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29  Abstract. Water stable isotopologues, particularly H>'®0 and HD!®O, are valuable
30 tracers of physical and dynamical processes within the hydrological cycle. These
31  isotopologues have been widely incorporated into isotope-enabled atmospheric general
32 circulation models to constrain moisture sources and transport pathways. However,
33  comprehensive evaluations of such models over the Tibetan Plateau (TP), a region
34  whose complex orography substantially modulates South Asian monsoon dynamics,
35 remain scarce. Here, we systematically evaluate simulations of water vapor isotopic
36  composition (§'%0,) from the ECHAMG6-wiso model against daily in-situ observations
37 from four high-altitude stations (Kathmandu, Lulang, Namco, and Muztag) on the
38  Tibetan Plateau, spanning January 2020 to November 2021. The model successfully
39 reproduces the spatial distribution and seasonal cycle of §'%0y; however, probability
40  density functions reveal a systematic underestimation of isotopic depletion. Through a
41 multi-scale temporal decomposition of the daily 5'0y time series, we attribute over 50%
42 of the simulation error to deficiencies in representing large-scale atmospheric
43 circulations (periods > 30 days), while the remaining error is linked to synoptic-scale
44  processes (3-7 days) associated with fractionation, including cloud microphysics, post-
45  condensation effects, and surface evaporation. The model’s inability to accurately
46  simulate terrain-induced atmospheric moisture blocking over the TP results in bias in
47  atmospheric circulation variations, thereby amplifying the contribution of circulation-
48  related processes to the overall error. These findings underscore the significance of
49  atmospheric circulation in water vapor isotopic simulations and highlight the value of
50  high-resolution water vapor isotopic datasets for improving our understanding of
51  moisture source attribution and water-cycle dynamics in regions of complex topography.
52

53  Highlights:

54 1. We provide the first systematic evaluation of ECHAMG6-wiso’s ability to simulate
55  water vapor isotope ratios in near-surface over the TP.

56 2. A systematic positive bias, specifically an underestimation of isotopic depletion is
57  identified.

58 3. Our analysis reveals that low-frequency components dominate the simulation error.
2
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59 1 Introduction

60  The Tibetan Plateau (TP), with an average elevation exceeding 4,000 m, is the source
61  of many of Asia’s major rivers and is often referred to as the “Asian water tower” (Xu
62  etal, 2008; Immerzeel et al., 2010). The regional atmospheric water cycle over the TP
63  plays a crucial role in regulating water resources through precipitation and evaporation,
64  directly impacting water availability in downstream areas (Gao et al., 2019; Yao et al.,
65 2022). Moisture transport processes are fundamental to this cycle, yet mechanisms
66  governing changes in moisture pathways and source contributions remain poorly
67  understood. (Sun et al., 2022).

68  Because the hydrogen and oxygen atoms have several natural isotopes, it results several
69  forms of the water molecule called stable water isotopologues (primarily H>'°0, H>'%0,
70  and HD'0). Differences in molecular mass and symmetry lead to isotopic fractionation
71 during phase transitions. For instance, heavier isotopologues such as H>'30 are more
72 easily transferred to the liquid phase during condensation, compared to the lighter ones
73 (e.g., H2'°0), making these species effective passive tracers of various processes within
74 the hydrological cycle.

75  The application of stable isotopologues in hydrology, expressed in the usual & notation
76 (e.g., 8'30 with respect to the Vienna Standard Mean Ocean Water V-SMOW), has a
77  long history (Epstein & Mayeda, 1953; Dansgaard, 1954; Craig, 1961; Gat, 1996).
78  Since 1961, the Global Network of Isotopes in Precipitation (GNIP) database,
79  coordinated by the IJAEA/WMO, has collected monthly precipitation samples for
80 isotopic analysis worldwide. These data have revealed characteristic fractionation
81  patterns, such as depletion along poleward transport gradients and temperature-
82  dependent isotopic signatures (Dansgaard, 1964).

83  Advancements in laser absorption spectroscopy since the 1990s have enabled high-
84  frequency in situ measurements of water vapor isotopic compositions (Scherer et al.,
85 1997; Baer et al., 2002; Crosson et al., 2002). These isotopic analyzers can resolve
86  isotope ratios at second intervals and are deployable across diverse observational
87  platforms. For example, Kurita et al. (2011) showed water vapor isotope measurements

88  during the Madden-Julian Oscillation (MJO) collected by a maritime campaign. More
3
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89  recently, Finkenbiner et al. (2022) published an open-access dataset of water vapor
90 isotope profiles from flux towers across the United States, and Sarkar et al. (2023)
91  provided the isotope ratios sampled by the NOAA P3 aircraft in the North Atlantic
92  winter trade wind region. Rapidly increasing water stable isotope measurements have
93  greatly enhanced our understanding of water cycle, especially in aspect of large-scale
94  circulation transport. Tan (2013) examined the significance of El Nifio-Southern
95  Oscillation (ENSO) on inter-annual variation of §'%0 in the monsoon regions of China
96  and found that trade wind plays a role in governing 3'80 through affecting the intensity
97  of the different summer monsoon circulations. Yao et al. (2013) revealed three distinct
98  domains associated with influence of the westerlies and Indian summer monsoon using
99  observed precipitation isotopes over the TP. Putman et al. (2017) linked variability in
100  vapor source region and transport trajectory with precipitation isotopes at Utqiagvik,
101 USA. In addition, high temporal resolution measurements also provide an efficient
102  reference for model evaluations.
103  Concurrently, isotope modelling capabilities have also progressed substantially. Isotope
104  models are typically divided into Rayleigh-type models, which are based on idealized
105 fractionation assumptions, and isotope-enabled atmospheric general circulation models
106  (AGCMs), which integrate isotopic tracers into fully climate dynamics governed by the
107  Navier-Stokes equations and thermodynamics. Dansgaard (1964) proposed for the first
108  time the classical Rayleigh fractionation model to describe isotopic evolution in air
109 masses. Subsequent developments included kinetic fractionation effects during
110  precipitation (Stewart, 1975), a theoretical framework for different water reservoirs
111 (Merlivat and Jouzel 1979, hereafter called MJ79). Jouzel and Merlivat (1984)
112 improved the Rayleigh model by considering the existence of isotopic kinetic effects
113 during snow formation. Ciais and Jouzel (1994) proposed a one-dimensional mixed-
114  cloud isotopic model (MCIM) to account for coexisting liquid and solid phases.
115  However, such Rayleigh-type models remain limited in their representation of
116  atmospheric dynamics and vertical mixing (Jouzel et al., 1987; Hoffmann, 1998).
117  Isotope-enabled AGCMs offer a more comprehensive framework and physically

118  modeling results by explicitly coupling isotopic tracers into global circulation and
4
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119  hydrological processes. Joussaume et al. (1984) pioneered the integration of isotopes
120  into an AGCM (Laboratoire de Meteorologie Dynamique, called LMD), demonstrating
121 the method’s utility for capturing observed water isotope variations. Since then, several
122 efforts have been made to include isotopic tracers into models. Jouzel et al. (1987) were
123 the first to simulate seasonal isotope cycles using the GISS AGCM. Hoffmann (1998)
124  incorporated isotopes into ECHAM3 and found that an improved representation of
125  advection and orography is critical on the interannual timescale. Mathieu et al. (2002)
126  introduced a more detailed parameterizations related to postcondensation processes into
127  the GENESIS 2.0b and pointed including downdrafts and associated isotopic processes
128  would lead to more realistic results, especially in the tropics. Sturm et al. (2005)
129  implemented high-resolution regional simulations with REMOis. Lee & Fung et al.
130  (2008) proposed a novel method that describes the interaction between raindrops and
131  atmosphere near the planetary boundary layer to explain the “amount effect” and was
132 applied to CAM2. Werner et al. (2010) extended isotopic resolution globally to 0.75°
133  in ECHAMS-wiso. Haese et al. (2013) incorporated water stable isotopes in coupled
134  atmosphere-land surface model ECHAMS-JSBACH and found that simulated §'30 in
135  precipitation at monthly and interannual time scales is only slightly affected by
136  fractionation effects during land surface evaporation. Using the isotope-enabled land
137  soil model Iso-MATSIRO (Yoshimura et al., 2017), Okazaki et al. (2019) showed that
138  land surface fractionation greatly influenced daily precipitation isotopes.

139  Isotope-enabled AGCMs have significantly advanced our understanding of how
140  isotopic variability reflects environmental conditions. For example, He et al. (2015)
141 used LMDZiso to study convection influences on summer precipitation stable isotopic
142  variability at daily resolution and found that daily precipitation stable isotopes are well
143  correlated with upstream convective activities. Gao et al. (2011) used two isotope-
144  enabled AGCMs (LMDZiso and ECHAM4-wiso) to examine the processes driving
145  precipitation stable isotopic variability over the TP and found that very large systematic
146  biases in these two AGCMs regarding the properties of water stable isotopes in
147  precipitation. The complex topography hindered the corrected simulation of moisture

148  advection from lowlands to the TP. At high altitudes, models simulate steeper-elevation
5
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149  isotope than is observed. Yao et al. (2013) explored climatic controls of precipitation
150  8'%0 over the TP with three isotope-enabled AGCMs (LMDZiso, REMOiso, and
151  ECHAMS5-wiso) and found that models fail to correctly simulate relationships between
152 precipitation stable isotopes and precipitation amount in the monsoon domain. They
153  emphasized the importance of assessment at interannual and longer timescales.

154  Although previous studies have conducted relatively comprehensive works on model-
155  observation comparisons, assessments were almost focusing on precipitation stable
156  isotopes due to limitation of observational water vapor isotopes over the TP. The
157  reliability of models for simulated water vapor isotopes over the TP needs to be verified.
158  Furthermore, the accuracy of simulated water vapor isotopic ratios is highly sensitive
159  to model parameterization. Risi et al. (2010) identified two parameters governing
160  kinetic fractionation under supersaturated conditions and relative humidity at the
161  droplet interface are critical for water vapor isotopic simulation. Nusbaumer et al. (2016)
162  performed a series of sensitivity experiments and found that the threshold triggering
163  convection will greatly modulates water vapor isotopic simulations. However, the
164  default parameter values in many isotope-enabled AGCMs are derived from datasets
165  collected in Antarctica and Greenland (Epstein & Mayeda, 1953; Horibe and Ogura,
166  1968; Ohmura et al., 1991). As a result, these schemes can be inappropriate for the TP
167  region and may introduce significant uncertainties, underscoring the need for model
168  evaluation (and calibration) using water vapor isotopic observations on the TP.

169  In this study, we present the first evaluation of water vapor isotopic composition over
170  the TP simulated by the isotope-enabled AGCM, ECHAMG6-wiso (Cauquoin and
171 Werner, 2021), using high-frequency isotope measurements during 2020-2021.
172 Especially, after a comparison of spatiotemporal distributions of water vapor isotope
173  ratios between simulation and observations, we apply probability-density functions to
174  obtain a concrete and measurable understanding of isotopic simulation errors. Finally,
175  daily 8'®0, time series were decomposed using temporal domain decomposition
176  techniques to clarify the error contributions of different time-scales processes.

177

178 2 Methods
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179 2.1 Observational Data

180  Water vapor isotopic ratios were obtained from four high-altitude monitoring stations
181 on the TP (Table 1, map of locations is provided in Supplementary materials).
182  Kathmandu station is located on the southern slope of the Himalayas at approximately
183 1400 m a. s. 1., with a mean annual temperature of 19 °C and annual precipitation of
184  about 1500 mm (Adhikari et al., 2024). The Lulang station lies in a mountain valley on
185  the northern slope of the Himalayas at an altitude of 3326 m a.s.l., with an average
186  annual temperature of about 5 °C and precipitation of about 770 mm (Chen et al., 2024).
187  The Namco station is situated near the southeast bank of Namco lake with an altitude
188  0of 4730 m a.s.l. It has an average annual temperature of 0 °C and receives about 281.8
189  mm of precipitation amount annually. The lake begins freezing in November, is fully
190  frozen by mid to late January, and thaws completely by May. The Muztag station is
191  located in the northwestern TP, near the Muztag Mountain at approximately 3650 m a.
192 s. L., with a mean annual temperature of 1.1 °C and annual precipitation of about 119.4
193  mm. Seasonal cycles of temperature and precipitation at these four stations are provided
194  in Supplementary materials.

195  Water vapor isotopic measurements at all sites were performed using high-frequency
196  Picarro L2130-i Laser Spectrometers, installed near the ground surface. Standard
197  atmospheric variables (air temperature, precipitation intensity, and specific humidity)
198  were measured by the flexible weather stations from DAVIS. All measured data were
199  averaged to daily and monthly resolutions to facilitate comparison with model outputs.
200 Details of instrument calibration and quality control procedures are provided in
201 Supplementary materials.

202 Due to the sparse distribution of monitoring stations over the TP, HARv2 dataset was
203  used to examine the spatial patterns of simulated atmospheric variables. HARv2 is a
204  regional high-resolution atmospheric dataset generated by dynamical downscaling
205  using WRF (Wang et al., 2021).

206

207  Table 1. High-altitude monitoring stations from which Observational data was

208  collected for comparison with ECHAMG6-wiso simulation results.
7
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Mean annual Mean annual
Longitude Latitude Altitude

Station temperature precipitation
(°E) (°N) (m a.s.l.)
§®) (mm)
Kathmandu 85.20 2742 1400 19 1500
Lulang 94.73 29.77 3326 5 770
Namco 90.99 30.77 4730 0 281.8
Muztag 75.04 38.41 3650 1.1 119.4

209

210 2.2 ECHAMG6-Wiso Model and Simulation Experiment

211 ECHAMG is the sixth-generation of atmospheric general circulation model ECHAM,
212 developed by the Max Planck Institute for Meteorology (Stevens et al., 2013). Relative
213 to its predecessor ECHAMS, major improvements that affect the simulation of isotopic
214  water cycle include enhanced representations of shortwave radiation and convective
215  processes. The model employ the Tiedtke-Nordeng-Tiedtke (TNT) moist convection
216  scheme (Tiedtke, 1989; Nordeng, 1994). Unlike ECHAMS, where the temperature
217 excess required to trigger convection was fixed at 0.5 K, in ECHAMBS this threshold is
218  now dynamically determined via a prognostic treatment of temperature variance within
219  the planetary boundary layer. In addition to standard cloud microphysics, the model
220 includes additional processes such as condensate production due to turbulent mixing.
221 The isotope-enabled version of the model ECHAM6, ECHAMG6-wiso (Cauquoin et al.,
222 2019), was built in an analogous manner to previous ECHAM releases (Hoffmann et
223 al, 1998; Werner et al., 2010). The “isotopic” (i.e., heavier) and “normal” (i.e., lighter)
224  water cycle are treated identically in the model, except during phase changes, where
225  fractionation is explicitly accounted for. Full technical details refer to Cauquoin et al.

226 (2019).
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227  Cauquoin and Werner (2021) introduced several updates to ECHAMG6-wiso, including
228  a slight modification to the supersaturation equation from S = 1.01 — 0.0045 - Tcopnqg
229  to S=1.02 —0.0045 - Tconq. Isotopic composition of snow on sea ice is now included
230  for sublimation processes in sea-ice covered regions. Kinetic fractionation factors for
231 oceanic evaporation have been revised to be wind-speed independent. In addition,
232 ECHAMG6-wiso is now nudged to ERAS5 reanalysis data, replacing the previously used
233 ERA-Interim dataset.

234 In this study, we used the ECHAMG6-wiso nudged simulation at T127L95 spatial
235 resolution (0.9° horizontal resolution with 95 vertical hybrid sigma levels) from
236  Cauquoin and Werner (2021). The 3D-fields of temperature, vorticity, and divergence,
237  as well as the surface pressure field were nudged toward ERAS5 reanalysis data (ref of
238 ERAY). Isotopic boundary conditions were provided by the global dataset of LeGrande
239  and Schmidt (2006), while sea surface temperature and sea-ice boundaries were also
240  taken from ERAS. We used the 6-hourly outputs for the observational period i.e., 2020-
241 2021. ECHAMG6-wiso separately outputs specific humidity for two waters (“isotopic
242 heavy water” and “normal light water””), and isotopic ratios were then represented to
243 the “8” notation in unit of per mil (%o). Gridded simulation data were interpolated onto
244 the four monitoring stations based on their longitudes and latitudes and then averaged
245  to daily and monthly time series. It should be noted that simulated isotope values in
246  near-surface water vapor correspond to the first atmospheric layer above the land
247  surface, which is approximately 60 m thick. Difference between the model’s lowest
248  atmospheric layer and the instrument inlet height may introduces bias in comparisons.

249 2.3 Ensemble Empirical Mode Decomposition (EEMD)

250  To decompose the non-linear and non-stationary time series of 8'*0y into physically
251  meaningful components, we applied Ensemble Empirical Mode Decomposition
252  (EEMD), an advanced version of the Empirical Mode Decomposition (EMD) technique
253  (Wuetal.,, 2009). EEMD mitigates the issue of mode mixing by adding white noise as
254 the possible random noise that would be encountered in each “artificial” measurement
255  to original signal and averaging the decomposition results over multiple realizations.

256  The perturbed signal,
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257 x;(t) = x(t) + n;(t) 2)
258  where x(t) is the original data series and n;(t) is the white noise added to the i-th
259  realization. For each noisy version x;(t), EMD is performed as follows: (1) Identify all
260 local maxima and minima; (2) Connect the extrema with cubic splines to form upper
261 and lower envelopes; (3) Compute the mean envelope and subtract it from x;(t) to
262  obtain a component; (4) Repeat process iteratively until the resulting component is
263 nearly monotonic. After n realizations with different white noise, the ensemble average
264  of each intrinsic mode function (IMF) is calculated to produce the final decomposition.
265 2.4 Improvement Potential Metric

266  To quantify the contribution of different temporal components to isotopic simulation
267  errors, we define a metric called “improvement potential”’, based on EEMD
268  decomposition results. The procedure is as follows: (1) Compute the root mean square
269  error (RMSE) between the observed and original simulated daily §'0, time series as
270  RMSE,s; (2) Apply EEMD to both observed and simulated time series, decomposing
271 each into IMFs; (3) For each IMF, substitute the simulated component with the
272 corresponding observed one and reconstruct the full signal; (4) Calculate RMSE of this
273 modified simulated series relative to the observation, called RMSEguw,; (5) Define the
274  improvement potential (IP), which is the relative deviation of the RMSEsu, to RMSEosi;
275  (6) Repeat steps 3-5 for each IMF at each station, separately for monsoon and non-
276  monsoon periods.

277  This metric identifies which temporal scales of time series contribute most to simulation
278  discrepancies, and highlights where targeted model improvements may yield the
279  greatest benefit.

280

281 3 Results

282 3.1 Comparisons of Atmospheric Variables

283 For spatial patterns, results from HARv2 show an obvious heterogeneity over the TP
284  (Supplementary Fig. 3). In general, the eastern region of TP is warmer and more humid
285  than the western. ECHAM®6-wiso well simulates the general spatial patterns of 2 m air

286  temperature and specific humidity over the TP. Particularly, the model captures detailed
10
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287  spatial features. On the Chi-lien Mountains and Qaidam Basin, terrain-induced
288  temperature heterogeneity is significant. The model reproduces fairly well this regional
289  pattern, demonstrating a capability to perform reasonable simulation under complex TP
290  topography.

291  Seasonal patterns in observed 2 m specific humidity, air temperature and precipitation
292  amount are well simulated by ECHAMG6-wiso for the four stations with an increase
293  from January to July or August and a decline in the remaining months, showing
294 consistent seasonal variations (Fig. 1). Higher values in those atmospheric variables are
295  generally observed and modeled for the stations located on the southern TP (i.e.,
296  Kathmandu and Lulang). Besides precipitation, ECHAMG6-wiso demonstrates the rather
297  high correlations for the four stations with slightly overestimation or underestimation.
298  For 2 m air temperature, the correlation coefficients are 0.85, 0.90, 0.88, and 0.91 at
299  Kathmandu, Lulang, Namco and Muztag sites. For 2 m specific humidity, the
300 correlation coefficients are 0.77, 0.86, 0.87, and 0.68. At Kathmandu site, ECHAMG6-
301  wiso slightly overestimates 2 m air temperature (13.06 °C in observation, while 14.88 °C
302 in ECHAMG6-wiso, annual averaged) and underestimates specific humidity (9.8 and 8.7
303  g/kg in observation and ECHAMG6-wiso, respectively), obviously from January to April,
304  which difference increases to -2.0 g/kg in average. At Lulang site, both simulated 2 m
305  air temperature and specific humidity have been slightly overestimated (+1.58 °C and
306  +1.44 g/kg). At Namco and Muztag sites, ECHAMG6-wiso shows a quite well agreement
307  with observed 2 m air temperature, but slightly overestimates specific humidity during
308  the monsoon period (+0.88 g/kg and +0.48 g/kg).

309  Precipitation is the most challenging to model. At Kathmandu site, ECHAM6-wiso
310  simulates generally too low precipitation amount, especially during the monsoon period.
311  Averaged precipitation amount in observation is 12.67 mm/d at this site, while in
312  ECHAMG6-wiso is 10.95 mm/d. However, the model overestimates precipitation
313 amount in the three other sites. Averaged monsoon precipitation amounts in
314  observations are 10.24, 3.73, 1.19 mm/d at Lulang, Namco, and Muztag sites, while in

315 ECHAMG6-wiso are 15.26, 6.62, and 1.26 mm/d, respectively.

11
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316

317  Figure 1. Daily time series of (a), (d), (g), (j) precipitation intensity [mm/d], (b), (e),
318  (h), (k) 2 m air temperature [°C], and (c), (), (i), (I) 2 m specific humidity [g/kg] at
319  four monitoring stations. Red lines represent ECHAMO6-wiso simulated results. Black
320 lines indicate the observational values.

321

322 3.2 Spatiotemporal Patterns of Monthly Near-Surface 880y

323 The 8'%0 in near-surface water vapor (5'0) over the TP exhibits two principal spatial
324  patterns modulated by large-scale atmospheric circulation, as evidenced by monthly
325  observational data (Fig. 2). These patterns correspond primarily to the seasonal
326  dominance of the mid-latitude westerlies and the Indian summer monsoon. The
327 monsoon period, extending from June to September, is characterized by moist air
328  masses transported via southwestern and southeastern pathways. The remaining months
329  comprise the non-monsoon period, during which the mid-latitude westerlies dominate.
330 During the non-monsoon period, observed monthly §'80, values display a clear
331  meridional gradient (the “latitude effect”), with progressive isotopic depletion as the air

332  masses move poleward (hereafter: meridional pattern). Kathmandu, the southernmost
12
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333 monitoring station, shows the most enriched §'%0y values (-11.79%o, averaged of the
334  non-monsoon period), while the northernmost station, Muztag, exhibits the most
335  depleted values (mean: -30.71%o). Lulang and Namco exhibit intermediate 5'30y values
336 (-19.93%0 and -23.72%., respectively), consistent with their respective latitudinal
337  positions. During the monsoon period, the meridional pattern transitions to a zonal
338 (east-west) gradient. 5'30, values at Muztag increase markedly from -30.71%o to -16.48%o
339  averagely, contrasting with persistently depleted conditions at Lulang and Namco site.
340  This zonal isotopic distribution aligns with previous precipitation isotope studies (Yao
341 etal., 2013).

342  Compared with the observations, ECHAMG6-wiso effectively captures these different
343  seasonal spatial patterns with enhanced spatial details. ECHAMG6-wiso replicates
344  latitudinal depletion during the non-monsoon period, including maximal isotopic
345  enrichment south of the Himalayas (-12.38%o in average), and the pre-monsoon shift of
346  enriched 8'®0y that initially expanding from the southeast TP and subsequently shifting
347  toward the southwest (Supplementary Fig. 4b-e). The seasonal evolution is also well
348  reproduced: as the monsoon weakens in September, it is clearly notice that the enriched
349 §'80y core starts retreat, flanked by more depleted air masses to the north and south
350  (Supplementary Fig. 4j). In addition, corroborated by vertically integrated water vapor
351  flux, relating a strong correspondence between moisture convergence zones and early-
352 onset isotopic depletion. At the southeastern TP, the most isotopic depleted regions
353  (from -18.31%o in June to -24.57%o in September) firstly occur and extend where
354  moisture convergences are obvious as Indian summer monsoon continually develops
355  (Supplementary Fig. 4f-h).

356  Time series analyses confirm that the observed seasonal cycles of monthly §'%0y are
357  generally consistent, yet not perfectly synchronized with the monsoon and non-
358  monsoon transition (Fig. 3). At Kathmandu and Lulang sites, 8'30y increases from
359  September to April and decreases thereafter. For monitoring station closer to interior,
360 Namco exhibits a similar seasonal cycle as at Kathmandu and Lulang but with weaker
361  amplitude and higher variability. Muztag, in contrast, displays a distinct pattern: 5'0,

362  rises from January to August and declines thereafter, with the largest amplitude among
13
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363  all stations (from -39.29%o in January to -14.26%o in August).

364 ECHAMG6-wiso simulation accurately replicates these seasonal cycles and amplitudes
365  with fair fidelity at Kathmandu and Lulang sites. Quantitative evaluation shows that
366 ECHAMG6-wiso well simulates water vapor isotope ratios at seasonal-scale over the TP
367  (Fig. 3e). A correlation coefficient greater than 0.6 (p < 0.001) is found for the four
368  stations, accompanied by reasonable error margins. Model accuracy is particularly
369  strong in the southern regions of the TP but decreases gradually with latitude, with
370  greater bias at Muztag.

371 At Kathmandu site (Fig. 3a), the simulated increase in §'®0y during the non-monsoon
372 period is weaker than the observations. At Lulang and Namco sites, simulations show
373  persistent over-enrichment (Fig. 3b and ¢), which is even more severe at Namco site.
374  Given that Namco site is located by the lake, reasons are likely due to deficiencies in
375  representing lake-related fractionation processes (e.g., evaporation and condensation
376  over lake surface). At Muztag site (Fig. 3d), the simulated seasonal amplitude is too
377  small and peaks two months too early. Errors are especially pronounced during the non-

378  monsoon period.

(a) non-monsoon

-10

379

380  Figure 2. Distributions of simulated (colored contours) and observed (colored dots)
381  monthly mean near-surface 880y values [%o] during (a) non-monsoon and (b)

382 monsoon periods, averaged of period 2020-2021. Black arrows denote the simulated

1

383 vertically integrated water vapor flux [kg - m~! - s71], while the black polygon outlines

14
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384  the TP border. Four monitoring stations are informed by abbreviation: Kathmandu (Ka),
385  Lulang (Lu), Namco (Na), and Muztag (Mu).
386
(a) Kathmandu
-10 W
g) -20
uOO
-, -30
pel —ob
—ter©
40 1 0.8
-10 {(b) Lulang 06 C‘O/}
g &
8 y
& .20 * 9”00
£ 0.4
o 30
-40 | *
-10 | (¢) Namco
— 0.2
é) A
O
@
“lo
0
012 3 45 6 7 8 9
) A Kathmandu RMSE (%)
ag> M Lulang
2 * Namco
* Muztag
387
388  Figure 3. Monthly time series of near-surface 3'0y at (a) Kathmandu, (b) Lulang,
389  (¢) Namco, and (d) Muztag. (e) Projection of correlation coefficients and RMSEs
390  for monthly 'Oy time series. The red lines represent the ECHAMG6-wiso simulated
391  results, while observations are shown as black lines. The envelopes indicate monthly
392  variability. In panel (e), a higher radial value indicates higher error; angle indicates
393  correlation (close to left=better). Stations markers: Kathmandu (upward triangle),
394  Lulang (square), Namco (pentagram), and Muztag (asterisk).
395
396 3.3 Different Phase Seasonal Cycle of $'®0Oy at Muztag
397  The distinct seasonal behavior of §'80, observed at Muztag deviates markedly from the
398  other sites, suggesting fundamentally different mechanisms controlling isotopic
399  variation. Given that §'80, variation is defined by changes in the ratio of “isotopic

15
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400  heavy water” to “normal light water”, its variability reflects not only the abundance of
401  humidity but also fractionation processes. In addition, when multiple processes operate
402  simultaneously (some reinforcing and others offsetting), it is challenging to disentangle
403 the driving factors behind §'30, anomalies.

404  An advantage of isotope-enabled AGCMs like ECHAMG6-wiso is their ability to
405  separately simulate the transport of “normal light water” (H2!°0) and “heavy isotopic
406  water” (HD'®O and H,!'%0), facilitating detailed diagnostic analyses of isotopic
407  variations. Simulated “normal light water” at the southern monitoring stations
408  (Kathmandu, Lulang, and Namco) shows a gradual increase from January to
409  July/August, followed by sharp decline after September (from 1.29 g/kg to 8.88 g/kg in
410  average). At Muztag site, while “normal light water” also rises until July, its amplitude
411  is less pronounced (Fig. 4a). Simulated “heavy isotopic water” shows an almost same
412 change as “normal light water” but with a much lower magnitude.

413 Importantly, by decoupling change of two waters, the seasonal 3'®0Oy pattern stems not
414  from divergent trends in two water mass concentrations, but from a mismatch in the
415  rates of change between “normal light water” and “isotopic heavy water”. Thus, to

416  quantify this mismatch, we define a metric termed the “multiple factor”, the ratio of

Qiso,t+1/q
iso,t

dt+1 /qt

418 , Fig. 4b). A value of f < 1 implies that “isotopic heavy water” increases more slowly

417  change of “isotopic heavy water” to that of “normal light water” (f =

419  or decreases more rapidly than “normal light water”, signaling intensified isotopic
420 fractionation (e.g., more precipitation en route) happened during atmospheric transport
421  or a shift in water vapor source region toward more isotopically depleted regions.
422 Conversely, a value of f> 1 suggests that faster increase or slower decrease in “isotopic
423 heavy water” than “normal light water”, indicating that the water vapor source is either
424 becoming isotopically enriched or shifting toward more enriched regions.

425 At Kathmandu, Lulang, and Namco, f > 1 between September and March, peaking in
426  the immediate post-monsoon period (September to November), before dropping below
427 1 during the core monsoon months (June-September). This is consistent with enhanced

428  fractionation along longer atmospheric transport paths during the monsoon onset and

16
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429  decay. In contrast, Muztag exhibits a nearly opposite phase pattern: f> 1 from January
430  through July and drops below 1 thereafter. This unique pattern in the relative dynamics
431 of “normal light water” and “isotopic heavy water” consequently yield its distinct
432 seasonal 3'30y cycle. Compared to other sites, the multiple factor and water mass
433 concentration at Muztag site show in-phase change, suggests they may be modulated
434 by same mechanisms (e.g., meridional oscillation of atmospheric transport).
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436 Figure 4. (a) Monthly time series of simulated specific humidity [kg/kg] for
437 “normal light water” (H2'°0; dashed lines) and “isotopic heavy water” (H2'%0;
438  solid lines) at four stations, averaged over 2020-2021. (b) Monthly evolution of the
439  multiple factors, defined as the ratio of the monthly rate of change in H2'30 to that
440  of H2'°0. Colors represent Kathmandu (orange), Lulang (yellow), Namco (purple), and
441  Muztag (light blue).
442
443 3.4 Deficiencies of Simulated Daily $'0v
444 Differences between simulated and observed daily 8'%0, values show a general
445  overestimation in ECHAMG6-wiso, especially during the non-monsoon period (Fig. 5a).
446 Scatter plots comparing daily observed and simulated §'%0y reinforce these findings
447  (Fig. 5b). Across all sites, the simulation exhibits a systematic positive bias, particularly
448  for low 8'%0, values (i.e., underestimating isotopic depletion). Observations range from
449  -45.80%0 to -6.57%o, but the model fails to reproduce both tails of the distribution.
450  Specifically, at Kathmandu, ECHAMSG6-wiso obviously underestimates the most
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451  enriched §'%0y values, misclassifying values in [-12%o, -6%o] as falling in [-20%o, -
452 12%o]. At Lulang and Namco, simulated daily §'%0y values consistently show positive
453  deviations across the full range of observations, reflecting overestimated vapor
454  enrichment. At Muztag, observed §'80, values below -27%o are systematically
455  overestimated by the model, indicating a failure of model to depict mechanisms that
456 deplete 5'%0y values.

457  While ECHAMG6-wiso captures the seasonal-scale behavior of 5'30, over the TP with
458  reasonable accuracy (Fig. 3e), its performance degrades significantly when evaluated
459  against daily observational records (Fig. 5c). Although correlation coefficients remain
460  positive (r > 0.6, p < 0.001) at four sites, they are notably lower than those for the
461  monthly data. This reflects the model’s limited skill in resolving short-term variability
462 in 8'30, particularly at higher latitudes and more inland locations such as Muztag site.
463 A comparison of probability-density functions (PDFs) for observed and simulated daily
464  3'%0, values further illustrate the model deficiencies (Fig. 6). Observed PDFs exhibit
465  the spatial heterogeneity consistent with the “latitude effect”, with increasingly depleted
466  modes moving northward, except at Muztag, where a bimodal distribution emerges,
467  suggesting durations of different mechanisms affecting !0y are relatively consistent
468  (Supplementary Fig. 5).

469  Despite capturing the overall shape of the observed PDFs, ECHAM®6-wiso consistently
470  overestimates 8'30, values, and misrepresents the tails of the distributions: 1) At
471 Kathmandu, observed values are mainly concentrated in range [-20%o, -8%o] (density >
472 0.1), yet ECHAMG6-wiso fails to reproduce the most enriched extremes, instead shifting
473  probability toward more depleted values, especially in the range [-14%o, -10%0] (Fig.
474  6a); 2) At Lulang and Namco, observed probabilities peak between [-26%o, -16%0] and
475  [-28%o, -18%0], respectively, but the model shifts the distributions significantly higher
476 8'%0., with peak densities [-18%o, -10%o] and [-20%o, -14%o], respectively (Fig. 6b and
477 c¢); 3) At Muztag, the observed bimodal structure (peaks near -29%o and -15%o) is not
478  captured by ECHAMG6-wiso, which instead produces a unimodal distribution centers
479  near [-22%o, -14%o] (Fig. 6d). This indicates that ECHAM®6-wiso may fails to precisely

480  reproduce the transition between mechanisms that affect §'30, values.
18
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481  Moreover, it is important to account for the vertical mismatch between modelled and
482  observed values. Simulated near-surface §'30y corresponds to the lowest atmospheric
483  model level (~60 m above ground surface), whereas observations were made closer to
484  the surface (~2-5 m). If simulated values are linearly extrapolated to the observational
485  height, given that profile of simulated §'%0y, actual overestimation might be even more

486  obvious.
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488  Figure 5. (a) Daily time series of simulated 8'®0Ov values minus observed. (b)

489  Scatter plots comparing observed and simulated daily $'®0Oy. (¢) Projection of
490  correlation coefficients and RMSEs for daily 8'%0y time series. In panels (a) and (b),
491  colors indicate stations: Kathmandu (orange), Lulang (yellow), Namco (purple), and

492  Muztag (light blue). In panel (b), black line indicates the values the model would have
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493  if it exactly matched observations. In panel (c), a higher radial value indicates higher
494  error; angle indicates correlation (close to left=better). Stations markers: Kathmandu

495  (upward triangle), Lulang (square), Namco (pentagram), and Muztag (asterisk).
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498  Figure 6. Probability density functions (PDFs) of observed and simulated daily
499  near-surface 830y at: (a) Kathmandu, (b) Lulang, (¢) Namco, and (d) Muztag.
500  QGray bars: observations; orange bars: ECHAM6-wiso simulation.

501

502 3.5 Error Attribution of Simulated Daily 630y

503  We begin the attribution analyses by examining conventional drivers of §'30y variability,
504  temperature and precipitation, which influence fractionation through thermodynamic
505 and removal processes, respectively. Theoretically, warmer air mass would reduce
506  equilibrium fractionation (i.c., resulting in less 8'80, depletion), while increased
507  precipitation intensity typically enhances isotopic depletion via the “amount effect”

508  (Galewsky et al., 2016). When ignoring other control factors, if a model simulates a

20



https://doi.org/10.5194/egusphere-2026-2351
Preprint. Discussion started: 20 May 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

509  warm bias in temperature or dry bias in precipitation intensity, simulated §'80y values
510 would present a positive bias, the reverse is true. However, ECHAMG6-wiso exhibits
511  inconsistent relationships between these two drivers and §'%0, biases, suggesting that
512 these first-order controls do not fully explain the model deficiencies.

513 At Kathmandu site, the model exhibits a warm bias from January to May (Fig.1b),
514  which would typically reduce §'%0, fractionation. Yet, the modeled §'%0, shows a
515  negative deviation (Fig. 5a), which is opposite of to what is expected. At Lulang site,
516  during the monsoon period, the model simulates a moist bias (Fig. 1d), which should
517  produce more depleted 3'30,, but instead the model overestimates 3'30, (Fig. 5a). At
518  Namco site, simulated precipitation intensity exhibits a strong moist bias during the
519  monsoon period (Fig. 1g), yet the model still overestimates 5'30., again inconsistent
520  with expectations. At Muztag site, simulated biases in temperature and precipitation
521  cannot reflect significant underestimation of isotopic depletion during the non-
522 monsoon period. These findings confirm that classical explanatory variables
523  (temperature and precipitation) do not adequately capture the origins of model bias in
524 §'80,. The progressively removal processes during atmospheric transport, even
525  atmospheric circulation itself, might also has significant impact on isotopic simulation
526  error.

527  However, it is hard to examine relationship between atmospheric circulation and
528  simulated 5'30, biases by selecting exact variable. On the other hand, variation of 'Oy
529 is influenced by multiple processes operating at distinct time scales, resulting in daily
530  §'80, time series composed of rapid fluctuations superimposed on signals with longer
531  periodicities. Therefore, decomposing such complex time series into distinct periodic
532 components significantly facilitates error attribution analyses.

533 We employed Ensemble Empirical Mode Decomposition (EEMD) to isolate the
534  dominant temporal components in the simulated and observed daily §'%0y series (see
535  Methods). We extracted five primary components, representing distinct temporal scales:
536  sub-weekly (2-3 days), weekly (3-7 days), biweekly (7-15 days), monthly (15-45 days),
537  and seasonal (45-90+ days). These decomposed components were then used to assess

538 error attributions and identify the dominant time scales responsible for model bias in
21
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539  both monsoon and non-monsoon periods (Fig. 7).

540  During the non-monsoon period, errors at seasonal scale dominate across all sites,
541  contributing over 50% of the total RMSE (Fig. 7a). As variations above monthly scale
542 are mainly modulated by atmospheric circulations, this suggests that a bias in large-
543  scale atmospheric circulation patterns in ECHAMG6-wiso.

544  During the monsoon period, the error structures are more variable (Fig. 7b). A higher
545  contribution from shorter time scales (e.g., sub-weekly and weekly) is only found at
546  Kathmandu site, situated on the southern slope of the Himalayas, whereas longer time
547  scales (e.g., monthly and seasonal) contribute less than 50% (44.15%). The increased
548  error contribution from shorter time scales implies the more frequency or error in
549  synoptic-scale events during atmospheric transport. Error structures similar to the ones
550 in non-monsoon period are found in Lulang and Namco sites, with dominant
551  contributions from low frequency (monthly and seasonal) components (57.12% and
552 61.09%, respectively). These different error structures on south and north sides of the
553  Himalayas imply a pronounced impact of the Himalayan topography on simulation of
554  atmospheric circulation. As atmospheric moisture transporting across the Himalayas,
555  circulation-related error (longer time scales) gradually greater than convective-related
556 (shorter time scales) and become the primary origin of error. At Muztag site, located on
557  the northwestern TP, contributions at various time scales are relatively balanced,
558  suggesting equal importance of large-scale atmospheric circulations and frequent
559  convective events.

560  To understand what happens when ECHAMG6-wiso simulates atmospheric circulation
561  over the TP, the TP border was demarcated into 13 transects referred to Liu et al. 2024
562  (see Supplementary materials for details), and evaluation of atmospheric moisture
563 transport was conducted in each transect. The spatial patterns of atmospheric moisture
564  transport around the TP and inflow profiles in transect 4 (near the Himalayas) for this
565  study are shown in Figure 8.

566  Owing to the extreme elevation of the TP, which significantly exceeds the surrounding
567  topography, regional moisture transport across the Himalayas is physically constrained

568 above the 800 hPa level (Fig. 8a). However, ECHAMG6-wiso erroneously simulates
22
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569  significant land-terminating moisture flux below this pressure level (Fig. 8b). This
570 failure to capture the topographic blocking effect leads to a pronounced simulation bias,
571  wherein excessive moisture is artificially transported into the TP interior. Crucially,
572 because this spurious moisture bypasses the physical barrier of the Himalayas in the
573  model, it does not undergo the requisite topographic lifting and subsequent orographic
574  rainout. Consequently, the simulated water vapor remains isotopically enriched due to
575 the absence of Rayleigh-type distillation during ascent. This process results in a
576  systematic overestimation of 3Dy and 3180, values across the Himalayas. Furthermore,
577  rather than being redirected by the high terrain (Fig. 8c), the moisture is incorrectly
578  routed directly onto the Plateau, fundamentally altering the modeled spatial patterns of
579  transport (Fig. 8d). Given that ECHAMG6-wiso is nudged toward ERAS, an analysis of
580 the ERAS inflow profiles (Supplementary Fig. 7) reveals similar non-physical moisture
581  flux below 800 hPa. These results suggest that the misrepresentation of terrain-induced
582  blocking may stem from the specific nudging implementation or the inherent
583  limitations of the model’s horizontal resolution in resolving steep alpine gradients.

584  We introduced the concept of “improvement potential”, defined as a theoretical metric
585 quantifying the residual model accuracy gain achievable if a specific temporal
586  frequency were simulated with zero variance error. This metric mirrors the error
587  contribution patterns, reaffirming the disproportionate contribution of low frequency
588  components represents the primary bottleneck for model performance.

589  During the non-monsoon period, a selective correction of low-frequency scales (i.e.,
590  monthly and seasonal) reduces the total Root Mean Square Error (RMSE) by over 50%
591 across all observation sites (Fig. 9a). This underscores that refining the simulation of
592  large-scale atmospheric circulation, such as the positioning and intensity of the westerly
593 jet, should be a prioritized objective for model development over the TP. Conversely,
594  during the monsoon period, the relative importance of high-frequency variability
595 increases at Kathmandu and Muztag sites. This shift is likely attributable to the
596 increased frequency of synoptic-scale frontal systems or localized mesoscale
597  convective disturbances (Fig. 9b). However, at Lulang and Namco sites, the low-

598 frequency components remain the dominant drivers of model improvement. This
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599  persistence suggests that terrain-induced systematic biases along the Himalayas are
600  exert a first-order control on isotopic variance, effectively overwhelming the stochastic

601  errors associated with transient synoptic processes.
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603  Figure 7. Error contributions for '®0y simulations across time scales during (a)

602
604  non-monsoon and (b) monsoon periods. Time scales: sub-weekly (dark red), weekly

605  (orange), biweekly (yellow), monthly (light blue), and seasonal (blue).
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608  Figure 8. (a), (b) Inflow profiles [102 kg m™ s7'] on transect 4. (¢), (d) Atmospheric

609  moisture transport (vertically integrated water vapor flux) [kg m™! s!]. In panel (a),

610  (b), inflow profiles are perpendicular vector values of atmospheric moisture transport

611 relative to transect 4 at each pressure level. In panel (c), (d), black arrows denote the

612  vertically integrated water vapor flux, while the gray polygon outlines the TP border.

613  The black lines show location of the 13 transects.

614
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616  Figure 9. “Improvement potential” for 3'%0y simulations across time scales during

615

617  (a) non-monsoon and (b) monsoon periods. Time scales: sub-weekly (dark red),
618  weekly (orange), biweekly (yellow), monthly (light blue), and seasonal (blue).

619

620 4 Conclusions

621  For several decades, evaluations of isotope-enabled atmospheric general circulation
622  models IAGCMs) over the TP have primarily relied on precipitation stable isotopes,
623  due to the scarcity of high-resolution atmospheric water vapor isotopic measurements.
624  This study addresses this gap by utilizing a unique daily observational dataset (January
625 2020-November 2021) from four strategically located high-altitude stations
626  (Kathmandu, Lulang, Namco, and Muztag). We provide the first systematic evaluation
627 of ECHAMG6-wiso’s ability to simulate water vapor stable isotope ratios (5'%0y) in the
628  near-surface atmosphere over the TP.

629  Our results demonstrate that while ECHAMG6-wiso successfully captures the
630  overarching spatial distribution and seasonal cycle of §'%0,, its performance exhibits a
631  distinct latitudinal gradient, with higher fidelity in the southern TP. Notably, the unique
632  seasonal cycle observed at the Muztag site, driven by a kinetic mismatch in the rates of

633  change between light and heavy isotopologues, is reproduced by ECHAMG6-wiso, albeit
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634  with persistent deficiencies. Despite these seasonal successes, model performance
635  degrades significantly at the synoptic scale. We identify a systematic positive bias,
636  specifically an underestimation of isotopic depletion during low §'30, events, which
637  points to fundamental errors in the simulation of moisture distillation processes.

638  To diagnose the drivers of these biases, we employed the Ensemble Empirical Mode
639  Decomposition (EEMD) technique to isolate the dominant temporal components
640  ranging from sub-weekly to seasonal scales in the simulated and observed daily 5'%0,
641  series. Our analysis reveals that low-frequency components (monthly and seasonal)
642  dominate the simulation error across all sites, particularly during the non-monsoon
643  period, where they contribute over 50% of the total Root Mean Square Error (RMSE).
644  These errors are physically linked to the model’s inability to resolve terrain-induced
645  atmospheric moisture blocking along the Himalayan arc. By incorrectly transporting
646  moisture directly onto the Plateau, a bias mirrored in the ERAS nudging data, the model
647  fundamentally distorts the spatial patterns of moisture flux. This suggests that the
648 nudging implementation or insufficient horizontal resolution remains a primary
649  bottleneck for isotopic accuracy in regions of steep topography.

650 We further introduced the “improvement potential” metric, which quantifies the
651  theoretical accuracy gain achievable by resolving specific temporal scales. This
652 indicator confirms that prioritizing the refinement of low-frequency, large-scale
653  atmospheric circulation could reduce total RMSE by more than 50% during the non-
654  monsoon period. Our findings align with previous global and regional studies (e.g.,
655  Steen-Larsen et al., 2016; Shi et al., 2022) which reported similar positive biases in
656 1AGCMs over Greenland and the TP. However, this study advances the field by
657  quantifying the contribution of these errors and identifying the topographic-circulation
658  nexus as the primary source of isotopic distortion.

659 In summary, these results underscore the critical role of resolved atmospheric
660  circulation in stable isotope simulations. Our findings highlight the necessity of high-
661  resolution isotopic datasets to refine moisture source attribution and water-cycle
662  dynamics in complex alpine environments.

663
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664  Code and data Availability

665 The HARV2 data set can be obtained from: https://data.klima.tu-berlin.de/HAR/ (Wang

666  etal., 2021). The observational data and model outputs at Kathmandu, Lulang, Muztag,

667 and Namco are publicly available at: https://doi.org/10.6084/m9.figshare.31900747

668  (Liuetal., 2026a) and https://doi.org/10.6084/m9.figshare.31900705 (Liu et al., 2026b).

669  Core representative analysis scripts used to evaluate model performance are openly

670 available at: https://doi.org/10.6084/m9.figshare.31900777 (Liu et al., 2026c).
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