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1.  Introduction
The Tibetan Plateau and its surroundings contain the largest number of glaciers outside the polar Regions (Yao 
et al., 2012). Natural archives (e.g., ice core records) of past precipitation isotopic compositions can be used to infer 
information about past climate change. The isotopic signals recorded in the ice cores and authigenic carbonates 
can be used to reconstruct paleoclimate (Thompson et al., 2000; B. Yang et al., 2007; Yao et al., 1996; Yao, Shi, 
& Thompson, 1997; Yao, Thompson, et al., 1997; Yu, Tian, et al., 2016; Zhao et al., 2017), and paleoelevations 

Abstract  This study evaluates the simulation of the seasonal cycle of water isotopic composition over 
Tibetan Plateau regions (TP) from six isotope-enabled general circulation models (GCMs) participating in the 
second Phase of Stable Water Isotope Intercomparison Group. For both meteorological factors (precipitation 
rate and wind field) and isotopic composition, GCMs generally agree with reanalysis data and in-situ 
observations, but there is a significant spread across models and the isotopic seasonality is systematically 
underestimated. In the southern TP, the precipitation isotopic composition is more depleted in summer than 
in winter, and the amplitude of the simulated isotopic seasonal variations is primarily driven by the amplitude 
of the simulated upstream precipitation. In contrast, in the northern TP, the precipitation isotopic composition 
is more depleted in winter than in summer, and the amplitude of the simulated seasonal variability of isotopes 
is mainly driven by the simulated strength of the zonal wind. We conclude that the skill of a GCM to simulate 
the seasonal cycle in the isotopic composition depends mainly on the skill of the GCM to simulate the Indian 
summer monsoon precipitation and the westerlies. The same causes contributing to the underestimated 
seasonality at present-day may also contribute to the underestimated δ 18O change at the mid-Holocene.

Plain Language Summary  The stable isotopic composition of water is determined by the 
relative abundances of heavier to lighter isotopologues. Isotope-enabled general circulation models (GCMs) 
simulate water isotope composition considering several physical processes operating in the hydrologic cycle. 
Therefore, a comparison between observed and simulated values provides a better understanding of the 
processes constraining the isotope values. However, the simulated water isotopic composition is sensitive to 
various physical processes and parameterization schemes. In this study, we investigate how the model biases 
in the representation of atmospheric processes affect the simulation of isotopic composition over the Tibetan 
Plateau (TP). We compare the simulated isotopic composition in precipitation and water vapor to in-situ and 
satellite measurements. Our analysis indicates that most GCMs underestimate the seasonality of the isotopic 
composition in the precipitation and vapor. In the southern TP, the spread of upstream precipitation is an 
important factor controlling the inter-model spread in isotopic seasonality. In the northern TP, the westerlies 
majorly control isotope biases.
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(Bershaw et al., 2012; Botsyun et al., 2019; Hren et al., 2009; Shen & Poulsen, 2019). It also reflects the evolution 
of atmospheric circulation (Gao et al., 2016; Joswiak et al., 2013; Kaspari et al., 2007; X. Yang et al., 2012; X. X. 
Yang et al., 2018; Yu, Yao, et al., 2016). However, the interpretation of isotopic signals remains challenging due 
to the numerous and complex processes involved in the hydrologic cycle, such as changes in moisture sources, 
recycling, and transport processes (e.g., An et al., 2017; Cai & Tian, 2020; Hren et al., 2009; Kong et al., 2019; 
Kurita & Yamada, 2008; Midhun et al., 2018; Sengupta & Sarkar, 2006; Shi et al., 2020; Tian et al., 2007, 2008; 
Wu et al., 2015, 2019; Yu et al., 2008, 2014). Over the TP, the isotopic variation of precipitation reflects the inte-
grated information of the interaction between the westerlies and monsoon, in conjunction with the local recycling. 
Therefore, TP offers exceptional access to understanding the multiple processes affecting the present-day and past 
precipitation isotopic composition.

To improve our knowledge of mechanisms controlling the water stable isotope variations, isotope-enabled GCMs 
are now frequently used (Dee et al., 2018; Lee et al., 2012; Risi et al., 2010; Werner et al., 2011; Yoshimura 
et al., 2008). GCMs simulate the three-dimensional circulation in the global atmosphere with a horizontal reso-
lution of the order of 100 km. Physical processes that act on a smaller scale, such as convection and clouds, are 
parameterized. In isotope-enabled GCMs, water isotopologues are implemented as passive tracers that undergo 
exactly the same processes as standard water and fractionate during phase changes. Such isotope-enabled GCMs 
have also been widely used to better understand how isotopes preserve the past climatic signal at paleoclimatic 
time scales (Bühler et  al., 2020; Feng et  al., 2013; Hu et  al., 2019; Liu et  al., 2014; Risi et  al., 2010; Tabor 
et al., 2018; Yu et al., 2020) and at the inter-annual to decadal time scales (Hu et al., 2019; Ishizaki et al., 2012; 
Münch & Laepple, 2018; Vuille et al., 2003; Vuille & Werner, 2004). For instance, the stable oxygen isotopic 
ratio in ice cores is widely used as a proxy for temperature because of the significant positive correlation between 
air temperature and precipitation δ 18O (An et al., 2016; Yao et al., 1996, 2013).

The water isotopic composition is sensitive to the simulated meteorological variables and to the representation of 
physical processes governing convection and cloud (Bony et al., 2008; Field et al., 2014; Hu et al., 2018; Schmidt 
et  al.,  2005). Convection and cloud parameterizations, which rely on many simplifications or assumptions 
(Del Genio, 2012; Rio et al., 2019), are responsible for a significant part of model biases in simulating present-day 
or past climate and for the large inter-model spread in climate change projections (Randall et al., 2013; Stevens 
& Bony, 2013; Webb et al., 2015). Thus, parameterization in the model may also contribute to model biases and 
inter-model spread in simulating isotopic composition aside from other model biases (Midhun & Ramesh, 2016; 
Nimya et al., 2022).

The goal of this study is to assess the skill of GCMs to simulate the seasonal distribution of the water isotopic 
composition over the TP, and to analyze how bias in the simulation of meteorological variables translates into 
corresponding rain isotope biases. With this aim, we compare eight simulations from six GCMs that participated 
in SWING2. In Section 2 we describe the SWING2 simulations and observations. In Section 3 we evaluate the 
simulated meteorological variables and isotopic composition with respect to observations. Biases and inter-model 
spread are estimated and interpreted in Section 4. In Section 5 paleoclimate implications of these results are 
discussed.

2.  Models and Observations
2.1.  SWING2 Simulations

We use eight simulations from six GCMs (CAM2, MIROC32, HadAM3, isoGSM, LMDZ, HadCM3) that were 
archived by SWING2 (Risi et al., 2012a). As shown in Table 1, it is worth noting that all simulations are a few 
generations older than the current generation model when we use them to do relative work. All models are forced 
by observed sea surface temperatures, except HadCM3, which is an ocean-atmosphere coupled simulation. Since 
HadCM3 and HadAM3 have the same atmospheric physical properties but differ by their sea surface tempera-
tures, this is an opportunity to test the relative importance of the physical representation of atmospheric processes 
and boundary conditions. Of the eight simulations, two were nudged by reanalysis winds (Table 1) to ensure a 
more realistic simulation of the large-scale circulation (Risi et al., 2010; Yoshimura et al., 2008). The other simu-
lations are “free running” corresponding to standard Atmospheric Model Intercomparison Program-style simu-
lations (Gates, 1992) forced by observed sea surface temperatures. The analysis is based on the multi-year-mean 
monthly-mean isotope data and meteorological variables from 1980 to 2001, covering the common period across 
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all the archived model simulations. The multi-year analysis is justified by the fact that seasonal variations are 
larger than year-to-year variations, both in observations (Figure S2 of Supporting Information S1 vs. Figure 2c) 
and in all simulations (Figure S1 of Supporting Information S1 vs. Figure 2f) over most of the Tibetan Plateau. 
We checked using a two-tailed student t-test that at Lhasa and Delingha, seasonal variation can be robustly 
extracted from inter-annual variation with a confidence level larger than 95% in all models and in observations 
from GNIP/TNIP (except for HadCM3 and GNIP/TNIP at Lhasa and isoGSM free at Delingha where the confi-
dence level is 90%) (Table S3 and Table S4 of Supporting Information S2). This is consistent with previous 
studies on the TP (e.g., Shi et al., 2020), although the results may be different in India (Midhun & Ramesh, 2016; 
Nimya et al., 2022). As a further check, we tried to plot all our figures using all available years for each simula-
tion (Table 1) and half of the available years from 1991 to 2001, instead of using a common period (1980–2001) 
for the multi-year-mean monthly-mean. We find that the results are very similar (Figure S3-S14 of Supporting 
Information S1). Therefore, our results are robust with respect to inter-annual variation. All model outputs were 
resampled into a 3.75° × 2.5° grid in longitude-latitude, in order to facilitate the inter-comparison.

2.2.  Observational Data Sets

To assess the performance of models, monthly precipitation-weighed δ 18O (δ 18Op) from 0° N to 60° N and 60° 
E to 140° E in the Global Network for Isotopes in Precipitation (GNIP) and the Tibetan Plateau Network for 
Isotopes in Precipitation (TNIP) database are used. In total, we use δ 18O data at 169 stations. We use the entire 
period available online for each station, as detailed in Table S1 of Supporting Information S2.

The observations of precipitation composition are spatially discrete and represent only the days when precipi-
tation falls. To assess the spatial distribution of the isotopic composition with better spatio-temporal coverage, 
we also use the observed water vapor δD (δDv) retrievals from Tropical Emission Spectrometer (TES, Worden 
et al. [2006, 2007]). To first order, δD variations mirror those of δ 18O but are 8 times larger (Dansgaard, 1964). 
In addition, observations and model simulations suggest that isotopic variations at different altitudes in the trop-
osphere vary in concert (e.g., Bony et al., 2008; He et al., 2015; Shi et al., 2020). This is physically justified by 
the fact that deep convection efficiently mixes the vapor in the vertical as demonstrated by cloud-resolving model 
simulations (Risi et al., 2021). The water vapor δD from TES significantly correlates with the observed δ 18O in 
precipitation from GNIP (r = 0.6, p < 0.05). Therefore, water vapor δD variations at 500 hPa are expected to be 
relevant for the interpretation of δ 18Op variations at the surface (e.g., Shi et al., 2020). We consider the period 
2004–2007 when the sampling frequency is maximum for TES.

We use the retrievals at 500 hPa, which is close to the maximal retrieval sensitivity, and select only profiles with 
valid quality flags and degrees of freedom of the signal greater than 0.5. Furthermore, TES retrieves isotopic 
profiles only under clear sky conditions. This induces a bias. Ideally, co-locating the daily outputs with TES 
retrievals, that is, sampled at the same location and on the same days as the TES measurements would be neces-
sary to mitigate this bias. Moreover, we should consider the effect of instrument sensitivity by convolving the 
outputs with observed averaging kernels for each day and location. This operation slightly reduces the amplitude 
of δDv variations by a few ‰ (Risi et al., 2012a; Shi et al., 2020). Unfortunately, daily outputs are not availa-
ble from SWING2 simulations. Therefore, we cannot co-locate the daily output of the model with the satellite 
observations and cannot convolve them with an appreciable averaging kernel. Using daily outputs in a particular 
model, He et al. (2015) estimated this bias in Lhasa. At the global scale, Risi et al. (2012a) estimated this bias to 

Models Horizontal resolution Vertical resolution Nudging Whole period References

CAM2 2.81° × 2.81° 26 Free 1959–2003 Lee et al. (2007)

MIROC32 2.84° × 2.80° 20 Free 1979–2007 Kurita et al. (2011)

IsoGSM 1.875° × 1.875° 17 Free or nudged (u, v, T) by NCEP 1979–2009 Yoshimura et al. (2008)

LMDZ 3.75° × 2.5° 19 free or nudged (u,v) by ECMWF 1979–2007 Risi et al. (2010)

HadAM3 3.75° × 2.5° 17 Free 1870–2001 Sime et al. (2009)

HadCM3 3.75° × 2.5° 17 Free - Tindall et al. (2009)

Table 1 
Information on Isotope-Enabled GCMs in This Study
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be about 5‰. Therefore, we will focus on δD variations that are larger than 5‰. In addition, all types of isotopic 
variations are smoothed in the TES observations (e.g., Risi et al., 2012a, 2013b). This is because, during the 
retrieval process, the algorithm starts with an initial isotope profile, called a-priori profile, which is horizontally 
and temporally uniform. Since the sensitivity of the instrument is not perfect, at each altitude, the final retrieved 
δDv will be a combination of this a-priori profile and the real δDv values at different altitudes. For example, the 
TES retrievals for different seasons are biased toward the a-priori profile, and therefore seasonal variations are 
underestimated. When interpreting the results, we will thus keep in mind that if the simulations were perfectly 
realistic, they would show larger variations than observed. More details on TES measurements, retrieval methods, 
and uncertainties can be found in earlier studies (Risi et al., 2013; Worden et al., 2006, 2007).

For observed water isotopologues in precipitation, inter-annual variations are generally smaller than seasonal 
variations (Figure S2, Table S3, and Table S4 of Supporting Information S2; Shi et al. [2020]). So, the seasonal 
variations that we analyze with the GNIP/TNIP or TES datasets are robust and informative even though the time 
periods are different from the simulations (Shi et al., 2020). The multi-year-mean monthly-mean wind vectors 
near the surface from January 1948 to December 2020 are employed to investigate the climate mean state, which 
is acquired from the NCEP-NCAR reanalysis with a spatial resolution of 2.5° × 2.5° (Kalnay et al., 1996). We 
also tried a higher-resolution ERA5 reanalysis and found very similar results (Figure S16 of Supporting Infor-
mation S1). Precipitation data from the Global Precipitation Climatology Project (GPCP) with a resolution of 
0.5° × 0.5° (Adler et al., 2018) are used in our study (January 1979–December 2020). For a higher-resolution 
comparison, we also used the India Meteorological Department's (IMD) high-resolution gridded rainfall dataset 
(0.25° × 0.25°; Pai et al.  [2015]). All observations were bi-linearly interpolated to a 3.75° × 2.5°grid (longi-
tude × latitude) for comparison with simulations.

2.3.  Evaluation of the Simulated Meteorological Variables and Isotopic Composition

2.3.1.  Precipitation and Large-Scale Circulation

The purpose of this section is to assess the skill of the simulations by comparing the multi-year average seasonal 
cycles of observed and simulated precipitation rates and wind fields. The spatial patterns of precipitation rates 
and wind fields during December-January-February (DJF) and June-July-August (JJA) over the TP and adjacent 
regions are shown in Figure 1, for both observations and multi-model mean. We warn that the multi-model mean 
can mix different spatial patterns of the individual models, but this is a first step before investigating the indi-
vidual models in more detail in the next sub-sections. The spatio-temporal variability of summer precipitation 
over the TP is complex and is mainly controlled by a combination of monsoon dynamics and regional moisture 
recycling (Chen et al., 2012; Mölg et al., 2014; Yang & Yao, 2020). It can be found that the models can capture 
the spatial patterns of the simulated multi-model average precipitation rates and wind fields (Figures  1d–1f) 
compared to those observed by GPCP and NCEP-NCAR (Figure 1 a-c) to a large extent.

The highest observed precipitation rate in JJA can be found in the central Himalayas, the west coast of India 
and the Western Ghats, the Bay of Bengal, and surrounding areas, in relation to the Indian summer monsoon 
(Kumar et al., 2014; Zhang et al., 2011). During the summer monsoon, the vapor is transported from the Bay 
of Bengal via a moisture corridor along the Brahmaputra River (Breitenbach et al., 2010; Chen et al., 2012; G. 
Wu & Zhang, 1998; K. Yang et al., 2014) (Figures 1a and 1d). In the multi-model mean, the model simulates 
relatively well the precipitation and circulation patterns. However, the SWING2 model overestimates the precipi-
tation in the Southern part of India and the surrounding ocean (Figures 1a, 1c and 1g), except over a narrow band 
along the Western coast (as seen when compared with the high-resolution IMD dataset (Figure S25 of Support-
ing Information S1). The overestimate of precipitation over most of Southern India is consistent with previous 
studies comparing GCMs with observations of the Indian monsoon precipitation (Gusain et al., 2020; Sperber 
et al., 2013). The underestimate of precipitation over the Western coast is consistent with Nimya et al. (2022).

In DJF, the observed precipitation is reduced compared to JJA (Figures  1b and  1e). In the northern part of 
west China, precipitation is mainly brought by mid-latitude westerlies (Tian et al., 2007). In the multi-model 
mean, the simulations are in good agreement with the observed distribution of precipitation and circulation 
patterns. It has been a long-lasting problem in the atmospheric modeling community that GCMs overestimate 
the precipitation rates over mountains and their foothills (e.g., Cordor & Sadourny, 2002; Jia et al., 2019; Su 
et al., 2013; Zhu & Yang, 2020). As a consequence, it is also a problem for the isotope modeling community 
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when trying to use these atmospheric models for mountainous regions, including over TP (Che et  al.,  2016; 
Gao et al., 2013; He et al., 2015). This may be due to the excessively diffusive properties of advection schemes 
(Codron & Sadourny, 2002; Yu et al., 2015).

The JJA-minus-DJF difference in observed precipitation rate shows positive values over most of South and East 
Asia (Figure 1c), which is emblematic of the monsoon climate of the region. The spatial pattern mainly reflects 
that of JJA precipitation rate. The zonal wind JJA-minus-DJF difference is positive over India and negative 
over the TP (Figure 1i), reflecting the enhanced monsoonal winds in summer and the dominant westerlies in 

Figure 1.  Precipitation rate (shaded, mm/d) from Global Precipitation Climatology Project (GPCP) and wind field (vector, m/s) near the surface from NCEP-NCAR 
reanalysis for JJA (a), DJF (b) and JJA-minus-DJF (c). (d)–(f) Same as panels a–c, but for models shown as multi-model mean. For each model m from 1 to M and each 
grid cell (i), (j), the multi-model mean of the variable 𝐴𝐴 𝑋𝑋 , 𝐴𝐴 𝑋𝑋 is computed by the following equation: 𝐴𝐴 𝑋𝑋(𝑖𝑖𝑖 𝑖𝑖) =

∑𝑀𝑀

𝑚𝑚=1 𝑋𝑋𝑚𝑚(𝑖𝑖𝑖 𝑖𝑖)∕𝑀𝑀 . For each model, the annual mean is 
calculated by averaging all months of all years at each location. The JJA and DJF averages are calculated by averaging all JJA and DJF months, respectively, of all years. 
Difference between simulated and observed precipitation rate (shaded) and near-surface winds (vectors) for JJA (g), DJF (h), and JJA-DJF (i). Observed precipitation 
comes from GPCP during the 1979–2020 period and observed winds come from NECP-NCAR during the 1948–2020. On each map, the location of Lhasa and 
Delingha, which will be investigated in more detail as representative stations for the Southern and Northern regions respectively, is indicated. The red contour shows the 
boundary of the Tibetan Plateau (higher than 3,000 m).
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winter. The multi-model mean agrees qualitatively well with the observed pattern (Figure 1f). However, the same 
model-data mismatches as for JJA, already mentioned earlier, arise.

2.4.  Isotopic Composition

To evaluate the isotopic simulations, we use the GNIP and TNIP data. The observed δ 18Op shows a minimum 
over the TP in both seasons (Figures 2a–2c), as expected from the altitude effect (Yao et al., 2013), and a pole-
ward decrease in δ 18Op in winter in northern China, as expected from the temperature and continental effects 
(Araguás-Araguás et al., 1998; Rozanski et al., 1993). These features are well reproduced qualitatively by the 
SWING2 models (Figures  2a–2c), as already shown by Zhang et  al.  (2011). However, the SWING2 models 
underestimate the observed depletion over the southern TP in summer. This underestimated depletion had already 
been noticed in previous studies and can be attributable to the coarse resolution of the topography or the underes-
timation of water vapor depletion by the Indian Monsoon (Shi et al., 2020; Yao et al., 2013).

For the δ 18Op seasonality (JJA-minus-DJF) (Figure 2c), two distinct regions can be found, with positive values 
in the northern region (approximately north of 30°N) and negative values in the southern region (approximately 
south of 30°N). Hereafter, Lhasa and Delingha have more extended isotope datasets overlapping with all studied 
models for significantly long periods. Figure 2c shows that they are situated south and north of TP and nearly 
represent the zones of opposite water isotope seasonality. Therefore, these two stations are considered further 
for detailed study. Our definition of the two regions echoes previous studies. For example, Yao et  al.  (2013) 
divided the TP into three domains: the monsoon domain, the westerly domain, and the transition between these 
two domains (Araguás-Araguás et al., 1998). Note that although Lhasa is near the latitude where the sign of the 
JJA-DJF change, the depletion from the spring season to the monsoon season is robust across models (Section 3.4).

The seasonality of multi-model mean δ 18Op can capture positive values in the northern region and negative values 
in the southern region (Figure 2c). The region with negative values extends further North than the observed 

Figure 2.  Precipitation δ 18O (‰) for JJA (a), DJF (b), and JJA-minus-DJF (c). Shaded patterns represent multi-model 
mean and colored circles represent the observation from Global Precipitation Climatology Project/Tibetan Plateau Network 
for Isotopes in Precipitation. Colored circles and shaded areas in upper panels keep the same color scale for a better visual 
inspection of differences between observations and simulations. (d)–(f) Difference between simulated and observed 
precipitation δ18O for JJA (d), DJF, (e) and JJA-DJF (f).
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values, although there is some spread across models to this extent. As for precipitation, the biases in the season-
ality of δ 18Op (Figure 2f) mainly reflect the biases of δ 18Op during the monsoon period (Figure 2d).

Figure 3 looks similar to Figure 2 but for δDv. The spatial distribution of δDv simulated by multi-model mean and 
observed by TES is similar to that of δ 18Op in JJA, DJF, and seasonality. This is consistent with the fact that the 
isotopic composition in precipitation varies in concert with water vapor (Shi et al., 2020).

2.5.  Inter-Model Spread

As discussed above, models on average exhibit some biases relative to the observations. But the models also show 
significant differences between each other. The goal of this section is to quantify these inter-model differences. 
Figure 4 shows maps of inter-model standard deviation of the seasonality (JJA-minus-DJF) in precipitation, zonal 
wind, δ 18Op and δDv near the surface.

For precipitation rate seasonality, the SWING2 models show maximum spread over Bangladesh, Bhutan, western 
India, and the southern TP (Figure 4a). This corresponds to the region where the simulated precipitation rate 
seasonality is high, and also where the multi-model mean differs the most compared to observations (Figure 1i). 
In particular, over the southern TP where the multi-model mean overestimates the precipitation, the inter-model 
standard deviation is of a similar magnitude as the multi-model mean. This suggests that some models produce 
realistic precipitation while others strongly overestimate it. The spread in precipitation seasonality (Figure 4a) is 
mainly driven by the spread in the precipitation during the monsoon season (Figure 4b). This is consistent with 
the fact that 71% of the precipitation falls during the monsoon season according to GPCP.

For the zonal wind seasonality, the SWING2 models show a strong spread over the TP and western China between 
30°N and 45°N (Figure 4d). This corresponds to a region dominated by the westerlies in winter. Consistently, 
most of the spread in wind seasonality can be explained by the spread of winter winds (Figure 4f). This suggests 

Figure 3.  Mean water vapor δD (‰) at 500 hPa observed by Tibetan Plateau Network for Isotopes in Precipitation (TES) and simulated by multi-model mean from 
Stable Water Isotope Intercomparison Group 2 (SWING2) in JJA (a), (d), DJF (b), (e) and for JJA-minus-DJF (c), (f). The data period of 2004–2007 for TES and of 
1980–2001 for SWING2 was used.
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Figure 4.  The inter-model standard deviation for the seasonality of precipitation rate (a), for summer precipitation rate (b in JJA), and for winter precipitation rate (c, 
in DJF). Same panels (a–c), but for zonal wind (d–f), precipitation δ 18O (g–i), and water vapor δD (j-l). The blue contour shows the boundary of the Tibetan Plateau 
(higher than 3,000 m).
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that the model-data discrepancies in zonal winds are very diverse across the models. In addition, the zonal wind 
seasonality strongly varies with latitude in this region, with a maximum of around 35°N. The horizontally-striped 
pattern in Figure 4d suggests that models exhibit a spread at the latitudes where zonal wind seasonality is maxi-
mum (Figure 1f).

For the δ 18Op seasonality, the models show a large spread over most of the southern TP, western TP, and northern 
India (Figure 4g). Since in summer air flows from the south as part of the monsoon flow (Figure 1a), the region 
with the maximum spread in δ 18Op seasonality (Figure 4g) is located downstream of regions with the maximum 
spread in precipitation (Figure 4a). This suggests that the spread in precipitation seasonality in southern Asia 
contributes to the spread in δ 18Op seasonality downstream. This would be consistent with previous studies indi-
cating the role of rainfall over Southern Asia in the depletion of vapor and precipitation over the Tibetan Plateau 
(Gao et al., 2013; He et al., 2015). The spread in the north-western TP also coincides with the region of strong 
spread in zonal wind seasonality (Figure 4d). The spread in isotopic seasonality in the vapor (Figure 4j) shows 
results similar to those in the precipitation, but with the enhanced spread at higher latitudes. This strong spread 
is consistent with the strong spread already noticed across SWING2 models in Siberia (Gryazin et al., 2014).

In summary, the models can accurately capture the spatial patterns of meteorological variables and isotopic 
compositions in precipitation and vapor but underestimate its seasonality and show a significant spread around 
the multi-model mean. The sources of the inter-model spread will be analyzed in more detail in Section 4.

2.6.  Seasonal Cycle at Representative Sites

Figure 5 depicts the multi-year-mean seasonal cycle of observed and simulated monthly-mean precipitation rates 
at Lhasa, zonal wind at Delingha and δ 18Op at both sites. Simulated seasonal cycles at both sites are also evaluated 
with respect to observations using Taylor diagrams (Figures 6 and 7), a holistic evaluation for both the seasonal 

Figure 5.  Seasonal cycle of multi-year-mean monthly-mean precipitation rate (mm/d) at Lhasa (a), weighted precipitation 
δ 18O (‰) at Lhasa (b), zonal wind (m/s) near the surface at Delingha (c), and weighted precipitation δ 18O (‰) at 
Delingha (d), for observations (black line with pentagram from different sources, see main text) and Stable Water Isotope 
Intercomparison Group 2 simulations. For a given color, solid and dashed lines represent free and nudged simulations, 
respectively.
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amplitude and phase. Statistical indexes were calculated including the centered root-mean-square (RMS) error, 
standard deviation (SD), and correlation coefficient (r). A perfect match between estimated and simulated values 
would fall on the full-back dot in Figures 6 and 7. The precipitation δ 18O in GNIP, water vapor δD in TES, precip-
itation rate in GPCP, and zonal wind near the surface in NCEP-NCAR were used as reference data (black dot).

At Lhasa, observations show maximum precipitation in summer associated with the monsoon (Figure  5a). 
SWING2 models all simulate the maximum precipitation in summer except for the HadCM3, but occasionally 
with two peaks (e.g., LMDZ nudged) or with a delay (e.g., LMDZ free). Most models overestimate precipitation, 
with three models overpassing three for their normalized standard deviation (Figure 6a). The models without 
nudging are among those that overestimate precipitation the most (e.g., isoGSM free, MIROC32, LMDZ free).

Observed δ 18Op at Lhasa strongly decreases by more than 10‰ from May to July, probably in response to the 
increased monsoonal precipitation along trajectories (Gao et al., 2013; He et al., 2015). δ 18Op remains low until 
November (−17.38‰), and then progressively recovers until May (−5.26‰) (Figure 5b). Although the models 
simulate different δ 18Op values in annual-mean, they all qualitatively capture the decrease of δ 18O during the 
monsoon season. However, all models underestimate the amplitude of the δ 18Op seasonal cycle (Figure 6b). Five 
models exhibit a normalized standard deviation of smaller than 0.5 (Figure 6b). While nudged models show 
lower RMS for local precipitation, they do not necessarily show better skills for δ 18Op. For example, nudged 

Figure 6.  Taylor diagrams showing the performance of models in simulating the multi-year-mean monthly mean 
precipitation rate (mm/d) (a), weighted precipitation δ 18O (‰) (b), and water vapor δD (‰) (c) at Lhasa. The differently 
shaped boxes correspond to the different isotopic models. Correlations above 0.55 and 0.68 are statistically significant at 
p < 0.05 and p < 0.01.
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LMDZ has the third lowest RMS for precipitation rate (Figure 6a, solid hexagon), but the highest RMS for δ 18Op 
(Figure 6b). All models underestimate the δDv compared to TES (Figure 6c). Yet, TES observations are expected 
to underestimate real seasonality, due to the limited sensitivity of TES retrievals (Section 2.2). This suggests 
that the reason why the SWING2 models underestimate the δ 18O seasonal variations of precipitation is that  they 
underestimate the δ 18Op seasonal variations of water vapor. Since the δ 18O of the vapor reflects the remote 
process, the models mispresent remote processes affecting the vapor composition (e.g., large-scale circulation, 
convection along trajectories). In MA and JA, all models underestimate the δ 18Op and δDv (Figures S20b, S20c, 
S20e, S20f of Supporting Information S1), which is consistent with the underestimation of isotopic seasonal 
cycles (Figure 6). Moreover, the inter-annual variability is much smaller than the model-observation differences 
at Lhasa, especially for δ 18Op and δDv (Figure S20 of Supporting Information S1).

At Delingha, in the reanalysis, the wind blows from the West, as expected from its location in the westerly region, 
especially in winter (Figure 1b). The weakening of the summer winds shows some influence from the monsoon 
circulation. The models show a very large spread in the simulation of the atmospheric circulation, both in terms 
of annual-mean values, seasonal amplitudes, and shape of seasonal variations (Figure 5c and Figure 7a). The 
ratio of standard deviations ranges from about 0.3 to about 2.3 (Figure 7a). This is not surprising since horizontal 
winds are part of the large-scale circulation, which is strongly coupled to the distribution of precipitation (Yanai 
et al., 1973). It is thus expected that the spread in precipitation (Figure 4a) translates into a spread in horizontal 
winds (Figure 4b). We checked that the winter winds at Delingha significantly correlate with precipitation over 
the TP and India (Figure S24 of Supporting Information S1). In addition, over the TP, the large-scale circulation 
interacts with the topography (Yanai & Wu, 2006), whose representation strongly depends on the horizontal 

Figure 7.  Same as Figure 6 but for Delingha, for zonal wind (m/s) near the surface (a), weighted precipitation δ 18O (‰) (b), 
water vapor δD (‰) (c).
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resolution. Nudging the wind leads to a significant improvement in isoGSM, but not in LMDZ, maybe due to the 
coarse horizontal resolution.

Observed δ 18Op at Delingha shows a maximum value in summer (Figure 5d). This is consistent with the temper-
ature effect dominating δ 18O seasonal variations in the northern TP (Tian et  al.,  2007; Yao et  al.,  2013; Yu 
et al., 2006). Most models qualitatively capture the seasonal variations, but they all underestimate the seasonal 
amplitude (Figures  5d and Figure  7b). An underestimation of seasonal isotopic variability by SWING2 had 
already been noticed for mid-latitude sites compared to satellite observations (Risi et al., 2012b) and to precipi-
tation observations in Siberia (Gryazin et al., 2014). Moreover, in JJA and DJF, we find that all models underes-
timate the isotopic variations of water vapor (Figures S21c, S21f of Supporting Information S1) while showing 
a large spread in simulating the precipitation δ 18O (Figures S21b, S21e of Supporting Information S1). Some 
models also show a hint of a summer depletion, as if the δ 18Op responded to the monsoon precipitation as is 
the case in the southern TP. In particular, CAM2 shows a reversed seasonal cycle typical of the southern TP 
stations. The model skills to simulate the observed δ 18Op are very similar to those for the simulated observed δDv 
(Figure 7c). This supports our interpretation that in the northern TP, the reason why models underestimate the 
δ 18O seasonal variations is that they misrepresent remote processes.

We notice that at both Lhasa and Delingha and for the different variables, HadAM3 is more similar to HadCM3 
than to any other simulations (Figure 5). This suggests that the physical representation of atmospheric processes 
is a larger source of a spread than boundary conditions.

In summary, most SWING2 models qualitatively capture the seasonal variations in δ 18Op but underestimate their 
amplitude both in the southern and northern TP. In addition, they exhibit a very large spread in skills.

3.  Interpreting Inter-Model Spread and Systematic Biases
The previous section has shown that there is a large spread in the simulation of the seasonal variation in δ 18Op and 
that some models had significant biases compared to observations. In this section, we set two questions:

1.	 �What drives this spread? Is the skill to simulate the isotopic composition driven by the skill to simulate the 
meteorological variables?

2.	 �What are the causes of model biases?

3.1.  Methodology

To address the question of the drivers of inter-model spread in isotopic composition, we look for “emergent 
constraints” for model skill at simulating isotopic seasonality. In the climate change community, “emergent 
constraints are physically explainable empirical relationships between characteristics of the current climate and 
long-term climate predictions that emerge in collections of climate model simulations (Klein & Hall, 2015). 
Emergent constraints allow to investigation of reasons for inter-model spread in climate models ensembles (e.g., 
Hall & Qu, 2006; Klein & Hall, 2015; Sherwood et al., 2014). Here we apply this concept of emergent constraints 
to investigate reasons for inter-model spread in the isotopic seasonality instead of long-term climate predictions. 
With this aim, we analyze correlations across models between the isotopic seasonality and metrics that reflect 
possible drivers (SI section1). In turn, understanding the drivers for inter-model spread can shed light on possible 
causes for model biases.

In Section 3.2, we found that two distinct regions show different isotopic seasonality. We will thus investigate 
them separately. We will focus here on understanding what controls the simulated seasonal variations in isotopic 
composition, rather than the simulated isotopic composition in the annual-mean, JJA or DJF. Indeed, the δ 18Op 
in JJA significantly correlates with that in DJF in most regions (e.g., correlation of 0.7 in Lhasa, Figure S22 of 
Supporting Information S1). This means that the simulated seasonal-mean δ 18Op is affected by annual-mean 
biases that are reflected in all seasons. In other words, each model has a basic state in annual-mean precipitation 
isotopic composition, and what controls this basic state is a different question that we consider beyond the scope 
of this paper. We define the seasonal variation of δ 18Op as JA-MA in the southern TP and JJA-DJF in the northern 
TP, corresponding to extrema in δ 18Op for these regions.

 21698996, 2022, 22, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JD

037048 by Portail B
ibC

N
R

S IN
SU

, W
iley O

nline L
ibrary on [10/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Atmospheres

SHI ET AL.

10.1029/2022JD037048

13 of 22

3.2.  The Southern Tibetan Plateau

Previous studies have highlighted the importance of upstream precipitation to control the isotope variations in 
the southern TP (Gao et al., 2013; He et al., 2015; Shi et al., 2020) at the seasonal and inter-annual time scales. 
One hypothesis is to explain the inter-model spread of isotopic seasonality in the southern TP is thus the spread 
in upstream precipitation.

If this hypothesis is valid, then we expect that models with the largest Δδ 18Op at a given site of interest are 
those with the largest seasonality in upstream precipitation (ΔP). We thus expect a strong anti-correlation across 
models between Δδ 18Op and ΔPij, where i, j are grid boxes that are located upstream of the site of interest.

Figure  8 shows the correlation maps between Δδ 18Op at three representative stations (Lijiang, Nyalam, and 
Lhasa) and ΔPij (Figures 8a–8c). We find a patch of significantly negative correlation between Δδ 18Op and ΔPij 
to the south of the stations (Figures 8a–8c), along air flows (Figures 1a and 1d), especially in Lijiang (Figure 8b). 
This supports our hypothesis that the spread in δ 18Op seasonality is mainly driven by the spread in precipitation 
seasonality. This is consistent with the precipitation upstream trajectories controlling seasonal δ 18Op variations in 
the southern TP (Gao et al., 2013; He et al., 2015; Midhun & Ramesh, 2016).

The results are similar for δDv but with slightly lower correlations (not shown), probably due to the noisy aspect 
of the remote-sensing observations and the fact that they underestimate the δDv seasonality.

To better visualize what controls the spread of δ 18Op seasonality in the southern region, we show the δ 18Op 
and δDv seasonality as a function of mean precipitation seasonality in average over the region 16°N-35°N, 
82°E−108°E. This region is defined according to the minimum negative correlation (red rectangle) in Figure 8. 
Horizontal averaging reduces the noise and thus increases the correlation. This is why the correlation in Figure 9 
is much more negative compared to Figure 8. We find that models that have the largest δ 18Op seasonality are 
those that have the largest precipitation seasonality in the upstream region (e.g., isoGSM free, MIROC32), with 
a negative correlation coefficient r = −0.79 (p < 0.05) (Figure 9a). Similarly, models that have the largest δDv 
seasonality are those that have the largest precipitation seasonality in the upstream region, with a negative corre-
lation coefficient r = −0.43 (p > 0.05) (Figure 9b). The lower correlation in water vapor could be explained by 
the contribution of post-condensational processes to strengthen the link between δ 18Op and upstream precipitation 
across models, or by the noisier isotopic distribution observed by TES.

Figure  9a confirms that all models underestimate the seasonality of δ 18Op, in agreement with Figure  5b. 
However, not all models underestimate the seasonality of the precipitation rate: rather, three models overes-
timate it (Figure 9a). Even if a model had a perfect simulation of precipitation seasonality while lying on the 
regression line, it would still underestimate the δ 18Op seasonality (i.e., CAM2). This suggests that the models 

Figure 8.  Correlation coefficients between precipitation δ 18O seasonality (‰) (Δδ 18Op, represented by JA-minus-MA difference) at a given site (a, Lhasa; b, Lijiang; 
c, Nyalam) and precipitation seasonality (ΔPij) (mm/d) at all grids (a)–(c). Only values that are significant at the two-tailed 95% confidence interval are plotted. The 
red rectangle for Lhasa is used to define the region in Figure 9. The JA winds as an overlay are shown (vector, m/s) near the surface. The correlation across models 
is calculated as follows, for example, for panel (a): let M be the number of simulations (M = 8). For each simulation m, with m from 1 to M, we calculate the δ 18Op 
seasonality at Lhasa, Y(m). Here by seasonality, we mean the multi-year mean of JA minus the multi-year mean of MA. Then for each model m, and for each grid box 
i, j, we calculate the precipitation seasonality, X (m, (i), (j). Finally, for each grid box i, j, we calculate the correlation between Y(m) and X (m, (i), (j) across the M 
models, called r(i), (j), and plot it as color shades.
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are not sensitive enough to upstream precipitation. This is confirmed by the fact that the models underestimate 
the slope on average (Figure 9a). Several reasons may explain why models would underestimate the sensitiv-
ity of δ 18Op to precipitation. It is −0.5‰/mm.day for observations (Figure 9a) and −0.6 ± 0.4‰/mm.day for 
SWING2 models. For example, most models may underestimate the depleting effect of stratiform precipitation 
(Hu et al., 2018). Although the importance of stratiform portions of meso-scale convective systems for the latent 
heating profiles (Schumacher et al., 2004) and the isotopic composition (Aggarwal et al., 2016), they are not yet 
explicitly represented by GCMs (Rio et al., 2019). It is also possible that the model underestimates the depleting 
effect of convection because they do not explicitly organize mesoscale convective systems (Rio et al., 2019). It 
has been observed that convection depletes the water vapor more efficiently when it is organized into large and 
long-lived meso-scale convective systems (Lawrence et al., 2004; Maupin et al., 2021; Risi et al., 2008; Sengupta 
et  al.,  2020; Tremoy et  al.,  2014). Attempting to represent the convective organization in GCMs (Mapes & 
Neale, 2011) has not reached operationally-used GCMs. Alternatively, there could also be some local factors 
that lead the δ 18Op seasonality to be more negative, and that requires a high spatial resolution to be captured (Shi 
et al., 2020).

In summary, the spread of upstream precipitation explains most of the spread of δ 18Op seasonality, but there is 
still a systematic bias toward underestimated δ 18Op seasonality. Therefore, some models can have a poor isotopic 
simulation even with a good precipitation simulation. Estimating in each model the fraction of the bias explained 
by the misrepresentation of the precipitation pattern would be very valuable from a model development perspec-
tive. Unfortunately, our framework cannot yield this estimate (SI Section 1 provides some mathematical back-
ground to justify this). However, some useful information could be obtained. For example, in the southern TP, 
we conclude that the models that underestimate the δ 18Op seasonality the most are those that underestimate the 
precipitation rate seasonality the most. Thus, if a particular model underestimates the δ 18Op seasonality, it is 
likely that it is due to its underestimation of the precipitation rate.

3.3.  The Northern Tibetan Plateau

In Section 3.4, we have shown that in the northern TP, the observed δ 18Op is higher in JJA than in DJF (about 
13.7‰), that most models underestimate this amplitude, and that there is a significant spread in the simulated 
amplitude (Figures 6d and Figure 8). To better explore the mechanisms driving the simulated amplitude of the 
seasonal cycle of δ 18Op and the spread across models, here we define the variation of JJA minus DJF as the 
seasonality in the northern region. To improve the knowledge of the models' capacity to capture isotopic season-
ality, three typical stations, Hetian, Delingha, and Zhangye, are selected to assess the modeled results.

Various roles of climatic controls on precipitation isotopes such as the moisture sources (e.g., Kong et al., 2019; 
Tian et al., 2007, 2008; Yu et al., 2014), local temperature (Yu, Tian, et al., 2016) and convective activity (Guo 
et al., 2017) have been identified for the northern and northern-western TP. We thus calculated the correlations 

Figure 9.  Relationship of precipitation δ 18O seasonality (Δδ 18Op) (‰) (a) and water vapor δD seasonality (ΔδDv) (‰) (b) at 
Lhasa as a function of mean upstream precipitation seasonality (ΔP) (16°N-35°N, 82°E−108°E, defined as the red rectangle 
in Figure 8a). The pentacle presents the observed value. The correlation coefficient varies from −0.73 to −0.87 between 
Δδ 18Op and ΔP and from −0.34 to −0.59 between ΔδDv and ΔP when we discard one of the 8 models each time.
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between Δδ 18Op and meteorological factors. In Table 2, we take Delingha as 
an example. We average the meteorological variables over the surrounding 
region that maximize the correlations with at least one meteorological vari-
able. This region was found to be 32°N-50°N, 75°E-130°E). The positive 
correlation between Δδ 18Op and ΔδDv, with an r value of 0.59 (Table 2) indi-
cates that the variability of δ 18Op is not related to the local post-condensation 
process, but rather to remote processes. We find that Δδ 18Op is not signif-
icantly related to the simulated seasonality of temperature (ΔT). In the 
absence of rain evaporation and for a given moisture source, the isotopic 
ratios of water vapor and subsequent precipitation are expected to decrease 
as specific humidity q decreases, either following Rayleigh distillation, or 
following mixing lines that connect different points along the Rayleigh distil-
lation line (Galewsky & Hurley, 2010; Noone, 2012; Worden et al., 2007). If 
Rayleigh distillation or mixing lines were controlling the simulated Δδ 18Op, 
then we would expect a high correlation between simulated Δδ 18Op and Δq: 
models that overestimate Δq the most would also overestimate Δδ 18Op the 
most. However, this is not the case (Table 2). This shows that rain evapora-
tion, or different air mass origins or moisture sources, drives the inter-model 

spread in simulated Δδ 18Op. We find a significant relationship with the zonal wind (ΔU) (r = 0.92, p < 0.01). 
This suggests that the spread of isotope seasonality in the northern TP region is likely due to the spread of the 
simulated large-scale circulation, and thus to the spread of air mass origins.

To investigate the effect of large-scale circulation in more detail, in Figure 10 we plot the inter-model correlations 
between Δδ 18Op and ΔδDv at a given site and the regional zonal wind seasonality. At Delingha and Zhangye, 
δ 18Op seasonality positively correlates with zonal wind seasonality to the west of the sites, along trajectories from 

Δδ 18Op 
versus ΔT

Δδ 18Op 
versus Δq

Δδ 18Op 
versus 
ΔδD

Δδ 18Op 
versus 

ΔU

Slope −0.21 −0.07 3.25 0.27

Correlation coefficient (r) −0.41 −0.26 0.59 0.92**

Note. The correlation coefficient (r) varies from −0.22 to −0.37 between 
Δδ 18Op and Δq, from 0.41 to 0.66 between Δδ 18Op and ΔδD and from 0.89 
to 0.95 between Δδ 18Op and ΔU when we discard one of the 8 models each 
time. The r varies from −0.04 to −0.45 between Δδ 18Op and ΔT, only when 
the CAM2 is removed, the r is −0.82.
** Correction is significant at the 0.01 confidence limit.

Table 2 
Statistical Correlations Between Δδ 18Op at Delingha and the Seasonality 
in Temperature (ΔT), Specific Humidity (Δq), Water Vapor δD (ΔδDv) and 
Zonal Wind (ΔU) Averaged Over the Northern TP Region (32°N−50°N, 
75°E−130°E)

Figure 10.  Correlation coefficients between precipitation δ 18O seasonality (Δδ 18Op, represented by the JJA-minus-DJF difference) and water vapor ΔδD seasonality 
(ΔδDv) at a given site (a), (d) Hetian, (b), (e) Delingha, (c), (f) Zhangye and zonal wind seasonality (ΔU) near the surface at all grids. Only values that are significant at 
the two-tailed 95% confidence interval are plotted. The blue rectangle for Delingha is used to define the region in Figure 11 and Table 2.
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the upstream regions, especially at Delingha. This shows that the models that have the largest Δδ 18Op are those 
that have the smallest zonal wind seasonality in the upstream regions.

To better visualize what controls the spread of precipitation δ 18O seasonality in the northern region, we again take 
Delingha as an example. In Figure 11, we plot Δδ 18Op as a function of the zonal wind seasonality on average over 
32°N-50°N-75°E-130°E. This region corresponds to the maximum correlation in Figure 10. Our analysis shows 
that Δδ 18Op at Delingha is positively correlated with the zonal wind (r = 0.92, Figure 11a). We also observe a 
similar correlation with ΔδDv (Figure 11b).

What mechanism links the zonal wind seasonality to the δ 18Op seasonality? In JJA, the air slightly flows from east 
to west as the monsoon flow is deflected by the topography (Figure 1a). In DJF, air flows from the west, as part 
of the westerlies (Figure 1b). Therefore, the JJA-minus-DJF difference of the zonal wind is generally negative 
in the northern region (Figure 1c). If in a given model, the monsoon circulation extends further north (orange 
on Figure 12b), then the westerly airflow is weaker than normal in JJA (cyan in Figure 12), which leads to more 
negative zonal wind seasonality. At the same time, the vapor isotope in JJA is more depleted (purple in Figure 12) 
because more vapor comes from the monsoon convective region, leading to weaker δ 18Op seasonality. This is 
what we see for example, in CAM2 (Figure S18a of Supporting Information S1). In contrast, if in a given model 
the monsoon circulation extends to fewer northerly latitudes, then the westerly flow is less reduced compared 
to DJF, and the wind seasonality is thus less negative (Figure 12c). At the same time, less vapor comes from the 
monsoon flow, leading to a stronger δ 18Op seasonality. This is what we see for example, in isoGSM (Figure S18b 
of Supporting Information S1). The influence of the depletion by convection along the monsoon flow is probably 
what explains the absence of correlation between Δδ 18Op and Δq. The importance of the relative contribution of 
different air mass origins is consistent with previous studies (Tian et al., 2001).

Due to the coarse resolution of SWING2 models and the strong altitude effect in mountain regions, we expected 
that some of the biases in simulated δ 18Op could be due to the bias in topography. We checked however that there 
was no correlation between the bias in δ 18Op and the bias in topography, neither at Lhasa nor at Delingha (Figure 
S26 of Supporting Information S1), neither in summer nor in winter. Therefore, the biases in topography do not 
contribute to the biases in δ 18Op.

To summarize, the spread of Δδ 18Op is mostly controlled by the spread of zonal wind, reflecting the seasonal 
contrast in moisture sources (Figure  12). However, compared to observations, all models underestimate the 
seasonality of δ 18Op, but not all underestimate the seasonality of zonal wind, so there is also a systematic bias that 
is unrelated to the simulation of wind.

Figure 11.  Relationship of precipitation δ 18O seasonality (Δδ 18Op) (a) and water vapor δD seasonality (ΔδDv) (b) at 
Delingha as a function of mean zonal wind seasonality (ΔU) (32°N-50°N-75°E −130°E, defined as the blue rectangle in 
Figure 10b). The black star presents the observed value from NCEP-NCAR reanalysis. The correlation coefficient varies from 
0.89 to 0.95 between Δδ 18Op and ΔU and from 0.85 to 0.99 between ΔδDv and ΔU when we discard one of the eight models 
each time. The observed zonal winds from ERA5 are almost the same (Figure S16).
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4.  Paleoclimate Implications
We have shown that the SWING2 models reproduce well the present-day seasonality of δ 18Op (JJA-minus-DJF), 
but they underestimate it to various extents in both the southern and northern TP. What are the expected conse-
quences of the model biases that we have identified on the skill of models to capture past δ 18Op changes?

In southern TP and south-western China, glaciers and speleothems show more depleted multi-annual-mean 
precipitation during the mid-Holocene (MH), 6 000  years ago, than at present (Cai et  al.,  2012; Cheng 
et al., 2006; Thompson et al., 1997; Y.J. Wang et al., 2001). This observed signal is very spatially coherent across 
the southern pan-Asia region (Hu et al., 2019). The most common interpretation for this depletion is that during 
MH, the summer insolation in the Northern Hemisphere was stronger, leading to more active Asian monsoons 
associated with more precipitation upstream air mass trajectories (Y.J. Wang et al., 2001). As such, there are 
similarities between the mechanisms for MH-minus-present δ 18Op changes and JJA-minus-DJF δ 18Op changes. 
General circulation models often underestimate the δ 18Op changes from present-day to MH in the southern part 
of the TP (Comas-Bru et al., 2019; Risi et al., 2010). For example, the δ 18Op decreases by about 2.5‰ in the 
Guliya ice core from PI to MH (Thompson et al., 2000) and by about two‰ in Chinese speleothems (Y. Wang 
et al., 2008). By comparison, the δ 18Op changes simulated by GCMs range from a 1‰ or 2‰ decrease (LeGrande 
& Schmidt, 2009; Risi et al., 2010; Schmidt et al., 2007) to a 2‰ increase (Comas-Bru et al., 2019). This large 
spread and the tendency for underestimating the δ 18Op decrease from PI to MH is reminiscent of the large spread 
and tendency for underestimating the δ 18Op decrease for the present from DJF to JJA.

It has been shown that even models that correctly simulate the precipitation seasonality underestimate the δ 18Op 
seasonality (Figure 10a). One possible reason for this is that models systematically underestimate the isotopic 
response to upstream precipitation. If this also holds true for MH as well, then even models that correctly simu-
late the precipitation increase from PI to MH would still underestimate the δ 18Op decrease from PI to MH. We 
quantify that this could contribute to the underestimation of the simulated δ 18Op decrease from PI to MH of more 
than 1‰ (SI Section 2). This is of the same order of magnitude as the underestimate in most GCMs. In addi-
tion, the large inter-model spread in the precipitation-δ 18Op slope (Figure 9a) could be responsible for the large 
inter-model spread in the simulated MH-PI δ 18Op difference.

We also explored several other hypotheses that may connect model-data discrepancies at orbital and seasonal 
time scales, including the underestimated precipitation change from MH to PI and the underestimated seasonality 

Figure 12.  Schematic illustrating how the zonal wind seasonality affects the precipitation δ 18O seasonality in the Northern Tibetan Plateau (TP). (a) In DJF, the 
westerlies are the major wind flow. The precipitation is depleted in northern TP and enriched in southern TP. (b) In JJA, for models with a weak seasonality in 
the northern TP, the monsoon flow brings water vapor depleted by convection and the westerlies are much weaker than in DJF. (c) In JJA, for models with a weak 
seasonality in the northern TP, the monsoon flow brings water vapor depleted by convection to fewer northerly altitudes, and the westerlies are just slightly weaker than 
in DJF.
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effect, but these mechanisms have a marginal impact (SI Section  2). Note that here we simply made simple 
back-of-the-envelope calculations. To further test and quantify these hypotheses, extending SWING2 to include 
paleoclimate simulations would be useful to investigate the link between orbital and seasonal variations across 
different models.

To conclude, a recommendation of this study is to evaluate the simulated precipitation-δ 18Op slope at the seasonal 
scale before applying a GCM at the orbital time scale, to be aware of the possible impact on the simulated orbital 
changes of δ 18Op.

5.  Conclusions
In this study, we use eight simulations from SWING2 models to explore what controls the skill of general circu-
lation models to simulate the seasonal cycle of water isotopic composition over the TP region.

The comparison between observations and models indicates that the SWING2 models perform well with regards 
to the spatial pattern of the water stable isotope of the precipitation and vapor over the TP region, but there 
exists significant inter-model spread and systematic biases, with notably an underestimated seasonality. Our 
results emphasize that the inter-model spread of isotopes is largely related to inter-model spread of the physical 
aspects  of the climate. Inter-model spread of isotopic seasonality is primarily driven by the spread of upstream 
precipitation in the southern TP region, whereas the westerlies dominate the inter-spread of the isotope in the 
northern TP region.

Therefore, we conclude that for a GCM to simulate isotopes well, it needs to simulate the climate well. However, 
even a model with a perfect climate would not necessarily have a perfect isotopic simulation.

What are the consequences of model biases on the simulation of isotopic composition for past climates? Does 
it affect our interpretation of δ 18O in glaciers or speleothems based on GCM simulations? We suggest that if 
GCMs underestimate the isotopic response to precipitation changes at the seasonal scale for the present and if this 
discrepancy holds at orbital time scales, then this would contribute to the underestimated δ 18O decrease from the 
present to mid-Holocene. Extending SWING2 to include paleoclimate simulations would be useful to check  this 
hypothesis.

Data Availability Statement
These datasets were used in this study: the SWING2 simulations outputs (Risi et al., 2012a, available at https://
data.giss.nasa.gov/swing2/), the GNIP dataset (IAEA/WMO, 2006, available at https://www.iaea.org/services/
networks/gnip), TES retrievals (Worden et al., 2006, 2007, available at https://cmr.earthdata.nasa.gov/search%20/
concepts/C1000000361-LARC.html), the GPCP and TRMM precipitation datasets (Adler et al., 2018, available 
at http://gpcp.umd.edu/ and Huffman et al., 2010, https://disc.gsfc.nasa.gov/datasets/TRMM_3B42RT_Daily_7/
summary, respectively), the NCEP-NCAR and ERA5 reanalysis datasets (Kalnay et al., 1996, available at https://
psl.noaa.gov/data/gridded/data.ncep.reanalysis.html and Copernicus Climate Change Service (C3S),  2017, 
https://cds.climate.copernicus.eu/cdsapp%23%21/dataset/reanalysis%2Dera5%2Dland%2Dmonthly%2D-
means%3Ftab%3Doverview, respectively), the IMD dataset (Pai et al., 2015, available at https://iridl.ldeo.colum-
bia.edu/SOURCES/.IMD/.RF0p25/) and GOTOPO20 dataset (U.S. Geological Survey, available at https://www.
usgs.gov/centers/eros).
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