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Stable isotopes in precipitation, both liquid (rain) and solid (snow), can be suitable tracers for hydrological cycles
because their concentrations reflect the cumulative record of physical phase changes. Distribution of stable
isotopes in precipitation over High-Asian monsoon regions, including Yunnan Plateau is investigated. It has
two noticeable features: firstly, the stable isotopes in precipitation distinctly decrease; and secondly, the stable
isotopes in precipitation demonstrate smaller concentrations during rainy seasons and higher values during
dry seasons. These features were found by the MUGCM simulation developed in the Melbourne Univertisty.
Quantitative effect of the stable isotopes in precipitation takes place at different time scales, i.e. in diurnal,
monthly or annual variations. Relative to observations, the simulated &80 in precipitation shows stronger
dependence on precipitation. In the diurnal course, the simulated regression equations of §'80 in precipitation
versus precipitation amount are in good agreement with the observed values at Tengchong and Simao, except
that the simulated 8'80/P curve slope is slightly smaller than the observed one at Mingzi. In the monthly and
annual courses both, the simulated and observed §'80/P slopes are smaller than it is in the diurnal course. For
individual station, the local meteoric water line (LMWL) is simulated well at Mengzi and Tengchong. However,
the simulated result does not reproduce truly the observed relationship between 6D and §'80 in precipitation
at Simao and Kunming where the LMWL inclination is larger 8.0, and a shift along the y-axis higher 10.0. In
addition, all simulated LMWL slopes are higher the observed ones at four stations, suggesting that the GCM can
overestimate the decreasing of Hydrogen Deuterium Oxide and, thus, underestimate the second-order parameter,

i.e. the deuterium excess, in a particular region Yunnan.

Introduction

Stable isotopes H,'®O and HDO (Hydrogen Deute-
rium Oxide) in precipitation are good tracers for hydro-
logical cycles because their concentrations reflect cumu-
lative record of physical phase changes [1—3, 6]. The
best method to study isotope variations in precipitation
is analysis of field samplings. However, the interpreta-
tion of the field data is frequently hampered by the
incomplete records, limited number of simultaneous
observations with climatic variables, and the short series
of field data and thin network of points for samplings.

The only way to reconstruct space and time varia-
tions of stable isotopic compositions in water vapor and
precipitation is to incorporate the stable isotope cycles
into the atmosphere general circulation models (GCM)
which simulate the global and regional features of atmo-
spheric dynamics and thermodynamics in more details,
with fully detailed hydrological cycles [8, 9]. With its
better possibilities than a simple and idealized model,
GCM can take into consideration the complexity of

dynamical and microphysical processes leading to for-
mation of individual precipitation event, and also the
fact that, on the average, the observed field data (e.g. in
the monthly course) are the statistical result of succes-
sive precipitation events with various characteristics [ 10].

Yunnan is located in the Southwest Plateau including
the Tibetan Plateau, and it is a part of High-Asian glacial
zone where the sources of water vapor generating rainfall
are very complicated. Evaporation of waters of the South
China Sea, the Bay of the Bengal, the Arabian Sea and
wet air flows across equator meet in this area, then they
are transported into the middle-channel reaches of the
Yangtze River and other East Asian region, and strongly
affect the monsoon rainfall in these areas [7]. The Mount
Yulong, the southernmost glacier-covered area in Eur-
asia, including China, is located in the investigated areas.
There are 19 sub-tropical temperate glaciers on the
mountain, controlled by the southwestern monsoon cli-
mate. During the past ten years, a few shallow holes have
been drilled in the accumulation area of the largest glacier
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Fig. 1. Positions of sampling stations Mengzi,
Tengchong, Simao and Kunming in Yunnan,
southwest China

Puc. 1. PacriofnoxeHue cTaHIMii, IJie BEJIUCh Ha-

omoneHus Ha riato KOHHaHb, I0T0-BOCTOYHBIN

Baishui No. 1. So, studying features of stable isotopes in
the water cycle in this region has important for restoration
and interpretation of paleo-climatic and paleo-environ-
mental records stored in the ice and snow.

The aims of this study are to analyze and compare
features of stable isotope variations in precipitation in
both simulated and observed data over Yunnan, China,
using the MUGCM (The Melbourne University
GCM), including amount effect and relationship
between OD and 880 at different time scales; to esti-
mate ability of MUGCM to simulate stable isotopes in
precipitation of monsoon regions; to investigate impact
of atmospheric physical process on stable isotopic
fractionation in the water cycle; to understand the iso-
tope variation in the regional water cycle; and to pro-
vide a powerful tool to interpret the representation and
climatic significance of stable isotope in precipitation
of glaciated areas over High-Asian monsoon regions.

106°E  Kyrait: Menrsu, Tenryonr, Cumao u KyHmMuHr

Principal data

Observational data. Data on stable isotope concen-
trations were obtained by the daily precipitation sam-
pling at 20h BST (Beijing standard time) together with
regular weather observations and measurements of sur-
face air temperature and amount of precipitation. The
sampling and the observations were carried out at three
main national weather stations which are Mengzi
(23.23°N, 103.23°E, 1301.7 m a.s.l.), Tengchong
(25.10°N, 98.30°E, 1648.7 m a.s.l.) and Simao
(22.40°N, 101.24°E, 1302.9 m a.s.l.), during the period
from February to December, 2003. These three sam-
pling stations and Kunming (25.10°N, 102.41°E,
1896.8 m a.s.l.) form the basis for this study (see
Fig. 1). Totally 117, 139 and 104 water samples were
collected during almost one year of samplings, corre-
sponding to 117, 139 and 104 rainfall days, at Mengzi,
Tengchong and Simao, respectively.
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Kunming is one of Chinese sampling stations
included into the global observational network estab-
lished by International Atomic Energy Agency (IAEA)
in cooperation with the World Meteorological Organi-
zation (WMO). There is a series of 15-year records of
stable isotope obtained from 1986 to 2003 (absent
from 1993 to 1995). Mean monthly stable isotope
ratios in precipitation and relevant weather data are
available from IAEA/WMO.

All precipitation samples collected in Mengzi,
Tengchong and Simao were sealed in plastic bottles
and kept in a freezing tank, and then measured for
their oxygen-18 ratios using the Delta-Plus mass spec-
trometer at the Key Laboratory of Ice Core and Cold
Regions Environments, Cold and Arid Regions Envi-
ronmental and Engineering Research Institute, Chi-
nese Academy of Sciences. All these samples at three
stations were sorted again in 2006. The water samples
higher 2 mm in diurnal precipitation were selected. So,
85 samples at Mengzi, 105 samples at Tengchong, and
72 samples at Simao were obtained. These water sam-
ples were brought to the Institute for Hydrospheric-
Atmospheric Sciences, Nagoya University for D and
180 measurements using the MAT-252 mass spectrom-
eter. The measured ratio of oxygen-18 in samples
180/190 (or D/H) is expressed in parts per thousand of
their deviation relative to the Vienna standard mean
ocean water (V-SMOW). The 880 (or dD) is defined
by the following equation:

8'80 (or 8D) = (Ry/Ry._gpow — 1)1000, (1)

where R, and Ry _gyow represent the isotope ratio
180/10 (or D/H) in water sample and in V-SMOW
respectively. The measurement accuracy is 0.1 %o
(Delta-Plus mass spectrometer) and 0.2 %o (MAT-252
mass spectrometer) for 80 respectively and +0.5 %o
(MAT-252 mass spectrometer) for D.

Simulation data. Simulated data were taken from
the isotope runs of the MUGCM model developed by
Melbourne University. This general circulation model
is a spectral primitive equation model of the atmo-
sphere based on the model of Bourke et al [4] and
McAvaney et al [12]. For the study reported here
MUGCM is configured to have a horizontal resolution
denoted by rhomboidal truncation of harmonic series
at wave number 21 (R21). To allow quadratic products
to be calculated on a transformation grid with a good
accuracy, the 3.25°% 5.625° grid points are required. In
the vertical, there are 9 discrete levels in hybrid-sigma
coordinates. The MUGCM isotope scheme is based
on the earlier one implemented in GISS GCM [10],
with a semi-Lagrangian moisture transport scheme.

The MUGCM includes also an interactive ocean sur-
face with variable surface isotope ratios as well as for-
mations of isotopes in snow and river runoff [5].
Detailed descriptions of MUGCM incorporating
stable water isotope effect may be found in the paper of
Noone and Simmonds [13].

Analysis of results

1. Stable isotopes in precipitation on the synoptic time scale

Variations of stable isotopes in precipitation.

Fig. 2, a, c and e show observed diurnal variations of
8!80 in precipitation and precipitation amounts at
Mengzi, Tengchong and Simao, respectively. Owing to
location in typical monsoon regions and being subjected
to different conditions of atmospheric circulation and
water vapor origins, the above three stations are charac-
terized by presence of stable isotopes and its specific
behavior. For example, stable isotopes are depleted with
heavy precipitation during summer monsoon from May
to October, and enriched with light precipitation during
winter monsoon from November to April.

Fig. 2, b, d and f show simulated diurnal variations
of 880 in precipitation and precipitation amounts
derived by MUGCM by bilinear interpolation, corre-
sponding to the grid points at Mengzi, Tengchong and
Simao, respectively. It can be seen that the simulations
reproduce the stable isotope variations in precipitation
rather well. Firstly, the feature that the stable isotopes
are depleted during a rainy season and enriched during a
droughty one is confirmed; secondly, the stable isotope
seasonality in precipitation is also seen at three sampling
stations. The simulated mean 8'80 values during the
rainy season from May to October are respectively
—7.36, —8.20 and —7.73%o at three stations, being close
to the observed mean values of —8.09, —7.95 and
—7.85%o at the same period; and, similarly, —4.13, —3.82
and —3.78%o during the droughty season from Novem-
ber to April, however the last values are lower than the
observed values of —1.53, —1.04 and —1.20%. at the same
period. On one hand, this underestimation is likely
related to the overestimation of precipitation in the sim-
ulation, but on the other hand, this can be caused by an
underestimation of the evaporation increase of falling
raindrops in unsaturated atmosphere [13].

In order to estimate reliability of the simulations,
standard deviations of the observed and simulated iso-
tope values, as well as the correlations between both at all
three stations, shown in Table 1, were calculated. The
coefficients of correlation between the simulated and
observed 8'%0 and 8D in precipitation all exceed the
confident limit of 0.001, showing that the simulated §'0
and 6D are reasonable. Furthermore, the standard devia-
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Fig. 2. Observed (left) and simulated (right) diurnal variations of 8'®0 in precipitation and precipitation amounts at Mengzi (a, b),

Tengchong (¢, d) and Simao (e, f) stations

Puc. 2. lanHble HaOMIONEHMIA (ClieBa) M MOAEIMPOBaHUs (CIpaBa) CYTOUHBIX Bapuauuii 8'80 B ocagkax M cyMM ocaiKoB Ha

ctaHuusIX MeHrsu (a, b), TeHryoHr (c, d) u Cumao (e, f)

Table 1. Comparison of standard deviations and coefficients
correlations between observed and simulated daily §'%0, §D
and d in precipitation at Mengzi, Tengchong and Simao stations*

810 oD d

4.77/3.37/0.50 | 36.59/28.06/0.54 | 5.54/3.63/0.13
4.63/3.65/0.44 | 30.59/30.80/0.35 | 4.65/3.29/0.35
4.46/3.37/0.36 | 32.60/28.22/0.42 | 9.00/3.60/—0.27

*Observed/simulated/r.

Station

Mengzi

Tengchong

Simao

tions of simulations are consistent with those of observa-
tions at all three stations, with the slightly lower values in
8'80 and 8D except for the standard deviation of simu-
lated dD at Tengchong. This is reasonable since observed
data at the stations represent conditions over a small area
while simulated data are related to a larger space.

Unlike 880 and 8D in precipitation, the deuteri-
um excess d in precipitation is not well simulated.
Despite a good comparability at Tengchong, correla-
tions between simulated and observed d at Mengzi and
Simao are poor, especially negative correlation was
observed at Simao. This result is frequently a common
problem in GCM simulations [11, 13, 15—17].

Comparisons of amount effect. Amount effect is the
basic feature of stable isotopes in precipitation over
monsoon regions. It can be seen in Fig. 3 that there are
marked negative correlations of the §%0 in precipita-
tion versus precipitation amount P at Mengzi,
Tengchong and Simao, and all coefficients of correla-
tion are significant at the 0.01 confidence level. Com-
paratively, among three stations, the 8'80/P slope is
the largest at Mengzi, smaller at Tengchong, and the
lowest at Simao. This result is probably connected with
the precipitation variability. Three sampling stations
have approximately equivalent standard deviations in
daily 8'%0 over the same geographical area, but their
standard deviations in daily precipitation show 5.11,
6.09 and 8.8 mm during the sampling, respectively.
Consequently, small standard deviations in precipita-
tion will result in large 8'80/P slope, and vice versa.

The simulated 8'80 demonstrates stronger depen-
dence on precipitation, when compared with observed
880 and closer correlation between both at three sta-
tions. The simulated regression equations are in a good
agreement with the actual ones except for that the simu-
lated 8'80Q/P slope is slightly smaller than similar curve
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Fig. 3. Observed (red) and simulated (black)
amount effect in the diurnal course at Mengzi (a),
Tengchong (b) and Simao (c)

Puc. 3. lannbie HabmoneHU (KpacHoe) U MoJie-
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of the observed values. It indicates isotope modelling of
MUGCM is reliable when simulates the amount effect
over the monsoon region. However, it can be found that
the scattering of simulated 8'30 versus simulated pre-
cipitation at high values of precipitation in Fig. 3, does
not occur during actual sampling. This discrepancy can
likely be explained by the hypotheses of stable isotope
parameterization in convective cloud [16]. In addition,
since the GCM run is driven by the annual sea surface
temperature (SST) rather than actual weather condi-
tions, maybe a simulated test is able only to catch the
variabality droven by the average condition of SST.
Meteoric water line. A very good linear relation-
ship between 8D and 8'30 in precipitation is called as
the meteoric water line (MWL). Slope of MWL
reflects a contrast between two types of fractionation
rates from oxygen-18 and deuterium. The intercept of

,  JTupoBaHUs (YE€PHOE) CYMMapHOTO COIEPXaHUS
M30TOTOB 3a CYTKU Ha CTaHUMAX MeHr3u (a),
Tenruyonr (b) u Cumao (c)

MWL is caused by effect of kinetic fractionation of
the stable isotopes during evaporating at the sea sur-
face and reflects a degree of the deuterium deviation
from that at equilibrium [3, 6].

Influenced by large-scale oceanic and atmospheric
circulations as well as by near-surface weather condi-
tions, local meteoric water line (LMWL) is vari-
able [17]. Usually, the LMWL discrepancies are con-
trolled by seasonality of different water vapor sources
over High-Asia monsoon region [18]. The LMWL has
relatively high slope under warm and wet marine air
mass with great instability energy, strong convection,
and weak evaporation under clouds, but its slope is rel-
atively low under the air masses formed over land with
strong advection and intensive evaporation under
clouds [18]. Since the rainfall in Yunnan is brought by
summer monsoon, LMWL has high slope and inter-
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Fig. 4. Observed (red) and simulated (black) LMWL in
the diurnal course at Mengzi (a), Tengchong (b), and
Simao (c)

Puc. 4. Jlannpie HaOmOneHUH (KpacHOE) U MOAEIUPO-
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cept on the diurnal time scale. This has been validated
by the observed data shown in Fig. 4.

At Simao, the LMWL slope is slightly smaller 8.0 that
implies effect of the non-equilibrium fractionation in the
water cycle; and the LMWL intercept noticeably smaller
10.0 %o is associated not only with the kinetic fraction-
ation but also with the local meteorological conditions [17].
Due to great scattering of dD against §'®0 at Simao,
noticeably low incept is also caused by low 0D, especially
by those near to and under the LMWL, probably attribut-
ed to the evaporation of water samples during sampling or
to a contribution from local evaporation [10, 17].

Simulation demonstrates also rather good linear
relationship between 8D and §'80 in precipitation with

5  BaHus (u€pHoe) 3HaueHuit LMWL 3a cyTku Ha CTaHLIU-
sgx Menrsu (a), Tenryonr (b) u Cumao (c)

coefficients of correlations all greater than 0.99. The
simulated LMWL slopes are similar to the observed
ones, except the Simao slope. In view of differences
between statistical samples and within the grid box
range from actual samples and the sampling sites, the
discrepancy between simulated and observed LMWL
slope lies within the range of reasonable estimation.

2. Stable isotopes in precipitation at the monthly timescale
Monthly variations of stable isotopes in precipitation.
Fig. 5 shows monthly variations of observed and simu-

lated 8'80 and 8D in precipitation at the Kunming sta-
tion. In order to reconstruct long term variations of stable
isotopes in precipitation from 1960’s, the simulated data
are prolonged. As shown in Fig. 5, observed stable isotope
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Fig. 5. Observed (red)
and simulated (black)
monthly variations of
2 580 (top) and dD (bot-
tom) in precipitation at
Kunming.
Puc. 5. MecsuHblil xon
Bapuauuii 8'80 (HaBep-
xy) 1 &D (BHU3Y) MO n1aH-
HBIM HaOMoneHMI (Kpac-
HO€) U MOJEIVNPOBAHMUS
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Table 2. Comparison of standard deviations of observed and
simulated 8'80, 8D and d in precipitation on the monthly
and annual time scales at Kunming station*

Time scale 580 5D d
Monthly 4.36/2.79/0.66 | 29.80/24.08/0.68 | 12.30/2.42
Annual | 1.22/0.58/0.57 | 7.94/4.96/0.66 | 4.62/0.62

*Observed/simulated/r.

ratios in precipitation have distinct seasonality. Based on
the current 15-year data, mean 8'30 and 8D values are,
respectively, —8.99 %o and —62.13 %o during prevailing
summer monsoon, and —6.17 %o and —43.88 %o during
prevailing winter monsoon, respectively. In winter mon-
soon, the maximal §'®0 equal to 0.35 %o was found in
February, 2001, and maximal 8D (7.80 %o0) — in Febru-
ary, 1997, the minimal 8'80 —17.51 %o — in August, 2002,
and minimal 8D —114.20 %o — in July, 1989.

On the basis of simulations during the period
1961—2003, mean 8'80 and dD are, respectively,
—10.27 %o and —72.99 %o during prevailing summer
monsoon, and —6.69 %o and —42.05 %o during pre-
vailing winter monsoon. The maximal 8§80 —1.73 %o
and maximal 0D 1.38 %o were recorded in March,
1992, while the minimal 880 —14.91 %o — in August,
2003, and minimal 6D —109.27 %o — in August, 1988.

§'°0 = -0.03P - 4.98
r=-0.61

r =-0.83

1990

19‘95 2000 2005 (u€pHoe) B ocagkax Ha

CTaHLIMU KYHMI/IHF

Standard deviations of observed and simulated
monthly isotope values together with correlations
between both at Kunming, shown in Table 2, were cal-
culated by the same method. Coefficients of correla-
tion between the simulated and observed 880 and 6D
in precipitation all exceed the confident limit of 0.001,
showing that the simulations of monthly 880 and 8D
are similar to the observations. In addition, the stan-
dard deviations of simulated monthly 880 and 8D in
precipitation, although slightly lower, are close to
those of observation except the deuterium excess at
Kunming. This is also reasonable.

Amount effect. The correlations between monthly
880 and monthly precipitation, shown in Fig. 6, are
based on the observed and simulated data at Kunming
and at corresponding grid site of MUGCM, respective-
ly. In this figure, the 8'80/P slope is noticeably reduced
because the variation amplitude of stable isotopes in
precipitation decreases but that of precipitation increas-
es on the monthly time scale. When compared with
observation, the simulated 8'80 in precipitation and
simulated precipitation amount show more distinct cor-
relation. Even despite a small difference between simu-
lated and observed 8'80/P intercepts, the simulated
880/ P slope is only about a half of the observed slope.
On one hand, it can be explained that the model under-

80 =-0.013P -5.16

Fig. 6. Observed (red) and simulated (black) amount
effect in the monthly course at Kunming
Puc. 6. CongepkaHue M30TOMNOB IO AaHHBIM HabJIoIe-
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HUli (KpacHOe€) U MOAeJUpoBaHUs (YEPHOE) 3a Mecsll
Ha cTaHIUMU KyHMuHT
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Fig. 7. Observed (red) and simulated (black) LMWL
in the monthly course at Kunming
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estimates the fractionation effect of stable isotopes in
simulation [17] because concentration of the simulated
isotopes in precipitation is frequently larger than that of
the observed isotopes with the same precipitation
amount. But, on the other hand, the model does gener-
ally overestimate the precipitation amount in simula-
tion. Such result will lead to lifting of right end of the
simulated 88O/ P regression line and, thus, to reduction
of the simulated 8'80/P slope under similar amplitude
of stable isotope variability to observion.

LMWL. Fig. 7 shows LMWL fitted by monthly pre-
cipitation isotopes observed at Kunming and simulated
at corresponding grid site, respectively. When compared
with GMWL, the observed LMWL slope is obviously
smaller 8.0, and the intercept is smaller 0. Additionally,
a relatively large scattering of 8D versus 8'30 in precipi-
tation, with coefficient of correlation smaller 0.99,
reflects effect of raindrops isotopically enriched by evap-
oration under clouds dut to post-condensation [10, 17].
Usually, such effect happens primarily in arid regions,
but, over the high-altitude regions, the low condensa-
tion temperature and very strong isotope depletion
caused by multiple rainouts during water vapor transport
play a role similar to non-equilibrium evaporation [17].

It can be also seen that the simulated LMWL does
not really catch the relationship between 8D and 880 in
precipitation at the simulated site. The slope larger 8.0
and the intercept larger 10.0 show that the model overes-
timates the convective process and a degree of the super-
saturation in clouds. This is also the main reason that
simulated precipitation is evidently larger actual precipi-
tation [17]. It should be noted that all slopes and inter-
cepts of LMWL simulated by MUGCM are, respectively,
larger 8.0 and 10.0 at Mengzi, Tengchong and Simao, on
the daily time scale. This result is, to a certain degree,
connected with the model resolution except the reason
mentioned above. Due to comparatively coarse grid reso-

5 posaHua (4€pHoe) 3Hayenuit LMWL 3a mecau Ha
cranuuu KyHMuHT

lution (3.25° X 5.625°) in the model, the sub-isotope cli-
mate type is hardly distinguished in same climate region.

3. Stable isotopes in precipitation on the annual time scale.

As is known, features involving interannual varia-
tions of stable isotopes in precipitation are important
for interpreting and recovering the paleo-climate and
the paleo-environment records in different sedi-
ments [14]. In this section, the interannual variations
of stable isotopes in precipitation are analyzed using
both, the simulated and observed isotope data at Kun-
ming, respectively, during the periods from 1986 to
2003, and from 1961 to 2003.

Interannual variation of stable isotopes in precipitation.
According to the data shown in Fig. 8, the observed mean
annual 880 in precipitation is —7.97 %o with the maxi-
mal mean 880 —6.46 %o recorded in 2003, the minimal
mean 880 —10.30 %o was recorded in 1999, and their
difference 3.84 %o during the period 1986—2003 at Kun-
ming. Simultaneously, the observed mean annual 6D in
precipitation is —55.59 %o with the maximal mean dD
—44.10 %o — in 1987, the minimal mean 0D —70.40 %o —
in 1999, and their difference 26.30 %o at Kunming.

Correspondingly, the simulated mean annual %0 in
precipitation is —8.64 %o with the maximal mean 630
—7.35 %o recorded in 1983, the minimal mean 880
—10.04 %o — in 1966, and their difference 2.69 %o —
during 1961—2003 at corresponding grid point. Simulta-
neously, the simulated mean annual 8D in precipitation
is —58.83 %o with the maximal mean 6D —46.75 %o
recorded in 1983, the minimal mean dD —70.59 %o — in
1966, and their difference 23.84 %o at corresponding grid
point. When compared with the observations, the simu-
lated variation ranges are reasonable.

In order to estimate synthetically the rationality of
simulations, standard deviations of the observed and
simulated inter-annual isotope values and correlations
between both at Kunming, shown in Table 2, were cal-
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Fig. 8. Observed (red) and sim-
ulated (black) annual variations
of 880 (top) and 8D (bottom)
in precipitation at Kunming
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culated. Coefficients of correlation between simulated
and observed 8'80 and 8D in precipitation all exceed
the confident limits of 0.01, showing that simulations of
inter-annual 880 and 8D are similar to the observa-
tions. Furthermore, the standard deviations of simulated
inter-annual 880 and 8D in precipitation, although
being slightly lower, are close to those of observations at
Kunming, except the deuterium excess.

Amount effect. Based on the observations, correla-
tion between mean annual 880 and annual precipita-
tion is expressed by the following equation

8180(%o0) = —0.002P(mm) — 6.31; r=—0.46;n=14. (2)

Correspondingly, correlation between simulated
mean annual 8'%0 and simulated annual precipitation
is expressed by the following equation

8180(%o0) = —0.001 P(mm) — 6.67; r=—0.49: n=43. (3)

Two fitting linear equations look very similar, but the
simulated 8'%0/P slope is only a half of observated one.
Despite good correlation on the annual time scale with
the confident limits of 0.1 and 0.01, respectively, the
dependence of the annual mean 8'®0 on the annual pre-
cipitation obviously weakens as compared with those on
the monthly time scale. Even so, the mean annual §¥0
shows, to a certain degree, a magnitude of precipitation at
Kunming or in its adjacent regions. Accordingly, it can be
briefly deduced that the abundant precipitation usually is
accompanied by low isotope ratios, while the weak pre-
cipitation causes high isotope ratios on a long time scale
in Yunnan Plateau. It needs to be pointed out that no dis-
tinct correlations between mean annual 80 in precipita-
tion and mean annual temperature were found at Kun-
ming station for both the observation and the simulation.

LMWL. At the annual time scale, the observed
LMWL at Kunming is shown as

8D =5.75880 —9.78; r = 0.89; n = 14, “4)

which has smaller slope and intercept, as well as the
lower coefficient of correlation , as compared with the

1995 2000 2005 (BHU3Y) B ocaJkaxX Ha CTaHUUU

KyHmuHr

LMWL on the monthly time scale. However, the sim-
ulated LMWL is

dD = 8.618'80 + 15.52; r=0.99; n = 43, 4)

which is very different from the oberserved LMWL,
but on the whole it is consistent with the simulated one
on the monthly time scale at Kunming.

Discussions and conclusions

Distribution of stable isotopes in precipitation has
two noticeable features over High-Asia monsoon
regions including Yunnan: firstly, the stable isotopes in
precipitation distinctly decrease; and secondly, the
stable isotopes in precipitation show low values during
the rainy seasons and high values during the droughty
seasons. These features were well demonstrated in the
MUGCM simulation. On the diurnal time scale, the
simulated 8'0 and 8D in precipitation show very good
consistency with the observated data at Memgzi,
Tenchong and Simao, and the confident limits of coef-
ficients of correlation between simulated and observed
stable isotopes in precipitation exceed 0.001 at all three
stations.. On the monthly and annual time scales, coef-
ficients of correlation between simulated and observed
stable isotopes in precipitation exceed, respectively, the
confident limits of 0.001 and 0.05 at Kunming, showing
that the MUGCM produses reliable results when simu-
latees stable isotopes in the water cycle.

Effect of the precipitation amount is the important
factor for stable isotope variation in precipitation over
monsoon regions. The simulations made by the
MUGCM show that stable isotopes in precipitation have
evident amount effect in Yunnan, whether it is on the
diurnal time scale or on the monthly and the annual time
scales. As compared with observations, the simulated
8'80 in precipitation show stronger dependence on pre-
cipitation. On the diurnal time scale, the simulated
regression equations of 880 in precipitation versus pre-
cipitation amount are in good agreement with the
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observed ones at Tengchong and Simao, except that the
simulated 8'80/P slope is slightly smaller than the
observed one at Mingzi. On the monthly and annual time
scales, the simulated and observed 8'80/ P slopes are both
smaller than those on the diurnal time scale, and the sim-
ulated 8'80/P slopes are only about a half of observed
ones at Kunming. The reason is probably the MUGCM
underestimation of the stable isotope fractionation.

Both, the observations and simulations demon-
strate that there is very consistent linear relationship
between 8D and 8'80 in precipitation. For individual
station, a local meteoric water line is well simulated at
Mengzi and Tengchong. However, the simulated result
does not reproduce realistically the observed relation-
ship between 8D and &30 in precipitation at Simao
and Kunming where the LMWL slopes are obviously
larger 8.0, and their intercepts higher 10.0.

Scattering of stable isotope data and the regional dis-
crepancy of LMWL slopes and intercepts is connected
with the air properties, water vapor sources origins, and
synoptic situation during a rainfall [17, 18]. As a result of
comparison different LMWLs, all simulated coefficients
of correlation between 8D and 8'%0 in precipitation
achieve 0.99. Correspondingly, on the diurnal time scale,
the observed coefficient of correlation also achieves 0.99
at Mengzi and Tengchong that provides consistent fitting
of LMWLs with simulated ones, but it is only 0.96 at
Simao that provides relatively worse fitting line with the
simulated one; further, on the monthly and annual time
scales, the observed coefficients of correlation between
mean D and mean 8'30 in precipitation are, respective-
ly, only 0.95 and 0.89 at Kunming that also does not show
good fitting LMWLs with simulated ones. It is clear that
this small disagreement in distribution of stable isotope
data can change the slope and intercept of LMWL.

Moreover, LMWL slope and intercept change with
surface temperature and relative humidity [17]. The dis-
agreement among observed LMWLs in Yunnan reflects
the complexity of regional climatic conditions. It is
interesting, that simulated LMWL slopes are all steeper
than the observed ones, thus suggesting that the GCM
can overestimate depletion of HDO and underestimate
the second-order parameter, deuterium excess, in such
particular region as Yunnan Plateau. The reason is likely
the kinetic process such as molecular diffusion and
evaporation of falling raindrops in the atmosphere [17].
At present time, the interactive cloud scheme is used in
MUGCM. Some differences and potential shortcom-
ings can be result of treatment and transport of moisture
at a coarse resolution [13, 17]. In this connection, GCM
simulation is difficult to approach observed details and
to distinguish the sub-isotopic climatic type.

In regions influenced by the amount effect, inten-
sity of precipitation has important effect on distribu-
tion of stable isotopes in precipitation. In Yunnan, the
precipitation amount is evidently overestimated, very
likely due to simplified treatment of convective rain-
falls in MUGCM at current grid resolution [13, 17]. In
future, incorporation of another heat convective
adjustment scheme and parameterizations operating
with excessive moisture convergence caused by high
topography may be needed to be realized.

Presently, in addition to MUGCM some other
isotope schemes incorporated into GCMs, for example
such as ECHAM4 (University of Hamburg) [8],
HadCM3 (Hadley Centre) [16] and GISS E (Goddard
Institute of Space Sciences) [15] have been also
involved into the Stable Water Isotope Intercompari-
son Group (SWING). For example, models ECHAM4
and GISS E in simulating the spatial distribution of
mean annual 880, models ECHAM4 and HadCM3
in simulating the spatial distribution of mean 8'80
seasonality, and model HadCM3 in simulating the
spatial distribution of temperature and amount effects
give more real results. However, comprehensive ability
of MUGCM to simulate stable isotope signals in pre-
cipitation, or in snow, in glaciated areas over High-
Asia monsoon regions is evident.
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N3oTonHblii cocTaB aTMOChePHBIX
0CA/IKOB: MOJe/IMPOBAHNE U CPABHEHHE
Pe3yJabTATOB C JAHHBIMHU HA0II0eHUIA

Ha mato IOunanb (Bbicokas A3us)

B nenHUKOBBIX pailoHaX M30TOMHBIN COCTaB
KUIKUX W TBEPABIX aTMOC(HEPHBIX OCATKOB CITYKHUT
XOPOIIMM UHAMKATOPOM IMIPOJIOTUYECKOrO IMKIA, TaK
KaK OTHOCHUTEJIbHOE COIepsKaHNe CTAOMIBHBIX M30TO-
OB OTpakaeT KyMY/ISITUBHYIO KapTUHY (ha30BbIX U3Me-
HeHuit. Haunydiive pesynbraThl 115 OUEHKU U3MEHUM-
BOCTH M30TOIOB B OCaaKaxX MaéT HEMOCPEACTBEHHBIIN
aHau3 1po0. ONHAKO UHTEPNPETUPOBATh U30TOMHbIE
CUTHAJIBI, TTOJTyYeHHbIC TAKUM 00pa3oM, 4acToO TPYIHO
MO psify TIPUYUH: TIPOIYCKU B IAHHBIX; OTpaHUUEHHOE
YUCJIO CMHXPOHHBIX HAOMIONCHUI UTS pa3HBIX KIIMMa-
TUYECKUX TMEPEMEHHBIX; KOPOTKUI psii HAOIIOAECHUIA;
penkasi ceTb TOYeK 0TOopa Mpod. EnnHCTBEHHBIN MyTh

MOJHOCTbIO BOCCTAHOBUTH MPOCTPAHCTBEHHYIO U
BPEMEHHYIO U3MEHYMBOCTDb COCTaBa CTAOMIBHBIX M30TO-
MOB B OCAaIKaX — BKJIIOYUTh LIMKJ U3MEHEHUST U30TOM-
HOTO COCTaBa B MOJIE/IM 001 aTMOC(EepHOM LUPKYJIsI-
mu (GCM), KoTopble JeTaTbHO MOAEIUPYIOT IN100aTh-
HBbIE U perHOHaJbHbIE OCOOCHHOCTU AWHAMWKHU U
TEPMOAMHAMUKU aTMOCHEPHI C MOTHOCTBIO BOCCTAHOB-
JIEHHBIM THAPOJIOTUYECKUM ITUKIIOM.

PacripeneneHue cTabMIBHBIX U30TOMOB B OCaaKax
MYCCOHHBIX paiioHOB BhICOKOI AWK, BKITIOYAsH TIJIATO
FOHHaHb, UMeeT JABe BbIpaxkeHHbIC OCOOEHHOCTMU:
BO-TIEPBBIX, COMEPKaHNE CTAOMIBLHBIX M30TOIOB B OCaI-
Kax 3aMETHO CHMXXEHO, BO-BTOPBIX, COAEpPKaHUE CTa-
OMIIBHBIX M30TOIIOB B OCAKaX YMEHBIIIAETCS B TOXKITN-
BBIIi CE30H U TOBBILLIAETCS B 3aCYIILIMBbINA. DT 0COOCH-
HOCTH XOPOIIIO OINMUCBIBAIOTCSI MOMIENbIO OOIIeit
mupkyssiuny atmMocdepbl (MUGCM), pa3paboTaHHOI
B yHuUBepcutetre r. MenboypH. KonnyecTBeHHBIN
3¢deKT NPUCYTCTBUS CTAOUIBLHBIX MU30TOIMIOB OTMEYaeT-
Ccs M B CYTOUHOM, U B MECSYHOM, M B TOIOBOM XOJIe
ocankoB. [To cpaBHEHUIO ¢ JaHHBIMU HAOMIOACHUIA
pe3yabTaThl MoeanpoBanus nsoromna 8'80 mokaswiBa-
10T OOJIbIIIYI0 3aBUCMMOCTb OT BEJIMUYMHBI OCANKOB.
B cyTouHOM X0me MofeIbHBIE Pe3yIbTaThl PETPECCUOH-
HOI1 3aBrcuMocTH n3otomna 8'80 or KonmuecTsa oca-
KOB XOPOIIIO COTIACYIOTCSI C JaHHBIMU HAOIONCHUI B
paitonax Tenrdyonr u Cumao, 3a UCKJIIOUEHUEM YIJa
HaKJIOHAa MOMAENbHOUW KPWBOW MJISI COOTHOIICHUS
8'80/P, KOTOpBIIf HEMHOTO MEHbIIE, YeM IO JaHHBIM
HaOmoneHnit B paitone Menr3u. B macimradbax mecsiia
M ToJla HAKJIOH KPMBBIX ISl cooTHoweHus: 8'%0/P no
TMAHHBIM MOJIETMPOBAHUSA M MaTepHragaM HaOTIOmeHMiA
MEHbIIIE, YeM B CIyyasix CYTOUHBIX JaHHBIX, a HAKJIOH
KPUBOW TI0 MaHHBIM MOJICIMPOBAHMSI B IBa pasa
MEHbIIIe, YeM TMOKa3bIBAIOT Pe3yJbTaThl HAOIIONEHUI B
patione Kyamunra. 1 OTIeTIbHONM CTAaHIIMKM MOJIEIT
XOPOIIIO BOCITPOM3BOAUT JIOKATIbHYIO JTUHUIO METEOp-
HbiX Bog (LMWL) B paitoHax MeHr3u u TeHI4oHT.
OnHako pe3yabTaThl MOIEIMPOBAHUS HE BOCIIPOU3BO-
IS8T TOCTOBEPHO cooTHolleHue Mexay 0D u &0 B
ocalkax, MojydyeHHOoe Mo MaTepuagaM HabIoAeHul B
Cumao n Kynmunre, roe HakioH LMWL 6ombiie 8, a
cMeleHue o ocu opauHat — Beiie 10. Kpome toro,
HAKJIOHBI MOJeNbHBIX KpuBbIX LMWL 115 geTnipéx
CTaHIIMIA OOJIbIIIE, YeM I10 TaHHbIM HaomoneHui. [pen-
MOJIOKUTENIHHO 3TO CBsI3aHO ¢ TeM, uTo GCM MoxeT
NepeolieHUBaTh (3aBbIIIaTh) BhIMbIBAHME OKCHUIA ACii-
tepust (HDO) u Takum 00pa3om HemooLeHMBATh (3aHN-
JKaTh) 3HAUEHUE MapamMeTpa BTOPOro MopsiaKa, IKciecca
IelTepus, B TAKOM palioHe, Kak FOHHaHb.
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