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Riassunto

Nel presente rapporto viene analizzato il bilancio della radiazione infrarossa per i sistemi
acquatici sulla base di alcune formule semi-empiriche. Vengono esaminati vari modelli della
radiazione infrarossa atmosferica e i fattori che la influenzano. I flussi di radiazione infrarossa
dall'atmosfera in condizioni di cielo sereno e nuvoloso vengono calcolati e confrontati. L'analisi
dell'applicabilità dei modelli considerati per il calcolo dei flussi di radiazione infrarossa in
corrispondenza delle condizioni ambientali dell'Italia centrale suggerisce di scegliere il modello
di Anderson [Anderson E.R. Energy-budget studies. U.S. Geological Survey Prof. Paper, 269: Ti-
l l 9, 1954] per la valutazione del bilancio calorico dei laghi vulcanici.

Summary

Comparative analysis of different approaches to the
computation of

Long-wave radiation balance of water air systems

In the present paper, the net long-wave radiation balance of the water-air environmental
systems is analysed on the base of several semi-empirical approaches. Various theoretical
models of infrared atmospheric radiation are reviewed. Factors, affecting their behaviour are
considered. Special attention is paid to physical conditions under which those models are
applicable. Atmospheric and net infrared radiation fluxes are computed and compared under
clear and cloudy sky. Results are presented in graphical form. Conclusions are made on the
applicability of models considered for evaluating infrared radiation fluxes in environmental
conditions of Central Italy. On the base of present analysis Anderson's model [Anderson E.R.
Energy-budget studies. U.S. Geological Survey Prof. Paper, 269: 71-119, 1954] is chosen for
future calculations of heat budget of lakes in Central Italy.
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The analysis and the modelling of the physical processes occurring in a lake
are fundamental for understanding the behaviour of the lacustrine environment.
The management of a lacustrine system also requires the knowledge of the
complex web of interactions among the components of a lake ecosystem and the
surrounding environment.

Indeed, physical processes strongly influence the distribution and the
characteristics of chemical and biotic components in the lake. Among such
processes the thermodynamic phenomena play a significant role. The
thermodynamic balance of the energy fluxes from the lake to the surrounding
environment and vice-versa determines the temperature of the lake water and,
consequently, the water thermal stratification. On the other hand, the
stratification phenomena influence the distribution of dissolved substances and of
living micro-organisms in the water.

Investigations for evaluating the influence of the infrared radiation from the
atmosphere to the water on the lake heat balance are, therefore, of paramount
importance to develop a reliable, physical model of a lake.

The results of the present research, and a model developed to predict the
thermal stratification of lake water [I], are a preliminary step for the development
of a global model aimed to predict the behaviour of the lake Bracciano
ecosystem.

Such a model will offer the opportunity of analysing the response of the
lacustrine system to the changes initiated by human activities. Therefore it will be
a very useful tool for supporting the management of the lake.

It will be possible to apply the results of the present research and of the future
activities to other important lacustrine systems in central Italy.

Introduction

Heat budget of the lakes depends on the energy fluxes through the surface of
the water body and the storage of the heat within it. These energy fluxes can be
considered as a result of

1) Atmospheric processes due to the energy transfer
2) Heat fluxes from the sediments and
3) Hydrological processes that are in correlation with water fluxes

Hydrological energy flows include energy fluxes through the surface of the
water body, which are coupled with water flows (water inflow, precipitation,
etc.).



The total amount of transferred energy due to rain falls and other sorts of
water flows as well as due to sediment heat conductivity is usually small,
compared with atmospheric radiation, in particular for deep lakes. Heat fluxes
from the bottom of the lake should be taken into account if the lake has a
volcanic nature and thermal activity of the former volcano remains. However,
this is not typical for Central Italy and we consider the case when such kind of
process has already faded out and sediment heat conductivity is negligible.

Atmospheric processes include the latent heat flux of evaporation E, the
sensible heat flux (convection) H and the net radiation N. These terms dominate
the interaction of the water body with the environment at the water-air surfaces.
The energy balance of the water body AS can be written in these terms as
follows [1]:

AS = N - ( E + H) .

The most considerable amount of energy is transferred by the radiative
processes and they mainly provide the lake with energy. The net radiation flux N
can be separated into the following parts: global solar radiation Osn, it's
reflection <E>snr, incoming long-wave radiation Oa and it's reflection <X>ar and
long-wave emission from water surface Ow . The radiative net energy exchange
between atmosphere and the surface of the water body can be written as follows
[2]:

N=(3>sn - O s n , )+( O a -O r ) - <DW .

Incoming flux of global solar radiation both as direct sunshine and as diffused
radiation scattered and reflected by atmosphere and clouds, falls mostly in the
wavelength range 0.3-3.5u.. Data on this kind of radiation is most widely
recorded. Reflected part of global solar radiation can be expressed as rg!obalOsn,

where rglobalis reflection factor of the surface to Osn.

Long-wave radiation from the atmosphere appears due to emission from
clouds, dust, haze and some gaseous constituents of the atmosphere, such as
water vapour, and carbon dioxide [2, 3]. These substances emit radiation in
accordance with their temperatures and emission spectra, and at atmospheric
temperatures this energy falls effectively within the infrared wave length range
3.5-100u.

Incident long wave atmospheric radiation Oa is the major thermal input into
water reservoirs at night and on cloudy days. However, long-wave flux
measurements are technically difficult to make and they require great care in
order to give correct and scientifically significant result. Errors, coming for
example from solar heating of the radiometer can produce considerable
overestimation [4, 5].



In principle, Oa depends on the vertical distribution of water vapour, carbon
dioxide and temperature in complex manner. When all those profiles are
available, the downward long wave radiation can be calculated precisely.
However, such profiles are rarely available, so equations have been developed to
calculate downward long wave radiation easier. In the present context, where Oa

at the surface of the lake is considered, conditions are more simple than at higher
levels of atmosphere and the lowest 100 meters of the air column contributes
mostly to Oa , besides conditions above lkm are usually not significant,
especially with a clear sky [3]. Commonly, the atmospheric temperature and
humidity of lowest few hundred meters are closely correlated with conditions
near the surface. This fact explains usefulness of various empirical formulae that
are taking into account temperature and humidity near the water surface only.

Long wave infrared radiation from the atmosphere is the most important term
in the energy balance of a water body. Unfortunately, experimental data on
infrared fluxes are hardly available for many areas, hence different models were
developed to obtain it theoretically. Such models describing thermal behaviour of
lakes are commonly based on semi-empirical formulae for evaluating long wave
radiation from atmosphere at different latitudes and meteorological conditions.
The main aim of this report is to analyse and systematise various approaches
existing for evaluating long wave infrared radiation from the atmosphere.

Main Formulae

One of the first successful attempts to compute infrared radiation balance of
surface - air systems was undertaken by Brunt [6]. His model of heat transfer by
radiation in atmosphere is analogous to heat transfer by molecule conduction
with thermal conductivity coefficient being inversely proportional to the vapour
pressure. He suggested that atmospheric radiation should be a function of a
square root of the vapour pressure as written below:

(1)

where a, b are numerical constants, o is the Stefan- Boltzman constant, T is the
absolute temperature of the surface, ea - the value, in millibars, of a vapour
pressure in the air near the surface. Appropriate result for net infrared radiation
is also determined by the temperature of the surface only:

<Dnet=oT4(l-a-bVe7). (2)



Although these formulae were obtained by statistical fitting to a number of
observations, it seems strange that radiation fluxes are determined by the surface
temperature and do not include air temperature. It occurs when these
temperatures are equal, for example when the surface does not accumulate heat
at all and it's heat capacity is negligible or vice-versa, when the surface
determines air conditions completely. Otherwise, physical sense of expression
above becomes questionable. However, in most cases atmospheric conditions
vary greatly over the surface at the same temperature Ts even during a day,
causing considerable surface air temperature jumps. Later, Brunt like equations
(1) were written with Ta

4 which is preferable from the physical point of view [3].
Another difficulty here comes due to uncertainty in values of numerical

constants. Their values vary from one set of observations to another greatly:
from a - 0.34, b=0.110 to a=0.60, b=0.042, so that without having complete
experimental data these Brunt-like equations can be hardly recommended for
calculating infrared radiation fluxes. Besides, Brunt - like equation in following
form is applied sometimes for heat budget study:

ce = <>Ta
4(0.51 + 0.066ea

l /2) . (3)

To account for situations, when Ta^Ts correction terms can be added to Brunt
like formulae. For example, the next expression for net long-wave radiation flux
was developed [7]:

= e°Tw
4(o.39 - 0.056Vq~)(l - 0.53A2) + 4soTw

3(Tw - T.), (4)

where Tw and Ta are water and air absolute temperatures, q - specific humidity of
air, s - emissivity of water surface and A - cloud factor (fraction of sky, covered
by clouds). This expression proved to be useful for studying tropical oceanic heat
budget. But in fact, atmospheric conditions over large water basins, like oceans
depend strongly on the processes in the water body, less on surroundings and are
quite different from environments of small deep lakes.

Most of other models clearly separate upwelling and downwelling
components of radiative transfer. Atmospheric radiation is computed on the base
of Stefan- Boltzman forth power law:

, (5)

where sa - the average emittance of the atmosphere, o is the Stefan-Boltzman
constant and Ta - the absolute temperature of air. Some formulations require
only temperature of air to estimate the radiation falling at the surface, for



example formula, proposed firstly by Swinbank [8] was used in practice for lakes
and shallow water reservoirs [9, 10] as written below

1=0.398 10"5aTa
6148, (6)

and rounded off [8] to

(7)

Swinbank starts from hypothesis that "within the range of humidity that
occurs in the atmosphere, incoming radiation is a function of a screen level (near
the surface, 2 meters above) temperature alone". On the base of several
observations in Indian Ocean and in Canada, he concludes that ea is strongly
correlated with Ta and the simple dependence oTa

6 lets evaluate infrared
radiation from the sky.

Idso and Jackson also proposed an equation, dependent on Ta only [11]:

3>aMso=aTa
4{l-[o.26exp(-7.7710^(273-Ta)

2)]} . (8)

Another approach relates <J>a to screen temperature Ta and the screen-level
vapour pressure ea for cloudless sky and appropriate equations are those of
Satterlund [12], Anderson [13] and Brutsaert [14]

= 1.08oTa
4[l-exp(-ea

T°/2016)], (9)

(10)

= a(0.74 + 0.0049ea)-Ta
4, (11)

1/7

original

where ea is in millibars and can be either taken from observations for a
particular region or computed as well as the pressure of saturated vapour e™ as
follows:

ew = 7.57 + 0.1 (Tw - 273) + 0.035 (Tw - 273)2, (12)

(13)



where Ta and Tw are temperatures of air and water respectively in K°, us [0,1] -
relative humidity of air.

All the equations above are mostly empirical and have been shown to work
reasonably well on daily or longer-term mean basis. However, they had to be
adjusted sometimes according to time of a day [15]. A future problem is that
empirical equations are likely to be specific to atmospheric conditions under
which they were developed. It comes due to differences in temperature -
humidity regime from place to place. Investigations in various climates
sometimes give different values of the numerical coefficients in them, but the
differences are generally not larger than would be expected from simplifications
made in them in order to reduce the number of atmospheric parameters, which
are generally dependent. For example, infrared radiation flux, penetrating water
surface of deep and relatively small volcanic lakes of Italy was successfully
computed on the base of equation (11), calibrated and applied in the following
form [16]

Oa - O r = c(0.66 + 0.0043e3) T3
4 . (14)

Similar corrections were made in other formulae to fit individual observations
[6], [8], [13], [14].

In considering the effect of clouds on the downwelling flow of long-wave
radiation two main factors are of main importance: cloud amount and
temperature of cloud base Tci0Ud- As high level clouds have much lower base
temperature than low clouds, it follows that cloud height is important. The effect
of cloudiness on long-wave net radiation d)net=Ow-Oa+Or is often taken into
account by multiplying the estimate for the clear sky by a factor (1-AA), where A
is a fractional cover and X is an empirical constant, which value is in wide
domain between 0.2 and 0.8. However, observations of cloudiness and it's
influence on the long-wave radiation show that the increase of surface infrared
flux, resulting from the presence of cloud cover, can not be reproduced correctly
in the way mentioned above other than on seasonal time scales since the cloud
base altitude, which effects significantly on the flux considered, and type of
clouds are not taken into account [17]. For more accurate calculations X is
assumed to be dependent on cloud height so that usually ^=0.8-0.9 for low
clouds, X=0.6-0.7 for medium clouds and A,=0.2 for cirrus cloud [3].

Reflected long wave radiation, as only a function of water surface albedo, can
be taken into account as

Or=r<Da. (15)

Value r«0.03 - reflectance of the water surface to the long-wave radiation -
can be used for practical applications.

Long wave back radiation from water to air is also a large component of a
heat budget. All materials with temperatures above absolute zero emit radiation



according to the Stefan- Boltzman forth power law (5), with appropriate
emissivity and temperature.

However, water is not a perfect black body radiator and the value, used for
emissivity is approximately 0.94 - 0.97. Loss of energy from a lake due to long
wave radiation can be estimated as follows [3], [10], and [18]:

<Dw=saTw\ (16)

where e=0.96 - emissivity of water, a - Stefan- Boltzman constant, Tw -
temperature of a water surface.

Once water long wave radiation is expressed as above, formulae (6) - (11),
lead to the following expressions for the long wave net radiation:

= as • Tw
4 - (1 - r)c 0.398 i(T5T3

614S, (17)

Oiwswinb-* = a s - T w
4 - ( l - r ) a 9 . 2 1 0 - 6 T a

6 , (18)

O lwIdso=saTw
4-(l-r)aTa

4{l-[0.26exp(-7.77 10^(273-Ta)
2)]}, (19)

= saTw
4 -1.08 (1 - r)crTa

4[l - exP(-ea
T^016)], (20)
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(21)

- a(0.66 + 0.0043ea)Ta
4, (22)

However, since the emission from water is determined by Tw
4, an attempt to

apply cloud correction factor in the way discussed above to formulae (17) - (22)
lead to a surprising effect that expressions for the downwelling flux obtained
from net radiation formulas in presence of clouds by subtracting saTw

4 from (17)
- (22) become dependent on a water surface temperature when, from the physical
point of view, they should not. Same confusing situation occurs when infrared
radiation is computed with the help of semi-empirical formulae, which do not
separate incoming and outgoing flows and corresponding terms are mixed, like in
expression (4).

Another approach is based on the idea that only the flux of infrared radiation
falling on the surface, being separated from that the water emits, should contain



the cloud correction factor like (1+AA), where X<\ is a constant [19], [20]. The
next expression

=9.2 1(T9 OTa
6 (1+0. Ilk2) (23)

was employed by Fritz [20] for evaluation of infrared radiation from the sky to
the surface of a stabilisation pond.

Among such kind of formulations, Anderson's seems to be more reliable as it
takes into account cloud height as well as the fraction of the sky, covered by
clouds [13]. According to it, long-wave radiation from cloudy sky can be
calculated as follows:

<Da = oT3
4(0.74 + 0.025Ne"°00019h + (0.0049 - 0.00052Ne"° 00019h)ea), (24)

where N is a cloud cover in tenth of sky covered, h is a cloud height in meters (h
>300m).

Accounting for the presence of clouds in the same way, we rewrite (22) with
respect to net radiation flux as follows:

w - O + O = saT.,.4 - o T 4 x
(25)

(0.66 + 0.024Ae-000OI9h + (0.0043 - 0.0005lAe-000019h)ea)

Graphics

Graphical results for long wave radiation from atmosphere obtained from the
formulae (4), (6) - (11), (14) present downward radiation as a function of air
temperature for relatively dry (60% humidity) medium (80% humidity) and damp
(100% humidity) air conditions on picture 1. The measuring units are a-K°4. It
can be easily seen that the difference between extreme values, obtained from
various formulae is within the range of 10% of absolute value of downward
radiation, provided 20C°<Ta and not more than 15% in other cases under equal
conditions. The smallest deviation between extreme graphics occurs at moderate
values of relative humidity and "summer" temperatures of air 20 - 30C°, so that
for example, it is 7% for Ta~30C° and 80% humidity. Values of downwarding
radiation vary from 3.7 up to 8 K°4 for 0C°<Ta<30C°.

It should be noted that graphics, corresponding to Anderson's model are
always typed with bold lines.
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Infrared Radiation from the Sky (humidity 60%)
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Picture 1:
Atmospheric infrared radiation from clear sky.
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Results for net long-wave radiation Ow-<J>a+<3>r, penetrating the lake surface
from clear sky at fixed temperatures are presented on pictures 2a-2d. Since the
net radiation flux varies from negative to positive values and becomes equal to
zero at definite points within the range of possible values of air temperature, it is
preferable to avoid percentage estimations and take into account only that the
deviation of <I>w-<t>a+<l>r not more than 0.6 [CTK°4] and it decreases to 0.4
[GK°4] in summer season, when 20C°<Ta and humidity is moderate (~70%).

Dependence of net long-wave radiation fluxes on relative humidity of air can
be analysed from the pictures 2 also. In case when relative humidity of air
becomes lower, the Earth's atmosphere emits less infrared radiation to water, so
that the net heat flux Ow-Oa+<l)r increases. The difference between the values
of net radiation at high (100%) and low (60 %) humidity may be as high as
0.5* 109 [oK°4] at relatively high temperatures of air Ta~30C.

Calculations have been made for two values Tw=10°C=283°K and
Tw=20°C=293°K as an example. These temperatures are typical for Bracciano
lake during autumn, winter and spring seasons. Graphical presentation confirms
that expression (4) of Hastenrath gives quite different from others result when
Ta<Tw. Explanation of this fact is in conditions for which appropriate model was
developed. Indeed, such a situation Tw>Ta can hardly occur in tropical climate of
Indian Ocean, but is quite common for deep lake - atmosphere system.

12



Net infrared Radiation humiditylOO %, Tw=283K
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Net Infrared Radiation humiditylOO %, Tw=293K
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Pictures 2a - 2d:
Net infrared radiation from clear sky.
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We present results for infrared radiation from the sky, obtained from Brunt -
like formula with various recommended values of numerical parameters a, b in
expression (1) on pictures 3.1 — 3.2. Below find the table of coefficients for
formula (1):

"Brunt 1": a = 0.52, b=0.65
"Brunt2": a = 0.43, b=0.82
"Bnmt3": a = 0.48, b=0.58
"Brunt4": a = 0.60, b=0.42
"Brunt5": a = 0.34, b=0.110

Besides, picture 3.1 corresponds to the case, when T is air temperature in
expression (1) and picture 3.2 - to the original form of equation (1), where T is
a temperature of surface.

Uncertainty of those fluxes, calculated with different numerical constants
within the range recommended can be as high as 1.5-109aK°4. The difference is
especially considerable at high air temperatures. Hence total uncertainty of the
flux, evaluated in this way is 20-25% of its mean value and no indications are
found to decide in favour of a definite set of constants without complete
experimental data.
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Brunt Radiation from the Sky ( h u m i d i t y 60%)
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Picture 3.1.

Atmospheric infrared radiation computed from advanced form of Brunt-like
equation for various values of parameters a, b.
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IRRad. from the Sky ( h u m i d i t y 100%,Tw=283K)
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Picture 3.2.

Atmospheric infrared radiation computed from original form of Brunt-like
equation for various values of parameters a, b.
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Temperatures of water and air are the main parameters that determine the
value of net long-wave radiation fluxes. Their dependence on the air temperature
has been already presented on the graphs above. Attempts have been made to
take into account other factors of atmospheric state, such as cloudiness.
Advanced formulation that contains cloud height and cloud factor as parameters,
expressed by equation (25) lead to results, presented in the set of pictures 4a -
4k. One can see that when cloud height h> 10000 meters, infrared net flux
radiation is still within the range of values, predicted by other formulae for clear
sky (graphs on picture 4), so that such high clouds do not effect it. Low clouds
may increase <E>a so that Ow-Oa+O r changes on significant value M09oK°4 for
low air temperatures Ta-0n-5 K°. Besides this addition due to clouds becomes as
small as 0.2-109cK°4 with increase of air temperature to Ta=30K°.

Net Rad. l00%hum.Tw=293K,cloud.h=500m, cover. 1/10

Picture 4a.

— — .AndersonSUN
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Net Rad.
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Net Rad.
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Picture 4e.
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Net Rad.
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Net Rad. 100%hum. Tw= 293K, cloud.h=3000m,cover.10/10
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Picture 4h.
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Net Rad. 100%hum. Tw= 293K, cloud. h=7000m, cover. 10 /10
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Picture 4:
Net infrared radiation behaviour under cloudy sky in Anderson's model.
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We also compare results, that Anderson's formulation leads to with others for
cloudy sky on pictures 5a - 5d. Though they are qualitatively similar and
according to all of them net infrared radiation decreases in presence of clouds,
better agreement in the values of infrared radiation is near the point, where Ta=
Tw and the bigger that difference, the more the deviation in results that can reach
the value of 0.5-109GK°4 with complete cloud coverage. On the other hand,
accounting increase of infrared radiation flux through the surface for (1-0.8C)
factor for instance, we come to very uncertain results not corresponding with the
data available for every specific case.

Different character of correction factor, including either C or C2 also misleads
when partly cloudy sky is considered and the deviation between predictions of
different models becomes bigger.

The most complete model is better than too simplified, accounting for real
atmospheric conditions like humidity of air, type of clouds, their height,
difference between water and air temperature, etc. Hence, from this point of
view, Anderson's seems to be preferable.
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Summary and conclusions.

Several approaches to computing infrared radiation were analysed in the
present report. Attention was concentrated on the physical nature of models
reviewed and investigation of them leaded to the following conclusions.

Brunt's like formula in fact contains only recommendation that infrared
radiation from the sky should behave as a square root of humidity, but values of
numerical constants vary from one set of observation to another up to 50% and
more. Moreover, its meaning is not clear from a physical point of view if
radiation from the sky is determined by Tw

 4. It can be accepted in case when
differences between Tw and Ta and negligibly small, for example in tropical
oceans, or when the radiating body has very small heat capacity. This model is
unable to catch air-water temperature jumps. Same form of equation, but written
with Ta

4 , which is reasonable from the black body radiation theory, is much
better since water-air temperature differences do exist and can be large,
especially in continental regions or in certain area of oceans like gulfs and in
polar oceans.

Hastenrath's formula which includes temperature correction term, compared
with Brunt's, was also developed and applied to tropical marine climate in Indian
Ocean region. It does not separate upwelling and downwelling fluxes of radiation
and can hardly account for large temperature jump from water to air since Ta

contribution is suppressed by Tw
 4 main behaviour. However, it yields to results

compatible with others, provided Ta «TW or slightly higher.
Swinbank's method for computing infrared radiation is based on implicit

relationship between humidity and T3 and no deviations in humidity -
temperature regime can be introduced in this model. When surface humidity
observations are not available, Oa sometimes is worth calculating from this
simple relation. However, relationship between Ta and ea in air masses over a
continent or Gulf Stream would be very different from that of an air mass over
Indian or Pacific Ocean. Hence this model is not enough flexible and can not be
adjusted to fit real conditions in various climates.

Other formulae considered in the present report give similar results for
downwarding and net long wave radiation with deviation less than 12% in most
cases and 7-9% under certain conditions (mostly spring and summer time in
central Italy). These uncertainties are smaller than would be expected from
simplifications made in the equations in order to reduce the number of
atmospheric parameters that they are generally dependent. Moreover, some
circumstances such as presence of haze and mist can increase infrared radiation
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to the surface up to the same 10-15%, though they can not be taken into account
easily.

Furthermore, the sky over Italy is clear only during some period in summer.
Unfortunately, only Hastenrath, Fritz and Anderson models take into account
cloud factor. Considering cloud effect on infrared net flux, we should say that
accuracy of infrared fluxes, obtained from bulk formulae depends critically on the
way this effect is treated in a model. Only Anderson's model includes such an
important atmospheric parameter as cloud height. Other models give very
approximate estimation of net radiation under cloudy sky, supposing either linear
or squared behaviour of radiation fluxes on cloud fraction A. Types of clouds
and latitude of a place in study is also important [13], [16]; however, it is too
difficult to include these effects in simple models correctly. Researchers
sometimes choose different values of X in (1-XA) or (1-X.A2) for each type of
cloud, season and latitude, when such data is available; still it is too difficult to
incorporate cloud effect in simple models correctly.

Results expressed by Anderson's formula are in good agreement with
numerical calculations for various mean environments for both winter and
summer seasons under clear skies. Simulations for anomalous cold and hot
conditions in wide range of latitudes also demonstrated reliability of this model
especially in the tropics and mid-latitudes [17].

Infrared radiation flux computed from calibrated expression (14) is in good
accordance with data obtained from local observations. Therefore, as a result of
this analysis we recommend to apply Anderson's model for long wave radiation
fluxes, expressions (14), (25), for future calculations of heat budget of lakes in
central Italy.
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