring

-0.47
-0.65
-0.70
•0.85
-0.70
-0.83
-0.45
-0.34
-0.57
-0.67

Summer
-0.72
-0.83
-0.70
-0.88
-0.90
-0.83
-0.72
•0.66

-0.64
-0.45

Autumn

0.05
-0.19
-0.47
-0.73
-0.70
-0.81
-0.52
0.06
-0.22
-0.70

Table 4. Average change in monthly mean cloud cover (%) at the 10 stations in the model years

71-100 relative to present observed conditions. Light shading indicates weakly (95%)

significant signal (positive sign) and dark shading to a more (99%) significantly positive signal.

The black shading (with white numbers) refers to significantly negative signals. The

significance test is described in the appendix.

STATION

TromsB

Bergen

Ostersund

Stockholm

Sodankyla

Kuopio

Kirkjubaejarklaustur

Nuuk/Godthab

Thorshavn

Copenhagen

|| scenario "A"
1 Winter | Spring

• • • •
13.1 ±6.2HHBB

• • • •
|-0.7 ±6.7|.2.0 ±8.5

• • • 2 . 3 19.5

• * • • 1.7 ±9.2!

anomaly in

Summer |

8.5 ±15.91

0.7 ±9.21
-2.4±10.2f
-1.6 ±9.4
2.3±12.0|

0.8 ±7.41• •
0.0 ±9.2 f

clouds (%)

Autumn [

••
23 ±7.11• •
2.5 ±6.11• •
-4.3 ±8.6|

• •
•1.0 ±7.0|

Year
=l3=

6.7

4.6

2.2

4.5

5.4

1.6

2.0

2.4

2.0
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Table 5. Observed DTR-average in K (AVE) 1950-1992 and difference (DIFF) between periods

1971-92 and 1950-1970 at the 3 stations listed. Shading as in table 2, but now reflecting results

of a students t-test.

STATION

Sodankyla

Reykjavik

Copenhagen

Winter

AVE
=W=

5.1
3.9

DIFF

-0.2

0.2

Spring

AVE | DIFF

10.4 Q ^
5.4 m n
6.7 0.0

Summer

AVE

10.1
5.1

7.8

DIFF

-0.2

-0.2

-0.2

Autumn

AVE

7.0

4.8
53

DIFF

03
-0.2

IB

Year |

AVE

93
5.1
5.9

DIFF|

-0.2 1•I

Table 6. Observed cloud cover in percent (AVE) 1950-1992 and difference (DIFF) between

periods 1971-92 and 1950-1970 at the 3 stations listed. Shading as in table 4, but now reflecting

results of a students t-test.

STATION

Sodankyla

Reykjavik

Copenhagen

Winter

AVE

753

713
75.2

DIFF

-1.7

m
1.4

Spring

AVE

70.5

72.9

59.0

DIFF
-1.4•
1.9

Summer

AVE

72.8

75.6

55.0

DIFF

•0.4

1.8

Autumn

AVE

79.8

71.8

65.4

DIFF

-2.0

1.0

2.1

Year

AVE

74.5

72.9

63.6

DIFF

-1.4

1 J |
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Simulating the diurnal temperature range: Results from Phase l(a) of the Project
for Intercomparison of Landsurface Parameterisation Schemes (PILPS)

A. Henderson-Sellers and A J. Pitman

Climatic Impacts Centre, Macquarie University
School of Earth Sciences

North Ryde, 2109
NSW

Abstract

This paper discusses the contribution climate models could nuke to objectives of the Minimax

Workshop in terms of simulating the present-day maximum and minimum daily temperatures.

Using atmospheric forcing data generated from a climate model, a series of land surface

schemes, participating in the Project for the Intercomparison of Land surface Parameterisation

Schemes (PILPS) were run to equilibrium. Atmospheric forcing data for a tropical forest and

a grassland grid point were used. Land surface parameters for both locations were provided

so that differences in the results would be due to physical differences between the models

rather than differences in the surface characterisation. Results were collected at annual,

monthly and selected daily time scales for surface temperature, evaporation, sensible heat flux,

snow depth and runoff. It was found that there was some agreement between the models in

the prediction of annually averaged temperatures with a range, between all the models, of

2.5K in the case of the tropical forest and 3.8K for the grassland. Evaporation and sensible

heat, averaged over a year, shows less inter-model agreement. Predictions for the tropical

forest range from -40 to +50 W m 2 for the sensible heat flux and +90 to +170 W m"2 for

evaporation. For the grassland, predictions range from -22 to +22 W m'z for the sensible heat

flux and +25 to +62 W m~2 for the latent heat flux. However, when results at the diurnal scale

were considered, the reasonable agreement in the annually averaged results were not repeated.

This is illustrated by comparing the diurnal range in effective temperature simulated by the

PILPS models for the days reported. The implications are that the currently available land

surface models do not agree on the land surface climate even when all the atmospheric

forcing are identical. The lack of agreement in the simulation of the diurnal range in

temperature implies that climate models are not yet suitable tools for identifying changes in

the diurnal range in temperature, induced by climate change.
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1. Introduction to PILPS

It might be anticipated that numerical climate models could contribute to the objectives of the

Minimax Workshop. These objectives were to assess and disseminate the evidence, causes and

implications of changes in the maximum and minimum daily temperatures. The contribution

from climate models could potentially include: (i) satisfactory simulation of present-day

maximum and minimum daily temperatures; (ii) hindcasting of the historical record of

changes in daily temperatures this century (which include a 0.84°C increase in minimum

temperatures cf. a 0.28°C increase in maximum temperatures between 1951 and 1990); (iii)

offering insights into the possible physical causes of these observed changes and, ultimately,

(iv) forecasting future changes in maximum and minimum daily temperatures.

At present, climate models have a number of shortcomings which may inhibit the success

with which they can model even the present day diurnal temperature range. These include

poor simulation of cloud amount, type and radiative characteristics and poor characterisation

of surface energy fluxes. The latter aspect of the present-day numerical climate and weather

forecast models is being addressed by the Project for the Intercomparison of Landsurface

Parameterization Schemes (PILPS) (Henderson-Sellers and Dickinson, 1992). PILPS, which

is co-sponsored by the WMO-CAS Working Group on Numerical Experimentation (WGNE)

and the Science Panel of the GEWEX Continental-scale International Project (GCIP)

(Chahine, 1992), and has, as its principal goal, the achievement of greater understanding of

the capabilities of present-day land-surface parameterization schemes.

PILPS is an on-going research project which has just seen the completion of the first phase

(Phase Ha)). A brief review of some results from the first phase is described below. In this

first phase, each land surface model was linked with climatological data and results from a

multi-year simulation are reported. These experiments are 'stand-alone* where no feedbacks

between the surface and the atmosphere can exist to amplify or modify fluxes or temperatures

predicted by the surface. The climatological data for the first phase of PILPS were provided

by a GCM and hence the simulations produced by each land surface model cannot be

validated against observations. In the second phase of PILPS (planned for 1994) observational

data sets will be used to provide the climatological forcing. This should permit flux and

temperature validation to be conducted. PILPS is also a diagnostic subproject of the WGNE
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Atmospheric Model Intercomparison Project (AMIP, Gates, 1992) permitting intercomparison

of coupled PILPS/AMIP models for the decade simulated by the AMIP groups. In this

context, plans are being made to link a selection of the PILPS land surface: schemes to a

Single Column Model or a GCM where the surface-atmospheric interactions can be fully

explored.

The results reported here are from the initial phase of PILPS and are a small sele lion of a

more detailed GEWEX report (Pitman et aL, 1994). The results in this paper only provide a

broad idea of how the different land surface schemes are performing at a range of time scales

from annual to diurnal.

Table 1 provides some basic information about each land surface model which participated

in the first phase of PILPS. Almost all the models include a canopy parameterisation and treat

foliage interception of precipitation. Exceptions include the 'bucket' models used by Robock

(BUCKET0) and the MIT" model (superscripted letters refer to the label shown in Table 1

and Figure 1). The number of layers each model employs for temperature, moisture and the

distribution of roots is highly variable. However, there is more consistency in the method used

for the canopy parameterisation with virtually all models using Penman-Monteith or

aerodynamic formulations. For soil calculations, the force-restore model (Deardorff, 1977) is

most common although the heat diffusion method is also represented. The soil moisture

parameterisations show much less consistency: several groups use force-restore or Philip-de

Vries but it is hard to identify the actual differences among these approaches. This highlights

one of the problems in assessing the performance of individual land surface schemes. While

some are documented in detail, modifications and additions make keeping up to date with

these schemes difficult.

This paper will only report on the first phase of PILPS. The experimental framework will be

reviewed first, followed by selected results at annual timescales. This will be followed by

results showing the simulation of the diurnal temperature range for selected days.

1.1 Framework of PILPS experimental design

All simulations reported in this paper were conducted 'off-line' (zero-D). Land surface
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modelling groups were provided with sets of atmospheric data, obtained from the NCAR

CCMl-Oz (Henderson-Sellers etaL, 1993), for three grid points. These represented tropical

forest (hereafter FOREST), a grassland grid point (hereafter GRASS), and a tundra grid point

(not discussed here). The actual grid points used were centred on 3°S, 60°W and 52°N, 0°E

respectively. The data were provided at 30 minute intervals for 1 year although individual

modelling groups could interpolate or aggregate these data to a time interval of their choice.

The atmospheric data provided included downward shortwave radiation, downward infrared

radiation and the precipitation rate. All the simulations described here used identical

atmospheric forcing. Since these data were taken from a GCM, they are not necessarily

dimatologically realistic for the type of vegetation cover assumed. However, land surface

schemes need to perform stably, irrespective of the quality of the climate model.

A list of model parameters was also supplied to each PILPS group. Each group was asked to

characterise their land surface as closely as possible to these parameters so that the results

would highlight physical differences between the models rather than differences in the albedo,

roughness length or soil porosity etc. This list was designed to be as complete as possible but

it did not prove possible in this comparison to set all land surface parameters in all land

surface schemes identically. A full list of parameters prescribed is given in Pitman et al.

(1994).

Each group was asked to report results from a series of experiments. In this paper, only

results from the control experiment (for FOREST and GRASS) are discussed. All models

were initialised for January 1st, all soil moisture stores were initialised as 50% of full

capacity whether liquid or frozen, the canopy (if present) was initialised as 50% saturated,

snow mass and snow age (if any) were initialised as zero and all soil or canopy temperatures

were initialised as 300K for FOREST and 275K for GRASS.

Three sets of output were reported: annual mean data, monthly mean data and instantaneous

data for selected days (the 15th of January, April, July and October). Output variables were

the effective temperature (defined as the area averaged temperature of the canopy and soil),

the evapotranspiration (A£), the sensible heat flux (//), total runoff and snow amount These

variables are the quantities a land surface model needs to provide to the GCM and while there
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were many more variables which would have helped us understand the results described in

the next section, the quality control and intercomparison steps precluded requests for more

complete results.

Results from the control simulations of all the land surface schemes which are participating

in PILPS are described here. A total of 21 sets of results are included here for FOREST and

19 for GRASS. It must be emphasised that there is no 'right answer*. The atmospheric forcing

and choice of parameters were not intended to reproduce any observed data set while little

observed data exists to match the forcing (Phase 2 of PILPS will address the issue of

comparison of model results against observed data). Therefore, terminology used in the

following analysis such as 'outlier' or 'anomalous' does not imply an incorrect result, only

a simulation which appears to fall outside of the main PILPS groups.

2. Annually averaged results

2.1 Annual statistics for the tropical forest

Figure Ha) shows the relationship between annually averaged sensible and latent heat fluxes

predicted by all tand surface schemes for the tropical forest simulation. Figure l(a) shows that

most models predict the annually averaged evaporation (X£) between 110 W m"2 and 140 W

m"2 and annually average sensible heat flux (H) between -10 W m'2 and +20 W m'2.

Significant outliers include NMC°. MITM and MOSAIC" which predict higher//. CAPS' and

TOPLATS" predict significant warming cf the surface by sensible heat (Le. they sirr.ul°'e a

large negative flux of H) which is probably unrealistic. CSIROE and RSTOMR also predict

large negative H, but the magnitude is smaller and may be plausible. Overall, there is some

consistency in the sense that all model results fall on a straight line drawn from -40 W m~2

for H and 170 W m"2 for \E to 60 W m"2 for H and 60 W nf2 for IE.

Of the canopy models, NMC° and MOSAIC14 show significant drying and therefore increasing

H. There are two loose clusters amongst the canopy models. CLASS0, MOSAIC14, BATS1EA

and BEST6 cluster with slightly higher H and lower E than LSX', ISBA°, PLACE0, SSIBT,

GISSF and SECHIBAS With the first group showing slightly higher//while in the latter group

more of available energy goes into XE.
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Since all the models used a similar albedos and roughness length the available energy and the

efficiency of turbulent transfer should be similar. Therefore, the results might be explained

in terms of the representation of soil hydrology. The weak clustering exhibited may be due

to the amount of soil drying the models predict. If the soil hydrology permits more drainage,

the soil will dry more quickly and H will increase. Unfortunately, the large variability in

methods used to predict the soil hydrology (Table 1) prevents the identification of any link

between the type of formulation and the results.

The mean annual effective surface temperature simulated by the participating PILPS models

is shown in Figure 2(a). The range in the predicted temperature is between 298.IK (LEAF1)

and 301.4 (BUCKET0) or 3.4K. The models are split, with 50% in the range 299-300K, 30%

in the range 300-301K and 15% in the 301-302K range. There is a tendency for the 'bucket'

models to be warmer with NMC°, RSTOMR, BUCKET0 representing the warmest three

models.

2.2 Annual statistics for the grassland

Figure Kb) shows the relationship between the simulated annually averaged H and XE for

grassland (GRASS). There is no strong relationship between H and XE as was shown by

Figure l(a) for FOREST. For instance, H plus XE for NMC° is about 25 W m"2 while for

MITM it is about 75 W m~2. It is not obvious why there are large differences in H plus XE,

but it presumably indicates that there are large differences in the simulated upward infrared

flux. Since PILPS did not request information on the net radiation or upward infrared fluxes

it is not possible to investigate this issue further.

Although the scatter shown in Figure Kb) looks large and the overall agreement looks worse

than for FOREST it is actually rather better. The total scatter for GRASS (about 35 W m*2

for H and about 40 W m'2 for XE) is about equal to the scatter shown by all bar three of the

models for FOREST

In the GRASS simulation, LSXJ, PLACE*3 and VICV form outliers for the canopy schemes

showing strongly negative H. NMC° underpredicts XE while Mil41 overpredicts H. NMC°,

CLASS0, BATS1EA, CSIROE and MOSAICN all predict some (although almost negligible)
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H loss. All other models simulate some wanning of the surface by sensible heat.

The mean annual effective surface temperature simulated by the PILPS models is shown in

Figure 2(b). The range is larger than for FOREST, with LSX' being coldest (278.9K) and

RSTOM* being warmest (282.7K). The total range (3.8K) is larger than for FOREST, but

considering the more complex nature of the surface (with snow, more bare soil (20% cf. 10%

for the tropical forest) and mofe periodic drying) the increased range is not surprising. LSXJ

is 1.38K colder than the next coldest model which is a considerable margin. Overall, only

LSX' is colder than 280K, 22% of models are between 280-281K, 50% are between 281-282K

and the remaining 22% are between 282-283K.

3. Diurnal temperature ranges simulated by the PILPS models

The simulation of the temperature diurnal cycle in land surface models is dependent on the

structure of the land surface model (number of soil layers, explicit canopy layer), and the

parameters used to describe the surface. In PILPS, the parameters describing the characteristic

of the surface (albedo, roughness, soil depth etc) were prescribed. Barring errors in this

prescription, any differences in the diurnal temperature cycle can be assigned to actual

differences in the land surface parameterisation.

Figure 3 shows the diurnal temperature range for FOREST for the 15lh of (a) January, (b)

April, (c) July and (d) October. On January 15th and April 15*. TOPLATS" predicts the

highest diurnal temperature while SECHIBAS predicts the lowest. TOPLATS" and, to a lesser

extent NMC°, appear as outliers on January 15th, April 15lh and July 15th predicting ranges

of around 19K and 14-17K respectively. On October 15th, NMC° predicts the greatest range

(UK). SECHIBAS predicts the lowest range on January 15th and April 15th (9K and 6K

respectively), but GISSF is lowest on July 15lh and GISSF, ISBA0 and PLACE0 on October

15* There is no obvious pattern therefore, in deciding which model predicts the highest and

lowest diurnal range. There is also considerable seasonal variation in the magnitude of the

range and in the variation in the range predicted by different models. For instance, the

average diurnal range on January 15th is 13.5K, on April 15th 9.3K, on July 15* 14.6K and

October 15"1 5.0K.
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Figure 4 shows the diurnal temperature range in the GRASS simulation. On January 15*, the

largest diurnal range is simulated by CLASS0 (13K), on April 15th by CAPS' (18K), on July

15* by RSTOM* (UK) and on October 15* by NMC° (13K). The minimum diurnal range

was simulated by NMC° (6K) on January 15*. by LSXJ (3.5K) on April 15*. by VICV (3K)

on July 15* and by BEST4 on October 15* (5.5K). The average diurnal range was 10.2K on

January 15*. 9.5K on April 15*. 7.0K on July 15* and 8.4K on October 15*.

There are some peculiar results here. The average diurnal range in tropical forest was 10.6K

while the average for grassland was 8.8K. It seems counter intuitive that a tropical forest

experiences a higher diumal range than a grassland. Similarly, the seasonal variability in the

diurnal range was 9.6K for FOREST and only 3.2K for GRASS. Finally, the largest diurnal

range in the GRASS simulations was in January, and the smallest range was in July. It was

contrary to expectations that the minimum diurnal range would be simulated during snow

cover (January), and the maximum range would occur in July, as the surface became drier and

available energy larger.

4. Discussion

The atmospheric forcing used in all these PILPS stand-alone experiments were identical. The

parameter values used to characterise the vegetation and soils varied slightly (particularly in

LSX') and, over time, may have varied substantially due to the different time evolution in

albedo, roughness and fractional vegetation cover in a number of the land surface schemes.

Some variations amongst the model results are therefore to be expected.

The magnitude of the differences are dependent on the time period investigated and the type

of vegetation being simulated. Most schemes agree on the partitioning of available energy

between XE and H for FOREST (Figure l(a)), although MIT", NMC°. CAPS' and

TOPLATS" (and perhaps LEAF1 and MOSAIC") producing significantly different results.

In the case of GRASS, there is less consensus although NMC° and MIT" would again appear

to be outliers. The range in the simulated effective temperatures was higher for GRASS than

for FOREST, but LSXJ was the only model which predicted a temperature which appeared

outside of a broad consensus.
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The results from the diurnal range analysis require further analysis in order to understand why

there is such a large variability, why there is greater seasonality in FOREST compared to

GRASS and why the maximum diurnal range for GRASS occurs during the wintertime snow

cover, rather than in summer. Irrespective of a physical explanation of these diurnal results,

the implication are clear. Current land surface models do not agree on the diurnal temperature

range, even when identical atmospheric forcing is used and there are no feedbacks between

the atmosphere and the land surface. The differences in the simulation of the diurnal

temperature range is considerable, and even if obvious outliers are ignored, it is still not

possible to identify a consensus among the remaining models.

5. Conclusions

The scatter amongst the land surface schemes included in PILPS is of concern. Part of the

scatter may be due to a failure of all models to use precisely the same parameters. The

simulations described in this paper are currently being conducted for a second time, in order

to address some of these deficiencies. Unfortunately, initial results indicate that the scatter

shown in Figures 1 and 2 are not entirely the result of poor specification of parameter values,

although the overall scatter in annual and monthly means is reduced by around 50%.

If the level of disagreement between land surface models remains similar to that reported in

this paper, impact and sensitivity experiments conducted with GCMs on any surface quantities

would have little credibility. Using these land surface schemes to simulate changes i the

diurnal temperature range due to climate change is clearly premature. Indeed, the prediction

of changes in any land surface quantity, including soil moisture changes under greenhouse

conditions, the impact studies performed on agricultural potential following warming, the

effect of greenhouse warming on runoff regimes, the role of soil moisture anomalies in the

time evolution of climate and the importance of snow cover on climate patterns can have little

reliability in view of the results presented here.

An important goal of this first phase of PILPS was to identify the level of disagreement

between land surface schemes separated from atmospheric models (i.e. without the inclusion

of surface-atmospheric feedbacks). It is clear that there are significant disagreements in the

prediction of temperature, kE, H, and also runoff and snow depth (not shown). The size of
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the differences increase from annually averaged results, where there is some agreement,

through monthly averages, where there is some agreement, to diurnal results, where there is

negligible agreement. Given that the atmospheric forcing was identical, and that the

characterisation of the surface very similar, the level of disagreement among the models

demands urgent, additional research.
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Figure 2. The predicted annually averaged effective surface
temperature for (a) FOREST (K) and (b) GRASS (K).
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THE ESTIMATE OF THE DIURNAL CYCLE OF THE CARBON DIOXIDE

INDUCED GREENHOUSE EFFECT : RESULTS FROM 1-D MODELS

OF THE ATMOSPHERE VERTICAL STRUCTURE.

Pavel F. Demchenko

George S. Golitsyn

Institute of the Atmospheric Physics, Russian Academy of

Sciences, Pyzevsky 3,Moscow ,109017, Russia.

The goal of this study is to explain the observed decrease of diurnal

temperature cycle over land ( at least- the part of it) in terms of different

sensitivities of day-time and night- time temperatures to CO2 grow. In the

present study we do not take into account the changes of the soil and

atmospheric hydrological cycle. We used two 1-dimensional models: 1)

radiative equilibrium model (REM) and 2) radiative eddy mixing model (REMM)

with the simplified treatment of the vertical sensible heat transport.

Experimental set-up includes : (i) the specification of the present climatological

cloudiness, specific humidity and aerosol as the background; (ii) the calculus of

the diurnal cycle of the surface temperature and the atmospheric vertical

structure under the present CO2 content; (iii) the same calculus for the CO2 -

doubling but all other optically active parameters remains fixed. Neglecting the

changes of the hydrological cycle we can consider the results as the "dry

sensitivity case" which takes into account the effects of the radiation transfer

and the vertical mixing only. For the same reason we have chosen a dry type

of soil with the heat capacity equivalent to the 10 cm of the water layer.

Results of the calculations for the surface temperature sensitivity

(2CO2 - 1CO2) are presented in fig. 1 ( the latitude 45° , spring solstice, dry
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day). Both models show larger increase of surface temperature at night. The

vertical mixing diminishes this effect, but the sign is the same. The smaller

amplitude of the temperature diurnal cycle sensitivity in REMM could be

explained by the equalizing of the sensitivity profile during a day due to the

vertical mixing enhancement up to the upper boundary of the day-time

convection hm , where the sensitivity in both models is nearly the same.

Then to ensure lower daily mean sensitivity in REMM a change of the night

time temperatures and the amplitude of the diurnal cycle should also be

smaller.

We argue that the nonlinear "thermal radiation- temperature"

dependence is responsible for the simulated effect. The Planck function is

proportional to the forth power of temperature. We calculated the Planck

function sensitivity in our "dry sensitivity experiment" and fond, that

under enhanced greenhouse conditions it's diurnal cycle amplitude increases-

out-of-phase with the temperature. The same result we fond analytically

with 1-layer atmospheric model. The expansion (with the suitable

normalization) of the diurnal temperature cycle sensitivity a? the difference

between the Planck function diurnal cycle sensitivity and the sensitivity of

it's daily averaged value (due to nonlinearity) shows that the second term

diminishes the diurnal cycle of the temperature. So, if the first term is

positive as in our experiments) - the simulated effect is the result of

nonlinearity. But it's strength isn't enough to explain observed changes.

This work was supported by grant 93-05-14062 from the Russian

fond for Fundamental Research.
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24 /.

Fig.l The diurnal cycle of the temperature difference (2CO2 -1CO2 ):

1- surface (dotted line - REMM, solid - REM)

2 - the REM results for the upper boundary of the layer of

turbulent mixing.
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Atmospheric Ozone as a Climate Gas

Wei-Chyung Wang, Xin-Zhong Liang and Michael P. Dudek
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State University of New York
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David Pollard and Starley L. Thompson
Climate and Global Dynamics
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ABSTRACT

The atmospheric ozone climatology used in the NCAR general circulation models (GCMs;

CCM1 and GENESIS) is updated and its effect on simulation of present climate is examined.

The new ozone climatology includes two improvements: the use of measurements from satellite

(TOMS and SAGE) and ground-based instrumests of recent years and the consideration of

longitudinal variations. Although the effect on the simulated global, annual mean surface air

temperature is calculated to be small, the regional influences are quite substantial, especially at

the middle and high latitudes of the Northern Hemisphere during winter. This suggests that

atmospheric ozone is a climate gas and is important in simulating the regional climate and

climate changes. Ultimately, the GCMs need to include interactive climate-chemistry to

consistently calculate the ozone distribution. '.

INTRODUCTION

Atmospheric ozone (O3) absorbs solar radiation, in particular, the UV-B radiation. It also

traps outgoing longwave radiation similar to greenhouse gases H2O, CQ2, CH4, CFCs and N2O.

The presence of O3 in the Earth's atmosphere is therefore important not only to the biological

activities on the surface but also the radiation budget and climate (Bower and Ward, 1982).

Consequently, realistic representation of O3 spatial distribution in GCMs is needed to simulate

the present climate. In addition, one of the major findings from the Intergovernmental Panel on
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CJimate Change (IPCC, Houghton et al., 1992) and the Scientific Assessment of Ozone

Depletion (WMO, 1991) was the identification of possible climatic effects over the last few

decades resulting from anthropogenically-induced changes in atmospheric O3.

The effects of changes in atmospheric O3 on the solar and longwave radiative forcing of the

troposphere-surface system are sensitive to the altitudes where O3 changes. For example, a

decrease in stratospheric O3 will increase the radiative forcing (a warming effect) due to

increased available solar radiation for absorption, and decrease the radiative forcing (a cooling

effect) due to decreased downward longwave radiation. The net compensating effect will depend

on the location and time of the year. On the other hand, an increase in tropospheric O3 can warm

the troposphere-surface system through increases in absorption of both the solar and longwave

radiation. Sensitivity calculations indicate that the surface temperature is most sensitive to O3

changes in the lower stratosphere and upper troposphere (Wang et al., 1980; Lads et al., 1990).

Consequently, study of the climatic effects of O3 changes focuses on the observed O3 changes in

these regions.

Calculations of the climatic impact of lower stratospheric O3 decreases, which have been

observed over the last decade, was presented in Houghton et al. (1992). It was clearly

demonstrated that the observed O3 changes could lead to significant impact on the radiative

forcing, particularly at high latitudes. The effect has been to reduce the radiative forcing, thereby

reducing the expected impact of the other greenhouse gases. However, thef results are sensitive

to the temperature responses assumed in the lower stratosphere in responding to O3 decreases.

On the other hand, the few available ozonesondes indicate that the upper tropospheric O3 has

been increasing at the mid- and high-latitude of the Northern Hemisphere during the last few

decades (Mohnen et al., 1993; Wang et al., 1993). Calculations of the changes in radiative

forcing from these observed increases during the 1980s (versus the 1970s) give changes which

are comparable to the changes from the other greenhouse gases during the same period.

The calculated impact on the radiative forcing from both lower stratospheric depletion and

tropospheric increases clearly demonstrates die potential importance of atmospheric O3 as a
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climate gas. Because of the highly inhomogcneous distribution of O3. GCMs are needed to study

the climatic effects. However, before conducting the GCM climate perturbation experiments, the

zonally symmetric O3 climatology (Duetsch, 1978; below referred as the old O3 data) of the

NCAR GCMs (CCM1 and GENESIS), which we used for climate studies (Wang ct al., 1991a,

1992), needs to be updated with more recent observations and to include the longitudinal

variation. In this note, we present results of climate simulation using a new O3 climatology

based on available satellite and ground-based measurements; the climatology has monthly-mean

values as a function of latitude, longitude, and altitude constructed. Section 2 describes the new

O3 data. Comparison of the climate simulations between the new and old O3 climatologies is

discussed in Section 3 and, conclusions and discussion are given in Section 4.

ATMOSPHERIC O3 CLIMATOLOGY

In GCMs, the O3 climatology needs to specify both the total column amount and the vertical

distribution. The total column O3 is taken from Total Ozone Mapping Spectrometer (TOMS)

measurements which have monthly-mean values from November 1978 to January 1992 with

resolution of 1.25 degree longitude and 2 degree latitude (Bowman and Krueger, 1985; Stolarski

et al., 1991). The missing values at high latitudes in both Hemispheres, mostly during winter,

were filled with available observations near the poles using an interpolation scheme that yields

consistent seasonal and interannual variations. These values are in excellent agreements with

measured values available over Arctic region (WMO, 1993).

Figure 1 shows the monthly mean values of column O3 amount averaged over the TOMS

measuring period. The important features include: low values at low latitudes throughout the

year, spring maximum at middle and high latitudes with much larger magnitudes in the Northern

Hemisphere, and the Antarctic O3 hole during September-October. Comparison of total O3

column between the new and old climatologies indicate that the difference is generally small

except during late summer and early fall in the areas of south of 70S where the new data is much

smaller because of the Antarctic Ozone hole and, from May through November in low and

middle latitudes where the new data is larger by 10-15%.



-376-

Note that, in addition to the difference in the zonal mean values between the new and old O3

climatologies, the old data does not include the longitudinal contrast, which can be substantial as

shown in Fig. 2 for January. The longitudinal variation is small in low latitudes and most of the

Southern Hemisphere. However, the contrast is substantial North of 30N; for example, at 50N

the value has a minimum ~ 340 DU in Northern Europe versus a maximum 460 DU in Northern

Japan. This contrast can be clearly seen in she comparison between the new and old

climatologies. For example, the new data is smaller over Northern Europe, but larger over Japan

and Northern China.

As mentioned earlier, the vertical distribution of O3 is important in determining the radiative

forcing. It needs to be realistically prescribed, and ultimately calculated with interactive

chemistry and climate. In the new O3 climatology, the stratospheric distribution is based on the

data from the Stratospheric Aerosol and Gas Experiment (SAGE-II) which provides data up to 60

km at 1-km resolution for the period October 1984 to November 1989 (Cunnold et al., 1989;

McCormick et al., 1992). Above 60 km, a single mean value at 100 km taken from McClatchey

et al. (1971) is used to calculate the mixing ratios assuming linear relationship between log (O3)

and pressure. For the troposphere, we used the data from Logan (1985) and Spivakovsky et al.

(1990), which has values at 1000,900, 850,800,700,500,300,200,150, and 70 mb with 10 to

20 degree latitude resolution. Again lint»/ interpolation is used to calculate the values between

12 and 17 km. As an example, Fig. 3 shows the January, altitude-latitudinal distribution of the

O3 mixing ratio. There is a hemispheric symmetry with maximum value of about 10 ppmv

around 32 km at the equatorial region. The values in the troposphere are generally much smaller

than those in the stratosphere and total tropospheric column is about 10% of the total column

shown in Fig. 1. Differences between the new and old O3 January climatologies are also shown

in Fig. 3. In general, the new data is larger than the old mainly in the Northern Hemisphere; the

difference is particularly large in the regions of mid-to-upper troposphere and lower stratosphere
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at low latitudes. A combination of the difference in the total column and vertical distribution

between the new and old O3 data can yield different model climates.

CLIMATE SIMULATIONS

The climate simulations reported here is based on the use of the GENESIS (General

Environmental and Ecological Simulation of Interactive Systems) global climate model

(Thompson and Pollard, 1993) for the atmosphere and a 50-meter mixed layer with prescribed

heat transport for the ocean. Note that the longwave radiation parameterization of Wang et al.

(1991b) is used. The AGCM originated from the NCAR Community Climate Model version 1

(CCM1), but nearly all components have been replaced or extensively modified with the

exception of the spectral dynamics. This version uses R15/L12 resolution with a diurnal cycle

and has improved physics in radiation, clouds, boundary layer and convection; the ground

includes a 3-laycr snow and a 6-layer soil model. We run two model simulations: one with the

old O3 climatology and the other with the new O3 climatology. For each simulation, a period of

twenty-years is run and the last ten-years equilibrium climate statistics are used for analysis and

comparison.

The difference in the global, annual mean surface air temperature between the two O3

climatologies is calculated to be very small, 288.41 K for new O3 and 288.57 K for old O3.

However, differences in the seasonal and longitudinal distribution is quite large. For example,

Fig. 4 shows the differences in January, geographical distribution of surface air temperature

between the two O3 climatologies. The new O3 yields a warmer surface air temperature for most

regions and the warming effect is particularly large in the areas centered around (60E; 60N) and

(130W; 60N) where the temperature can be higher by as much as 4-5 °C. The magnitude of

these warmings exceeds the model interannual variability, thus implying that atmospheric O3 can

have substantial influences on the regional climate and, for some areas, improve the model
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simulations. For example, when compared with observations, the warmer surface temperature

over Russia corrects substantially the cold bias (about 10 °C) simulated using the old O3 data.

However, the effects are mixed for other middle and high latitude regions where large

differences are calculated. Note that the warming effect is uniformly small at low latitudes

because both the difference in column O3 and the longitudinal contrast are small. There are two

areas, North America and Central Eurasia, where cooler surface temperatures are calculated. As

mentioned earlier, the surface warming or cooling depends on the net effect of changes in solar

and longwave radiation, which is a function of latitude and season. Our analyses indicate that the

warmer surface temperature is initially caused by the enhanced longwave greenhouse effect and

the cooling by the decreased incident solar radiation and subsequently modified by the climate

feedbacks.

The difference in the 60 mb temperature is also shown in Fig. 4. Wanner temperatures are

calculated at the middle and high latitudes in the Northern Hemisphere while cooler temperatures

are found for other regions. The temperature pattern is similar to the pattern of O3 column

shown in Fig. 1 because of the close association between O3 and temperature in the lower

stratosphere.

We have also examined the differences in the vertical distributions of zonal mean

temperature and wind between the two O3 climatologies, shown in Fig. 5 for January. For

temperature, very small difference is calculated in the troposphere. However, in the lower

stratosphere, the new data calculates a warmer temperature in polar regions and a cooler

temperature in the equatorial region. Note that the wanner polar night lower stratosphere is a

needed improvement since nearly all GCMs calculate cooler temperature when compare with

observations (Boer et al., 1992). Difference in the zonal wind occurs mainly at the middle to

high latitudes of the Northern Hemisphere. Again, the decrease is also an improvement.
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CONCLUSIONS AND DISCUSSION

The GCM simulations suggest that atmospheric O3 is important in maintaining the present

regional climate. Because of its large seasonal variation, the effect is particularly large at the

middle to high latitudes.

Because of the focus of this MINIMAX Workshop, we have also examined the effect of

ozone climatologies on the simulations of the diurnal temperature-range of the surface air

temperature and the precipitation (and thus the cloudiness). Because of the large effect of ozone

on solar radiation (and thus the maximum temperature), the July results are examined and shown

in Fig. 6. Between the new and old ozone climatologies, large differences exist in temperature

ranges in several low and middle latitude continental regions while the effect on the precipitation

is mainly within the ITCZ. However, the uncertainties associated with these changes, in

particular the precipitation, are large because that these changes are based on ten-years

equilibrium simulations which are not long enough from statistical consideration and that

GENESIS simulated precipitation patterns showed large interannual fluctuations within ITCZ.

Nevertheless, it is clear that to use GCMs to study the observed characteristics of a reduced

diurnal range associated with a larger increase of the minimum (than maximum) temperature will

require the GCMs to include realistic distribution of atmospheric O3 and its change as well as

changes in other radiatively-important constituents such as greenhouse gases and sulfates.

Finally, two considerations make ozone distinctly different from other greenhouse gases.

First, ozone is a secondary constituent formed by chemical reactions in the atmosphere.

Second, anthropogenically-induced changes in the ozone distribution show large spatial and

temporal variations in the atmosphere. Therefore, study of the climatic impact of ozone

requires better resolution in its spatial representation and ultimately consideration of climate-

chemistry interactions.
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Figure 1. Latitude-nonthly nean total column ozone (in Dobson Unit, 10"^ an).
The ozone climatology is baaed on TOMS averaged over 11/1978-
1/1992 with missing data at high latitudes fllled-in and calibrated
against ground-based measurements.
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Figure 2. January, latitude-longitudinal distribution of (a) new column ozone
(Dobson Unit* 10~3 cm) and (b) difference (percent) between new and
old ozone climatologies.
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Figure 4. Model simulated temperature difference (°C) at (a) surface and
(b) 60 mb level between new and old ozone climatologies.
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Figure 5. Comparison of the January, altitude-latitudinal distribution of
(a) temperature (°C) and (b) zonal wind (tn/sec) between new and
old O3 data.

Fig. 5a.
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Figure 6. Model simulated difference in July (a) diurnal range (°C) of the
surface air temperature and (b) precipitation (imn/day) between the
new and old O3 data.
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Georgy L. Stenchikov and Alan Robock
Department of Meteorology

University of Maryland
College Park, MD 20742

It has been observed (Karl et al., 1991,1993; Folland et al., 1992) that global warming
over large parts of the land surface of the planet has been accompanied by statistically
significant decreasing of the diurnal temperature range (DTR), as well as increasing of
the cloudiness fraction. These diurnal asymmetric changes are important themselves, as
they can influence the agriculture, transport, communications, and other human activities,
but also can help to improve our understanding of the mechanisms of climate variations.

To investigate the role of different physical mechanisms which produce a diumally
asymmetric reaction, we developed a new type of radiative-cor vective model (RCM)
with arbitrary vertical resolution, which includes a complete set of physical processes:
boundary layer, convection, water vapor balance, hydrological cycle, prognostic clouds,
as well as high-spectral-resolution radiative transport (Rozanov and Frolkis, 1986;
Prigarin et al., 1990). RCMs that have been traditionally used in the past have not been
able to describe all these processes and therefore were unable to completely investigate
the diurnal cycle sensitivity. Our model can be used to investigate which feedbacks are
most important for decreasing of the DTR, to quantify those effects, and to develop new
descriptions of the local physical processes which can be used in GCMs.

Calculations were carried out for midlatitude summer and winter (45°N in January
and June) and for tropical spring conditions (15°N in April) for the most important
climate forcings: CO2 amount increasing ana aerosol pollution (Charlson et al., 1992;
Kiehl and Briegleb, 1993). The sensitivity of the diurnal cycle was calculated for a
doubling of CO2 concentration, for a 1% increase of the solar constant, for urban and
average continental tropospheric aerosols (D'Almeida et al., 1991), and for a combined
case of simultaneous 50% CO2 concentration increase and aerosol pollution.

The calculations used a time step of 1 hour until equilibrium was reached, when daily
average temperature change less then 0.005°C. The calculated radiative balance at the
top automatically corresponds to the observed one, with an accuracy of less than 0.05
W/m2.
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The surface temperature change for the cases with CO2 doubling and 1% increase of
solar constant, are shown in Fig. 1. A significant decrease of the diurnal range is
observed in all cases, and it is stronger for the cases with higher sensitivity (summer and
tropical cases). Even though solar constant forcing only occurs during the day and tends
to increase DTR, more powerful feedbacks actually decrease it.

To investigate the role of clouds, calculations with fixed diurnally-average clouds
were repeated (Fig. 1). The tropical and summer cases show approximately the same
sensitivity in experiments with fixed clouds. But when clouds were calculated
prognostically by the model, cloud feedbacks increased the diurnally averaged sensitivity
for the tropical case, as the top of the clouds lifted, but in the midlatitudes clouds
decreased the sensitivity both in summer and in winter. In contrast to this behavior, in all
cases cloud feedbacks increased the relative change of the diurnal asymmetry.

When CO2 is doubled, various feedback processes act to modify the initial radiative
forcing of approximately + 4 W/m2. In the daytime, at the surface a large reduction of
sensible heat flux tends to be compensated by a large increase of latent heat flux (Cao et
al, 1992), so the sum of these feedbacks has approximately the same order as the direct
absorption of the solar radiation by CO2. Surface cooling for both mechanisms at noon
in summer reaches 2 W/m2. A more powerful feedback is an increase of the absorption
of solar radiation in near IR (NIR) band by water vapor. As a result, the downward solar
flux decreases by more then 6 W/m2 at noon in summer. Additional scattering and
absorption in clouds practically doubles this effect. Longwave effects are also important
(Rind et al., 1989). The water vapor-greenhouse feedback tends to increase DTR because
the enhanced daytime downward IR flux from increased water vapor is larger than at
night, due to higher absolute humidity and temperatures. This is an example of feedbacks
in the summer case for CO2 doubling. Other forcings in other climate regimes produce
different relative feedbacks.

Aerosol effects were calculated for summer and winter in midlatitudes for two types
of aerosol, urban and average continental (D'Almeida et al., 1991), distributed with
constant mixing ratio in the lowest two layers of the model (~2 km). Urban aerosol has a
larger optical depth and larger absorption, because it contains more soot particles. In
summer (Fig. 2) urban aerosol causes a strong decrease of the diurnal range and a 50%
CO2 increase slightly increases this effect. For the average continental aerosol, the
asymmetry is not so strong. In this case, clouds decrease the sensitivity and asymmetry
of the reaction, because water vapor and cloud water are decreasing and less NIR solar
radiation is absorbed in the atmosphere. The cloud distributions in these summer cases
did not change, and only cloud water content feedbacks are important for clouds.

In the winter (Fig. 3) the bottom of clouds is lower than the top of the aerosol layer,
so clouds and aerosols work together, hi addition the surface albedo is high and reflected
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upward solar flux is relatively strong and can cause secondary effects in aerosol and
cloudy layers. The more absorbing urban aerosol itself causes less cooling then less
dense, but more scattering, average continental aerosol. Urban aerosol itself does not
decrease the DTR, but in combination with 50% CO2 increase causes warming and
decreasing of DTR. Average continental aerosol increases the DTR. Clouds in this case
amplify sensitivity and tend to increase the DTR.

Our calculations show that cloud feedbacks may increase or decrease DTR as well as
diurnally-averaged climate sensitivity, and therefore the regional effects of clouds may be
more significant than on a global average. Aerosol effects depend on a large number of
factors in comparison with well mixed CO2, including vertical distribution with respect to
clouds and surface albedo, so the net aerosol effect may increase or decrease DTR. The
most important feedback mechanisms are connected with atmospheric water vapor, as
well as with cloud water content, cloud amount, and the diurnal distribution of clouds.
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Figure 1. Diurnal distribution of surface temperature change due to CO2 doubling and 1% solar constant
increase for midlatitudes in summer and winter, and tropics in spring.
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Abstract

We performed a principal component analysis of observed winter and summer

temperature north and south of 55° latitude, in order to examine the spatial and temporal

history of long day and night temperatures. We used the component weightings calculated

from the observed record to calculate an analogous set of component scores from an

infrared-transient coupled ocean-atmosphere general circulation model (GCM). We found

no evidence for the increase in the observed night temperatures that is observed at lower

latitudes. Comparison of the observed and GCM-calculated climate revealed that in only

one of 40 possible components were the patterns of observed and calculated climate change

similar. This behavior is disturbing, because it is at these latitudes that the greatest climatic

changes have been predicted to have already occurred.

Introduction

The finding of disproportionate night wanning as the greenhouse effect has enhanced

has several important biological and ecological implications. Evaporation rate increases,

which are primarily a daytime phenomenon, are minimized, resulting in less moisture stress

on both agricultural and forest ecosystems. An increase in high latitude snowfall would

also be expected, as that atmosphere is sufficiently cold during polar night that any

additional moisture held by a slightly warmed atmosphere would certainly fall as snow.

Thus there would be some mitigation of sea level rise cause by thermal expansion.

Further, a predominantly night wanning serves to lengthen the growing season,
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accompanying the probable growth enhancing effects of additional atmospheric carbon

dioxide on C3 plants.

In addition, the profound lack of a summer daytime warming signal, as shown by Karl

(1991) and Michaels and Stooksbury (1992) has analogous implications, especially if the

hydrological cycle is enhanced even as the mean surface temperature does not change. This

enhancement has recently been demonstrated by Lins (1993).

Here we examine the behavior of predicted and observed temperatures during the

extremes of both night and day; i.e. the long polar nights and days. The "predicted"

temperatures are from the transient coupled ocean-atmosphere GCM of Manabe et al.,

(1991) and the observed temperatures are from the Jones and Wigley/Department of Energy

(1990 and updates) combined land-ocean data.

Methods

We first performed an principal component (eigenvector) analysis on the high latitude

(55-85°N, 55-90°S) station records of Jones and Wigley (1990 and updates). Because of a

rapid increase in the number of observing stations, the north polar analysis begins in 1933

and the south polar in 1957. Analyses were divided into "winter" (December-February)

and "summer (June-August) in the north polar region; the reverse was used for the south

polar area. Kendall (1975) gives an economical description of this type of analysis.

The first ten spatial components explained 74.5 and 66.5 percent of the total temporal

variability, respectively, for winter and summer in the north polar region. Analogous

figures for the south polar region are 95.4 and 97.3 percent Although associated
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eigenvalues are greater than 1.0 for 22 of the summer and 20 of the winter components in

the north polar region (10 and 12, respectively, for the south polar zone), we limit our

discussion here to the first ten in all season/region combinations for the sake of economy.

A summary of the first ten components is given in Table 1.

We then used the same temperature weightings derived from the principal components

of the observed temperature field to generate annual principal component scores from the

GCM. We did not directly compare year-for-year, because the increase in effective CO2 in

the GCM for the last 60 years (the length of the reliable north polar record), at 1% per year,

is artificially too large. By year 100, which temporally corresponds to 1990 in the model

(the observed background of 300ppm was in 1890), the effective CO2 concentration is

350ppm higher than it is today. Therefore we chose instead to use the correct C(>> value

from the model and "stretch" the results to make them analogous to 1933-90. In the south

polar region, we used effective CO2 concentrations that were analogous to 1957-90.

It is important to note that this is a profoundly lenient comparison between model and

observations, because it allows the observed climate twice as much time to respond to the

change in infrared forcing than the actual number of annual model iterations.

By using the observationally derived principal component coefficients for comparison

to the GCM, we set up the null hypothesis that the transient GCM is in fact simulating an

atmosphere that resembles the one that existed from 1933-1990 in the north polar region,

and from 1957-1990 in the south polar region, or periods concurrent with the greatest

enhancement of the greenhouse effect

Results

Figure 1 gives the first principal component of winter and summer temperatures in the

north polar region; Figure 2 is the same for south polar region. In general, each of these

patterns is bipolar or unidirectional. Through most of the middle orders, such as patterns 3



-402-

through 8, there is not a massive increase in noiseiness that would be reminiscent of a Buell

response.

The similarity between the first winter and summer south polar components is

remarkable and is also apparent in the second component This behavior is not maintained

through any higher order patterns. The implication is that there is an exceedingly strong

persistence between winter and the succeeding summer at these latitudes that has heretofore

not been noted.

More germane to this study, however, is the comparison of the temporal behavior of

the long night (winter) and day (summer) eigenvectors between the transient GCM and

observations. Table 2 summarizes which components show a significant (a=.O5) change in

the observed temperature, and which ones were forecast to change significantly by the

GCM.

Winter, North Polar Region

In the observed data, only one pattern (#6; Figure 3a) shows a significant temporal

trend, and a spatial analysis of the weightings suggests such a change is most likely a

result of cooling in northeastern Canada and Scandinavia, All the other patterns show no

climatic trend. Thus there is no evidence for either a uniform, or even a regional night

warming in the north polar region.

The situation is radically different in the GCM. Patterns 2, S, and 6 show significant

change, but in the one component (#6) in which change is common to both the predicted

and modelled eigenvectors, the model predicts change in the opposite direction to what

occurred in the observed temperatures; i.e. a warming of northeastern Canada and

Scandinavia. The temporal behavior is given in Figure 3b. The overall correlation between

the observed eigenvectors and the GCM forecast for north polar winter is zero. A Venn
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Diagram detailing the overlap (or lack thereof) between the modelled and observed patterns

for all season/region combinations in given in Figure 4.

Summer, North Polar Region

Statistically significant changes occur in eigenvectors 2, 4, and 7 in the observed data,

but the rather complicated spatial nature of these patterns makes discrete interpretation

rather difficult.

However, the comparison to the model is instructive. In each case where there is a

significant trend in the observed data, there is none in the model. For components 1, 3, 5,

6, and 9, the model predicts significant changes to have occurred that did not happen.

Again, the overall correlation between the observation and the forecast is zero.

Winter, South Polar Region

The first component is by far the most important, explaining 38% of the total variance.

No significant change has been observed in this pattern or in the modelled climate.

However, the relatively short period of record compared to that of the north polar region

requires a substantial temporal change for any trend to be significant When the model

components are run over this region for the same period of record that there is in the north

polar region, there is a very significant change towards wanning.

There is a significant change in observed component #4 that is not captured by the

model, and the model calculates a significant change in component #5 that is not in the

observed data. The overall correlation between the modelled and observed temperatures is

again zero.

Summer, South Polar Region

As in the winter, the first component is very important, capturing nearly 50% of the

observed temperature variance. Significant increases are observed in components two and
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three, and calculated in components three and six.

Thus this is the one case (out of a possible 40) in which a modelled and an observed

component display a statistically significant change of the same sign. Because of the

dominant nature of the first component, though, it explains relatively little of the overall

climate variance, at 10.8%.

Conclusion

There is virtually no correspondence between observed and predicted temperature

trends during the time of longest day (summer) and night (winter) in the high latitude

regions where the most significant climate changes are predicted to occur. It therefore

seems obvious that the cunent generation of GCMs, which forms much of the basis of the

Policymakers Summary of the U.N. report of the Intergovernmental Panel on Climatic

Change (1990), has failed to literally forecast the difference between night and day.

Statements, such as those in the IPCC report, that observed climates are "broadly similar"

to those that have been calculated by these models cannot be supported by this analysis and

should be removed from any subsequent compilation of the state of our science concerning

the enhancing greenhouse effect If global policies are being based upon these forecasts,

they have in fact no basis in reality.
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Figure 1. The first spatial component of winter (a) and summer (b) temperatures for
55-85°N.



-407-

Northern Hemisphere Summer PCI

CONTOUR FROM - . 4 TO .7 BY .1

l b .



-408-

Southern Hemisphere Winter PCI

CONTOUR FROM - . 1 TO 1.1 BY .1

Figure 2. Same, except for 55-90°S.
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Figure 4. Comparison of observed versus modeled scenarios of climate change. Each box represents
the cumulative variance captured by the first ten principal components. The numbers within
the box are percentages of that variance. The value for "no change" is the sum of the variance
explained by each PC in which there was not a significant change either in the model or in the
observed climate. The "observed" figure represents the sum of the variance in the observed
components in which significant (a =.05) trends are present. The "modeled" figure is the sum
of the variance in the modeled components that display a significant trend. The overlap
represents the amount of correctly modeled change.
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TABLE 1: Explained Variance of the First Ten Principal Components

COMP#

1
2
3
4
5
6
7
8
9

10

WINTER
NORTHERN

22.5
14.3
6.6
6.2
5.7
5.0
4.4
3.5
3.3
3.0

SUMMER
NORTHERN

11.8
10.0
9.5
8.8
7.3
5.0
4.0
3.5
3.4
3.2

WINTER
SOUTHERN

38.0
16.9
12.0
7.9
5.9
3.9
3.0
2.5
1.8
1.6

SUMMER
SOUTHERN

48.9
14.0
10.4
6.4
4.2
3.4
2.7
2.2
1.9
1.4
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TABLE 2. Principal Components that Display a Significant (ct=.O5) Trend in the Observed
or Modelled Temperature.

NORTH POLAR WINTER

Observed Modelled

Increase
Decrease

Increase

Decrease

Increase

Decrease

Increase

Decrease

none
6

7

2,4

4

none

?,3

none

2,5,6

none

NORTH POLAR SUMMER

1,2,5,6

none

SOUTH POLAR WINTER

5

none

SOUTH POLAR SUMMER

3,6

none
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ABSTRACT

Confidence in model projections of climate change requires reasonably realistic

simulation of present-day climate(Wilson and Mitchell, 1987; Boer et al., 1992).

Accordingly, we compare surface air temperatures simulated in the control runs of three

general circulation models (Canadian Climate Centre, Oregon State University, United

Kingdom Meteorological Office) with observations in three regions of the central United

States. The models simulate a smaller diurnal surface air temperature range, averaging

overall 3.2°C less than observed. Spring maxima are consistently cooler in the models by an

average of 4.1°C. Although inadequate representation of clouds may contribute to the

smaller simulated temperature range, the underlying cause of the differences is unknown.

Since increased minima and decreased diurnal ranges are the most widely observed features

of surface air temperature over the Northern Hemisphere continents during the last four

decades, the discrepancy is a matter of concern for the projection of future greenhouse-gas-

induced climate changes and their impacts.
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INRODUCnQN

Gianges of maximum and minimum daily temperatures have received relatively little

attention until recently because the data have not been readily available on a global basis. The

needed data base has now been extended to over 50% of the Northern Hemisphere continents

and 10% of the Southern Hemisphere land. Studies for North America (Karl et alM 1984)

and regions of China, Europe and the former USSR (Karl et al., 1991), show a pronounced

decrease of the diurnal temperature range, accompanied by a general increase of minimum

temperatures. Over the United States (Plantico et al., 1990) and Spain (Biicher and

Dessens, 1991) the decrease in diurnal temperature range was found to be associated wiih an

increase of low-level cloud cover during the 1948-1987 period. The ultimate cause of the

change in the temperature range, however, is not known. It may be a response to the

changes of cloud cover, cloud optical properties, atmospheric water vapor, other greenhouse

gases, tropospheric aerosols, soil moisture or snow coverage. Most of these variables can

also be indirectly affected by increasing carbon dioxide concentrrtions. Models which

simulate climate with doubled atmospheric concentration of CQ2 do indeed show a decrease

in the globally averaged annual temperature range, but only by a relatively small amount

(Rind et al., 1989; Cao et al , 1992).

DATA

To determine whether general circulation models can reliably predict the impact of CO2

on the diurnal temperature range, we compared the regionally and seasonally averaged

observed temperature maxima, minima, means and diurnal ranges in three selected regions of

the United States with the control runs of three coupled ocean-atmosphere models which

include the diurnal cycle. The Northern Plains, Southern Plains and Eastern Prairies (Figure

1) were selected, as they have a relatively dense network of high-quality stations and

relatively flat relief. In excessively mountainous regions the models cannot resolve the

topography and the surface temperature in sufficient detail. The regional boundaries shown

in Figure 1 are those delimited by Karl (Karl et al., 1988), drawn to reflect, as much as
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possible, similar surface climate characteristics. The temperature averages for these regions

are based on stations from the Historical Climatology Network, which have been adjusted for

time of observation and to minimize the biases due to urban heat islands and instrument and

station changes (Karl et al., 1988). No allowance has been made for the different spatial

representativeness of individual stations.

The observations are compared with the results of three coupled atmospheric general

circulation/mixed-layer ocean models: the second-generation Canadian Climate Centre

(CCC) model (Boer et al., 1982,1984; McFarlane et al., 1992); the Oregon State University

(OSU) model (Schlesinger and Zhao, 1989) with the diurnal cycle included; and the United

Kingdom Meteorological Office (UKMO) model (Cao et al., 1992; Slingo, 1985). Some

important features of the three models are given in Table 1. The CCC model has the highest

spatial resolution and the UKMO model the lowest The number of atmospheric levels varies

from 2 in the OSU model to 11 in the UKMO model.

The gridded model data are weighted to fit as closely as possible to the three selected

climate regions. At least four model grid points were averaged to represent each division

examined. That part of a climate region with no station data, such as in the northwestern part

of the Northern Plains, has not been matched with a model grid. The decadal means for the

1966-75 observations were analyzed. During this interval the CO2 concentrations as

measured at Mauna Loa Observatory in Hawaii approximate the concentrations in the control

runs of the models (Table 1). Simulated temperatures represent a decadal (OSU, CCC) or

fifteen-year (UKMO) average obtained from the control run after each model reached

equilibrium. In order to ensure that the 1966-1975 decade is not exceptionally anomalous, a

comparison with the 1901-1984 interval is shown in Table 2. Differences in minimum

temperature are no more than 0.3°C. The maxima and the diurnal ranges are up to 1.0°C

greater in the 1901-84 averages. Mean temperatures are within 0.4°C of each other in both

periods. In all but one case (the range for the Eastern Prairies in autumn), the long-term

differences are within the confidence interval calculated for the decadal means (Figure 2).
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The 1901-84 interval is generally warmer and has a larger diurnal range than the 1965-1975

decade. Not only are our conclusions unaffected by these differences, but the departures

between the models and observations would be even larger if compared with the 1901-1984

interval.

Problems in comparing model grid-point temperature averages with station data have

been pointed out by Reed (1986) and Cao et al. (1992). Difficulties include the low model

resolution, both vertical and horizontal, as well as differences in the atmospheric level for

which the temperature is valid. The models generally calculate die skin temperature of the

earth's surface and the air temperature of the lowermost atmospheric layer, neither of which

is exactly representative of the screen level (McFarlane et al., 1992). Surface air temperature

at instrument height has to be estimated from the model output and based on assumptions

(such as atmospheric stability), which may limit validity of the results. As shown by Cao et

al. (1992), the differences between the skin temperature and the estimated screen-level

temperature over the US plains region vary from less than 1°C in winter to 2°C in summer,

with the skin temperature exhibiting a larger amplitude. Of the three models examined here,

temperature estimates at the screen height are provided for the CCC and OSU models,

whereas the UKMO model reports the skin temperature. The observations refer to the air

approximately 1.5 m above ground. In practice however, the height of the thermometer

varies from station to station.

RESULTS

The seasonal differences between the simulated temperature and that observed for 1966-

75 are shown in Figure 2. The confidence interval for the observed period (1966-75), based

on the t-distribution ( a = 0.01), is also shown.

Simulated maxima in winter are frequently within or close to the confidence interval of

the observations in all three regions. The CCC results are an exception, being cooler than the

observations by 4.8°C in the Eastern Prairies. Spring maxima are consistently cooler by

several degrees in all three models in each region. The bias in this season averaged for all
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models and regions is -4.1°C (Table 2). Less consistent differences are found in summer

and autumn. The largest spread of simulated summer temperatures is found in the Southern

Plains, with CCC being 3.5°C warmer and the UKMO model 2.8°C cooler than the

observations. The UKMO model has consistently underestimated summer maximum in each

of the regions, which is surprising given the fact that the results represent the skin

temperature. In autumn in the Eastern Prairies all simulated temperatures fall wiihin or close

to the confidence interval of the observations. In contrast, large differences are exhibited for

this season in the Northern Plains.

As shown in Figure 2, the winter minima in the models are all overestimated in the

Northern and Southern Plains. In the Eastern Prairies the winter temperatures simulated by

the UKMO and CCC models are within the confidence interval of the observations. Both

warmer and cooler temperatures are found for the remaining seasons. The UKMO model has

cooler temperatures in spring and summer, while the OSU model is consistently warmer than

the observations in all seasons. Summer and autumn minima in CCC are overestimated in all

i >gions. The UKMO model simulates autumn minima within the confidence interval of the

observations in all regions, but the agreement is suspect since the model results refer to skin

temperature.

The mean temperature difference, calculated as an arithmetic average of maximum and

minimum differences, is shown in Figure 2. Except for the UKMO model simulation, which

is cooler, summer temperatures are mostly overestimated by several degrees. Spring is

cooler in all the models' simulations largely as a result of the underestimated maxima, a

feature common to all of the models. Willmott and Legates (1993) compared January and

July mean air temperatures simulated by the OSU and UKMO models with a climatology

representing mostly the 1920 to 1980 interval. The differences were within ± 2.5°C in

January. For July they reported temperatures in the OSU model to be higher in the eastern

United States, and lower in the UKMO model in the central portion of the country. These

observations are consistent with our results.
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The temperature range simulated by the models is smaller than the decadal means

(Figure 2) in all but one case. Only the UKMO model in the Northern Plains in autumn

shows a diurnal range larger than observed. Averaged over all models, regions and seasons,

the simulated range is underestimated by 3.2°C (Table 2). Of the three models, the UKMO

model approaches the observed temperature range most closely, with differences mostly less

than 2°C. The UKMO simulation is best in the Eastern Prairies and worst in the Northern

Plains in winter and fall.

DISCUSSION

Cao et al. (1992) compared the estimated mean monthly maximum-minimum temperature

range at the 1.5 m level of the UKMO model with that at five selected meteorological stations

in central North America (35° to 50°N, 82.5° to 105°W). The time period covered by the

observations was not reported. The simulated range was lower than the median of the

observations by as much as 4°C from October through January, but only 1.5°C in June.

Interestingly, the UKMO simulated skin temperatures are frequently closer to the screen

observations than the near-screen temperature range computed by the other two models.

Temperature output from the models is utilized most frequently to represent the

integrated state of climate in both present and doubled CO2 scenarios. The poor agreement of

the models with observations is of concern. The departures may be due in part to the

different procedures used by the models in the projection of the surface air temperature from

the free atmosphere. However, the differences are too large to be fully explained this way.

Since the daily air temperature range depends to a significant degree on the atmospheric

humidity and on the state of the cloud cover, there is a question as to whether or not these

variables are properly represented and treated in the models. The consistent and large

underestimation of the diurnal range in all seasons points to a possible overestimation of

mean tropospheric humidity, cloud cover or both. This would be especially noticeable in

spring, the time of the year when dry air masses of subarctic origin frequently invade the



-421-

continental regions studied. Indeed, in our comparison, the largest departures were found in

spring.

The differences between the simulated and observed temperatures in the central United

States reemphasize the need for caution when using model output for regional impact studies.

Improved understanding of current model limitations in reproducing the present- day

temperature characteristics is a necessary step toward improving the reliability of all climate

model projections.
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Figure 1: Location of stations and regions.

A: Northern Plains; B: Southem Plains; C: Eastern Prairies
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Figure 2. Differences between simulated and observed 1966-1975 maximum, minimum, mean daily temperatures
and surface air temperature ranges, seasonally averaged, in (°C) for the three U.S. areas shown
in Figure 1. The simulated maxima in spring are underestimated in all areas and in all three
models. The shaded zone indicates the 99Z confidence interval of the observations.
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Table 1

Summary of Model Attributes

References

Grid size:
°Lat x °Long

Atmosph. Vert,
layers (#)

Mixed ocean
depth (m)

CO2 concentr.
(ppm)

Length of
simulation
(yrs)

Temperature
level

Temperature
(°C) increase at
CO2 doubling

osu

(12)

4 x 5

2

60

326

10

Screen

2.8

ccc
(2,10, 11)

19 Gaussian x 3.75
(20N-90N)

10

50

330

10

Screen

3.5

UK

(1, 8, 13)

5x7.5

11

50

320

15

Skin

5.2



Table 2
a) The 1901-84 minus the 1966-75 seasonal means (°C).

N.P. - Northern Plains; S.P. - Southern Plains;
E.P. - Eastern Plains.

Season
Winter
Spring

Summer
Autumn

N.P.
0.5

0.2

0.1

0.4

Maximum
/ S.P.
/ 0.3

/ -0.3

/ 0.6

/ 0.9

/ E.P.
/ 0.1

/ 0.0

/ 0.6

/ 0.7

Mi

N.P. /
0.2 /

0.0 /

0.0 /

0.0 /

nimum
S.P.
-0.1

-0.2

0.2

0.0

/ E.P.
/ 0.0

/ 0.1

/ 0.3

/ -0.2

N.P.
0.4

0.1

0.0

0.1

Mean

/ S.P.
/ 0.1

/ -0.2 i

/ 0.4 I

/ 0.4 1

1 E.P.
/0.0

f 0.0

' 0.4

' 0.2

N.P.
0.3

0.2

0.2

0.6

Range

/ S.P.
/ 0.5 /

/ -0.1 1

1 0.4 /

/ 1.0 /

/ E.P.
0.2

-0.2

0.4

1.0

b) Differences (°C) between models and observations
(1966-75) (T) and the standard deviation (s.d.) (n=9)
averagsd over all models and regions. Annual values

calculated from averaged seasonal data.

Season

Winter
Spring

Summer

Autumn
Annual

Maximum
T/s.d.

-1.06 / 1.65

-4.14 / 1.56
-0.12 / 2.25

-0.47 / 2.28
-1.45 / 1.84

Minimum
T/s.d

2.12 / 1.61

-0.18 / 2.15
3.12 / 3.24

2.18 / 1.79
1.81 / 1.40

Mean

T/s.d.

0.53 / 1.46

-2.16 / 1.49
1.50 / 2.61

0.85 / 1.63
0.18 / 1.61

Range

T/s.d.

-3.15 / 1.44

-3.94 / 2.29

-3.21 / 1.98

-2.62 / 2.50
-3.23 / 0.54

o\
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Climate forcing by anthropogenic aerosols

Robert Charlson
Atmospheric Sciences

University of Washington
Seattle, Washington 98195

Abstract

The clear-sky climate forcing by anthropogenic sulfate aerosols has been shown to be of
sufficient magnitude to mask the effects of anthropogenic greenhouse gases over large
industrial regions. Additional anthropogenic forcing has been calculated to occur due to
smoke from biomass combustion. Anthropogenic aerosols are composed of a variety of
aerosol types including water-soluble inorganic species (e.g., sulfate, nitrate, ammonium),
organic condensed species, elemental or black carbon, and mineral dust. Although estimates
of the clear-sky forcing and its uncertainty by anthropogenic sulfate aerosols and by organic
biomass-burning aerosols are possible, estimates of die clear-sky forcing by other
anthropogenic aerosol types do not even exist though the forcing by these aerosol types is
thought to be smaller than that by sulfate and biomass burning aerosols.

The cloudy-sky forcing by anthropogenic aerosols, due to increases of cloud
condensation nuclei causing increasing cloud droplet concentrations and cloud albedo and
possibly influencing cloud persistence may also be significant. In contrast to the situation
with the clear-sky forcing, estimates of the cloudy-sky forcing by anthropogenic aerosols are
little more than guesses, and it has not yet been possible to quantify the uncertainty of the
estimates.
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TRENDS IN FREQUENCY OF EXTREME TEMPERATURES:
IMPLICATIONS FOR IMPACT STUDIES

Richard W. Katz
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Extended Abstract

The fact that the mean daily minimum temperature has been increasing at a faster rate
than the mean daily maximum temperature is well documented (Karl et al., 1993). However,
observed changes in the frequency of extreme minimum and maximum temperature events are
not necessarily consistent with these trends in the mean (Balling et al., 1990). To explain
these changes in extremes, trends in the standard deviation of daily temperatures must be
present as well.

Balling et al. (1990) examined the trends in the occurrence of extreme minimum and
maximum temperatures at Phoenix, Arizona, changes attributable to the so-called urban heat
island as well as possibly part of the aforementioned global patterns. They concluded that the
statistical model for climate change in which simply the mean changes is not consistent with
these observed changes in the frequency of extremes. Tarleton and Katz (1993) performed a
re-analysis of the same data. They allowed for changes in the standard deviation, along with
the mean, of daily maximum temperature, taking the distribution to be the normal. Figure 1
shows a comparison of how well these two statistical models for climate change account for
the observed pattern in the relative frequency of occurrence of the extreme event, the
maximum temperature exceeding a threshold of 4S.3 ° C To remove the year to year
fluctuations attributable to sampling errors, the time series of observed relative frequencies is
smoothed using repealed banning. It is evident that the extent of overestimation of the
extreme event probability noted by Balling et al. (1990) is somewhat diminished when a trend
in the standard deviation is permitted.

If information is to be provided in a useful form for climate impact studies, then these
apparent trends in the variability of daily temperatures also need to be investigated. Moreover,
climate change scenarios commonly are required (e.g., for crop-climate models) in the form
of simultaneous time series of daily minimum temperature, maximum temperature, and
precipitation amount (Wilks, 1992). Karl et al. (1993) attribute at least part of the decrease in
daily temperature range to increases in cloud cover. To ensure that the proper relationship
between precipitation and temperature is maintained, this observed trend in cloudiness needs
to be taken into account
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Richardson's model is used to illustrate these issues, a model that is commonly
employed in climate change scenario generation (Richardson, 1981). The conditional
distribution of minimum (or maximum) temperature on a given day is taken as normal, with
the mean and, possibly, standard deviation depending on whether or not precipitation occurs
on the same day. For example, the mean daily maximum temperature at Denver, CO, during
March 1950-69, varied from 12.7 °C to 3.0 °C depending on whether the day was dry or wet
Somewhat less dramatic, the mean daily minimum temperature ranged from —3.5 °C on a dry
day to —7.2 °C on a wet day. From a statistical point of view, precipitation may effectively
act as a surrogate for cloud cover in an unchanging climate. But the observed trend in
cloudiness is apparently not associated with any corresponding trend in precipitation.
Consequently, it is unclear how to modify the parameters in Richardson's model to produce
scenarios of future climate reflecting this observed change in diurnal temperature range.

Acknowledgments. I thank Lesley F. Tarleton for help with the figure. This work was
funded in part by the Environmental Protection Agency through Cooperative Agreement CR-
815732-03-0 with the National Center for Atmospheric Research (NCAR). The views
expressed are those of the author, and do not necessarily reflect those of the U.S. government
NCAR is sponsored by the National Science Foundation.
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Figure 1. Probability of extreme event, maximum temperature on a given day in July—August
at Phoenix, Arizona, exceeding a threshold of 45.3 °C, for time period 1948—1990: the solid
curve is observed relative frequency (the dot-dashed curve was smoothed using repeated
banning); and the dashed curve is estimate based on changing mean, but constant standard
deviation (dotted curve for changing mean and standard deviation) [Source: Katz, 1993].
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Human Health Impacts of a Climate Change and Potential Mitigating Factors

Laurence S. Kalkstein
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ABSTRACT

The objective of this paper is to evaluate the impact of climate, and potential

climate change, on heat-related mortality. For the first time, some of the most important

confounding socio-economic factors are considered as well.

An automated synoptic procedure was applied to IS U.S. cities, and it was

determined that in most northeastern and midwestern cities, a single "offensive** air mass

is associated with virtually all of the highest mortality days in the summer. In all cases,

this air mass is the hottest, but usually not the most polluted. Utilizing an algorithm

which estimates mortality during the presence of this air mass, it is estimated that over

1100 deaths are attributed to heat in the 15 cities during an average summer. With the

use of general circulation models, the frequency of the offensive air mass under doubled

CO2 conditions was estimated for these cities. If people do not acclimatize to increased

warmth, heat-related mortality totals are estimated to rise sevenfold; if some

acclimatization does occur, the increase is estimated to be fourfold. Concomitant declines

in winter mortality are expected to be insignificant under doubled CO2 conditions and will

not offset the expected summer increases.

The increased role of air conditioning is expected to be a mitigating factor in

diminishing these increases. A study for New York estimates that the increased use of
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air conditioning over the past 25 years has lessened heat-related mortality by over 21

percent. This number could increase as air conditioning use becomes more widespread

in a warmer world. In addition, it appears that poorer people are more susceptible to

heat-related mortality in northeastern cities, although the "urban heat island" impact in

New York is so strong that all socio-economic groups are negatively affected in that city.

Finally, an attempt has been made to determine the number of people who would have

died anyway even if a heat wave had not occurred. For New York, it appears that

approximately 40 percent of extra deaths during particularly oppressive heat waves would

have occurred regardless of the weather; in St. Louis, this value approaches 20 percent.

INTRODUCTION

There is a growing concern in both the medical and climatological communities that

a significant global wanning could create major health problems. Research recently

completed and described in several reports indicates that a global wanning could have a

major impact on the number of heat-related deaths (Smith and Tirpak 1989; Kalkstein

and Gianinni 1991; Kalkstein 1991a). An additional major health impact of a long-term

climatic chiange might involve the spread of debilitating infectious diseases, whose vectors

might migrate poleward if the climate warms. It is not surprising, then, that the World

Meteorological Organization (WMO) considers the health ramifications of a global

wanning to be among the most pressing problems for the upcoming century (WMO

1986), and the World Health Organization (WHO) has expressed similar concern (WHO

1990).
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A large body of work has been completed which attempts to estimate the impact

of climate change on heat-related mortality (Kalkstein 1988; Kalkstein in press). Much

of this work has been updated and will be discussed here. However, there are a number

of questions involving confounding socio-economic influences and numerous mitigating

factors which can influence significantly the ultimate impact of climate change on human

health. These include:

•the role of air conditioning. Is air conditioning important in reducing heat-

related mortality (Rogot et al., 1992), or does it play an insignificant role (Ellis

and Nelson 1978; Kalkstein and Davis 1989)?

•the impact of air pollution. Does oppressively hot weather have a significant

impact on human mortality independent of ambient air pollution concentrations

(Kalkstein, 1993)? Or do high concentrations of total suspended particulates

(TSP) and other pollutants pose a greater threat to acute mortality than stressful

weather (Schwartz and Dockery 1992)?

•deaths which would occur in the near future regardless of weather. Previous

research has suggested that heat-related mortality diminishes as the summer season

progresses even if the intensity of heat remains the same (Kalkstein and Davis

1989). Can this be attributed to increased acclimatization, where the population

rapidly adjusts to the persistent hot weather? Or is this simply an example of

mortality "displacement", where the pool of susceptible people diminishes rapidly

as the summer continues? If this is the case, many of the people dying from heat-

related causes would have succumbed shortly afterward regardless of the weather,

implying that the societal impact of such deaths is limited.
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•tl ie role of poverty in exacerbating weather-related mortality. Are poorer people

more susceptible to oppressive weather as expressed by increased sensitivity to

heat-related mortality?

These and other areas of uncertainty will be emphasized within this manuscript.

CLIMATE CHANGE AND HEAT-RELATED MORTALITY

Most research on heat/mortality relationships indicates that high temperature alone

has a very dramatic effect on mortality, and other factors such as humidity and wind are

essentially unimportant (Ellis and Nelson, 1978; Kalkstein 1991b). In fact, the notion

of a "temperature threshold" is quite common in certain studies, and in many U.S. cities

it is apparent that elevated mortality occurs only during the 10-15 percent of all summer

days which exhibit temperatures above the threshold (Smith and Tirpak 1989). The

magnitude of the threshold temperature appears to be related to its frequency across

these cities; for example, the temperature exceeds 36°C in St. Louis with approximately

the same frequency that it exceeds 32°C in Detroit, values which represent threshold

temperatures for these cities. This strongly suggests that the notion of a "heat wave" is

relative on an inter-regional scale, and is dependent upon the frequency of the threshold

temperature.

A most interesting finding which potentially has a profound influence on heat-

related deaths in a wanner world is the large degree of inter-regional variation in

response. A recent study demonstrated that many cities in the northeastern and
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midwestern United States show a sharp rise in total mortality during unusually hot

weather conditions, and in some cases, daily mortality can be more than double baseline

levels when weather is oppressive (Smith and Tirpak 1989). Conversely, mortality rates

in southern and southwestern United States cities seem less affected by weather in the

summer, no matter how high the temperature. For example, the cities of Dallas, Atlanta,

New Orleans, Oklahoma City, and even Phoenix show little change in mortality even

during the hottest weather. One possible explanation for this inter-regional disparity may

involve the variance in summer temperatures across regions. In the northern and

midwestern cities, the very hot days or episodes are imbedded within periods of cooler

weather. Thus, the physiological and behavioral "shock value" of a very high

temperature episode is quite high. In the southern cities, the hottest periods are less

unique, as they do not vary as much from the mean. This seems to play a role in

diminishing the impact cf a very hot episode on human mortality.

The most recent work on heat stress/mortality relationships has emphasized the

role of extreme weather events on these deaths. This is accomplished with the use of a

new "synoptic climatological approach", which evaluates weather situations rather than

individual weather elements. The synoptic procedure is designed to classify days which

are considered to be meteorologically homogeneous into air mass categories (refer to

Kalkstein, Tan, and Skindlov 1987 for a discussion of synoptic index development).

Thus, the synergistic relationships that exist between numerous weather elements which
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comprise an air mass can be evaluated simultaneously, representing a significant

improvement over an individual weather element approach.

The synoptic procedure was applied to IS United States cities in different climates

to determine inter-regional mortality/weather sensitivities: Atlanta, Chicago, Cincinnati,

Dallas, Detroit, Kansas City, Los Angeles, Memphis, Minneapolis, New Orleans, New

York, Oklahoma City, Philadelphia, St. Louis, and San Francisco. For many of these

cities, a single "offensive" summer synoptic category was noted, which possessed a much

higher mean mortality than the other categories (refer to Table 1; Philadelphia example).

Using procedures described previously (Kalkstein and Davis 1989; Kalkstein et al. in

press; Kalkstein in press(b)), estimates of heat-related mortality were derived for

offensive synoptic categories for an average summer season at the IS cities for total and

elderly populations (Table 2). It is apparent that northern and midwestern cities rank

near the top, while southern cities demonstrate little heat-related mortality.

Estimates of mortality for total population considering climate change were

developed for the 15 cities utilizing three general circulation model (GCM) scenarios

(GISS Transient A1, GISS Transient A2, and GISS 2 x CO2) and two arbitrary scenarios

(2°C and 4°C wanning). Two estimates were provided for each scenario: one that

assumes that the population will not acclimatize to the increased warmth and another that

assumes some degree of acclimatization (Kalkstein, in press(b)). It is obvious that

increases in mortality are estimated even if acclimatization occurs (Table 3). Virtually all

cities exhibit an increase in heat-related mortality as the scenarios become wanner, and
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the total unacclimatized mortality estimate for the 2 x CO2 scenario is over seven times

greater than the present-day estimate. Even the acclimatized estimate exceeds the

present-day value by a factor of four.

CONFOUNDING SOCIO-ECONOMIC FACTORS

A considerable number of factors may play a role in altering the magnitude of the

above estimates. Most of these relate to the deliberate (eg. air conditioning usage) or

inadvertent (eg. atmospheric pollution concentration) modification of the environment

which occurs with increasing urbanization.

Air Pollution

Although there have been many studies which have examined how extreme

weather events and atmospheric pollutants affect mortality, the differential and/or

synergistic impacts of climate and pollution on mortality are poorly understood. Recent

evaluations on the differential impacts of weather and pollution in several U.S. cities

suggest that stressful weather is more important than high pollution concentrations in

impacting acute mortality (Kalkstein, 1991c; Kalkstein, 1993) . During certain stressful

weather situations, mortality can increase significantly, even if pollution concentration is

low. In fact, there is little evidence of a synergistic weather/pollution impact on mortality

when oppressive weather exists. For example, in St. Louis, the hottest air mass is

associated with a much higher mean mortality than other summer air masses, and total



-440-

suspended particulate (TSP) and ozone concentrations are relatively benign within this

"offensive" situation (Table 4). In a ten-city study (Kalkstein, 1991c), a hot, oppressive

air mass was isolated for seven locations which was associated with the highest mean

mortality within that city. Ozone and TSP concentrations were not unusually high in any

of these cases.

It appears that the greatest mortality totals within offensive air masses generally

occur on the very hottest days early in the summer and within consecutive day strings of

oppressive weather. During these meteorologically offensive conditions, daily mortality

is uniformly high regardless of ozone or TSP concentration. High pollution concentration

is associated with marginally higher daily mortality only when the weather is benign.

It is important that the results of these studies should not be construed to suggest

that air pollution does not have negative impacts on human health. Without doubt, the

long-term additive effects of air pollution could eventually lead to illness from a variety

of respiratory diseases, and the economic value of avoiding these effects could be

staggering (Hall et ah, 1992). It is also likely that in developing countries, where

atmospheric laws are lax, acute mortality could be significantly impacted by pollution,

especially if the world warms as suggested by GCMs. However, if a significant climate

warming occurs within the next century, it is likely that heat-related mortality will rise

even if mitigating pollution measures are implemented.
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Air Conditioning

In an attempt to determine if air conditioning is a mitigating factor in reducing

heat-related mortality, a study was developed which compares mortality totals through

a 25-year period when accessibility to air conditioning increased dramatically. The study

evaluated mean annual summer mortality for the years 1964-66, 73-76, 78, and 80-88

(National Center for Health Statistics mortality data were incomplete during intervening

years) for eight cities: Birmingham, Chicago, Memphis, New Orleans, New York,

Philadelphia, Phoenix, and St. Louis. A determination of trends in annual mortality was

made, with the assumption that a decreasing temporal trend may very well be attributed

to increased human accessibility to air conditioning.

There is no doubt that the number of homes with air conditioning increased rapidly

during this period. In St. Louis, estimates by the Union Electric Company indicate that

40 percent of homes had air conditioning in 1965 and this number increased to 91 percent

by 1992 (Stern et al., 1993). Similar increases are noted for other northern and

midwestern cities. However, determining whether decreases in annual mortality during

this period is attributed to air conditioning accessibility is a more challenging task than

simply evaluating inter-annual total mortality trends. There are other factors which could

confound inter-annual mortality variability which must be treated as "noise" within an

evaluation of this type. The two most important are demographic changes during this

period (if the population has increased, obviously there is the potential for mortality

increases) and improvements in health care and medical facilities.
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An attempt was made to remove these extraneous factors from the inter-annual

trend. First, the mortality data were standardized for changes in population in each

evaluated locale. Thus, a mortality baseline was developed for each city to account for

population changes in that city; procedures for accomplishing this are commonly

employed by epidemiologists (Lilienfield and LiHenfield 1980), and are described in other

manuscripts (Kalkstein et al. in press). Second, in an attempt to account for

improvements in health care, two inter-annual mortality trends were developed for each

city: one for days without offensive weather and another only for days within the

offensive synoptic category. It is assumed that the impact of improved health care should

be a relative constant for both groups of days. However, virtually all heat-related deaths

are found only during days within the offensive category, which are days when air

conditioning usage is greatest. Thus, the difference in slope between non-offensive days

and days within the offensive category should provide an indication of air conditioning

impact. If air conditioning does have a mitigating effect, the inter-annual mortality slope

should be inverse and steeper for the days within the offensive category.

The results suggest that air conditioning has had some effect upon heat related

mortality. For a number of the evaluated cities, the inter-annual trend in mortality is

decreasing (Figure 1). This is especially the case for New York, Chicago, St. Louis, and

Philadelphia, where standardized mortality during both offensive and benign weather

shows a general decline through the study period which is significant at the 0.10 level

(Table 5). In some cases, the slope is significant at the .0,01 level. For the more
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northerly cities, the negative slope for offensive category days is considerably greater than

the slope for non-offensive days. These are cities where air conditioning availability has

increased substantially during the period of record.

These results suggest the following:

•The negative slope of the inter-annual trend for non-offensive days is primarily

attributed to health care and public health improvements through the period.

•The steeper negative slope for offensive category days is attributed to both health

care improvements and the role of air conditioning in lessening heat related

deaths.

•The differential in slope between the offensive and non-offensive category days

is a measure of the impact of air conditioning in reducing heat-related deaths.

Thus, it is possible to estimate the number of deaths saved by air conditioning by

evaluating this differential as follows:

24

where i is the year (1965 = 1,1988 = 24), No is the number of offensive category

days within year i, and So - Sn represents the differential in slope between non-

offensive and offensive category days for year i. Thus, for New York, utilizing this

algorithm and the values presented in Table 4, it is estimated that 3S83 deaths

have been avoided during 25 years of summers between 1964 through 1988 because
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of the mitigating impact of air conditioning. This represents a saving of 21.4

percent of heat-related deaths which would have occurred based on offensive

weather alone without the benefit of air conditioning. Of course, these numbers

should be considered rough estimates, partially because of the assumption that So

and Sn are linear (as air conditioning saturation is reached, So should become

asymptotic).

It is estimated that air conditioning saturation (i.e., virtually all residences will

contain air conditioners ) will be achieved in most northeastern and midwestern cities by

2050 (GRI, 1992; Stern et al., 1993). Thus, it is possioble that the 2xCO2 GCM

estimates presented in Table 3 will be reduced. However, this will be achieved only with

considerable cost to society. For example, the purchase of air conditioning systems, and

the concurrent increased energy demand in a warmer world, will only come with

considerable monetary investment.

Poverty

A number of other socio-economic issues have been evaluated to determine their

possible influence on heat-related mortality. The most complete of these is a

determination of the impact of poverty on mortality in four U.S. cities: Atlanta, New

Orleans, New York, and St. Louis (Smoyer, 1993). Since socio-economic status does not

appear within available death records, age and race surrogates were utilized to identify

segments of the population generally considered to be poor. For example, for New York,
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blacks living within the Bronx were designated "poor", while whites living in affluent

counties such as Westchester were considered "non-poor". In addition, elderly blacks

were evaluated separately, as census records confirm that they represent the poorest

segment of urban society.

Using the synoptic approach described earlier to identify offensive categories, daily

mortality for poor and non-poor subgroups were evaluated and compared within these

offensive categories. If it appeared that mortality rates were significantly higher within

the poor groups than the non-poor groups when offensive conditions were present, it was

suggested that oppressive weather has a more profound impact on the poor.

The results suggest that poverty does play a role in rendering segments of the

population more sensitive to heat-related mortality. With the exception of New York,

the non-poor do not exhibit significantly higher mortality during oppressively hot

conditions (Smoyer, 1993). However the poor appear to be sensitive to heat in New

York, St. Louis, and to a lesser degree, in New Orleans. Neither poor or non-poor

groups responded negatively to oppressive weather in Atlanta.

A particularly interesting response was uncovered in New York City, where both

poor and non-poor populations appear highly susceptible to heat-related mortality within

the city. In addition, poor and non-poor groups appear not to be susceptible within the

surrounding counties. This result suggests that in New York City the "urban heat island"

impact is considerably stronger than any socio-economic factor in affecting heat-related

mortality. Both poor and non-poor within the city are affected adversely by the heat, and
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considering their disparate abilities to cope with this condition (eg. availability of air

conditioning, housing quality differences), it appears that socio-economic factors

themselves have a limited impact.

The Smoyer study also detected an age-related factor, and poor elderly, especially

in St. Louis and New York, seem particularly vulnerable to heat-related mortality. In

addition, those areas with the highest population density, lowest percentage of detached

housing, and highest percentage of housing constructed before 1939 contained the most

susceptible populations (Smoyer, 1993). In the wanner world of the mid-21st century

predicted by GCMs, it is unlikely that housing for the poor and elderly will change

significantly, which suggests that the impact of heat on this segment of the population

could be greatly exacerbated. In addition, the increase in mortality for poor and non-

poor alike within an urban heat island suggests that only a few degree increase in

temperature could have serious ramifications on heat-related mortality totals.

In a discussion paper by Chestnut et al. (1993), an attempt was made to correlate

mean seasonal heat-related mortality (for the period 1964-1980) with various socio-

economic characteristics for 15 U.S. cities. Some of the results concur with the Smoyer

evaluation; for example, statistically significant socio-economic characteristics included

percentage of population over age 65 and percentage of homes built before 1950.

However, several additional characteristics proved to be important. Cities with a larger

percentage of labor in manufacturing demonstrated higher heat-related mortality totals.

In addition, cities with a higher proportion of houses with incomplete plumbing, with high
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central city population densities, and with low percentages of population with at least a

high school education also exhibited increased sensitivity to heat-related mortality. It is

certainly possible that these socio-economic characteristics are not causal mechanisms but

are instead coincidentally associated with older eastern and midwestern cities whose

climatic characteristics render them more vulnerable to high heat-related mortality totals.

Mortality "Displacement"

One question which arises from heat stress-mortality analyses is whether people

who have died during heat waves would have died soon afterward even if no oppressive

weather had occurred (we refer to such a death as mortality "displacement"). If this is

the case, the impact of such a death from a societal standpoint is rather insignificant, as

the individual would have died shortly afterward regardless of weather. No study

evaluating the impact of climate change on human mortality has taken displacement into

consideration, and if this is a significant factor, it is apparent that such estimates must be

revised.

A recently completed study has attempted to address this question by evaluating

mortality during and shortly after extreme heat events for three cities: Birmingham, New

York, and St. Louis (Kalkstein, in press(b)). Several episodes of high mortality for each

city which occurred during extreme heat events were selected for analysis. These

included:
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Birmingham: July 7-20, 1980.

New York: July 1-14,1966.

July 30-August 7, 1975.

June 6-16, 1984.

St. Louis: July 6-18,1966.

July 5-20, 1980.

The evaluation is based on the assumption that, if displacement is a significant

factor, daily mortality totals shortly after a severe heat episode would be somewhat less

than the long-term mean (Figure 2). The example of summer mortality in New York

during and after a severe heat episode in early July, 1966 is instructive. As demonstrated

in Figure 2, standardized total mortality during the heat episode was well above the long-

term mean of 3.5 deaths per 100,000; on one of the days, the mortality rate was almost

three times this value. It is apparent that daily mortality before the heat episode

remained rather close to the 3.5 baseline mortality value. However, during the period

immediately after the heat episode, daily mortality was somewhat below the mean until

mid-August. It is assumed that the lower death rate during this period is attributed to

mortality displacement; that is, a proportion of the deaths which occurred during the

early July heat wave would have occurred shortly afterward if the heat wave had not

occurred.

A method was devised to estimate the proportion of mortality attributed to

displacement during the six evaluated heat episodes at the three cities. First, a paired t-
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test was performed on daily mortality totals before and after the heat episodes to

determine if these values come from the same population. In the New York 1966

example illustrated in Figure 2, daily mean mortality from May 1-June 30 was compared

to the period of Julyl4-August 18. If results of the paired t-test indicated a statistically

insignificant difference between the two samples, it was assumed that the two mortality

periods were from the same population and no displacement was indicated. However,

if a statistically significant difference was detected (as was the case in this example), it

was assumed that daily mortality rates before and after the heat episode were from

different populations, indicating some degree of displacement.

If the paired t-test identified displacement mortality, an attempt was made to

determine the percentage of the total mortality increase during the heat episode which

was attributed to displacement (refer to stippled areas in Figure 2). The deaths attributed

to the heat episode and to displacement were identified, and the proportion between the

two were calculated. For example, during the 1966 heat episode in New York, a total of

19.757 deaths per 100,000 were accumulated above the long-term mean for the period of

the heat wave (Table 6). For the period which was significantly lower than the long-term

mean after the heat episode, a total of 8.559 deaths per 100,000 were accumulated below

the long-term mean. The proportion of 8.559 to 19.757 yields a value of .4330, indicating

that 43.30 percent of the total extra deaths during the heat wave were possibly attributed

to displacement.
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Some degree of displacement was found for all six evaluated heat episodes (Table

6). The intra-city values were fairly consistent (the three episodes for New York

demonstrated a value between 38.7 and 43.3 percent), although significant inter-city

differentials were uncovered (the Birmingham value for the 1980 heat episode was 72

percent, and values for St. Louis were considerably lower than New York's). Factors

contributing to these inter-city differences are presently under investigation. Thus, it

appears that a significant proportion of the excess mortality which occurs during a heat

episode would have occurred nevertheless shortly afterward. However, it is equally

important to note that in New York, and especially St. Louis, the majority of the deaths

occurring during a heat episode represent mortality which would not have occurred

shortly afterward if a heat episode were not present. It appears that only one in five

excess heat-related deaths in St. Louis is a result of displacement.

CONCLUSION

It is probable that a climate change consistent to that suggested by GCMs would

have a considerable negative impact on acute mortality. There would be some mitigating

effect of increased air conditioning usage, but thousands of extra heat-related deaths

could still occur. The impact of air pollution mitigation measures would probably be

minimal in this country, but could be considerable in developing nations where levels of

ozone and TSP are considerably higher during offensive weather conditions.

There has been some suggestion that a climate warming might decrease winter

weather-related mortality, and this might offset to some degree the predicted summer



-451-

increases (Rango, 1984). However, this would probably not be the case. Most weather-

related winter mortality is not attributed to hypothermia or snow shovelling-induced

myocardial infarction, but rather to the impact of infectious diseases, such as influenza,

which are dependent upon human proximity exacerbated by inclement weather (Richards

and Marriott, 1974; Kalkstein and Davis, 1989). It is unlikely that a few degree rise in

winter temperatures would lessen indoor confinement to a degree where human proximity

necessary for the transmission of such diseases would be greatly diminished.
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tdardted Mortality and Standard Deviation* for Philadelphia

Total Mortality

Category Mean 3 PM Mean Standard % of Top 50 % Top 50
Number Temperature Mortality* Deviation Mortality1* % Frequency6

EMeriy Mortality

Mean
Mortality

Standard
Deviation

% of Top 50
Mortaltiy

« Top 50
% Frequency

1

2*

3

4

5

6

7

8

9

10

77.0

89.0

82.4

79.0

82.6

85.0

80.6

85.5

74.7

83.6

-4.11

8.89

1.63

-4.43

-2.57

3.92

0.70

2.47

-4.49

0.13

12.87

16.14

12.82

10.19

11.14

16.83

11.82

12.49

12.53

11.80

2.00

46.00

14.00

0.00

4.00

14.00

2.00

8.00

0.00

6.00

0.14

3.77

1.27

COO

0.45

1.99

0.14

1.08

0.00

1.07

-0.91

6.72

1.59

-2.82

-1.36

3.84

0.52

2.70

-2.56

1.28

9.99

12.58

10.76

9.33

11.10

13.77

10.41

9.88

10.39

10.86

0.00

46.0

14.00

2.00

4.00

10.00

4.00

10.00

2.00

4.00

0.00

3.79

1.28

0.23

0.45

1.42

0.67

1.33

0.31

0.67

"Values are standardized using a procedure described in Kalkstein et al., 1993. Positive values can be evaluated against a baseline of 0.
Represents the percentage of top SO mortality days within a particular synoptic category.

cRatio of percentage of top SO days within the synoptic category over the seasonal frequency of the category. A number greater than one indicates that a
larger proportion of days in the synoptic category are among the top SO mortality days than might be expected based on the frequency of the category.

d"Offensive" category.
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Table2
Estimates of Total and Elderiy* Present-Day

Mortality Attributed to Weather
During an Average Summer Season

City Total Elderiy

Atlanta 18 9

Chicago 173 104

Cincinnati '42 28

Dallas 19 9

Detroit 118 70

Kansas City 31 20

Los Angeles 84 53

Memphis 20 13

Minneapolis 46 30

New Orleans 0 0

New York 320 212

Oklahoma City 0 0

Philadelphia 145 91

St. Louis 113 71

San Francisco 27 17

TOTAL 1156 727

aElderly is defined as 65 years old and above.



Table 3
of Total Mortality for an Average Summer

Utiliziag fM«ntff Change Scenarios

GISSTramA1

Non-Acdiin. | Acdim.

GISSTraasA2

NoB-Acdtm. j Acdan.

GISS2XCO2

Noa-Acdim. AccUn.

2*CRise

Nca-Aoddn. Asdint.

4 « C R H C

Non-Acdim. Acdim,

Atlanta

Chicago

Cincinnati

Dallas

Detroit

Kansas City

Los Angeles

Memphis

Minneapolis

New Orleans

New York

Oklahoma City

Philadelphia

St. Louis

San Francisco

45

295

93

61

201

33

153

28

96

0

777

0

288

325

44

23

145

83

61

152

40

81

U

47

0

386

6

142

162

23

118

511

195

197

512

66

313

78

175

0

1375

0

778

754

71

59

725

97

213

254

68

205

39

87

0

689

19

388

564

38

159

412

226

309

592

60

1654

177

142

0

1743

0

938

744

246

79

622

195

244

295

100

824

88

186

0

880

23

700

372

202

203

177

378

158

302

330

164

460

209

0

577

0

441

749

66

148

88

189

79

152

212

82

229

105

0

289

0

220

275

49

417

187

802

336

504

656

503

1313

334

0

1294

0

943

1664

103

208

93

400

167

252

328

270

671

167

0

647

0

472

833

64

TOTAL 2439 1365 5143 3445 7402 4810 4214 2117 9056 4572



Air Mass Category

1

2

3

4

5

6

7

8

9

10

Mean IPM Temp (*F)

82

87

86

78

88

93

86

83

96

77

Table 4
Meteorological, Mortality, and Pollution Characteristics

Summer Air Masses in St. Low's

Mean Daily Morality

Total

94

100

98

93

100

103

97

95

129

93

Elderly*

60

63

63

59

64

64

60

60

84

59

TCP*

87.0

103.2

100.8

90.1

84.6

100.8

69.9

75.9

87.8

74.1

Mean

o3
0.023

0.025

0.018

0.020

0.020

0.021

0.022

0.015

0.016

0.023

for

Pollutant Cersentratiora

NOx

0.004

0.009

0.005

0.002

0.007

0.004

0.006

0.003

0.001

0.004

(PP»»)

NOj

0.023

0.019

0.020

0.022

0.016

0.017

0.020

0.018

0.020

0.014

SO2

0.051

0.050

0.032

0.022

0.080

0.028

0.029

0.060

0.041

0.017

'Age greater than 65.
''TSP, total suspended particulates; O3, ozone; NOx, nitrous oxi as, not including nitrogen dioxzide; NO2> nitrogen dioxide; SO2> sulfur dioxide. For TSP,
units are micrograms/cubic meter.

O
O
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Table 5
Inter-Annual Trend in Summer Mortality for

Eight Cities*

City

Slope

Days in Offensive Cluster Days not in Offensive Ouster

Birmingham

Chicago

Memphis

New Orleans

New York

Philadelphia

Phoenix

St. Louis

-0.004

-0.040**

-0.004*

-0.011**

-0.090**

-0.008*
b

-0.040*

-0.002

-0.019**

-0.006*

-0.007

-0.029**

-0.007*

-0.003

-0.006*

a Mortality standardized for population changes through the period of record.
b Value approaches 0.
* Significant at the 0.10 level.

Significant at the 0.01 level.**



Table 6
Mortality "Displacement" Percentage for Six Heat Episodes

Station Year

New York
1966

New York
1975

New York
1984

St. Louis
1966

St. Louis
1980

Birmingham
1980

Mean Daily Summer
Mortality

(rate per 100,000

3.50

3.02

2.67

2.90

2.82

2.44

(l)Sum Above Mean*

19.757

8.651

7.754

33.365

17.130

14.16

(2)Sum Below Meanb

8.559

3.446

3.004

7.344

2.665

10.19

Ratio (2/1)

.4330

.4025

.3870

.2200

.1556

.7200

aSum of all mortality during heat episode (refer to Figure 2 for calculation).
bSum of all mortality after heat episode and during period when mortality was statistically significantly lower
than pre-heat episode levels (refer to Figure 2).
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RESPONSES OF DYNAMIC CROP MODELS TO CHANGES
IN MAXIMUM AND MINIMUM TEMPERATURES

Cynthia Rosenzweig

Columbia University and Goddard Inst. for Space Studies
2880 Broadway, New York, NY 10025

Greenhouse theory1 and observations (Karl et al., 1991) suggest that diurnal temperature minima
may rise under greenhouse warming more than temperature maxima. These differential effects are likely
to be important for specific crop responses, such as nighttime respiration rates, winterkill, vernalization,
and high temperature stress. The CERES and SOYGRO crop models are used to test wheat, corn, and
soybean responses to differing maximum and minimum temperature increases (CERES-Wheat: Ritchie
and Otter, 1985; Godwin et al., 1989; CERES-Maize: Jones and Kiniry, 1986; Ritchie et al., 1989;
SOYGRO: Jones et al., 1989).

Many processes in the crop models are temperature dependent including winter hardiness,
vernalization, vegetative development, reproductive development, photosynthesis/biomass accumulation,
respiration, pod/seed addition, pod/seed growth, grain/ear/head growth, leaf area growth and expansion,
and root growth. The following model processes respond differentially to maximum and minimum
temperatures: carbohydrate production, phenological develcpment, cold-hardening and winterkill,
vernalization, and leaf senescence. Calculations of potential evaporation also separate maximum and
minimum temperatures.

Crop model simulations were made with differential increments in minimum and maximum
temperatures and with GCM climate change scenarios. Temperature increases tested were +1 to +5°C
for current growing conditions and practices at major production sites (Dodge City, Kansas, fallow for
wheat; Des Moines, Iowa, rainfed for corn and soybeans). The baseline climate period was 1951-1980.
A continuous water balance was calculated over the period for wheat and corn, while soil moisture was
reset to the drained upper limit every year prior to sowing for soybean. Simulations were also carried
out for conditions in North Platte, Nebraska to test effects on winterkill, and for Tallahassee, Florida to
test effects on vernalization. Tests with the crop models were also done with climate scenarios developed
from GCM doubled CO2 simulations (GISS and NCAR-nested). These included scenarios with
differentially predicted minimum and maximum temperatures.

Results indicate that, as simulated by the CERES and SOYGRO crop models, mean yields of all
three crops are most sensitive to increases in mean temperature and least sensitive to increases in
minimum temperature (Figure la-c). Responses did vary among crops, however, with simulated mean
yields of wheat and corn more sensitive to temperature increases than mean yield of soybeans. There
were no clear trends in response of simulated yield variability, an important risk factor for farmers. At
North Platte, Nebraska, a more northern site, increases in mean and maximum temperatures caused crop
failures due to winterkill, while increases in minimum temperatures did not. Tests of the CERES-Wheat
model with current growing conditions in the southern U.S. (Tallahassee, Florida) showed that increases

'"An increaie in the quantity of carbonic acid will of coune diminish the difference in temperature between day and
night." (Arrhenius, 1896).
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in mean, maximum, and minimum temperatures caused crop failures due to lack of vernalization. Crop
model simulations for US sites with scenarios developed from GISS and NCAR-nested GCM doubled CO,
climates (Mearas, pers. com.) showed little differentiation in response due to minimum and maximum
temperature changes (Figure 2). This occurred because predicted maximum and minimum temperature
changes are nearly equal in the two GCM scenarios used for the simulations.
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Figure 1.

Figure 2.

Sensitivity of CERES-Wheat, CERES-Maize, and SOYGRO yield to increases
in mean, minimum and maximum temperatures (baseline climate 1951-1980).

Sensitivity of CERES-Maize yield to NCAR-nested GCM doubled CO2 climate
change scenarios with mean temperature change and separately applied
maximum and minimum temperature changes.
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Abstract

Altered night temperature and day/night temperature differentials may produce a

variety of effects on biological systems at scales from the individual organism to the

ecosystem. The scant literature indicates that for some plant species seed germination,

morphogenesis, phenology, translocation, and carbon balance may be particularly sensitive

to day/night temperature asymmetry. The implications of night warming or altered diurnal

temperature patterns have not been explored experimentally at the level of ecosystem

function, but simple simulations suggest that ecosystem carbon balance may be affected,

largely due to the difference in the dependence of respiration and photosynthesis on

temperature. It is likely that changes in night temperature and diurnal temperature patterns

will have a greater influence on species composition in an ecosystem than in the function

(e.g., nutrient, energy, and water balance) of the system as a whole. This prediction is

however based on very little experimental evidence.

Introduction

There are indications that the increase in global average surface temperature that has

occurred over the latter part of this century has been due, in many regions at least, to

increases in mean minimum temperature without an accompanying increase in mean

maximum temperatures (Karl et al., 1991). Here we explore the implications of an

asymmetry of temperature increase on the function of certain aspects of biological systems.

There is little doubt that an asymmetrical temperature increase would affect biotic systems

since minimum temperatures generally occur in the dark and maxima in the light. Biotic

process are not only temperature dependent, but many are also light dependent and further
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there are interactions between light and dark as well as between light or dark and

temperature driven processes. Organisms utilize "cues" from the environment, such as light

and dark cycles, and temperature variation, to program their growth and behavioral

responses.

Before specific responses of organisms to temperature changes of various types are

discussed we make several observations. One, as will soon become obvious, there is

unfortunately a depauperate experimental data base on the responses of organisms to small

temperature increments in the range of a few degrees. Furthermore these experiments do

not have comparisons of the effects of equal temperature changes occuring independently in

the light or dark period. Most experiments on the responses of organisms to temperature

utilize increments much larger than the predictions of a 2-5 °C increase in global mean

temperature for a doubling of CO2- Secondly, most of the data available are for individual

organisms rather than for whole ecosystems. This then gives a certain bias to the

interpretation of the significance of temperature change on biological systems since the

responses of individual species to perturbation of any sort, including increasing temperature,

are much more variable than that of either basic biochemical processes, or of whole

ecosystem processes. Finally, most ecosystem response models that have been developed in

recent years do not have the necessary structure to assess independently the impact of

changing day versus night temperatures.

Carbon Balance

Short-term responses of plant and ecosystem respiration temperature are typically

exponential, with a QlO (the proportional increase in rate resulting from a 10° increase in

temperature) on the order of 2. If we assume that ecosystem net CO2 exchange is zero

before a temperature increase, a simple scaling of the representative curves in Figure 1

indicates that warming leads to net carbon loss, at all temperatures and for a range of Q10

values (Fig. 1). The rate of carbon loss is slightly greater at low temperatures when the

warming is concentrated into half the time, but this effect is modest (Fig. 1). This simple



-469-

calculation for a shon-term response to warming suggests initial trends in response to a step

temperature change. When the temperature change occurs over a longer time, other

processes, including changes in the sizes of the pools of respiring material (Townsend et al.

1992) and changes in the temperature response of respiration and photosynthesis, are likely

to become important.

Gifford (1992) has recently analyzed the impact of temperature on global carbon losses

through respiration. He notes that the global loss of carbon through respiration is about 120

Gt yr"l. The generally accepted response of respiration to temperature for many systems is

a Qio of 2. This would mean that a 0-5 °C temperature increase would result in a release of

4 Gt C per year through increased respiration. This amount approaches the 6 Gt C that is

added to the atmosphere annually through fossil fuel burning. However, plants have the

capacity to adjust their respiration rate downward on longterm exposure to increasing

temperature through the process of acclimation that takes place over periods of weeks

(Billings et al.,1971, Gifford, 1992), and given sufficient time there can be selection-driven

adaptation of temperature/respiration relationships across generations [(Mooney and

Billings, 1961), Fig. 2]. Gifford's study (1992) has shown for a number of crop species at

least that the acclimation response brings the respiration Qio down to about 1.3 in contrast

to the 2.0 short term response. This then, would mean a 1.7 Gt C yr^ loss due to a

temperature increase of 0.5 °C in contrast to the 4 Gt at the Qio of 2. This estimate is very

crude since it does not take into account any other metabolic adjustment or potential

feedbacks due to influences on system water and nutrient balance. In order to evaluate these

possibilities a model of total ecosystem responses to climate change parameters would be

useful.

Ecosystem Models

Recently there have been a number of ecosystem models developed that are designed to

operate at regional and global levels. Some are able to link to the spatial resolution of

global circulation models. The ecosystem models that take into account soil feedbacks to
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climate change operate, of necessity, on a rather coarse time scale such as CAS A (Potter, et

al.,1993) and TEM (Raich et al., 1991). These models utilize monthly mean temperatures as

inputs. The soil-centered Century model (Parton et al.,1989) utilizes monthly maximum and

minimum temperatures. The regional model of Running and Coughlan (1988), FOREST-

BGC, which has a heavy emphasis on ecosystem water balance, does however use as inputs

daily maximum and minimum temperatures. We utilize FOREST-BGC here to explore

some of the consequences of an asymetrical increase in temperature for stand carbon

balance.

FOREST-BGC uses as inputs daily data for maximum and minimum temperature,

radiation, and other standard meteorological variables. Stand hydrology, photosynthesis and

maintenance respiration are calculated daily while growth is calculated yearly. Daytime and

nighttime average temperatures are calculated from each day's maximum and minimum

temperature and the average daily temperature (the arithmetic mean of the maximum and

minimum). In the version of FOREST-BGC used here the Qio for maintenance respiration

was 2.3 and the respiration rates were referenced to O °C. Leaf maintenance respiration

was a function of average night temperature while stem and root maintenance respiration

rates were functions of average daily temperature. The simulations were for a hypothetical

coniferous forest in Missoula, Montana - considered "cold and dry" among the range of sites

evaluated by Running and Coughlan (1988). Leaf area index was 6, with allocation of

carbon to leaves, stems and roots set to be 18%, 35%, and 47%, respectively.

We altered the daily minimum and maximum temperatures in the 1984 station climate

data for Missoula to achieve increases in the daily average temperature of 0.5 °C, 1.0 °C,

2.0 °C, and 4.0 °C. To obtain a symmetrical temperature increase, i.e., equal increases

during night and day, the maximum and minimum temperatures were increased equally in

the input climate data. For the asymmetrical cases, the night average temperature increase

was 75% greater than the daytime increase. For example, an increase in the minimum

temperature of 4 °C produced nighttime and daytime average temperature increases of 2.8
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°C and 1.6 °C, respectively. In all cases, the absolute increases in minimum or maximum

temperatures above the 1984 baseline were equivalent on all days of the year.

The model predicts a decrease in stand carbon accumulation with increasing daily

average temperature, with the reduction being greater in asymmetrical cases (Figure 3). A

0.5 °C increase in average daily temperature decreased stand carbon accumulation by about

5% after 40 years relative to the baseline temperature, with a slightly greater reduction for a

greater night than daytime temperature increase. The most extreme increase in average

daily temperature (4 °C) reduced stand carbon accumulation by about 28% in the

symmetrical case and 32% in the asymmetrical case.

The overall negative response to temper^nire is attributable to increased maintenance

respiration of all tissues; the greater reduction in the asymmetrical cases apparently arose

from a relatively greater increase in leaf maintenance respiration, which is a function of

night temperature in FOREST-BGC. (As mentioned, stem and root maintenance respiration

rates depend on average daily temperature in FOREST-BGC and are thus insensitive to

asymmetries in day/night temperature.) These simulations suggest that asymmetrical

day/night temperature increases may be important for forest growth, particularly with

greater average temperature increases, but that effects of average daily temperature

outweigh differences due to greater night than day temperature increases.

The Qio of 2.3 for respiration used in FGREST-BGC is likely higher than would obtain

as plants acclimated to warmer temperatures (Gifford 1992). Thus, the responses seen in the

simulations probably represent upper estimates. In addition to effects on maintenance

respiration, increased temperature can affect carbon gain in FOREST-BGC in other ways -

by reducing the number of freezing nights and consequently the restriction on leaf

conductance to water vapor and CO2 exchange, by increasing the average daytime

temperature, thereby affecting leaf photosynthesis directly, and by negatively impacting

plant and soil water balance. Our analyses indicate that in the FOREST-BGC simulations

these effects are of minor importance in comparison to effects on maintenance respiration.
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It should also be noted that the simulations here addressed temperature effects on carbon

exchange by trees, but not soils. All else being equal soil respiration would also increase

with increased temperature resulting in a more negative ecosystem carbon balance.

Moreover, to the extent that processes associated with soil respiration (e.g., microbial

nitrogen mineralization) limit primary productivity, a change in soil temperature could also

indirectly impact forest carbon balance via effects on these processes.

Species Responses

How will individual organisms repond to asymmetrical temperature changes? Our

experience from studies on the responses of ecosystems versus that of species to CO2

enhancement is that predictability of reponses to change are greater at the higher levels of

integration. This is because evolution drives differences in species responses to the

utilization of environmental resources. However, the totality of responses of all of the

organisms (e.g., net primary production, evapotranspiration) in a given habitat is determined

by the resource base available.

We have ample evidence of the potential differential responses of species to temperature

as well as an indication that a great number of plant physiological responses are quite

sensitive to temperature differentials,

a. Plant Growth

Plant growth is sensitive to both day and night temperatures independently, as well as to

the differential between them. This phenomenon is called thermoperiodism (Went, 1944).

Went (1957) and his co-workers utilized the first controlled environmental growth facility

(phytotron) to demonstrate this phenomenon. They grew plants under conditions where

they kept constant either day or night temperatures while varying either day or night by 3

degree intervals. They found a strong growth effect on the ornamental plant, Coleus blumei,

with a constant day temperature but a varying night as well as a under constant night

temperatures with varying day temperatures (Fig. 4). In contrast to the high sensitivity of
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Coleus to night temperatures these workers found that peas showed no sensitivity in their

hight growth to varying night temperatures under a constant day temperature

Recent studies by Erwin et al (1989) have shown that height growth in Lilium

longiflorum is more affected by the differential between day and night temperatures than the

absolute temperatures. The greater the positive differential between day and night

temperatures the greater the height the plant attains by flowering (Fig 5).

b. Translocation

Growth of tissues is dependent on the supply of carbohydrate from the leaves where they

are formed. The movement of carbohydrate out of leaves is a temperature dependent

phenomenon and is respiration driven. The higher the temperature the faster the rate of

respiration and of translocation. As with the growth/temperature relations described above

these relationships appear to be somewhat species specific. In short term experiments for

example it has been shown that the Qio of translocation for soybean is about 2 throughout a

wide range of temperatures whereas tor bean the Qio becomes reduced from that value at

temperatures above 30 °C (Marowitch, et al., 1986)

c. Morphogenesis and phenology

Plants utilize environmental cues such as temperature and phctoperiod to intitiate

morphogenetic events. These cues tell plants the probablity of forthcoming environmental

events crucial to their life cycle. Night temperature decline, for example, is a forerunner of

tissue-threatening cold temperatures. An example of the effect of such temperature cues is

bud initiation in black spruce, which is very sensitive to night temperature during declining

photoperiods. At temperatures below 10 °C or above 25 °C the time for bud formation in

black spruce doubles [Fig. 6, (Odium and Colombo, 1989)].

Night temperate~i can also, evidently, be a cue to impending dry conditions. Increasing

night temperatues can influence leaf size in certain plants. For example, in lily the higher

the night tempeiature the smaller the leaf that is produced (Fig 7) (Erwin, et al.,1989).
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Small leaves have a higher convection coefficient than large leaves and thus are more

prevalant in drier seasons or regions.

Two crucial phenological events in plants, the initiation of flowering and the beginning

of seed fill, are in soybean at least, sensitive to night temperature independent of

photoperiod (Seddigh, efc a i , 1989). Warmer nights might, therefore, advance soybean

flowering and accelerated flowering usually decreases yield (Adams et al. 1990).

d. Germination

Night temperature can impact vegetation cover in a longer time frame by influencing

seed banks and germination processes. An example is the fact that seed bank viability

decreases steeply with increasing temperature (Roberts, 1988). Germination is also very

much influenced by temperature. Fluctuating temperatures can be a strong stimulus to

germination of certain species as shown in Fig 8.

Summary

There is no question that increasing night temperatures can influence vegetative

structure and function by acting on a whole suite of metabolic processes including those that

influence growth and development as well as establishment. The question is that of the

degree of impact and the degree of adjustment that can be made either at the species or

system level.

It is likely that the changes in night temperature will have a greater influence on species

composition in an ecosystem than in the function (eg. nutrient, energy, and water balance) of

the system as a whole. This prediction is however based on very little experimental

evidence.
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Figure 1. The generalized short-term gas exchange responses of leaf photosynthesis,
ecosystem respiration with QlO = 2, ecosystem respiration with Qio = 1.3, and net
ecosystem CO2 flux'under two warming scenarios. Both warming scenarios assume
that net ecosystem flux was zero before the wanning. One scenario is a 2° wanning, at
all hours, shown for respiration with a Qio of 2 and 1.3. The other scenario is 4°
warming half the time and no warming the rest of the time, show*; for respiration with a
QlO of 2.
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Fig. 2. Temperature related gas exchange response of the leaves of plants to two populations
of the arctic-alpine species Oxyria digyna. Seeds from these two populations were
grown at day/night temperatures of 13/7 °C (cold) and 29/24 °C (warm). Plants of the
alpine population grown at either temperature regime had higher respiration rates than
the arctic population (long term evolutionary driven adaptive response). Both
populations had lower respiration rates when grown at warmer temperatures (from
Billings, etaJ., 1971).
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Figure 3. The effect of different daily average and day/night tea
stand carbon accumulation as simulated by the model FOREST-BGC (Running and
Coughlan,1988). The simulations are for a conifer stand of LAI 6 in Missoula,
Montana. Baseline climate is from 1984 station data. Different symbol types represent
different increases in the average daily temperature relative to baseline temperature.
Open symbols are for simulations in which day and night average temperatures were
increased equally; closed symbols are for simulations in which the average night
temperature was increased by 75% more than the average day temperature. See text for
additional explanation.
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Fig. 4. Growth of the ornamental plant Coleus blumei under conditions of a constant day
temperature of 23 °C and a photoperiod of 16 hours. Night temperatures as indicated
(Went, 1957, from an experiment by R. Sachs).
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Pig. 5. Plant height at time of flowering of Ulium longiflorum grown at different day and
night temperatures. The greater the positive deferential between day and night the
greater the height attained, (from Envin, ct al., 198$).
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Fig. & Effect Of night temperature during dec! riods on bud formation in black
ipruc* at (day tttnpenuure was constant at 26C (from Odium and Colombo, 1989).
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Fig. 7. Night temperature has a large effect on leaf size development in Lilium longiflorum
(from Erwin, et al., 1989).
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Fig. 8. Effect of temperature on the germination of the tropical grass Brachiaria humidicola
(from Roberts, 1988 after Goedert and Roberts, 1986)
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M*w Aspect of global waning
Discussed at International coaf avwnee

Thirty-seven scientists fro» ten countries met recently to

discuss a new aspect of global warming: men more of the warming

is occurring at night than during the day.

The conference was the first international interdisciplinary
effort to discuss observations, causes and iapacts of this
phenomenon.

Held in College Park, Md., the conference was co-sponsored
by the Department of Energy and the Department of Commerce's
National Oceanic and Atmospheric Administration. The Energy
Department's Environmental sciences Division has spent the last
decade examining the climatic affects of burning fossil fuels.
This environmental issue is also being addressed by NOAA's
National Environmental Hatch Program.

-MORE-
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The conference followed the publication of a study headed by
Tom Karl of the U.S. National Climatic Data Center and George
KuKla of Columbia University. The results were reported in the
"Bulletin of the American Meteorologinal Society" and in the
American Chemical Society's '•Environmental Science & Technology"
journal. The study revealed that, although the global average
temperature has been increasing, the warming has been primarily
due to nighttime rather than daytime temperature increases,
appearing as a decrease in the day-night temperature difference
over land for the last 40 years.

Other conference findings include the following:

—The wanning has not been truly global, nor has it been
evenly distributed throughout the day and night. The warming
that occurred over North America, most of Eurasia and portions of
Africa and Australia during the last four decades has occurred
mainly at night. In contrast to most climate model expectations,
no significant nighttime warming has been observed in the polar
regions. New Zealand and some Pacific islands have shown day and
night temperatures increasing at similar rates.

—Increased cloud cover, which is associated with wanner
nighttime temperatures, has been observed across North America,
Australia and Europe. Cloud cover at night acts as an insulator
blanketing the Earth.

—Greenhouse gases, produced by industrial activity, affect
the way in which the atmosphere releases heat to outer space. At
the present rate of increase, concentrations of greenhouse gases
will double in the twenty-first century. While climate models
have shown that a decreased day-night temperature difference and
nighttime warming may be expected to accompany increased
atmospheric greenhouse gases, the magnitude of the modeled change
is substantially smaller than that observed.

—Only part of the observed temperature change can be
attributed to urban growth, a known factor in increased nighttime
temperatures. Scientists believe that the cause of decreasing
day-night temperature difference may be related to the combined
effects of an increase in greenhouse gases and cloud cover over
continents with increased industrial sulfur emissions also
produced by the burning of fossil fuels. In fact, a climate
model developed by James Hansen of the National Aeronautics and
Space Administration that took these simultaneous increases into
account came closer to simulating the observed temperature change
than had previous models.

-MORE-
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As human-produced greenhouse gases and industrial sulfur
emissions continue, nighttime warming is also expected to
continue. "The potential benefits of nighttime warming, such as
a longer growing season and fewer killing frosts, may be offset
by the liabilities of increased pest infestations, reduced crop-
growing area, and higher human heat-related mortality," said
Larry Kalkstein, a conference panel leader and professor of
climatology at the University of Delaware's Department of
Geography.

Although the scientists admitted that their present
Knowledge of the impact of nighttime warning on climate is
limited, they concluded that if future warming were to be
confined to nighttime hours, adverse effects could still be
expected.

Conference participants agreed that communication channels
between countries should be kept open for easier access to
regional data on nighttime warning. With improved observations,
more attention to climate-environment interactions, and increased
knowledge of cloud dynamics, scientists will have a better
understanding of the impacts, causes and future course of
nighttime warming on climate.
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