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Abstract. For the south-eastern part of Tibet, i.e. Qamdo, a carbon isotope chronology from spruce
and juniper trees, covering the last 400 and 1600 years, respectively, has been developed. Juniper tree-
rings were sampled in pentad blocks, whereas the spruce chronology is annually resolved in order
enable appropriate calibration of isotope data with the short instrumental temperature record available.
The chronology shows a number of different climatic phases which have their analogues in Europe
and North America. A short warm phase between 1200 and 300AD appears to correspond to the
Mediaeval Warm Period and a larger cool phase from about 1450 to 600AD appears to correspond to
the Little Ice Age with a short recurring episode around 1850. The current results suggest that the
observed events may have occurred over the entire Northern Hemisphere, though they do not seem to
have been contemporaneous with Europe and North America.

1. INTRODUCTION

The Tibetan Plateau is of great importance for the climate system of Asia due to its large area
and average altitude of over 4000 m a.s.l.. This is especially true in view of the atmospheric
monsoonal circulation. The Tibetan Plateau is characterized by, high insolation and low
albedo during northern hemispheric summer months leading to a large stable low pressure
system sucking moist air masses inland from the southeastern direction [1]. In the northern
hemispheric winter, low insolation and high albedo change the air pressure system resulting in
westerly cyclonic activity over the plateau.

For a better understanding and prediction of changes in the South Asian monsoonal intensity,
detailed investigations of the past climatic variations on the Tibetan Plateau are most useful.
The necessary informations can indeed only be drawn from the past, since all the
meteorological time series available are much too short for appropriate model investigations.
Unfortunately, very few historical climate recordings do exist of the Tibetan region [2, 3] and
the multiple historical data sets from Eastern China are difficult to interpret. They are not
always relevant for the area, as well as discontinuous and partly restricted to extreme events
of climatic or phenological provenance [4, 5, 6, 7, 8, 9, 10].

Therefore, long proxy records of high time resolution have to be investigated. In this respect,
ice cores [1 1, 12] and tree rings are highly promising archives containing isotope proxies, by
which variations in the natural climate system of the Tibetan Plateau can most likely be
assessed.

The present results are part of an ongoing extensive tree-ring study based on stable carbon
and oxygen isotope studies, as well as ring width and x-ray density measurements to pursue
temperature and humidity changes at several sites in High Asia.
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2. STABLE CARBON ISOTOPES AS CLIMATE PROXIES

Current models for the fractionation of stable carbon isotopes during photosynthetic uptake of
CO 2 indicate that besides genetic properties and type of photosynthesis, environmental factors
such as temperature, precipitation or relative humidity, photosynthetic active radiation and
concentration of atmospheric CO 2 influence the isotopic composition of plant organic matter.

Because of its importance for plant growth temperature has been and is one of the important
quantities which is being looked for in climate reconstructions. Therefore, numerous studies
have dealt with and still deal with the problem of transferring carbon isotope data of plant
organic matter into temperature values, least translating carbon isotope variations into relative
temperature changes.

Depending on the location at which plants grow, plant growth is dominated by just one or two
variables. These variables are then primarily responsible for the carbon isotope composition
of the corresponding plant organic matter. Carbon isotopes are, therefore, suited as climate
proxies for palaeoclimate research, if appropriate sites are chosen. At upper treeline sites
temperature is generally known to be the primary growth limiting ecological factor.

An expression for the photosynthetically determined carbon isotope composition in C3 plants
has first been given by [ 13] which reads in its most elementary form:

313 Com = 3'3 Ca + CD0 - ci/ca) + Cc(ci/Ca)

C-D is the fractionation for diffusion (-4.4%o), c is the fractionation at the CO 2 fixing enzyme,
RuBisCO (-30%o), including the equilibrium effect for CO2 dissolution) and c and c are the
leaf intercellular and ambient atmospheric CO2 concentrations.

In principle, the isotope variations have to be given relative to the source value, i. e. the 6'13C
value of atmospheric C 2, because any changes in the source value will otherwise be
interpreted as a false environmental or climatic signal. Therefore, isotope shifts should be
given as deviations from the source value, characterising the fractionation of the whole
process in question. Generally, this discrimination is expressed by A, giving the shift between
air (61 'Ca) and plant organic matter ( 13Comn). To a good approximation A is given by:

A ' _ 813Comr' E D - i/Ca) - FC(Ci/Ca,)

As long as 3'3Ca is constant or known, 313COmn variations are independent of the source or can
be corrected and 813Com' can be used just as well as A.

Obviously, A is not merely the sum of the individual fractionations. The contribution from
each step depends basically on the ratio f ci/ca. In case of reduced stomata aperture, e. g.
when dry and/or high temperature conditions prevail, the uptake rate f CO 2 is restricted,
resulting in low internal C 2 concentrations. Under these conditions the corresponding
enzyme (RuBisCO) converts almost all leaf internal C0 2, thus, suppressing the carboxylation
fractionation. A is then primarily determined by C-D which leads to low values (A = 4.4%o and
813Comn = 8 - 4.4 2 .4 %o). If the concentration of leaf internal CO2 increases, e. g. when
humid and/or low temperature conditions prevail, due to wide stomata apertures, the
fractionation for the step of carboxylation cc becomes important, while the contribution from
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diffusional fractionation can be ignored. A is then basically determined by ec which results in
high values (A=30%o and 613C=~= -8-30 = -38%o). It should, however, be emphasized that ci/ca
is not merely a function of meteorological quantities. For example, leaf morphology and
anatomy also influence the ratio of c /ca, [14, 15]. Furthermore, under certain conditions
carboxylation efficiency can change c /ca independent of changes of stomatal aperture. In
nature, leaf internal C0 2 does not approach the two extremes discussed above. Therefore, A
and 613C Will generally be intermediate between the two extreme values.

From the expression of A follows that atmospheric 613Ca, and pCO2 which constitute the input
level of the system, affect the carbon isotope composition of organic matter, either directly
(613Ca') or indirectly (ci /ca - with regard to stomata index or stomatal density). Since 813Ca is
currently decreasing and PC0 2 is increasing due to burning of fossil fuels and deforestation
[16], 313COrn values originating from the last 200 years have to be corrected accordingly, in
order to compare them with values from previous centuries.

Since the effect of increasing PC02 on different C 3-plants is under debate and still not known
in detail [17] three different kinds of corrections will be given in this paper. At present, this
uncertainty makes it indeed difficult to interpret carbon isotope variations from tree-rings
reliably.

3. MATERIALS AND) METHODS

Samples of 10 Juniper (Juniperus f tibetica) and 5 spruce (Picea balffouriana) trees were
collected during the summers 1992 and 1994 by joint Chinese-German expeditions. The
investigated sites (31 005.3'N/ 9658'E (juniper); 31 005'N/ 9657.5E (spruce)) are located
near Qamdo (31 0 08'N/ 96 0 59'E) on the southeastern part of the Tibetan Plateau. Samples
were taken from dominant trees of open forest stands near or at the alpine timberline at an
elevation of 4400 to 4600m a.s.l..

In a number of cases two or three increment cores per tree were drawn. But wherever feasible,
the sampling of tree-discs was favoured. To extend the chronology as far back in time as
possible, standing trunks from dead trees were included. The maximum number of tree-rings
collected from a single tree was 1260. Increment cores from spruce trees were analysed in
order to compare the juniper data with those from another species of that area. The core
material contained up to 589 tree-rings but the exact age of the tree could not be deduced
because the pith was not hit by the increment corer. Corresponding tree-ring material was
dated and cross-dated by dendrochronological methods which have been described elsewhere
e.g. [ 18, 19].

Since the juniper tree-rings were in most cases extremely narrow (often less than .1mm),
several rings had to be combined for one isotope sample. The cross-dated cores and prisms
were carefully cut and radially separated into successive tree-ring pentads using a razor blade.
The wood material from each tree was separately processed, ground and carefully
homogenized. Contrary to the juniper trees the ring widths of the spruce trees proved to be
rather wide. Therefore, it was no problem to separate samples on a yearly basis. After tree-
ring preparation cellulose was extracted from the woody material by using sodium hydroxide
and sodium chlorite [20]. Details of the procedure are given elsewhere [211.

Subsequently sample material (200-250Oig) was packed in tin foil boats and combusted in an
excess of oxygen at 1020'C with an elemental analyser (Carlo Erba NA 1500). Carbon
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isotope ratios of the generated C 2 were analysed by an isotope ratio mass spectrometer
(Optima, Micromass Ltd.) interfaced to an elemental analyser. Carbon isotope results are
given in the international -- notation as [%o] versus VPDB. Analytical reproducibility, taking
into account sample preparation and mass spectrometry, was generally better than 0. lMo.

Each tree has a different 61'3C mean value. To enable a comparison of these trees, especially
with regard to the set-up of an isotope chronology, it is necessary to normalize the 613C values
to the same average for the overlapping sequences by substracting the mean of each
individual series from raw data. All dates mentioned in this article are given in AD.

Unfortunately, the pentad blocks of tree-rings from different juniper trees could not always be
taken from synchronous time periods. Therefore, averaging the single 6' 3C records has
resulted in a smoothed data series of yearly values (yearly averaged pentad blocks).

4. RESULTS AND DISCUSSION

Climate influences tree growth and plant isotopic fractionation, but tree growth is governed
by numerous plant physiological processes and generally does not react directly to changes of
one or more meteorological quantities. In addition, the mechanisms which transfer an
environmental signal such as temperature or any other quantity or a combination thereof into
a biological sequence of proxies do not translate linearly. The capability to optimise growth in
a given environment is a characteristic of biological systems. Consequently, trees show an
optimal response for a certain signal strength, while stronger or weaker signals provoke a
decline in the biological response.

In this respect, site conditions are highly important and site selection is imperative to
minimize the number of environmental parameters affecting tree growth and, thus, isotopic
fractionation. The Tibetan juniper and spruce trees investigated originate from one of the
highest sites for tree growth in the world. In these regions temperature is known to be the
dominant growth limiting factor. Thus, 613C values should in the first place record
temperatures of the growing season from the corresponding years.

For calibration of the carbon isotope proxies with instrumental records the meteorological
data set from Qamdo weather station (3241 m a.s.1) was used, as well as calculated regional
means of surface temperatures [22] (see Tab. 1 and Fig. 1).

Unfortunately, the calibration of isotope values with recent meteorological data, causes a
number of problems. Firstly, most meteorological stations on the Tibetan Plateau were
established in the early 1950's and, therefore, only data for the last 40 years are available.
Secondly, the weather station of Qamdo is situated in a valley more than 1 Q0m below the
site of the trees investigated. The large altitudinal gradients in this area are producing local
circulation patterns which are most important for the trees and, therefore, the precipitation
record measured at this station is not representative for the stand and must not be taken up for
calibration. At least, annually resolved isotope measurements of spruce tree-ring series from
the time period between 1950 and 1994 were compared with the corresponding surface
temperature data series. According to the mechanisms of carbon isotope fractionation during
photosynthetic uptake of atmospheric CO 2, the massive impact of increasing atmospheric CO 2
partial pressure in conjunction with decreasing 613C0 2 values is producing a declining 6'13C
trend and aggravates a reliable calibration. In order to overcome this problem year to year
changes (first differences) of tree-ring 613C and temperature values were correlated.
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Table . Correlation coefficients between mean tree-ring 5 13C differences
(D 13C Spie) and temperature differences (DTQa) of various time intervals
measured at Qamdo and mean surface temperature differences of the Tibetan
Plateau (DTTP) [22]. (* Significance level 5% * * Significance level 1 %; ~'"
Significance level 0. 1%; Spring March to May; Veg. period =May to
September; Summer = June to August).

correlation D 13C~pruce DTTP
r mean (Summer)

DT0 a (annual) 0.36*

DTQa (eg. period) 0.59***

DTQa (ummer) 0.67*** 0.74***

DTQa (unce) 0.40*

DTQa (uly) 0.45**

DTQa (August) .0*

DTTrP (Summer) 0.56***

2,0 LD Qamdo (JJA) D6C C0,8

1,0 0 0,4 

0,0~~~~~~~~~~~~~~~~~
0~~~~~~~~~~~~~~~~~~

-1,0 0. 7 -0,4 

-2,0 -0,8
D813C(%:) =0.024 + 0.26DT~'C

1945 1950 *1955 1960 1965 19~70 1975 19d80 18 5 199 19' 95

Time (Year) a
20.v-------s-.

-a--- DTaamdo -DT A
1,0 00

-1,0

r 0.74.

-2,0 = 3 _ _ _ _ _ _b

1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~O' 1d6' '70 175 190 195 1d0

FIG. 1. Comparision of year to year S '13C (D8'3C) changes as deduced from tree-ring series of spruce
with the summer temperatur e changes (JIA) at Qamdo, covering the period from 1950 to 1994 (a.).
Comparison of year to year summer temperature changes at Qamdo with the corresponding averaged
summer temperature changes of the Tibetan Plateau (TP) [after. 22] (b.
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Numerous investigations show that sites in which one climatic factor is the main growth
limiting quantity exhibit a positive correlation with the corresponding carbon isotopes. Spruce
613C variations do likewise show a significant positive correlation with different monthly
mean and seasonally averaged temperatures of the vegetation period as measured at Qamndo
(Table , Fig. 1). The highest correlations between 63 3C and temperature changes do exist with
averaged monthly mean summer temperatures (June - August) and whole vegetation period
temperatures (May - September).

Regional climate is frequently reconstructed as an average of several instrumental data series.
The recent study mentioned above [22] uses monthly surface air temperature data from 78
meteorological stations on the Tibetan Plateau since their installation in the 1950Os.

Although it is difficult to carry over site specific data to other locations, because the
ecological settings are rarely the same, tree-ring carbon isotopes of the Qamndo site have a
significant relationship with the regional summer temperature data set. Trees respond to
climate conditions particular to their site and not to grid point data, but in the present case,
differences of mean summer surface temperature at Qamdo are closely correlated with the
regional means of the Tibetan Plateau (Table ).

At Qamdo, the temperature coefficient T derived from least-square linear regression with year
to year mean summer surface temperature is .26%o/ 0C. At this station summer temperature
changes of 1.5 to 2.0 0C from one year to another are frequently observed (Fig. 1). The
summer temperature changes of the regional mean is somewhat lower which results in a
higher t of 0.38%o/0C for the Tibetan Plateau.

I± 2
-20.0 -1.

-C -20.5 00C

o ~~~~~~~~~~~~~~~~~~~-19.0 
~5-21.0 j 
U)

>

9 -21.5

33C,P.,. (yearly averaged 5 year blocks)

-22.0 6130 (5 year running mean)

1600 1650 1700 1750 1800 1850 1900 1950 2000
Timne (year)

FIG. 2. The S1 'C-records of tree-ring cellulose fromn juniper and spruce chronologies covering the
period from 1600 till 1994. Sites are located on the Tibetan Plateau near Qamdo at 4400 to 4600 m
a.s.l. Juniper tree-rings show higher 813CValues than spruce tree-rings, but the trends of both curves
are rather similar. The two species show a remarkable decline of more than 2.3%o during the last 200
years. This decline documents the changes in atmospheric CO, induced by fossil fuel burning and de-
forestation.
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Figure 1 indicates, that the sensitivity of tree-ring 813C to temperature variation is not
constant. During 1977 to 1989 5' 3C changes are rather low. This indicates, that the trees are
additionally influenced by other environental quantities resulting in a compensation of the
predominant temperature regime.The temperature calibration of spruce 6'13C should enable a
better climatic interpretation of the long juniper 613C pentad record. This could only be
possible if both species have similar isotope variations.

Figure 2 displays the smoothed 5 13C-records of tree-ring cellulose of both tree-species.
juniper and spruce, from 1600 to 1994. Juniper tree-rings show rather high 6 13Cvle

varying around -l18.5%o, which is in line with observations of high mountain plants. On the
other hand, spruce tree-ring 513C varies around -20.4%o. However, the trends of both curves
are rather similar, especially during the time period before 1800.

Positive excursions prevail 1645-1650, 1660-1670, 1700-1720 and 1760-1785, while more
negative 613C values occur during 1675-1695, 1735-1755 and 1793-1815. From about 1800
onwards the isotope values decrease steadily, leading to the lowest isotope values of the
whole record. From 1825 to 1990 the record decreases by almost 2.5%o.

Generally, carbon isotope records of trees from other regions also show a decline, though the
gradients are rather different ranging from 0.7 to 4%o (given the period since 1800) [23].
However, these differences are by no means indicating a contradiction because the
environental conditions of various locations are generally not comparable. It has nicely been
demonstrated that trees from a dry and a moist location situated close to each other exhibited
a decrease of 0.7 and 1.4%o, respectively, considering the period from 1935 to 1989 [24].The
tree-ring 813C decline documents the changes in atmospheric C 2 induced by fossil fuel
burning and deforestation 11. According to the steadily increasing CO 2 concentration of the
atmosphere, releasing 13C depleted C 2. the 5 3C values of the last 150 years cannot be
compared with the previous, pre-industrial data unless corrected accordingly. The corrections
applied are based on measurements of atmospheric CO2 concentration and its 5'13C0 2 derived
from ice cores [25] and direct measurements [26, 27, 28, 29]. A correction of the changing
6 3C0 2 source value is commonly accepted, whereas the question to what extent changing
PC0 2 influences plant isotopic discrimination is under discussion.

Figure 3 exhibits the possible shifts between a mere 6 13C02 source correction and an extreme
additional PC0 2 effect of 0.2%o/10ppm. This coefficient is derived from linear regression of
the difference between 513C of tree-rings and 6' 3Catrn as a function of pC0 2 during 1740 to
1988 [30]. The dashed-dotted curve in-between the grey shaded area represents a possible
PC0 2 correction of 0.073%o/l10ppm, an effect derived from greenhouse experiments with oak
trees [3 1. The question of correcting 613C in tree-ring records due to the atmospheric changes
Of PC0 2 and 813Catrn will be discussed in detail elsewhere [17].

The moderate corrections for the changing atmospheric CO, concentration with its
13CO2/ 12C0 2 shift would not lead to the warming trend, i.e. increasing 813C-values observed
in several archives for the last decades of this century. A decrease of roughly .7%o persists.
Only the extreme correction leads to an increasing 813C trend.

If, as assumed, trees of this area and that altitude are mainly temperature limited, the declining
6'3C trend should indicate a slight decrease in the temperature regime of the site in question.
However, it has to be emphasized that such a temperature decline does not comprise the
whole year.
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FIG. 3. The 813 C time series of the Qamdo juniper trees from 450 to 1992. For the last 200 years
different corrections have been applied to eliminate the effects of declining atmospheric S1 'CO, and
increasing pCO, on tree-ring carbon isotope ratios. A correction of the changing atmospheric S53o
source value is commonly accepted, whereas the question to what extent changing pCO2 conditions
influence plant isotopic discrimination is still under discussion. The grey shaded area marks the
possible shifts betwveen a mere g13 C02 source correction and an additional pCO2 effect of
0.2 %cl Oppm[3 0]. The dashed-dotted curve in between the grey shaded area represents a pCO,
correction of 0.0O73%al] Oppm, as deducedfrom greenhouse experiments with oak trees [31].

It is, thus, tacitly assumed that the signal of the isotope values is primarily expressing the
vegetation period, i.e. the summer months. The Tibetan Plataeu mean temperature record
reveals a large linearly increasing temperature trends of -0.320 C per decade for winter, and a
small trend of -0.09'C per decade for summer during 1955 to 1996 [22]. This does, however,
not contradict the finding of slightly decreasing summer temperatures as inferred from tree-
rings at Qamdo. The corresponding summer temperature observed at the nearest
meteorological station shows a slight linear decrease if the whole record from 1951 to 1990 is
considered.

On the other hand, the 81 0 records from three Plateau ice cores reveal increasing isotopic
enrichment (e.g. warming) for the 20th century and the temperatures inferred from these
Himalayan ice cores are the warmest of the millennium [1 1, 12]. The recent warming is most
pronounced at the Dasuopu glacier (280 23'N, 8543'E), the highest elevation ice core site [1 1,
12] and nearest to the Qamdo tree site. Presumably the oxygen isotope record from tree-rings
will help to improve the interpretation because different relationships 3 3C and 618 indicate
different environmental impacts affecting the trees.

The whole Tibetan isotope record from juniper trees as given in figure 3 is an extension to the
already published record [32], and currently covers a period of almost 1600 years. Note,
however, that the averaged isotope curve does not represent an equally weighted sequence
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over the whole record. The earliest phase (450 to 61 1) is currently represented by one tree and
only from 900 onwards three or more trees were available for analysis. The period from 1370
to 1670 is even based on seven or eight trees.

As indicated earlier, it is difficult to carry over site specific correlations to other locations,
because the ecological settings are rarely the same. The southerly exposed juniper trees
encountered at the sites of investigation are sometimes covered with epiphytic beard lichens
(Lethariella zTahlbruckneri) which indicate more humid environmental conditions [33] as
compared to the easterly exposed spruce trees. In this respect it has to be mentioned that dry
sites do normally show a higher correlation of 813C with precipitation as compared to humid
sites [34] which makes it difficult to carry over the temperature coefficient Tr of 0.26%o/0 C
derived from spruce to the relationship of juniper 613C with temperature.

Indeed, temperature coefficients determined at various places show a wide variety of values
[35]. However, if a mean value T. is adopted, similar to values 0.33%o/0 C [36, 37, 38],
several periods (780-860; 1225-1380; 1640-1670; 1700-1715; 1770-1780; 1810-1830) can
be given in which temperatures may have been by at least 0.750 C higher than the average of -
18.45%o as deduced for the period from 611 to 1800. The most prominent deviations, i.e.
positive temperature excursions are found for the periods from 788 to 850 and from 1204 to
1360 respectively. Similarly a number of negative temperature excursions can be given, the
most prominent extending from 1012 to 1049 and 1475 to 1554. Extreme 613C maxima are
observed at about 800, 1250 and 1700 to 1715, while two strong minima are given at 1040
and 1550, respectively. It is interesting to note that the shift from a minimum to the
subsequent maximum is generally proceeding faster than the corresponding decline from high
isotope levels to low levels. The periods of transition from cold to warm phases appear to
have been always rapid, while the transitional periods from warm to cold seem to have been
sluggish.

In conclusion, a number of different climatic phases can be established which have their
analogues i Europe and North America. A short warm phase between 1200 and 1300 appears
to correspond to the 'Medieval Warm Period' and a longer cool phase from about 1450 to
1600 appears to correspond to the 'Little Ice Age' with a short recurring episode around 1850.
The current results suggest that the observed events may have occured over the entire
Northern Hemisphere, though they do not seem to have been contemporaneous with Europe
and North America.
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