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Climatological significance of 3'*0 in north Tibetan ice cores

Tandong Yao,' Lonnie G. Thompson,?* Ellen Mosley-Thompson,>* Yang Zhihong,'

Zhang Xingping,® and Ping-Nan Lin?

Abstract. Oxygen isotopic ratios (6'30) of precipitation samples collected over several years at
three meteorological stations on the northern Tibetan Plateau were used to conduct the first
investigation of the relationship between 6'30 and contemporaneous air temperatures (7).
Inferring past temperatures from 8'*0 measured in recently acquired Tibetan ice cores necessitates
establishing whether a 8'*0-T, relationship exists. For each station a strong temporal relationship
is found between 6'°0 and T, particularly for monthly averages which remove synoptic-scale
influences such as changes in condensation level, condensation temperature, and moisture sources.
Moisture source is identified as a major factor in the spatial distribution of %0, but air
temperature determines the temporal fluctuations of 60 at individual sites on the northern
Tibetan Plateau. The 30-year records of annually averaged 6'*0 from three different ice coring
sites are not correlated significantly with contemporaneous air temperature records from their
closest meteorological station (150 to 200 km). However, since 1960 the three air temperature
records reveal a modest warming trend, while the three contemporaneous 8'®0 records show a

modest *O enrichment.

1. Introduction

Oxygen isotopic ratios (8'*0) have been used extensively in
paleoclimatic reconstructions [Dansgaard, 1953; Craig, 1961;
Lorius et al., 1985; Thompson et al., 1989, 1995a; Yao et al., 1991;
Jouzel et al., 1994] as a proxy for air temperature. The relationship
between 8'*0 and air temperature (7,) has been investigated most
thoroughly in the polar regions. In Antarctica, various studies
[4ldaz and Deutsch, 1967; Lorius and Merlivat, 1977; Kotlyakov
et al., 1982; Jouzel and Merlivat, 1984; Mosley-Thompson et al.,
1990; Peel, 1992] have demonstrated a strong linear relationship
between '*0 and T, with slopes ranging from 0.76 to 0.92. In
Greenland snow, Dansgaard et al. [1973] and Johnsen et al. [1989]
obtained slopes from 0.62 to 0.67. Paleoclimatic reconstructions
rely on the robustness of the assumption that the 6"0O-7,
relationship can be used to reconstruct accurately the climatic
record (e.g,. temperature trends) preserved in ice cores [Jouzel et
al,1983]. A recent study by Joussaume and Jouzel [1993]
demonstrated that using currently measured 6'*0-7,, relationships
to reconstruct temporal variations in T, from 8'*0 may result in
errors of 20% to 30% over Greenland and Antarctica.

Outside the polar regions these studies are more limited. A
comprehensive study of the long-term 8"%0-T, relationship was
conducted in midlatitude, low-elevation regions [Rozanski et al.,
1992} using the relatively long 8'*0 and meteorological records
from stations in the International Atomic Energy Agency
(IAEA)/World Meteorological Organization (WMO) precipitation
network. Three different changes in the §'*0-T,, relationship were
identified: spatial changes, short-term changes, and long-term
changes. Spatially, the 8"*0/T,, slope values varied from 0.71%o per
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degree Celsius for high-latitude areas to virtually zero in the
tropics. The relationship between long-term changes of '*0 and
T, for a given location was found to be the most appropriate for
paleoclimatic reconstructions purposes. Recent modeling efforts
[Joussaume and Jouzel, 1987; Jouzel et al.,1987, 19917 have used
global temperature observations to simulate the basic features of the
spatial distribution of 5'%0.

Siegenthaler and Oeschger [1980] reported a 8'*0/T, slope of
0.56 from observations at five Swiss stations. Jocob and Sonntag
[1991] suggested that different slopes may reflect different thermal
regimes, with steeper slopes characterizing colder regions and lower
slopes characterizing warmer regions. From a study of the factors
controlling 8'*0 in European precipitation, Rozanski et al. [1982]
reported that continuing precipitation leads to an increasing
depletion of heavier isotopes in the residual water vapor as it moves
across Europe.

Recently, Cuffey et al. [1994] used central Greenland borehole
temperatures, which are independent of the 60 history, to
calibrate the paleothermometer or linear relationship, 8'*0=aT+p.
Their results indicate that %0 does provide a “faithful” proxy for
long-term average temperature at that site.  Further, they
demonstrated that temperature histories inferred from 8'30 are of
higher temporal resolution than borehole temperature histories.
Thus abrupt climatic changes can be extracted from 8'*0 records
but not borehole temperature records [Cuffey et al., 1994, 1995].
They argue that it may be inappropriate to use a single or constant
linear 8'*0-T, relationship to infer past climatic changes as
coefficients depend upon factors that may vary through time. Their
results support the contention by Jouzel et al. [1994] that "0 is a
proxy of temperature and that better estimates of previous values of
o may be obtained using a general circulation model which links
atmospheric circulation and source temperature changes to a

_physical model of isotopic fractionation. It is important to consider

that borehole temperatures (when reconstructed) reflect near-surface
temperatures which are dominated strongly by the radiation regime.
The original 8'*0 signal is modified postdepositionally and ice core
8"0 results reflect temperatures at the atmospheric condensation
level.

Despite the extensive work linking 8'0 in precipitation and
climate in polar regions, for high elevation sites in the midlatitudes
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Figure 1. Shown are the meteorological stations (DLH, Delingha; TTH, Tuotuohe; and XN, Xining) on the Tibetan
Plateau (shaded) where 60 samples and contemporancous air temperature measurements were taken, Other locations

mentioned in the text are also included.

and tropics the observations of contemporaneous %0 and air
temperatures are very limited. Several ice cores drilled recently on
the Tibetan Plateau for paleoclimatic reconstruction [Yao et al.,
1990, 1991, 1995; Thompson, 1992; Yao and Thompson, 1992,
Thompson et al., 1989, 1993, 1995b] necessitate a better
understanding of the 8'*0-T, relationship.

2. Discussion

This paper reports the first study of the 8*0-T,, relationship on
the northern part of the Tibetan Plateau which occupies over
2,000,000 km? with a mean elevation of 4500 m above sea level
(asl) and is often called "the Earth's third pole. " The study is based
on contemporaneous 8'*0 and air temperature (7,) observations at
three meteorological stations (Figure 1); Xining (XN) (36°37'N,
101°45’E, 2261 m asl) and Delingha (DLH) (37°22'N, 97°22'E,
2981 m asl) on the northeastern side of the Plateau and Tuotuohe
(TTH) (34°13'N, 96°26’E, 4533 m asl) near the center of the
Tibetan Plateau. Precipitation (snowfall and rainfall) samples were
collected for every precipitation event during the period of
observation. Note that ~ 80% of the annual precipitation on the
Tibetan Plateau falls during the summer wet season. At DLH,
sampling began in April 1991 while it began in September 1991 at
TTH, and only 13 months of observations (September 1991 to
September 1992) are available from the XN station.

At all stations, identical sampling procedures were used to
collect the snow or rain from each precipitation event. To eliminate
contamination and sample carryover, the plastic container used for
collection was dried (if necessary) and cleaned with a brush
between samples. After collection each sample was placed in a
clean plastic bag, melted at about 20°C, and poured into high
density polyethylene bottles, and the tops were sealed in wax to
avoid evaporation or diffusion. The bottled samples were trans-
ported to the Lanzhou Institute of Glaciology and Geocryology, and
kept in a cold room at -20°C until "0 analysis was performed

using a Finnigan MAT-252 Spectrometer which has an accuracy of
0.05%o. Relevant meteorological conditions such as air temperature
at the beginning and the end of each precipitation event, cloud type,
wind speed, wind direction, and humidity were recorded contempo-
raneously for each precipitation sample.

Figures 2a, 2b, and 2¢ show the 80 and contemporaneous T,
for every precipitation event during the period of observation at
each meteorological station. Figures 2d, 2e, and 2f show the 8"*0
of each sample plotted against its corresponding 7, demonstrating
that 8'*0 is more negative when 7, is cooler and is less negative
when 7, is warmer (Table 1). The slope for each 6**0-T,, relation-
ship is shown in Figures 2d, 2e, and 2f, and the regression equation
is given in Table 1. At Delingha (DLH) the slope (0.67+0.047) of
the 8'%0-T, relationship is similar to that for polar precipitation, but
at Tuotuohe (TTH) and Xining (XN) the slopes are much smaller
(0.3640.057 and 0.30+0.072, respectively). Comparison of the
three data sets (Figure 2) reveals that only at DLH is 8'30 always
below -15%e when T, is cooler than -2°C, which produces a
pronounced bimodal distribution in the data. Note (Figure 2f) only
four precipitation events occur at XN when 7, is below 0°C. TTH
is much higher and colder (Table 1) than either DLH or XN, and
precipitation is more frequently in the form of snowfall. However,
unlike at DLH, snowfall collected at TTH when T, is less than -2°C
frequently has 8'*0 values more enriched than -15%e, indicating
less O depletion and suggesting a source of moisture more
enriched in 0. The weaker seasonality of 6'%0 in precipitation at
TTH and XN (Figure 2) arises largely from the lack of winter (dry
season) precipitation (see crosses in Figure 3) and results in smaller
8'%0-T, slopes. These results reveal no clear indication that the
8'%0-T, slope is less for warmer sites as suggested by Jocob and
Sonntag [1991]. Air temperatures are coldest at the highest station,
TTH, where the 8'*0-T, slope is less than at DLH. These data
demonstrate that precipitation on the Tibetan Plateau follows the
normal 8'*0-T, relationship, that is, more negative 80 is associ-
ated with cooler temperatures of condensation.
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Figure 2. (a), (b), and (¢) The 80 (dark line) and contemporaneous air temperature (light line) are shown for
individual precipitation events at three meteorological stations on the Tibetan Plateau. (d), (€), and (f) The linear
relationship between 8'*0 and T, (degrees Celsius) for individual precipitation events is weakly positive, and the

accompanying statistics are given in Table 1.

Although the linear correlation of 8'*0 and 7, for individual
precipitation events is positive (Figures 2d, 2e, and 2f), variations
in 8'%Q exist that are not attributable to changes in 7. Figures 2a,
2b, and 2c demonstrate that these types of variations occur more
frequently at TTH and XN. The 8'*0-T,, relationship also contains
variance arising from different sources of moisture, varying air
mass histories, and different temperature structures which control
the condensation temperature [O'Neill and Epstein, 1966; Friedman
and Smith, 1972; Gedzelman and Lawrence, 1982; Kato, 1982,
Covey and Haagenson, 1984; White and Gedzelman, 1984; Fisher
and Alt, 1985). Another potentially important factor influencing
the 3'*0-7, relationship is the amount effect [Dansgaard, 1964],
which is more common in tropical regions and less important in
midlatitudes [Yurtserver and Gat, 1981; Yapp, 1982; Grootes et al.,
1989].

A stronger relationship between 830 and T, (Figure 3 and Table
1) emerges when individual precipitation events are aggregated into
monthly averages. Averaging minimizes the influence of small-
scale differences (discussed above), and as suggested by Jouzel et
al. [1987), the 6'%0-T, relationship obtained this way should be
more robust. Figures 3a, 3b, and 3¢ illustrate that 80 and 7,
exhibit strong seasonal fluctuations with maximum 'O in summer
and minimum &'0 in winter. DLH shows the largest seasonal
range (17.2%o) with a maximum in August (-3.3%o) and a minimum
in February (-20.5%o). The coefficients of determination (R?) for
the 8'30-T, relationship of monthly averages are much higher, all
exceeding 50% (Table 1), than the R? values for the individual
precipitation events. Undoubtedly, the strong scasonal cycle

accounts for the higher R?, but the scatter about the regression line
coupled with the substantial reduction in the number of data points
(degrees of freedom) results in higher errors for the slopes,
particularly, for TTH and XN (Table 1). Although a seasonal cycle
is present at TTH and XN, it is less pronounced largely because of
the lack of winter precipitation. Again, the highest correlation (R?
= 0.86) is for DLH where winter precipitation is most frequent.
The slopes for TTH and XN (0.48+0.12 and 0.49+0.14, respec-
tively) are consistent with those reported for Swiss alpine stations
[Siegenthaler and Oeschger, 1980}, but the slope for DLH
(0.76+0.075) is more consistent with that of polar precipitation as
discussed earlier.

The precipitation collection program is continuing at these
meteorological stations to produce longer records necessary for
study of the 8'*0 relationship with temperature [e.g., Rozanski et
al., 1992). The precipitation collection program began in 1991 so
that the station 8'*0 records are too short for meaningful compari-
son with the ice core 8'*0 records. However, annually averaged ice
core 8'0 records at three different sites may be compared with
annually averaged surface temperatures (7,,) from their nearest
meteorological stations. As previously mentioned, ice core %0
records are available from three sites (Figure 1) on the Tibetan
Plateau. In the deep cores from Guliya (6710 m asl) and Dunde
(5325 m asl), ice deposited during the Late Glacial Stage is
distinguished easily from Holocene ice by '*0O depletion. Only a
short core, 14 m long, was recovered from the Tanggula Glacier;
however, it contains a 50-year record, and for all three cores, annual
resolution is available in the upper part. Figure 4 shows the
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Table 1. Linear Regressions Between 6'°0 and Air Temperature for Both Individual Precipitation Events and Monthly
Averages for Precipitation Collections at Three Meteorological Stations

Individual Events Monthly Averages
Average Air
3 18,

Station ;5600 Tenl;grature Regression Cocfficient of Regression Coefficient of
Equation Deterermination  Equation Determination

Delingha -8.66 7.40 8"0(%o)= R?=0.69 8'%0(%0)= =0.86
(0.67£.047)T-13.59 (0.76+.075)T-14.29

Tuotuohe -9.80 391 850 (%o)= R™=0.13 8%0(%a)= R™=0.45
(0.36x.057)T-11.20 (0.48+.12)T-11.09

Xining ~5.56 10.44 880 (%)= R>=0.14 880 (%0)= R>=0.60
0.29£.072)T-8.51 (0.49£.14)T-10.51

annually averaged 6O from these three ice cores (Tanggula,
Dunde, and Guliya) and the contemporaneous annual surface
temperatures (7},) at the closest meteorological stations (Hotan (HT)
located 200 km from Guliya, Tuotuohe (TTH) located 150 km from
Tanggula, and Delingha (DLH) located 150 km from Dunde). Itis
evident that individual annual 8'*0 and T, values do not correlate
significantly (Figure 4 and Tables 2a and 2b). The poor correlation
for the individual 6'30 and T, values results from various factors.

First, the temperature data reflect an equal weighting of monthly
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temperatures while the ice core 60 record is skewed toward wet
season precipitation. As = 80% of the precipitation falls in summer
(Figure 3) and 8"0 is only recorded during precipitation, it is
unrealistic to expect the 60 from an annual layer in a single ice
core to record the annual average air temperature of the correspond-
ing year. Second, after deposition, snowfall is subject to drifting
and redeposition which introduces small-scale, local depositional
noise. The original isotopic signal may be smoothed by isotopic
diffusion within the upper firn layers. Even in the polar regions the
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Figure 3. (a), (b), and (¢) The monthly averages of 8"*0 (dark line) and T, (degrees Celsius) (light line) for individual
precipitation events are shown. (d), (¢), and (f) The linear relationship between monthly averages of 6'*0 and 7,
(degrees Celsius) are strongly positive (Table 1). Each cross indicates a month for which no precipitation occurred.
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Figure 4. The annual "0 from cores on the Guliya, Tanggula, and Dunde ice caps are compared with correlative
annual air temperatures since 1960 as measured at the closest meteorological stations (Figure 1). The linear regression

and its slope (Table 2) are shown for each data set.

average 8'*0 for a specific year in a single core is not well corre-
lated with the annually averaged surface air temperatures at nearby
stations. Third, these ice caps and glaciers are at least 150 km from
their closest meteorological stations, and they sit at a much higher
elevation than their closest station. These elevation differences (ice
cap elevation - closest station elevation) are 5.3 km for Guliya, 2.3
km for Dunde, and 1.27 km for Tanggula. In addition, the meteoro-
logical stations occupy different physical environments than the ice
caps. For example, Hotan is located in the desert off the Tibetan
Plateau, and thus local meteorological conditions are likely to be
different from those prevailing over the much higher (5.3 km)
Guliya ice cap. As the length of the observation period increases,
smaller-scale local influences should be dominated by larger-scale
regional processes so that %0 trends from the ice core records and
temperature trends at their closest station are more similar.
Although the meteorological records are of limited length, the 5'*0-
T,, relationship is examined over the available record.

Figure 4 illustrates that snowfall on all three ice caps shows a
slight '*O enrichment (Table 2) from 1960 to the end of their
respective records (1988 for Tanggula, 1987 for Dunde, and 1992
for Guliya). Over identical time intervals their closest stations also
show modest warming trends (0.017°C yr™ for TTH, 0.040°C yr*!
for DLH, and 0.012°C yr! for HT; Figure 4 and Table 2). Trend
lines must be viewed cautiously as they are sensitive to unusually
high or low values near the end points of the record.

The statistics in Table 2a confirm little statistical correlation
between the annually averaged ice core 8'°0 and T, at their closest
meteorological station. However, both Figure 4 and Table 2

confirm a linear 8'*0 trend since 1960 indicating '*O enrichment
for all three ice caps (0.022+0.025% yr! for Tanggula,
0.040+0.022%o yr* for Dunde, and 0.024+0.026%o yr*' for Guliya).
Also, note that the greatest '*0 enrichment trend exists in Dunde
snowfall, and the steepest temperature trend is recorded at its
nearest meteorological station, Delingha. No further 8"0-7,,
comparisons are possible because of the lack of statistical signifi-
cance of the estimates (Table 2).

Finally, longer "0 records are available from the Dunde and
Guliya ice caps; however, long meteorological records from the
Tibetan Plateau are not available for comparison. Thompson et al.
{1993, Figure 5] demonstrated that the 5-year running mean of the
annual 80 averages from the Dunde ice cap was strongly
correlated (R*=0.25, significance is 99.9%) with the 5-year running
mean of the Northern Hemisphere annual temperatures from 1895 -

Table 2a. Coefficient of Determination for Annually
Averaged 8"0 From the Ice Cores versus Surface Air
Temperatures at the Closest Meteorological Station

Record R?

Tanggula (6'°0) versusTuotuche (T°C) 0.000
Dunde (3'*0) versus Delingha (T°C) 0.011
Guliya (6%0) versus Hotan (T°C) 0.006
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Table 2b. Linear Regression for Each of the Annually Averaged Ice Core Derived 8'*0 Records and the Station

Surface Temperature Records Shown in Figure 4

Record Slope and Error Error of the R? Degrees of
Estimate Freedom
Tanggula Glacier 0.022+0.025 %o yr' 1.16%o0 yr! 0.02 27
Dunde Ice Cap 0.040+0.022 %o yr’ 0.89%o yr 0.11 27
Guliya Ice Cap 0.024+0.026 %o yr'! 1.54%o yr! 0.03 31
Tuotuohe 0.017+0.008°C yr! 0.37°C yr! 0.13 27
Delingha 0.040+0.009°C yr! 0.48°C yr! 0.36 29
Hotan 0.012+0.009°C yr*! 0.49°C yr! 0.05 29

1985. The long period of record (91 years) and smoothing eliminate
much of the local-scale and short-term variability thus revealing the
longer-term, more spatially extensive trends.

3. Conclusion

This paper presents the first observations of contemporaneous
temperature and oxygen isotopic ratios for individual precipitation
events on the Tibetan Plateau. The 8'*0 composition of precipita-
tion falling at these sites on the northern half of the Tibetan Plateau
reflects seasonal variations in near-surface air temperatures. Owing
to the seasonal nature of the precipitation and postdepositional
modification of the seasonal signal, contemporaneous annual
averages of ice core derived 8'°0 and T, from the nearest meteoro-
logical station (150 to 200 km away) are not significantly related.
However, when viewed within a longer-term (multidecadal)
perspective, the records show similar trends. Surface air tempera-
tures since 1960 reveal modest warming trends, and the three ice
core records indicate a modest '®0 enrichment. Obviously, longer
records of contemporaneous 8'30 and near-surface air temperature
for individual precipitation events will be necessary to explore their
longer-term relationship. Such studies are of utmost importance if
8"0 records from Tibetan Plateau ice cores are to be used success-
fully for paleoclimatic reconstructions.
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