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Abstract:  21 

Correlated seasonal variation in precipitation amount and its oxygen isotope ratios (δ18O) has long 22 

been observed and frequently invoked in the interpretation of paleo-δ18O records from the Asian 23 

Monsoon (AM) region. However, the underlying cause of the observed seasonal δ18O variation is still 24 

under debate. Precipitation δ18O values show a single, consistent seasonal pattern across the region, with 25 

high values in pre-monsoon (late-spring to early-summer) and low values in the monsoon mature (mid- 26 

to late-summer) periods. We tested three hypotheses that may give rise to the measured precipitation 27 

δ18O pattern, involving variation in: 1) local precipitation, 2) moisture sources, and 3) convection in 28 

moisture source regions. We show that seasonal precipitation amounts across the AM region exhibit two 29 

pattern types: pre-monsoon peak or monsoon mature peak, and thus do not provide a consistent 30 

explanation for the isotopic pattern. We test the hypotheses that changing moisture sources or moisture 31 

source isotope ratios drive the seasonal isotopic pattern using a combination of Lagrangian moisture 32 

source attribution and output from an isotope-enabled General Circulation Model (LMDZ4), but find 33 

little seasonal variation in moisture sources; that which does exist is not consistent with the observed 34 

isotopic change. Instead, we show that the precipitation δ18O transition from pre-monsoon to monsoon 35 

mature stage is correlated with intensification of convective activity in moisture source regions, which 36 

is the result of monsoon establishment and northward migration of the Intertropical Convergence Zone 37 

(ITCZ). We propose that light water vapor, transferred to the lower-troposphere through downdrafts and 38 

evaporation of rain in the vicinity of intense convection, is advected to the AM region and labels 39 

precipitation during the monsoon mature period. These results demonstrate that precipitation δ18O in the 40 

AM region more strongly reflect large-scale atmospheric dynamics than local precipitation amount or 41 
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moisture source, guiding the interpretation of paleo-isotope data from this region.  42 

Keywords: Oxygen isotope; precipitation; seasonal variation; moisture source; convection; Asian 43 

Monsoon 44 

1 Introduction 45 

Monsoon regions are characterized by strong seasonal reversal in atmospheric circulation and 46 

associated wet/dry alternation. The Asian Monsoon (AM) is the archetypal monsoon system (Wang, 47 

2006). In the region it affects human wellbeing, which is intimately linked to water resources, natural 48 

disasters such as heavy rainfalls and droughts, and other weather phenomena. Thus, understanding the 49 

dynamics and variability of the AM is of great scientific and socioeconomic importance.  50 

Precipitation isotope signals (δD and δ18O, both in modern precipitation and reconstructed from 51 

proxy archives), which vary in response to climatic system processes (e.g., Araguás-Araguás et al., 1998; 52 

Bowen and Wilkinson, 2002; Dansgaard, 1964; Rozanski et al., 1993), have proven valuable in 53 

understanding present monsoon climate and providing opportunities to study the history of the monsoon 54 

as far back as 640,000 years ago (e.g., Cheng et al., 2016; Thompson et al., 2000; Wang et al., 2001; Yao 55 

et al., 2013). The “amount effect” (the inverse correlation between monthly precipitation δ18O and 56 

precipitation amount) (Dansgaard, 1964) is a prominent empirical relationship derived from modern 57 

isotopic studies in tropical and monsoon regions. The amount effect has been documented and studied 58 

in the AM region, where it can be observed as anti-phase seasonal variations in precipitation amount and 59 

precipitation δ18O values at some (e.g., Araguás-Araguás et al., 1998; Yao et al., 2013), but not all sites 60 

(e.g., Breitenbach et al., 2010; Tang et al., 2015), and has been adopted in the interpretation of many 61 

paleoclimate records in the region (e.g., Tan et al., 2018; Tian et al., 2003).  62 
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There is now a strong consensus that the empirical amount effect is not mechanistically associated 63 

with variation in local precipitation amount, but rather reflects large-scale atmospheric phenomena. 64 

Researchers studying the AM region have explored three different types of explanations for the amount 65 

effect observed in this region. First, some work has continued to focus on the traditional association of 66 

precipitation δ18O with local precipitation amount, which presumably reflects the extent of rainout and 67 

associated isotopic fractionation in different systems. This negative relationship has remained of 68 

particular interest in paleoclimate studies, where researchers seek to reconstruct local precipitation at 69 

sites where proxy records were obtained (e.g., Dayem et al., 2010; Tan et al., 2018).  70 

Second, as early as 1989, scientists found a sharp decrease in snowfall δ18O values on the Tibetan 71 

Plateau during the monsoon onset (from late May to early June) and attributed this transition to changes 72 

in moisture sources, with high values associated with continental moisture and low values with oceanic 73 

moisture (Yao et al., 1991). A later regional study also attributed seasonal variation in AM precipitation 74 

δ18O to seasonally changing moisture sources (Araguás-Araguás et al., 1998), and this moisture source 75 

hypothesis has been widely advanced to explain precipitation isotope patterns in the AM region (e.g., 76 

Breitenbach et al., 2010; Peng et al., 2010; Tang et al., 2015; Xie et al., 2011). Robust support for and 77 

mechanistic understanding of this hypothesis remains elusive, however, and it is not clear whether there 78 

is actually a large shift in moisture sources during the monsoon season or whether varying vapor source 79 

δ18O values can explain the precipitation isotope observations. A recent moisture source study in the East 80 

AM region, for example, showed that despite strong westerly water vapor transport in winter the majority 81 

of moisture contributing to precipitation came from the tropical oceans (Li et al., 2016).  82 

A third set of hypotheses for the AM amount effect focuses on upstream atmospheric processes, 83 
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such as convective intensity and moisture convergence. Convective processes have the potential to alter 84 

local precipitation and vapor isotope compositions in the source regions (Kurita, 2013; Lee et al., 2007; 85 

Moore et al., 2014; Risi et al., 2008a; Worden et al., 2007), and the propagation of this vapor to 86 

downstream sites could influence precipitation isotope ratios in the AM region (Cai and Tian, 2016a; He 87 

et al., 2015; Tang et al., 2015). These processes have been shown to affect precipitation isotope ratios at 88 

short timescales (event to interannual scales) in the AM region (e.g., Cai et al., 2017; Tang et al., 2015) 89 

and other monsoon regions (e.g., Risi et al., 2008b; Vimeux et al., 2005). For instance, Tang et al. (2015) 90 

suggested that the combined effects of source region location and upstream rainout cause intra-seasonal 91 

precipitation δ18O variation at Nanjing during the summer monsoon. Cai and Tian (2016a) suggested 92 

that seasonal variation in East AM precipitation δ18O values is related to cloud-top height variation 93 

associated with monsoon convective intensity, raising questions about the significance of moisture 94 

source as a control on regional precipitation isotope ratios.  95 

These uncertainties in our understanding of modern precipitation δ18O variations (the amount effect 96 

and controlling mechanisms), in part, hinder the interpretation of paleo-δ18O records from natural 97 

archives, such as ice cores from the Tibetan Plateau (e.g., Thompson et al., 2000), speleothems from 98 

southeast China (e.g., Liu et al., 2015), and tree ring cellulose (e.g., Xu et al., 2015). For example, 99 

whether speleothem δ18O records from southeast China are robust proxies for East AM precipitation 100 

amount or not remains an open discussion (e.g., Dayem et al., 2010; Liu et al., 2015; Tan et al., 2018). 101 

As new paleo-δ18O records are developed at a growing rate and new technology allows resolution of 102 

sub-annual paleo-δ18O records in this region (e.g., Xu et al., 2015), a clearer understanding of modern 103 

precipitation δ18O variation is becoming more important and urgent. 104 
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Here we spatially characterize seasonal variations in precipitation amount and precipitation δ18O 105 

from station data and gridded data products to examine the amount effect across the AM region. Based 106 

on the results we identify two distinct seasonal precipitation patterns in the region, one dominant in areas 107 

of southeast China where precipitation peaks before the summer monsoon onset, and one characteristic 108 

of much of the rest of the region with maximum precipitation during the mature stage of the summer 109 

monsoon. Focusing on the region dominated by the pre-monsoon maximum, we conduct daily back 110 

trajectory calculation over ten years to determine moisture sources during these two seasons and infer 111 

moisture source isotopic composition using an isotope-enabled General Circulation Model (LMDZ4). 112 

To test whether results from this sub-region are applicable to the broader AM region, we conduct a 113 

comparative study on a sub-region of the monsoon mature domain in south Asia. Our results suggest 114 

that moisture source variation does not offer a consistent explanation for precipitation isotope variation 115 

within both monsoon sub-regions, and we propose instead that this variation is driven by upstream 116 

convective processes that isotopically deplete lower-troposphere vapor within vapor source regions. 117 

Seasonal variation in precipitation δ18O is thus controlled largely by source region convection and 118 

associated large-scale atmospheric circulation.  119 

2 Data and methods 120 

2.1 Isotope and climate data 121 

Our work uses precipitation δ18O observations from several sources to obtain data from across the 122 

AM region. These data include event-based precipitation δ18O data at Lhasa, southern Tibetan Plateau 123 

from 1993-2014 (Cai et al., 2017) and at Lulang, southeast Tibetan Plateau from 2007-2014 (Yang et al., 124 

2017); event-based precipitation δ18O data at Guangzhou, southeast China from 2007-2009 (Xie et al., 125 
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2011); and monthly precipitation δ18O from Global Network of Isotopes in Precipitation (GNIP) stations 126 

in the AM region (https://nucleus.iaea.org/wiser). Associated precipitation amount data from the isotope 127 

monitoring stations are also used in this work. For the event-based data, we calculated precipitation-128 

amount weighted monthly mean δ18O values. GNIP data are also available for the Lhasa and Guangzhou 129 

stations, but with different temporal coverage from the event-based data. In these cases both data sources 130 

were combined to achieve longer temporal coverage. Many GNIP stations have temporal gaps in their 131 

records. Here we used only those stations with adequate data to estimate long-term monthly mean values 132 

for all 12 months (section 3). In most cases, these long-term monthly mean values represent multi-year 133 

average, with a few exceptions in winter months due to sparse precipitation. We note that some of these 134 

stations only have data coverage of several years. However, temporal variability of precipitation δ18O at 135 

annual and longer timescales is much smaller than seasonal variability. Therefore, we argue that the 136 

temporally short data coverage at these stations will only have a small impact on the estimated seasonal 137 

δ18O variability. One station, Sylhet, was excluded from the analyses in section 3 given that data for 138 

December were not available, but provided an adequate monthly record to be used in section 4.4. 139 

In order to classify different modes of variability across the AM region we conducted cluster 140 

analysis on the long-term mean monthly precipitation amount records from the observational stations. 141 

We used the Hierarchical Cluster Analysis tool provided by the OriginPro software package. Before 142 

clustering, we normalized long-term mean monthly values (precipitation amount and δ18O, respectively) 143 

using the equation: z ( ) /x  = − , where: z is the normalized long-term mean monthly value (z-score), 144 

x represents the observed long-term mean monthly value, μ is the annual mean value, and σ is the 145 

standard deviation of the 12 long-term mean monthly values at each station.  146 

https://nucleus.iaea.org/wiser
https://nucleus.iaea.org/wiser
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To compare seasonal precipitation patterns between stations and regions we defined a seasonal 147 

index. Given that the onset of the summer monsoon over most of south-east Asia is during late-May to 148 

June (Wang and LinHo, 2002), we use data from April-May to represent the pre-monsoon season and 149 

July-August the monsoon season. The seasonal index is defined as: ( ) /SI am jax x x = − , where: x is 150 

average precipitation amount or δ18O and subscript am or ja represents April-May or July-August, 151 

respectively.   152 

In order to evaluate precipitation patterns across the AM region we used Version 7 of the Tropical 153 

Rainfall Measuring Mission (TRMM) Multi-Satellite Precipitation Analysis (3B43) with a 0.25o × 0.25o 154 

resolution from 1998-2016 (Huffman et al., 2007). For precipitation δ18O, we used the gridded data 155 

products from the IsoMAP platform (Bowen et al., 2017) created at 0.5o × 0.5o resolution over the 156 

continents. IsoMAP applies combined nonlinear regression and geostatistical modeling methods to 157 

predict precipitation δ18O between data stations (Bowen, 2008; Bowen and Wilkinson, 2002). 158 

Independent variables in the models used here included latitude, latitude squared, and altitude, which 159 

are known to be related to precipitation isotope ratios globally (Bowen and Wilkinson, 2002), as well as 160 

longitude and the square of longitude, which serve as a proxy for continentality effects expressed in 161 

precipitation δ18O values in the AM region (Aggarwal et al., 2004; Cai and Tian, 2016b).  162 

To investigate how the precipitation δ18O is linked with upstream processes, we analyzed satellite 163 

vapor isotopologue (HDO and H2O) retrievals from Tropospheric Emission Spectrometer (TES) during 164 

2006-2010. We used the recent version 6 TES Lite product, which offers improved sensitivity across a 165 

wider altitude range (925-350 hPa) than previous versions of the TES data products (Worden et al., 2006; 166 

Worden et al., 2012). We only used the data for which the available degrees of freedom for signals 167 
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exceeded 0.5 and species retrieval quality was classified as “1” to assure data quality. Individual TES 168 

δD measurements typically have a precision of about 10-15‰, but when averaged over large spatial 169 

domains the precision can be improved to 1-2‰ (Risi et al., 2012; Worden et al., 2006). Although vapor 170 

δD was used in this study, we note that δD and δ18O values of meteoric waters usually vary in parallel 171 

(e.g., Dansgaard, 1964; Rozanski et al., 1993).  172 

We used cloud-top pressure and temperature (CTP and CTT) data from the International Satellite 173 

Cloud Climatology Project (ISCCP) D2 dataset, with a spatial resolution of 280 km × 280 km and 174 

coverage from 1984-2009 (Rossow and Schiffer, 1999), as indicators of convective intensity. ERA-175 

Interim data from the European Centre for Medium-Range Weather Forecasts (ECWMF, 1979-2016) at 176 

37 pressure levels and a resolution of 1o × 1o (Dee et al., 2011) were used in back trajectory calculations 177 

(see below) and to characterize total column moisture flux, moisture convergence/divergence, and 178 

atmospheric circulation. Vertical velocity at 500 hPa (ω), which measures the strength of vertical motion 179 

in the mid-troposphere, was used to estimate the mean latitude of the center of Intertropical Convergence 180 

Zone (ITCZ). More specifically, the mean positon of ITCZ was calculated as the weighted (by the 181 

absolute value of ω) mean latitude of ERA grid cells with ascending air (ω<0).  182 

2.2 Back trajectory calculation and moisture source diagnostic 183 

Air mass back trajectories, initiated four times daily (at UTC 00:00, 06:00, 12:00, and 18:00) and 184 

moved backward with winds for 240 hours (10 days), were computed at 6 hour intervals from the 185 

Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Stein et al., 2015). The air 186 

parcels were released at 1500 m above ground level (AGL), a level with strong horizontal moisture 187 

transport that approximates the expected condensation level in this region (e.g., Aggarwal et al., 2004; 188 
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Breitenbach et al., 2010).  189 

Changes in specific humidity (q) have previously been used to diagnose moisture sources in a 190 

Lagrangian framework as they reflect precipitation and evaporation along the trajectory (e.g., Li et al., 191 

2016; Sodemann et al., 2008). We adopted this concept to estimate moisture source locations along our 192 

back trajectories, and their contribution to precipitating back trajectories initiated from the AM region. 193 

We used two criteria to identify precipitating trajectories: 1) initial relative humidity (at t = 0) more 194 

than 80%; 2) specific humidity change at first time interval (
0 6 0t tq q q=− = = − ) more than 0.2 g/kg 195 

(
0 0.2 /q g kg  ). The relative humidity threshold identifies periods when clouds and precipitation are 196 

likely to exist in the ECMWF model. The specific humidity decrease at the first time interval is assumed 197 

to reflect precipitation at the starting point, and the minimum specific humidity change threshold helps 198 

avoid spurious identification of moisture sinks or uptakes (Sodemann et al., 2008).  199 

For precipitating trajectories, periods of specific humidity increase (forward in time) were identified 200 

as moisture uptake periods and we recorded the average location during each uptake interval as a single 201 

source location for that trajectory. Each trajectory may contain several moisture uptake events. 202 

However, air masses may also experience precipitation (specific humidity decrease) during periods 203 

prior to t=0, thus reducing the contribution of earlier uptake events to precipitation at the back trajectory 204 

staring point. Moisture lost from the air mass was subtracted from the mass of water carried forward 205 

from the preceding uptake event(s). The remaining moisture uptake amounts were used to calculate the 206 

relative contribution of each moisture source to precipitation delivered by a given trajectory and map 207 

the spatial location of moisture sources contributing to AM precipitation across all trajectories. Further, 208 

to isolate uptake associated with surface evaporation, we divided moisture uptake at each source 209 
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location into two parts: uptake within the planetary boundary layer (linked with surface evaporation) 210 

and in the free troposphere (above planetary boundary layer; linked with processes other than surface 211 

evaporation, such as convective moistening). In the HYSPLIT model, the planetary boundary layer was 212 

derived from the temperature profile. As in Sodemann et al. (2008), we scaled the estimated boundary 213 

layer height by a factor of 1.5 to account for small-scale variability and model underestimation of 214 

marine boundary layer heights. A more detailed mathematic description of the moisture source 215 

identification and attribution method is given in Sodemann et al. (2008). We conducted this analysis 216 

for a ten-year period (2000-2009) for April, May, July, and August. We did not find any significant 217 

difference between results from the first half (2000-2005) and the whole analysis period (2000-2009), 218 

which suggests that our results are stable and reflective of climatological normals. 219 

To assess potential differences in the isotopic composition of moisture sources from different 220 

locations and times we used output (evaporation flux of the H2O, HDO, and H2
18O isotopologues) from 221 

the LMDZ4 isotope-enabled General Circulation Model, available from the Stable Water Isotope 222 

Intercomparison Group, Phase 2 (SWING2) project (Risi et al., 2012). LMDZ4 has a 2.5o × 3.75o 223 

horizontal resolution and 19 vertical levels. Land surface evapotranspiration at each grid cell is 224 

calculated as a single unfractionated flux. Kinetic effects during sea surface evaporation are represented. 225 

We used output from the nudged version, which is forced by Atmospheric Model Intercomparison 226 

Project (AMIP2) sea surface temperatures and nudged by ECMWF re-analyses wind fields at each level 227 

to constrain model simulations toward actual meteorology (Risi et al., 2010; Risi et al., 2012).  228 

3 Results 229 

Cluster analysis on normalized long-term mean monthly precipitation amount values suggests that 230 
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stations across the AM region can be divided into five groups (Fig. 1; Fig. S1). The first group is 231 

characterized by high rainfall amount during late-spring to early-summer, but relatively less rainfall 232 

during the summer monsoon season (Fig. 1a). These stations are located in southeast China (Fig. 2a). 233 

Groups 2-4 are distributed across much of the rest of the AM region and are all characterized by peak 234 

rainfall during the summer monsoon season, with differences in the timing and pace of the onset/end of 235 

monsoon precipitation among groups (Fig. 1b-1d and 2a). A single station on the southeast coast of 236 

China (Fig. 2a), Fuzhou, shows a distinct pattern with double peaks during late-spring to early-summer 237 

and September (Fig. 1e) and clusters away from the other stations (group 5).  238 

In contrast, precipitation δ18O values show consistent seasonal variation across these groups, with 239 

high values before the onset of summer monsoon and low values during the monsoon season (Fig. 1f-240 

1j). Precipitation δ18O values rebound at most sites after the withdrawing of the summer monsoon (Fig. 241 

1f-1j). A few local exceptions exist, where low δ18O values persist during the post-monsoon season, 242 

which are related to cyclonic activity (Lekshmy et al., 2015).  243 

The spatial distribution of precipitation seasonal index values derived from station and gridded data 244 

are consistent, and support a spatially coherent, bimodal pattern of precipitation seasonality across the 245 

AM region. Pre-monsoon maximum precipitation is characteristic of southeast China, with the monsoon 246 

mature pattern dominating elsewhere (Fig. 2a and 2b). Gridded IsoMAP precipitation isotope data also 247 

support the station observations, indicating that across the region precipitation δ18O is high during April-248 

May but low during July-August across the AM region (Fig. 2c). For most of the AM region, the 249 

precipitation δ18O difference between these two periods is higher than 1.5 standard deviations of the 250 

long-term mean monthly values throughout the year. Thus, the precipitation δ18O during April-May and 251 
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July-August represents the two opposite extremes in terms of annual variation.  252 

4 Discussion 253 

To investigate the controlling mechanisms of seasonal precipitation δ18O variation, we test the 254 

aforementioned (section 1) three hypotheses: local precipitation, continental-oceanic moisture source 255 

shift, and convection in moisture source regions, in the following sections. Finally, a brief discussion on 256 

paleoclimate implications and limitations is given.     257 

4.1 Local precipitation amount 258 

The spatially varying seasonal pattern in precipitation coupled with the consistent seasonal pattern 259 

in precipitation δ18O values across the AM region implies a decoupling of δ18O from local precipitation. 260 

Correlation analysis between IsoMAP derived precipitation δ18O and local precipitation amount shows 261 

that the traditionally-recognized amount effect can be identified in Indochina and northeast India but is 262 

insignificant in southeast China (Fig. 2d). In general, the results from gridded IsoMAP data are consistent 263 

with station observations. However, stations in northeast India are very sparse and correlations between 264 

precipitation δ18O and precipitation amount at the two sites in Bangladesh are insignificant (Fig. 2d). 265 

Analysis of the relationship between monthly precipitation δ18O and precipitation amount for three 266 

stations in southeast China shows that precipitation amounts explain less than 13% of the δ18O variability 267 

(Fig. 3). These results do not support the use of precipitation δ18O values in southeast China as a proxy 268 

for precipitation amount, and instead suggest that large-scale dynamical controls more likely govern 269 

precipitation isotope ratios across the AM region. In order to further evaluate the mechanisms controlling 270 

precipitation isotope ratios and compare between pre-monsoon and monsoon mature regions we defined 271 

two focus areas, R_East (108-120°E, 24-30°N; Fig. 2a) representing the pre-monsoon (section 4.2 and 272 
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4.3) and R_STP (83-95°E, 21-27°N) representing monsoon mature (section 4.4), for analysis. 273 

4.2 Moisture sources 274 

The second paradigm invoked to explain seasonal AM precipitation δ18O variation is continental-275 

oceanic moisture source shift (e.g., Araguás-Araguás et al., 1998; Peng et al., 2010; Tang et al., 2015; 276 

Xie et al., 2011; Yao et al., 1991; Yao et al., 2013). Some support for this idea has come from previous 277 

air mass back trajectory studies (e.g., Xie et al., 2011), but these analyses have not considered moisture 278 

content along trajectories. The resulting analyses dominantly reflect wind fields and may be misleading 279 

because moisture contributions to precipitation may not scale directly with the dominant wind fields (Li 280 

et al., 2016). We test this idea using a combination of a Lagrangian moisture source diagnostic method 281 

(Li et al., 2016; Sodemann et al., 2008) and analysis of evaporation isotopologue fluxes from a General 282 

Circulation Model (Risi et al., 2012).  283 

To estimate moisture sources of R_East precipitation, we divided R_East into grid cells with 3o × 284 

3o resolution and air parcels were released at the center of each grid cell (Fig. 4). Moisture sources were 285 

aggregated on a monthly basis. Comparison between monthly total attributed moisture amount (sum of 286 

projected moisture amounts at all uptake intervals) and regional mean TRMM precipitation amount 287 

shows significant correlations (r = 0.72, p<0.01) (Fig. S2). This relationship suggests that the method 288 

used here to diagnose R_East precipitation sources accurately reflects precipitation variability.  289 

The spatial distribution of moisture source contributions to April-May precipitation in R_East 290 

shows that moisture mainly originates from the northern South China Sea (Fig. 4a). This result is in 291 

qualitative agreement with the general circulation patterns reflected in the moisture flux field and 292 

moisture flux divergence (Fig. S3a). During this period, the summer monsoon has not yet commenced 293 
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and water vapor originates mainly from the sea surface on the flank of the western Pacific subtropical 294 

high (WPSH). The convergence of the southern branch of the westerlies and the southwest flow at the 295 

flank of the WPSH with cold air from the north forms a regional vapor convergence zone driving pre-296 

monsoon precipitation across R_East (Fig. S3a). In addition, spatial patterns of moisture sources from 297 

surface evaporation (within boundary layer; Fig. 4c) are similar to the spatial patterns of combined 298 

moisture source (including the boundary layer and free troposphere; Fig. 4a). Overall, moisture uptake 299 

within the boundary layer accounts for 71% of the total moisture contribution, and marine boundary 300 

layer moisture contributions are the dominant source during this period, comprising 72% of the boundary 301 

layer uptake based on our attribution analysis.  302 

Moisture sources for July-August precipitation in R_East are shifted southwest relative to the pre-303 

monsoon period (Fig. 4b) due to the influence of summer monsoon flow (Fig. S3b). Most moisture 304 

uptake happens in the northwestern South China Sea and nearby continental regions. Although a 305 

substantial number of back trajectories trace back to the Indian Ocean, the moisture contribution from 306 

that basin is limited due to strong downstream convergence and precipitation over land regions east of 307 

the Bay of Bengal (Fig. S3b). The moisture uptake within the boundary layer (Fig. 4c) is 67% (relative 308 

to total moisture uptake), and marine boundary layer moisture contribution is 73% of that amount during 309 

July-August, identical to its contribution to April-May precipitation. Thus, the monsoon moisture source 310 

region is dominated by contributions from the same general ocean area as that for April-May, and no 311 

major source shifts between ocean basins or ocean and continental sources are indicated.  312 

The isotopic composition of the dominant ocean vapor source fluxes shows substantial differences 313 

during April-May and July-August (Fig. 5). The LMDZ4 model gives evaporation flux values of -4‰~-314 
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8‰ during April-May but about 1‰~3‰ during July-August for this region. Estimated flux 315 

compositions for other vapor-contributing regions vary as well. Evapotranspiration δ18O values are -316 

2‰~-5‰ over southeast China and -6‰~-7‰ over Indochina during April-May, and decrease to -8‰~-317 

11‰ over these regions in July-August (Fig. 5). To quantify the difference between seasons, we 318 

calculated the weighted (by boundary layer moisture source fractional contribution) mean evaporation 319 

δ18O values (Table 1). Results show that the evaporation δ18O value during April-May is 1.83‰ lower 320 

than during July-August, which is opposite to the seasonal precipitation δ18O pattern for R_East (Fig. 1 321 

and 2; Table 1). These results suggest that moisture source changes cannot explain the drop in R_East 322 

precipitation δ18O values during summer monsoon onset.  323 

4.3 Large-scale atmospheric controls 324 

Precipitation δ18O values can also respond to fractionation and mixing history as water vapor is 325 

transported from its source region to sites of precipitation. Using the previously identified moisture 326 

source regions, we explored the influence of atmospheric controls on R_East precipitation δ18O values. 327 

For this purpose we defined a key region encompassing the major moisture uptake locations and 328 

transport paths and bordering the R_East focus area (Fig. 4).  329 

Convection and moisture convergence intensity has previously been identified as a primary control 330 

on tropical precipitation and vapor isotope compositions (Kurita, 2013; Moore et al., 2014; Risi et al., 331 

2008a; Worden et al., 2007) and these influences on water vapor can be felt in downstream sites (e.g., 332 

He et al., 2015; Risi et al., 2008b). Here we use CTP and CTT to measure this factor. Monthly 333 

precipitation δ18O values from R_East are positively correlated with CTP over the key region (Fig. 6a), 334 

with correlation coefficients of 0.54 to 0.76 at the Changsha, Guilin, and Liuzhou monitoring sites (Table 335 
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S1). These correlations are much stronger than those previously reported at the same sites against local 336 

precipitation amount (Fig. 3). The weakest correlation with CTP is observed at Changsha and may be 337 

related to its northern location (see below). Similarly, the precipitation δ18O also significantly correlates 338 

with CTT over the key moisture source region (Fig. 6b).  339 

Precipitation δ18O values decrease with intensified convection (reflected by lower CTP and CTT 340 

values) over the moisture source region, suggesting that isotopic effects of convection in this region may 341 

be propagated to the down-stream monitoring sites analyzed here. To understand this effect, we analyzed 342 

satellite-derived vertical profiles of specific humidity (q) and δD during April-May and July-August over 343 

the key moisture source region (Fig. S4). At near surface levels, vapor isotope ratios are strongly 344 

influenced by surface evaporation. This influence from surface evaporation produces higher vapor 345 

isotope ratios during July-August (Fig. S4 and Fig. 5). In contrast, the lower- to mid-troposphere is 346 

characterized by higher specific humidity and lower δD during July-August as compared with April-347 

May (Fig. S4).  348 

We used q-δD plots (for measurements over the key moisture source region) and compared the plots 349 

with theoretical Rayleigh distillation curves to assess the cause of isotopic depletion of source region 350 

lower-troposphere water vapor during the monsoon season (Fig. 7). This technique has been widely used 351 

to study processes controlling vapor isotope compositions (e.g., Brown et al., 2008; Galewsky et al., 352 

2016; Worden et al., 2007), and leverages the different isotopic ‘pathways’ associated with airmass 353 

moistening and drying driven by different atmospheric processes. We calculated theoretical Rayleigh 354 

curves with initial δD equal to evaporation δD values derived from LMDZ outputs over the key moisture 355 

source region and starting from air parcels with saturation specific humidity at surface air temperature. 356 
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In addition, we calculated mixing curves to show the effect of mixing with surface evaporation. The dry 357 

end-member of the mixing curve has specific humidity of 0.5 g/kg and δD of -500‰, and the wet end-358 

member shares the same specific humidity and δD with initial air parcels for the corresponding Rayleigh 359 

curve. 360 

To show the link between vapor δD in the moisture source region and precipitation δ18O at the study 361 

sites, we only plotted δD measurements at lower-troposphere (between 1000-750 hPa) where most 362 

moisture uptake occurs (the boundary layer criterion has been relaxed here as the analysis is not restricted 363 

to surface evaporation). Histograms of moisture uptake altitude show that moisture uptake mainly occurs 364 

in the lower-troposphere and ~95% of uptake happens below the 750 hPa level during both April-May 365 

and July-August (Fig. S5). We find that most April-May TES q-δD measurements are centered on the 366 

Rayleigh curve (Fig. 7a), consistent with dehydration of air containing ocean vapor-sourced moisture as 367 

the dominant driver of isotopic variability. During July-August, a larger number of TES measurements 368 

are shifted below the Rayleigh curve (Fig. 7b). Several processes may work to shift δD below the 369 

Rayleigh curve: unsaturated downdrafts (Risi et al., 2008a) or mesoscale downdrafts (Kurita, 2013; 370 

Kurita et al., 2011) bring D-depleted mid-troposphere vapor downward and mixing with lower-371 

troposphere vapor; rain droplet re-evaporation (Worden et al., 2007) or vapor-droplet isotope exchange 372 

(Rozanski et al., 1993) also bring D-depleted vapor to the lower-troposphere. In addition, strong mixing 373 

with, or large contribution from, surface evaporation shifts δD above the Rayleigh curve (e.g., many 374 

measurements in Fig. 7a fall above the Rayleigh curve) (e.g., Noone, 2012; Worden et al., 2007). In 375 

contrast, strong convergence of more depleted surrounding vapor in deep convection systems 376 

isotopically depletes lower-troposphere vapor (Lee et al., 2007; Moore et al., 2014). Each of these 377 
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processes provides a potential link between deep convection and lower-troposphere vapor isotope ratios. 378 

Thus the July-August TES data suggest the influence of convective intensity on lower-troposphere vapor 379 

isotope ratios in the source region, and potential for this convection signal to be propagated to and 380 

influence isotope values at downwind sites.  381 

Seasonal variation in the strength of the monsoon trough and north-south migration of the ITCZ 382 

are the two major factors influencing convection intensity in the R_East key moisture source region (e.g., 383 

Wang, 2006). To further explore the relationship between precipitation δ18O values and large-scale 384 

atmospheric circulation patterns we analyzed the relationship between precipitation δ18O values and the 385 

mean latitudinal position of the ITCZ (Fig. 6c and Table S1). Our estimate of the position of the ITCZ 386 

is limited to the longitude band of the key moisture source region (100-135°E) and is based on mid-387 

troposphere ascending air motion, and thus also represents the center of the monsoon trough in the 388 

northern Hemisphere. The result shows that monthly precipitation δ18O values at the three stations are 389 

strongly associated with the north-south movement of the ITCZ (Fig. 6c and Table S1): when the ITCZ 390 

is located further north, precipitation isotope values are lower, and vice versa. A one-degree northward 391 

advancement of the ITCZ corresponds to a ~0.3‰~0.4‰ decrease in precipitation δ18O values (Table 392 

S1). 393 

The early-summer drop in δ18O values occurs about one month later at Changsha than that at the 394 

other R_East stations (Fig. 8a). The one month lag may reflect a delay in the propagation of the ITCZ 395 

influence to the location of Changsha. Changsha is 3.5 degrees north of Guilin and Liuzhou, a value that 396 

is similar to the rate of northward movement of the ITCZ between May and June (3.1 degrees/month; 397 

Fig. 8b). Accounting for this one-month lag, seasonal δ18O variation at Changsha is also synchronized 398 
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with the propagation of the ITCZ, and the weaker correlations between Changsha precipitation δ18O 399 

values and convection intensity and ITCZ positon are improved substantially (Table S1).  400 

4.4 A comparative study in south Asia 401 

We test the generality of our findings across the AM region by conducting an equivalent set of 402 

analyses for R_STP (Fig. 9). Monthly total attributed moisture amounts for this region compare 403 

favorably against regional mean TRMM precipitation amounts (r = 0.95, p < 0.01; Fig. S6). Compared 404 

with R_East, better performance of the moisture attribution method in R_STP may be due to the larger 405 

precipitation variability in R_STP during April, May, July, and August (Fig. S2 and S6). 406 

Results show that oceanic moisture from the Bay of Bengal is the dominant source for R_STP 407 

precipitation both during April-May and July-August (Fig. 9a and 9b). A small amount of moisture is 408 

derived from the east Arabian Sea during April-May (Fig. 9a) and from the west Arabian Sea during 409 

July-August (Fig. 9b). Similar to results for R_East, moisture uptake within the boundary layer 410 

dominates and has a similar spatial pattern to total moisture uptake (Fig. S7). The weighted (by boundary 411 

layer moisture source contribution) mean evaporation δ18O value for R_STP sources is -5.93‰ in April-412 

May and -5.89‰ in July-August (Table 1). In contrast, the difference in R_STP precipitation δ18O values 413 

between these periods is over 4.60‰ based on observations at the three stations (Table 1). These results 414 

are consistent with those from R_East, showing that for both regions neither continental-oceanic 415 

moisture source shift nor changes in source vapor isotopic composition can explain the sharp drop in 416 

precipitation δ18O values during summer monsoon onset. 417 

Using the moisture source attribution we defined a key source region for R_STP and analyzed the 418 

relationship between key region monthly convection intensity and precipitation δ18O values at three 419 
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stations in R_STP (Fig. 9c). Due to limitation in the temporal coverage of cloud data, we used vertical 420 

velocity at 500 hPa (ω) as an alternative metric of convection intensity. As frequency of cyclonic activity 421 

may be not reflected in monthly mean ω and post-monsoon 18O depletion is not the main focus of this 422 

study, we choose to exclude those months (October-December) during post-monsoon season in this 423 

section. 424 

As was the case for R_East, we found robust correlations between R_STP monthly precipitation 425 

δ18O values and convection intensity, with correlation coefficients equal to or higher than 0.80 (Fig. 9c). 426 

Precipitation δ18O values decrease with intensified mid-troposphere upward air motion (more negative 427 

ω), and high precipitation δ18O values are associated with shallow convection or weak water vapor 428 

convergence marked by descending motion in the mid-troposphere (Fig. 9c). TES q-δD measurements 429 

over the key moisture source region also show shifts of q-δD between April-May and July-August, 430 

consistent with the aforementioned deep convection effects on lower-troposphere vapor isotope 431 

compositions during July-August (Fig. S8). In addition, monthly precipitation δ18O values are negatively 432 

correlated with the mean latitudinal position of ITCZ in the R_STP key region band of 75-95°E (Fig. 9a 433 

and 9d). These results, together with results from R_East, demonstrate that regional convection intensity, 434 

driven by large-scale atmospheric circulation, is a general control on precipitation δ18O values in the AM 435 

region. 436 

4.5 Paleoclimate implications 437 

Despite persistent controversy regarding the climatic interpretation of paleo-δ18O records from 438 

archives in the AM region, it has become consensual that these records are intimately related to and 439 

reflect past precipitation δ18O variability (e.g., Cheng et al., 2016; Liu et al., 2015; Thompson et al., 440 
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2000; Wang et al., 2001). Therefore, a clearer understanding of the empirically defined amount effect 441 

and controlling mechanisms in the AM region is needed to improve our reconstruction of past monsoon 442 

climate. Three major paradigms have been advanced to this end. The first relates precipitation or proxy 443 

δ18O interpretation to local precipitation amount, for example due to a correlation between precipitation 444 

amount and rainout intensity (e.g., Liu et al., 2015; Tan et al., 2018; Thompson et al., 2000; Tian et al., 445 

2003). Our results imply that precipitation δ18O values do not respond directly to local precipitation 446 

amounts, but rather reflect large-scale dynamical forcing across the region. Moreover, the pattern 447 

documented here produces insignificant correlations between precipitation δ18O values and local 448 

precipitation amounts in southeast China, where many speleothem records have been obtained, 449 

compromising even empirically-based paleo-precipitation reconstruction in this area. However, high 450 

precipitation rates during the pre-monsoon season in this region imply that past changes in precipitation 451 

seasonality (Cheng et al., 2016; Wang et al., 2001) could have significantly affected annual average δ18O 452 

values, which may be reflected in paleo archives.  453 

Second, although recent work on moisture sources has contributed to our understanding of transport 454 

paths as a driver of precipitation isotope ratios in some regions, and allowed reconstruction of past 455 

circulation changes, it appears that this model is not adequate to explain seasonal precipitation δ18O 456 

change in the AM region.  457 

Instead, we demonstrate that seasonal precipitation isotope variation in the AM region is linked to 458 

a third mechanism involving large-scale atmospheric controls on regional convection intensity. The 459 

timing of precipitation δ18O value drop during late-spring to early-summer coincides with the timing of 460 

northward ITCZ/monsoon trough migration, with a lag, for example, between northern and southern 461 
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sites reflecting the progressive advance of the East Asian Summer Monsoon (Wang, 2006; Wang and 462 

LinHo, 2002). The earlier 18O-depletion noted here for two southern sites in the R_East area can also be 463 

observed at other southern AM sites such as Hong Kong (Fig. 1g), Haikou (Fig. 1j), and Diliman (Fig. 464 

1j), whereas slightly delayed 18O-depletion is characteristic of many more northern sites, e.g., Wuhan 465 

(Fig. 1f) and Nanjing (Fig. 1h). These results suggest that interpretations of paleoclimate proxy data in 466 

terms of either local precipitation amounts or vapor transport may be questionable, but demonstrates 467 

new potential to use precipitation δ18O values to spatially delineate the timing and extent of summer 468 

monsoon water cycling today and in the past. 469 

4.6 Uncertainties and Limitations 470 

Although this study provides support for a coherent mechanism for seasonal precipitation isotope 471 

variation across the AM region, we acknowledge that limitations to our analysis leave room for 472 

continued work on the topic. Our moisture source identification and attribution uses only a single 473 

precipitation level in order to limit computational time and cost. Although our results are consistent with 474 

a previous study using a more comprehensive multi-level analysis (Li et al., 2016), additional work to 475 

more accurately isolate the condensation level is warranted to fully resolve moisture sources for total 476 

precipitation. Another uncertainty in our study regards limitations to the evaporation flux isotope 477 

estimates derived from the LMDZ4 model, especially over the continent. The lack of a land-surface 478 

isotopic fractionation scheme in this model, a limitation common to most other General Circulation 479 

Models implementations thus far (Risi et al., 2012), limits our ability to assess how terrestrial 480 

hydrological processes might affect the isotopic composition of this flux. In particular, we would expect 481 

larger errors when the evaporation-transpiration ratio is large. However, given that our analysis 482 
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suggested that moisture sources to our focus areas were primarily oceanic regions, this uncertainty 483 

should have a limited impact on the study. 484 

5 Conclusions 485 

Our analysis of the spatial-seasonal structure of Asian Monsoon region precipitation δ18O values 486 

shows that precipitation δ18O exhibits consistent seasonal variation, with high values before the summer 487 

monsoon onset and low values during the summer monsoon season. This pattern is prevalent across the 488 

region, despite precipitation amount seasonality that shows more diverse regional characteristics. 489 

Moisture source identification and attribution analysis for two regions with contrasting seasonal 490 

precipitation patterns indicates that in both regions isotopically distinct precipitation in pre-monsoon and 491 

monsoon-mature seasons is derived from moisture sources with similar continental-oceanic ratios and 492 

estimated isotope ratios. This result suggests that moisture source changes cannot explain seasonal Asian 493 

Monsoon region precipitation isotope ratio variations. Instead, we show that differences in regional 494 

convection intensity before and after monsoon onset are uniformly associated with seasonal change in 495 

precipitation isotope ratios across the study area. Precipitation δ18O variation is strongly synchronized 496 

with the seasonal monsoon circulation and the north-south migration of ITCZ. Although our analyses 497 

are focused on monthly data and the seasonal time scale, these results indicate that the extent and strength 498 

of monsoon circulation and the ITCZ in the past may be resolved from spatial-temporal analysis of 499 

paleo-precipitation δ18O reconstructed from this region.  500 
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Table 1. A comparison of weighted mean δ18O of moisture source for R_East with precipitation δ18O 669 

observed at Changsha (CS), Guilin (GL), and Liuzhou (LZ) for the two seasons: April-May (am), July-670 

August (ja), and the difference between the two seasons (am-ja); and a comparison of weighted mean 671 

δ18O of moisture source for R_STP with precipitation δ18O observed at Dhaka (DK), Sylhet (SY), and 672 

Barisal (BA) 673 

 R_East δ18O / ‰  R_STP δ18O / ‰ 

 Source CS GL LZ  Source DK SY BA 

am -5.60  -2.63 -4.89 -4.79  -5.93  -1.46 -1.93 -2.84 

ja -3.77  -8.53 -8.57 -8.46  -5.89  -6.86 -7.25 -7.48 

am-ja -1.42 5.90 3.68 3.68  -0.04 5.40 5.32 4.64 

 674 

 675 

  676 
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Figure captions: 677 

Fig. 1 Normalized long-term mean monthly precipitation amount (left column) and the corresponding 678 

precipitation δ18O (right column) from stations clustered into groups 1 (a and f), 2 (b and g), 3 (c and h), 679 

4 (d and i), and 5 (e and j). Shadings in the left column highlight peak precipitation season. Shadings in 680 

the right column highlight peak δ18O values before summer monsoon onset and low values during 681 

monsoon season. 682 

Fig. 2 Spatial distribution of the seasonal index SI derived from TRMM precipitation (a), IsoMAP 683 

processed CRU precipitation (b), and IsoMAP precipitation δ18O (c); as well as spatial distribution of 684 

the correlation coefficient between IsoMAP precipitation δ18O and precipitation amount (d, only values 685 

significant at p = 0.1 level are shown). The distribution of the five precipitation seasonality groups is 686 

plotted in (a). Values from station observations are also plotted in (b-d) (shading in circles). The 687 

rectangles in (a) shows the location of R_East and R_STP. Black lines denote the topography at 3000 m 688 

above sea level, indicating the southern boundary of the Tibetan Plateau. 689 

Fig. 3 Upper panel: relationships between monthly precipitation δ18O and local precipitation amount for 690 

Changsha (a), Guilin (b), and Liuzhou (c); lower panel: relationships between mean monthly GPCP 691 

precipitation amount over the region R_East and precipitation δ18O from Changsha (d), Guilin (e), and 692 

Liuzhou (f). 693 

Fig. 4 (a) and (b): spatial distribution of mean fractional moisture contribution (combined contribution 694 

from boundary layer and free troposphere) to precipitation in R_East during April-May (a) and July-695 

August (b) from 2000-2009. (c) and (d): the same as (a) and (b) but for boundary layer contribution only. 696 

Rectangles show the location of R_East and stars show the location of back trajectory starting points. 697 
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Dashed polygons show the identified key moisture source region for precipitation in R_East (see text 698 

for definition). Blue lines denote the topography at 3000 m above sea level, indicating the delineation of 699 

the Tibetan Plateau. 700 

Fig. 5 Spatial distribution of mean evaporation (and evapotranspiration over land) flux δ18O for April-701 

May (a) and July-August (b) from 2000-2009. Dash polygons indicate the key moisture source region 702 

for R_East and R_STP. Blue lines denote the topography at 3000 m above sea level, indicating the 703 

delineation of the Tibetan Plateau. 704 

Fig. 6 Relationships between monthly precipitation δ18O (at Changsha, Guilin, and Liuzhou) and mean 705 

monthly cloud-top pressure (a) and cloud-top temperature (b) over the key moisture source region for 706 

R_East; (c): the same as (a), but between precipitation δ18O and mean latitudinal ITCZ position. 707 

Fig. 7 TES δD and specific humidity (q) measurements over the key moisture source region for R_East 708 

precipitation during April-May (a) and July-August (b) from 2006-2010 at lower-troposphere levels 709 

(1000-750 hPa). Each point represents one measurement. Rayleigh curves (solid blue curves) were 710 

calculated with initial δD equal to the mean value derived from LMDZ for source region evaporation 711 

during those months (-34‰ in (a) and -22‰ in (b)) and initial specific humidity equal to saturation at 712 

surface air temperature (298 K (a) and 302 K (b)). Mixing lines (solid purple curves) were calculated 713 

using a dry end-member with q = 0.5 g/kg and δD = -500‰ and initial air parcels for the corresponding 714 

Rayleigh curve as a wet end-member. Green contours show kernel density of TES q-δD measurements.  715 

Fig. 8 Long-term mean monthly precipitation δ18O from Changsha, Guilin, Liuzhou, and R_East average 716 

in IsoMAP modeling (a); and long-term mean monthly R_East key source region cloud-top temperature, 717 

NOAA interpolated outgoing longwave radiation (OLR), and the mean latitudinal ITCZ position (b). 718 
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Error bars are standard deviations showing the interannual variability at each month (except for the 719 

IsoMAP modeling, which shows the standard deviations in the model predictions). Note that annual 720 

mean OLR value (240 W m-2) has been subtracted from monthly values, and the y axis for ITCZ position 721 

is inversely plotted to improve readability. 722 

Fig. 9 (a) and (b): spatial distribution of mean fractional moisture contribution to precipitation in R_STP 723 

during April-May (a) and July-August (b) from 2000-2009. Rectangles show the location of R_STP and 724 

stars show the location of back trajectory starting points. Location of Dhaka, Sylhet, and Barisal is shown 725 

as red crosses. Dashed polygons show the identified key moisture source region for precipitation in 726 

R_STP (see text for definition). Blue lines denote the topography at 3000 m above sea level, indicating 727 

the southern boundary of the Tibetan Plateau. (c) and (d): relationships between monthly precipitation 728 

δ18O (at Dhaka, Sylhet, and Barisal) and mean monthly vertical velocity at 500 hPa (ω) over the key 729 

moisture source region for R_STP (c); and relationships between monthly precipitation δ18O and mean 730 

latitudinal ITCZ position (d).  731 

 732 

 733 

  734 
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 735 

Fig. 1 Normalized long-term mean monthly precipitation amount (left column) and the corresponding 736 

precipitation δ18O (right column) from stations clustered into groups 1 (a and f), 2 (b and g), 3 (c and h), 737 

4 (d and i), and 5 (e and j). Shadings in the left column highlight peak precipitation season. Shadings in 738 

the right column highlight peak δ18O values before summer monsoon onset and low values during 739 

monsoon season. 740 

 741 

  742 
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 743 

Fig. 2 Spatial distribution of the seasonal index SI derived from TRMM precipitation (a), IsoMAP 744 

processed CRU precipitation (b), and IsoMAP precipitation δ18O (c); as well as spatial distribution of 745 

the correlation coefficient between IsoMAP precipitation δ18O and precipitation amount (d, only values 746 

significant at p = 0.1 level are shown). The distribution of the five precipitation seasonality groups is 747 

plotted in (a). Values from station observations are also plotted in (b-d) (shading in circles). The 748 

rectangles in (a) shows the location of R_East and R_STP. Black lines denote the topography at 3000 m 749 

above sea level, indicating the southern boundary of the Tibetan Plateau. 750 

 751 

  752 
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 753 

Fig. 3 Upper panel: relationships between monthly precipitation δ18O and local precipitation amount for 754 

Changsha (a), Guilin (b), and Liuzhou (c); lower panel: relationships between mean monthly GPCP 755 

precipitation amount over the region R_East and precipitation δ18O from Changsha (d), Guilin (e), and 756 

Liuzhou (f). 757 

 758 

  759 
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 760 

Fig. 4 (a) and (b): spatial distribution of mean fractional moisture contribution (combined contribution 761 

from boundary layer and free troposphere) to precipitation in R_East during April-May (a) and July-762 

August (b) from 2000-2009. (c) and (d): the same as (a) and (b) but for boundary layer contribution only. 763 

Rectangles show the location of R_East and stars show the location of back trajectory starting points. 764 

Dashed polygons show the identified key moisture source region for precipitation in R_East (see text 765 

for definition). Blue lines denote the topography at 3000 m above sea level, indicating the delineation of 766 

the Tibetan Plateau. 767 

 768 

  769 
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 770 

Fig. 5 Spatial distribution of mean evaporation (and evapotranspiration over land) flux δ18O for April-771 

May (a) and July-August (b) from 2000-2009. Dash polygons indicate the key moisture source region 772 

for R_East and R_STP. Blue lines denote the topography at 3000 m above sea level, indicating the 773 

delineation of the Tibetan Plateau. 774 

 775 

  776 
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 777 

Fig. 6 Relationships between monthly precipitation δ18O (at Changsha, Guilin, and Liuzhou) and mean 778 

monthly cloud-top pressure (a) and cloud-top temperature (b) over the key moisture source region for 779 

R_East; (c): the same as (a), but between precipitation δ18O and mean latitudinal ITCZ position. 780 

  781 
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 782 

Fig. 7 TES δD and specific humidity (q) measurements over the key moisture source region for R_East 783 

precipitation during April-May (a) and July-August (b) from 2006-2010 at lower-troposphere levels 784 

(1000-750 hPa). Each point represents one measurement. Rayleigh curves (solid blue curves) were 785 

calculated with initial δD equal to the mean value derived from LMDZ for source region evaporation 786 

during those months (-34‰ in (a) and -22‰ in (b)) and initial specific humidity equal to saturation at 787 

surface air temperature (298 K (a) and 302 K (b)). Mixing lines (solid purple curves) were calculated 788 

using a dry end-member with q = 0.5 g/kg and δD = -500‰ and initial air parcels for the corresponding 789 

Rayleigh curve as a wet end-member. Green contours show kernel density of TES q-δD measurements.  790 

 791 

  792 
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 793 

Fig. 8 Long-term mean monthly precipitation δ18O from Changsha, Guilin, Liuzhou, and R_East average 794 

in IsoMAP modeling (a); and long-term mean monthly R_East key source region cloud-top temperature, 795 

NOAA interpolated outgoing longwave radiation (OLR), and the mean latitudinal ITCZ position (b). 796 

Error bars are standard deviations showing the interannual variability at each month (except for the 797 

IsoMAP modeling, which shows the standard deviations in the model predictions). Note that annual 798 

mean OLR value (240 W m-2) has been subtracted from monthly values, and the y axis for ITCZ position 799 

is inversely plotted to improve readability. 800 

 801 
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 803 

Fig. 9 (a) and (b): spatial distribution of mean fractional moisture contribution to precipitation in R_STP 804 

during April-May (a) and July-August (b) from 2000-2009. Rectangles show the location of R_STP and 805 

stars show the location of back trajectory starting points. Location of Dhaka, Sylhet, and Barisal is shown 806 

as red crosses. Dashed polygons show the identified key moisture source region for precipitation in 807 

R_STP (see text for definition). Blue lines denote the topography at 3000 m above sea level, indicating 808 

the southern boundary of the Tibetan Plateau. (c) and (d): relationships between monthly precipitation 809 

δ18O (at Dhaka, Sylhet, and Barisal) and mean monthly vertical velocity at 500 hPa (ω) over the key 810 

moisture source region for R_STP (c); and relationships between monthly precipitation δ18O and mean 811 

latitudinal ITCZ position (d).  812 


