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Abstract
To further our understanding of the Asian monsoon system, particularly the onset dates of monsoon sub-systems over their 

respective East Asian domains, we present an 8-year (2007–2014) dataset of oxygen isotopes of precipitation (δ18Op) from 

three stations, Lulang and Nuxia in southeastern Tibetan Plateau (SETP) and Guangzhou in southeastern coastal China 

(SECN). The general agreement between isotopically identified monsoon onset dates with those identified by the meridi-

onal temperature gradient suggests that the initially sustained isotopic depletion is sensitive to the evolving thermal contrast 

between the Eurasian continent and the Indian Ocean. The 850 hPa meridional wind over nearby oceans is an efficient bridge 

linking isotopic variations in both regions with their respective monsoon sub-systems. The intensity of the South Asian High 

and tropical cyclone frequencies show stronger effects on isotopic depletion in the SECN than in the SETP and on monsoon 

onset timing over the South China Sea. Tibetan Plateau snow cover anomalies are significantly correlated with δ18Op in 

both regions on monthly timescales.

Keywords Asian summer monsoon · Stable isotopes in precipitation · Southeastern Tibetan Plateau · Southeastern coastal 

China · Wind circulations · Tropical cyclones · Snow cover anomalies

1 Introduction

The term “monsoon” refers to seasonal wind reversal and is 

characterized by onshore flow during summer (Wallace and 

Hobbs 1977). The monsoon is an important precipitation 

source, but in extreme cases poses threats to agriculture, 

industry and human livelihood. The Asian summer monsoon 

(ASM), which affects one-third of the world’s population, 

is particularly pronounced in regions adjacent to the Indian 

Ocean (Wallace and Hobbs 1977). The ASM is characterized 

by large-scale circulation that includes several subsystems, 

including the South Asian summer monsoon and the East 

Asian summer monsoon (Conroy and Overpeck 2012; Wang 

and LinHo 2002), both of which have profound effects on 

China.

The differential land-sea thermal contrast leads to several 

monsoon onset phases in East Asia, although these are sub-

ject to various geomorphological features and heating con-

ditions. The Tibetan Plateau (TP), an expansive and high-

elevation land mass which is located in the mid-latitudes, has 

a significant impact on the ASM system. The monsoon onset 

over the Bay of Bengal (BOB), a consequence of the air-sea 

interaction, is modulated by forcing related to TP physical 

characteristics and the land-sea thermal contrast over south 

Asia during the spring season (Wu et al. 2011). Wu and 

Zhang (1998) demonstrated that thermal and mechanical 

forcing by the TP favors the ASM onset that occurs first 

over the BOB, which was first proposed in the early 1980s 

(Ananthakrishnan et al. 1983) and confirmed by more recent 

studies (e.g. Lau and Yang 1996; Mao et al. 2011; Wu et al. 

2011; Wu and Zhang 1998).
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The monsoon system over the TP is governed by complex 

processes. The vast cryosphere, which in total is the largest 

ice mass outside the Arctic and Antarctica, also serves as 

a reservoir for both water and energy which interacts with 

the ASM circulation. Xie et al. (2005) described a nega-

tive correlation between TP snow cover and the subsequent 

East Asian Summer Monsoon as determined by western 

North Pacific typhoon frequency and the number of typhoon 

landfalls in China. Changes in the snow cover, along with 

changes in surface albedo and thereby sensible heating, also 

modulate the atmospheric circulation over the TP (Wu and 

Kirtman 2007; Xu et al. 2009). Monsoon variability has been 

characterized using various methods, including the all Indian 

summer rainfall index based on the Indian Meteorological 

Department stations (e.g., Parthasarathy et al. 1992), physi-

cal proxies based on reanalysis data [e.g., time-mean zonal 

wind shear (Webster and Yang 1992), meridional wind shear 

(Goswami et al. 1999), area averaged negative OLR anoma-

lies (Wang and Fan 1999), tropospheric temperature gradient 

(Xavier et al. 2007) and meridional temperature gradient 

(Mao et al. 2011)], and theoretical models for atmospheric 

general circulation (e.g., Lau and Yang 1996). However, it 

should be noted that monsoon variation may not be the sole 

determinant of precipitation intensity, as the increase in 

atmospheric moisture in a warmer climate would also affect 

the frequency of precipitation events, even if atmospheric 

circulation remains the same (Trenberth 2011). Thus the 

identification of monsoon variability by precipitation distri-

bution and intensity might be supplemented by physical pro-

cesses analysis associated with monsoon circulation. Many 

investigators have attempted to understand ASM variability 

using that methodology (Goswami and Jayavelu 2001; Wang 

et al. 2004a, b; Webster and Yang 1992).

Stable isotopic ratios are highly influenced by atmos-

pheric physical processes and are widely used to reconstruct 

atmospheric circulation (Liu et al. 2008; Yao et al. 2013). 

Since 1961 the Global Network of Isotopes in Precipitation 

has yielded valuable data which have enhanced our under-

standing of the effects of meteorological parameters (precip-

itation, temperature, air circulation) and atmospheric kinet-

ics on stable isotopic ratios (Araguas-Araguas et al. 2000; 

Dansgaard 1964; Sengupta and Sarkar 2006). In addition, a 

network of stations has been established across the TP (the 

Tibetan Network for Isotopes in Precipitation, or TNIP) to 

obtain samples from precipitation events for stable isotope 

analysis and to take measurements related to atmospheric 

circulation (Yao et al. 2013). These data have been used to 

delineate the northern limit of monsoon intrusion on the TP 

(Tian et al. 2001) and to categorize the three major atmos-

pheric circulation domains (Yao et al. 2013).

Determining the timing of the monsoon onset is impor-

tant as it is essential for agricultural and societal develop-

ment. The Coupled Model Intercomparison Project Phase 5 

projects a weakening of the Indian summer monsoon circu-

lation in an increasingly warm climate, which is neverthe-

less accompanied by increasing precipitation that is largely 

attributed to increased atmospheric moisture content (Tren-

berth 2011; IPCC 2013). Multiple indices to characterize the 

monsoon that incorporate various atmospheric circulation 

features have been proposed, yet a well-defined or widely 

accepted index remains elusive (Wang et al. 2004a, b). The 

isotopic composition of precipitation has the potential to 

provide an alternative means to address this issue, since such 

data contain information on the atmospheric processes asso-

ciated with precipitation.

Data from TNIP have been used to identify temporal 

monsoon variations, i.e., an earlier summer monsoon onset 

over the Bay of Bengal than over the South China Sea (Yang 

et al. 2012b).Here we discuss new results that build on that 

study, using ground observations that are essential for veri-

fying the performance of model simulations which provide 

credible explanations of physical mechanisms of monsoon 

processes and help improve projections of future scenarios 

(IPCC 2013). Our primary objectives are to address the onset 

timing of the Asian monsoon sub-systems in this region over 

the last decade using the oxygen isotopic values of precipita-

tion (δ18Op), and to verify the characteristic isotopic signals 

of monsoon variations by considering multiple atmospheric 

and oceanic impacts on δ18Op. We use δ18Op data from sam-

ples collected daily from 2007 to 2014 to investigate mon-

soon variability, which is verified using reanalysis data. We 

discuss factors affecting δ18Op and explore the role of those 

factors in the isotopic signal of the monsoon initiation.

2  Sampling and data processing

For event precipitation sampling at Lulang (LL) and Nuxia 

(NX) in the southeastern TP, and at Guangzhou (GZ) on the 

southeastern coast of China (Fig. 1), we received coopera-

tion from the local meteorological stations at NX and GZ 

and the Chinese Academy of Sciences’ field station in the 

southeastern TP (Table 1). All these stations are manned in 

shifts around the clock to ensure continuous operation of 

manual and automatic equipment. Because of the high rela-

tive humidity and the necessity for high sampling frequency 

during summer months, the sampling procedure included 

the use of deep buckets with plastic bag inserts at all collec-

tion points. Samples were collected immediately after each 

event and poured into 15 ml polyethylene bottles which were 

tightly capped before being placed in cold storage at the 

stations. Note that each precipitation event yielded only one 

bottle of sample that was filled as much as possible. Snow 

samples were allowed to melt at room temperature before 

being poured into bottles. The humid environment, imme-

diate collection and cold storage facilities ensured minimal 
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post-sampling evaporation. Each bottle was marked with the 

collection date, thus allowing verification and calibration 

with real-time meteorology data which include surface tem-

perature (T) and precipitation amount (P) at both the start 

and end of each event. Samples were transported to Beijing 

every 10 months for analysis at the Chinese Academy of 

Sciences Key Laboratory of Tibetan Plateau Climate Change 

and Land Surface Processes.

Measurements were made with a Picarro Li-2102 ana-

lyzer using a cavity ring-down system at an analysis rate of 

45–55 samples per batch, not including standard samples. 

Three secondary standards of comparatively higher, lower 

and identical isotopic compositions with respect to sam-

ple values are used in our measurements, with the sample 

of identical isotopic composition as the main standard 

(Table S1). All the standard samples are tested against 

the Vienna Standard Mean Ocean Water and are selected 

based on our empirical knowledge of the isotopic compo-

sition of measured samples in the region. Details of the 

isotopic ratios of the standard samples are provided in the 

supplementary information. The measurement errors (i.e., 

standard errors of measurements of the main standardsam-

ples) are ± 0.1‰ for δ18Op and ± 0.5‰ for hydrogen iso-

topes of precipitation (δDp). To examine the data quality, 

d excess values (calculated as d excess = δD-8  × δ18Op) 

were used to identify outliers [i.e., absolute values surpass-

ing 40 (Wushiki 1993)], which were discarded to avoid 

possible biases. In this way we eliminated three outliers 

Fig. 1  Map of sampling sites (red dots) and seasonal climatology in 

East Asia. Wind circulation (purple vectors) during the four seasons 

is based on long-term mean 850 hPa wind fields from 1981 to 2010, 

using NCEP/NCAR Reanalysis 1 data (Kalnay et  al. 1996). Black 

contours mark the long term mean precipitation amounts larger than 

0 mm using GPCP data

Table 1  Locations and sampling 

periods at the three stations in 

this study

Longitude (°E) Latitude (°N) Altitude (m.a.s.l) Sampling start Sampling end Number of spls

GZ 113.32 23.13 7 Jan. 2007 Dec. 2014 1755

LL 94.73 29.77 3330 Jan. 2007 Jun. 2014 731

NX 94.65 29.47 2920 Jun. 2009 Oct. 2014 594
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from the GZ site and six outliers from the NX site. Since 

these nine samples accounted for a negligible percentage 

of the total number of samples (Table 1), their removal had 

little effect on our statistical analyses. To better delineate 

the stable isotope values associated with the weather con-

ditions, the event precipitation isotopic data was processed 

as daily amount weighted values, which were then used to 

calculate monthly amount weighted means and anomalies.

We created a composite time series of the data from 

the nearby LL and NX stations in order to compensate for 

the 6-month difference in collection period between GZ 

and LL. This composite is feasible not only because of 

the proximity of LL and NX (Table 1), but also because 

of the high number of simultaneous precipitation events 

(over 50% of precipitation days occurred at both localities 

between 2009 and 2014), and similar isotopic seasonality 

(Fig. S1). A caveat to this procedure is the > 400-m differ-

ence in altitude between LL and NX which may introduce 

an “altitude effect” on the stable isotopes. We account for 

this difference by using the lapse rate of − 0.30‰/100 m 

in the southeastern TP (Yang et al. 2012a) to calibrate the 

daily isotope data for the lower-elevation station at NX 

before merging them with the data from LL. Therefore, the 

following discussion will focus on daily and monthly data 

from GZ in southeast China (referred to as SECN below) 

and the LL and NX data composite from the southeastern 

TP (SETP) region.

To investigate the monsoon variability based on the iso-

topic records and explain the mechanisms for those vari-

ations, we use observation-based monthly precipitation 

data from the Global Precipitation Climatology Project 

(GPCP) full data reanalysis Version 7 (1.0°  × 1.0°), along 

with the Global Precipitation Climatology Center (GPCC) 

monitoring dataset since 2014 (Adler et al. 2003). Long-

term (1981–2010) averaged wind circulation, monthly 

zonal and meridional wind anomalies, monsoon indices 

and 200 hPa geopotential heights are derived from NCEP/

NCAR Reanalysis 1 data (2.5°  ×  2.5°) (Kalnay et  al. 

1996). Atmospheric reanalysis data, including zonal and 

meridional wind velocities, specific humidity and surface 

pressure, as well as vertical integral products are obtained 

from the ERA-Interim acquired from the European Cen-

tre for Medium-Range Weather Forecasts. We also use 

uninterpolated outgoing longwave radiation (OLR) data 

provided by NOAA/OAR/ESRL PSD from http://www.

esrl.noaa.gov/psd/. In light of the significant presence of 

tropical cyclones in both regions, we utilize a time series 

of tropical cyclone events provided by the Joint Typhoon 

Warning Center. The Eurasian snow cover data is provided 

by the Rutgers Global Snow Lab (Robinson et al. 2012) 

and the Tibetan Plateau snow cover data by Shen et al. 

(2015).

3  Results

3.1  δ18Op seasonality and climatic controls

Precipitation in both study regions shows significant mon-

soon characteristics. In the SETP (SECN) 67.2% (52.4%) 

of the annual total occurs from June to September. Dur-

ing the study period (2007–2014) daily δ18Op data show 

noticeable intra-seasonal similarities which are character-

ized by monsoon 18O depletion and pre- and post-monsoon 
18O enrichment (Fig. 2a, b). The daily δ18Op time series 

in the SECN shows a decreasing trend from May to Sep-

tember (Fig. 2a), while the SETP data show a significant 

decrease from June to October (Fig. 2b). Their common 

period of isotopic depletion (June–September) is accompa-

nied by heavy monthly precipitation, which broadly agrees 

with the meteorological definition of the Asian summer 

monsoon period (Qian and Yang 2000; Wang et al. 2004a, 

b).

Many studies (Johnson and Ingram 2004; Liu et al. 

2014) also report the dominant influence of the amount 

effect in this region. However, the high temporal resolution 

of our sampling allows an unprecedented evaluation of 

the atmospheric controls on isotopic values on a monthly 

basis. Despite the dominant precipitation amount control 

over δ18Op in the SECN within each month (Fig. 2c), the 

temperature effect is also significant from May to Septem-

ber, with the δ18Op–T gradient varying from 0.16‰/°C 

in May to 0.48‰/°C in July (Fig. 2c). Also notable is 

the significant amount effect from December to February, 

despite the low monthly precipitation (Fig. 2a, c), dur-

ing a period when weak positive δ18Op–T correlations are 

observed (Fig. 2c). The convection organization (Kurita 

2013), along with the indirect influence of downdraft recy-

cling (Risi et al. 2008), are proposed as possible drivers 

of the amount effect. The mesoscale convective systems 

(e.g. monsoon circulation) during the summer half year 

thus lead to fluctuations in the condensation level with 

organized convection, resulting in in-phase variation under 

Rayleigh fractionation of the δ18Op values with the cloud 

base temperature. During the winter half year, downdraft 

recycling is enhanced by a deficient moisture supply (Risi 

et al. 2008), leading to high isotopic ratios in correspond-

ing precipitation that is mainly a function of local evap-

oration (Johnson and Ingram 2004). The occurrence of 

temperature and amount effects in different seasons has 

also been reported previously (Yang et al. 2011). Here we 

reiterate that different moisture sources and trajectories 

play a major role in isotopic variations in the region.

In comparison, significant (p < 0.05) correlations 

between temperature and δ18Op in the SETP are observed 

only in April (δ18Op–T gradient = 0.41‰/°C), August 
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(0.77‰/°C), September (0.33‰/°C), and November 

(0.45‰/°C), while the correlations between precipitation 

amount and δ18Op are consistently significant only dur-

ing the summer half year (May–October) (Fig. 2d). The 

dominance of the amount effect on a daily basis in the 

SETP has been reported previously (Yao et al. 2013); here 

for the first time we detail a significant temperature effect 

in the region only during certain months. Local evapora-

tion is the dominant moisture source prior to and shortly 

after the monsoon process, while organized convection 

reaches maximum strength during monsoon maturation 

from August to September.

This interpretation of a significant temperature effect in 

monthly precipitation in both monsoon domains represents a 

departure from previous studies. Local temperature has pre-

viously been thought to be the overriding control on isotopic 

values (Yurtsever et al. 1975), as temperature determines 

the fractionation factor that directly controls the isotopic 

composition in precipitation (Gat et al. 1996). Therefore, the 

presence of the temperature effect and its implications in the 

monsoon domains warrant further study.

3.2  Intra-seasonal variation of the local 
meteorological water lines

The local meteorological water lines (LMWLs) show dif-

ferent intra-seasonal features in both regions. In the SECN, 

LMWL slopes and intercepts vary in phase from June to 

October (Fig. 3a). On the other hand, in the SETP the slopes 

and intercepts vary in phase throughout the year, with the 

highest slope in January, and the lowest slopes (< 8) in 

June–October (Fig. 3b). The covariance of slope and inter-

cept in the SETP data is interesting to note. LMWL slopes 

are determined by fractionation factor and precipitation 

mechanisms, while their intercepts are indicative of moisture 

source temperature (Gat 2005). Here, the covariance sug-

gests a close correlation between fractionation mechanisms 

and temperature of precipitation during monsoon seasons in 

both regions, but in the SETP the correlation is even more 

consistent throughout the year.

D-excess varies regionally with humidity, wind speed 

(Benetti et al. 2014) and sea surface temperature during 

primary evaporation (Clark and Fritz 1997), and contains 

information about moisture source conditions (Gat et al. 

1996). A negative correlation between d-excess and δ18Op 

suggests kinetic fractionation (Froehlich et al. 2008), and is 

associated with sub-cloud evaporation due to the increas-

ing distance between the surface and the cloud base during 

monsoon convection and lifting of the condensation level. 

In the SECN marine modulation of the condensation level 

and temperature is intense throughout the year, leading to 

significant correlations between d excess and δ18Op in all 

months except October (Fig. 3c). However, in the SETP 

the monsoon related feature characterized by the negative d 

excess-δ18Op correlation is significant only during July–Sep-

tember (Fig. 3d), and is more seasonally defined (Fig. S2), 

Fig. 2  Box-whisker plots of intra-seasonal variations of δ18Op, and 

local temperature (T) and precipitation (P) controls over δ18Op based 

on daily data during the 8-yr period in both regions. a Box plot of 

δ18Op (whiskered boxes) within each month and corresponding 8-year 

mean monthly precipitation amount (solid bars) in the SECN; b same 

as a, but for the SETP. For each whiskered box, the central mark is 

the median, the edges of the box are the 25th and 75th percentiles, the 

whiskers extend to the most extreme data points the algorithm does 

not consider as outliers, and the outliers are plotted individually as 

red plus symbols. c Correlation coefficients (R-value) and slopes of 

the least square linear regressions with respective error bars at 95% 

confidence level for the δ18Op-T (yellow bars and blue curve) and 

δ18Op-P correlations (blue bars and red curve) in the SECN; d same 

as c, but for the correlations in the SETP. Significant correlations are 

shaded gray in c and d 
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as negative d excess-δ18Op correlations exist in the SETP in 

summer (R = − 0.16, n = 421, p < 0.01) and fall (R = − 0.21, 

n = 161, p < 0.05) of the four seasons.

4  Discussion

4.1  Monsoon variations revealed from daily δ18Op

The SETP is affected by the Bay of Bengal branch of the 

monsoon component of the South Asian Summer Monsoon, 

while the SECN is influenced by the South China Sea mon-

soon (Qian and Yang 2000) which is part of the East Asian 

Summer Monsoon system (Conroy and Overpeck 2012; 

Wang and LinHo 2002). Both these large-scale systems 

are initially driven by significant contrasts in heat capacity 

between the ocean and land, which sets up strong sea breezes 

at the beginning of the boreal summer.

We propose using isotopic data from 2007 to 2014 from 

the LL and NX composite as representative of SETP and 

GZ as representative of SECN to identify the onset of each 

sub-monsoon system (Yang et al. 2012b) (Fig. 4a). Mon-

soon onset is isotopically identified after meeting the follow-

ing two criteria: (1) the amount-weighted average of daily 

δ18O (δ18Owt) in March in each respective year is taken as 

a threshold, and (2) the monsoon initiation is marked from 

April onward by days with a below threshold δ18Owt for 4 

continuous days within a 7-day period. Such criteria con-

sider the deep convection during monsoon onset and the sta-

bility of cyclonic circulation dominance once the monsoon is 

initiated. A case study to validate the isotopic criteria against 

the meteorological criteria for monsoon onset is provided in 

Yang et al. (2012b).

Following the aforementioned criteria, the onset of the 

Bay of Bengal monsoon in the SETP ranged from April 

22 in 2007 to June 28 in 2009, while the South China Sea 

monsoon onset ranged from April 1 in 2010 to June 25 in 

2009. In 2007 and 2012, both the Bay of Bengal and South 

China Sea monsoons commenced on the same date in late 

April, the earliest in our record, with the 2012 onset date 

being the earliest. In 2009 the monsoon initiation date for 

both regions occurred at the end of June, the latest in our 

record for either region. A transition in the onset dates of 

the two sub-monsoon systems is noticeable. In 2008, the 

Bay of Bengal monsoon commenced (April 28) earlier than 

the South China Sea monsoon (May 18), consistent with our 

previous findings. This was associated with the surface sen-

sible heating of the TP and the resulting displacement of the 

South Asian High (Liu and Wu 2004; Wu et al. 2015). Since 

2009, however, daily δ18Op variations show a late onset of 

the Bay of Bengal monsoon compared with the South China 

Sea monsoon, with exception of 2012 as discussed above 

(Fig. 4a). Verification has been performed using 850 hPa 

wind and daily OLR reanalysis data for the onset date ± 5 

Fig. 3  Variations of LMWL and d excess-δ18O correlations within 

each month based on daily data during the 8-years period in both 

regions. a LMWL slopes (blue) and intercepts (red) enveloped by 

each of their mean ± 1 standard deviations in the SECN, with num-

bers of samples (black dotted curve) for each month; b same as a, but 

for the SETP. c Correlation coefficients (dark blue bars) and slopes 

(red curve) with their respective error bars at 95% confidence level 

for the d excess-δ18O correlations within each month in the SECN; 

d same as c, but for the SETP. Red shading in c highlights the month 

when the correlation is not significant (p > 0.05), while green shading 

in d highlight months when the correlations are significant (p < 0.05)
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days (as circulation on synoptic scales is usually presented 

as pentads), which demonstrates a northerly to southerly 

prevailing wind shift together with low OLR (suggestive 

of strong convection) in each region during the period of 

monsoon commencement (Fig. 4).

Comparisons of monsoon onset dates identified by δ18Op 

with those identified by the meridional temperature gradi-

ent (MTG) (Mao et al. 2011; Wu et al. 2011) highlight the 

general similarity between them in 2007–2008 and 2012 for 

the SETP and in 2008 and 2010–2012 for the SECN, as well 

as the noticeable differences in other years. It is difficult 

to determine which criteria are more reliable in revealing 

the first signs of monsoon onset, as they alternate with the 

coincidence of transition in meridional wind and OLR. Con-

sidering the Bay of Bengal monsoon onset in 2009 as an 

example, the monsoon onset was identified by MTG as April 

16, yet at that time OLR values were high (> 235 W/m2) and 

southerly winds were weak. We concede that the onset dates 

determined by our isotopic criteria may occur later during 

certain years such as 2009–2010 and 2014, which may have 

been associated with the development of El Niño Southern 

Oscillation (ENSO) conditions (ENSO years are identified 

by the Center for Ocean–Atmosphere Prediction Studies at 

http://coaps.fsu.edu/jma). Yet the comparatively late mon-

soon signal in daily δ18Opis understandable as our isotope 

data are based on precipitation events, while the marine 

onset dates must precede monsoon precipitation at inland 

locations. In addition, meso-scale atmospheric circulation 

(e.g. cyclonic circulation) prior to the advent of the monsoon 

may disturb moisture generation at the ocean source, thus 

deferring the normal course of the monsoon. Still, monsoon 

onsets identified by daily δ18Op at the monsoon front are 

generally consistent with those identified by reanalysis data 

over the oceanic source region.

Inter-annual variations in monsoon onsets identified by 

the isotopic criteria demonstrate diverse trends for the two 

Fig. 4  Identification of summer monsoon onset based on daily vari-

ation of δ18Op (black dotted curves) and corresponding OLR (red 

curves) and meridional wind (green curves) over a the Bay of Bengal 

(5–21°N, 80–100°E), which affects the SETP and b over the South 

China Sea (5–21°N, 105–125°E), which affects the SECN. The mon-

soon onset identified by δ18Op is marked by gray dotted lines, while 

the onset identified by the atmospheric meridional temperature gradi-

ent is marked by gray hatched columns. The onset date for each indi-

vidual year is defined as the day when: (1) the area-averaged upper 

tropospheric (200–500  hPa) MTG on the eastern Bay of Bengal 

(5–15°N, 90–100°E) changes from negative to positive, and (2) the 

MTG remains positive for more than 10 days (Mao et al. 2011)
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sub-monsoon systems, with gradually delayed emergence in 

the SETP indicative of weakening monsoon over the BOB 

while advancement in the SECN is suggestive of strengthen-

ing monsoon over the South China Sea (Fig. S3a). Actually, 

the inter-annual variations in precipitation amounts in the 

two regions during June–August also show reversed trends 

after 2010 (Fig. S3b). Such variations occur under climate 

scenarios featuring the weakening of the South Asian Sum-

mer Monsoon (Singh 2016) and comparative strengthening 

of the East Asian Summer Monsoon (IPCC 2013). This 
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highlights the potential for δ18Op to serve as an alternative 

means to study the complex Asian monsoon system. The fol-

lowing sections explore the mechanisms that likely influence 

the links between monsoon circulation and δ18Op variation 

at the monsoon front.

4.2  Possible links between monsoon circulation 
and isotopic variations during monsoons

To explore possible linkages between monsoon circulation 

and isotopic variations, we studied the inter-annual vari-

ations of various circulation parameters, including zonal 

and meridional winds over the respective moisture sources 

for the study regions, meteorological monsoon indices and 

high-level geopotential heights representative of the South 

Asian High intensity (Wu et al. 2015) (Fig. 5). Although 

our isotopic data are of event resolution, correlations of the 

monthly δ18Op values with the monthly, rather than daily, 

reanalysis data are examined here, as monsoon evolution is 

a climatic phenomenon while daily values may fluctuate due 

to noise from daily synoptic phenomena.

The correlations between isotopic compositions in both 

regions and the 850 hPa June–August zonal wind are not 

significant, especially for the SETP (Fig. 5a1, a2). Little 

direct effect is inferred on δ18Op in the East Asian mon-

soon front by the zonal wind circulation over the moisture 

source on the monsoon front in East Asia. On the other hand, 

δ18Op in both regions during June–August show significant 

negative correlations with 850 hPa meridional winds over 

their respective marine moisture sources (p < 0.05; Fig. 5b). 

As both regions lie to the north of their moisture sources, 

the strong correlation with the southerlies throughout the 

observation period indicates prevailing onshore flow from 

respective oceanic zones adjoining the study regions. The 

southerly winds thus bridge the isotopic variations in both 

regions with monsoon circulation process, as higher (lower) 

velocity southerlies coincide with more depleted (enriched) 

δ18Op during June–August. Lower meridional wind veloci-

ties in 2009 and 2014 may be indicative of weakening of the 

bridge linking large-scale circulation with local precipita-

tion. This also implies longer transport time for the oceanic 

moisture to reach the continent and thus a much later signal 

of monsoon onset in daily δ18Op. In addition, correspond-

ing δ18Op values in both these years are high, suggesting 

significant interaction of local process with the large-scale 

atmospheric circulation.

The different responses of regional δ18Op to larger scale 

circulation are also noticeable. A robust negative correlation 

(p < 0.05) is observed only between δ18Op in the SETP and 

Indian summer monsoon intensity (R = − 0.67) (Fig. 5c2), 

suggesting a higher level of dominance of the South Asian 

Summer Monsoon over the SETP than the East Asian Sum-

mer Monsoon over the SECN. The lack of significant cor-

relation between δ18Op in the SECN and the East Asian 

Summer Monsoon is likely linked to meridional shifting of 

the Intertropical Convergence Zone, the seasonal shift of 

which leads to active convergence and convection off the 

southeast coast of China which results in a multitude of 

moisture sources subject to different trajectories and forma-

tion mechanisms.

The South China Sea monsoon onset time shows signifi-

cant negative correlation with the South Asian High inten-

sity (R = − 0.68, p < 0.01; Fig. 5d2). This high pressure sys-

tem is centered ~ 90°E but shifts zonally on an inter-annual 

basis and links the westerlies in the mid-latitudes to the 

easterlies in the tropics (Liu and Wu 2004). Its evolution in 

May is believed to bridge the Asian Summer Monsoon onset 

over the Bay of Bengal, the South China Sea, and the Indian 

sectors (Liu et al. 2013; Liu and Zhu 2016; Wu and Liu 

2014). Our study supplements previous work in emphasiz-

ing the potentially close negative correlation between South 

China Sea monsoon onset and the South Asian High inten-

sity (Liu and Zhu 2016), as monsoon precipitation releases 

latent heat to the east (Wu et al. 2015), thus contributing 

to atmospheric warming and the enhancement of the South 

Asian High. Note the distinctly strong South Asian High 

during June–August in 2010 (Fig. 5d), which is associated 

with ENSO development (Liu and Zhu 2016). Its coinci-

dence with extremely early South China Sea monsoon onset 

as identified by δ18Op implies possible ENSO influence on 

isotopic compositions in both regions.

4.3  Impact of tropical cyclones on isotopic 
depletion

High resolution δ18Op data not only offer insights into 

monsoon variability, but also have the potential to describe 

Fig. 5  Inter-annual variations in June–August monsoon parameters 

from 2007 to 2014 compared with June–August amount-weighted 

δ18Op in the SETP (white triangles) and SECN (black dots) for a1 and 

a2 June–August zonal wind (uwnd) velocity anomalies at 850  hPa, 

b1 and b2 the 850 hPa meridional wind (vwnd) anomalies, over the 

Bay of Bengal (black broken curve; 5°N–21°N, 80°E–100°E), and 

the South China Sea (black solid curve; 5°N–21°N, 105°E–125°E); 

c1 and c2 the East Asian summer monsoon index (black solid curve; 

calculated as the June–August sea level pressure difference between 

160°E and 110°E from 10°N to 50°N (Guo 1983; Zhou et al. 2009) 

and the Indian summer monsoon index (black broken curve; calcu-

lated as the meridional differences between the June–August 850 hPa 

zonal winds averaged over 5°N to 15°N, 40°E to 80°E, and 20°N to 

30°N, 60°E to 90°E (Wang et  al. 2004a, b); d1 200  hPa geopoten-

tial height over an area bounded by 24°N–28°N and 70°E–90°E com-

pared with the onset day in each year; d2 the correlations between the 

200  hPa geopotential heights and respective monsoon onset days in 

each calendar year. Illustration of both monsoon indices can be found 

in Figure S4 in the supporting information. The zonal and meridi-

onal winds, as well as both monsoon indices, are normalized to their 

respective 1986–2005 averages

◂
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possible mechanisms that drive distinctive variations in 

those systems. δ18Op values are directly affected by large-

scale atmospheric circulation and moisture trajectories (Sen-

gupta and Sarkar 2006; Tian et al. 2001; Yoshimura et al. 

2010). Tropical cyclones impact monsoons and regional 

water resources (IPCC 2013), thus their role in recent mon-

soon variations is of interest. These cyclones are associated 

with higher condensation levels and lower temperatures in 

the upper atmosphere (Hartmann et al. 2013). In addition, 

the storm-driven upwelling of cold water at the moisture 

source results in cooler water vapor at that location. Thus, 

there is a high likelihood that δ18Op in the resulting pre-

cipitation would be extremely 18O depleted (which might be 

identified as negative outliers in Fig. 2a, b).

Tropical cyclones forming over the northern Indian and 

western Pacific Oceans have short life spans and relatively 

small radii. As shown in Fig. 6, storms in the northern Indian 

Ocean seldom occur during the monsoon maturation phase 

(June–September), and in only a few instances do they coin-

cide with extremely depleted δ18Op values in the SETP (gray 

shading in Fig. 6). In contrast, extremely depleted δ18Op in 

the SECN are mostly coincident (in 12 out of the 18 occur-

rences) with typhoons that form over the western Pacific 

during the mature phase, although we note the lack of agree-

ment between many western Pacific cyclone occurrences 

and isotopic depletion in the SECN (Fig. 6). In fact, back-

trajectory studies find that the coincidences of extremely 

low SETP and SECN δ18Op associated with typhoons occur 

only when the storms made landfall within areas close to 

these regions, i.e., over the southern coast of Bangladesh 

close to the SETP, or over southeast coastal China (Fig. S5). 

Thus not all tropical cyclones that form over their respective 

oceanic moisture sources lead to extremely depleted δ18Op 

in their respective regions. Still, the higher coincidence of 

low δ18Op values in the SECN with tropical cyclones over 

adjacent oceans implies a much stronger impact of typhoons 

on the coastal region compared with inland. This can be 

attributed to the marine origin of these storms which weaken 

rapidly as they move over land and are cut off from their 

primary energy source (IPCC 2013).

The average atmospheric circulation during summer 

(June–August) features strong convection over the northeast-

ern Bay of Bengal for the SETP and the southeastern South 

China Sea for the SECN (Fig. 7a). Atmospheric circulation 

shows the SECN under the influence of cyclonic activity, 

which pulls significant amounts of oceanic moisture via 

southwesterly airflow across the Indian peninsular, Bay of 

Bengal and Indo–China Peninsula (Fig. 7b). Such a circula-

tion pattern is accompanied by significant positive correla-

tions between δ18Op and the OLR over a small portion of the 

southwestern Bay of Bengal (Fig. 7b), implying a possible 

linkage between convection along the southwesterly trajec-

tory and isotopic depletion in the SECN. The extremely low 

δ18Op values thus might be attributed to the combination 

of long-distance moisture transport and local convection on 

coincident days (Araguas-Araguas et al. 1998; Cai and Tian 

2016).

On the other hand, extremely low δ18Op in the SETP 

shows no significant correlation with OLR over the adjoin-

ing oceans (Fig. 7c), suggesting little direct effect of tropical 

cyclones in the Bay of Bengal with isotopic depletion in the 

SETP. Instead, the tropical cyclones may force the intense 

southwesterly winds further south, forming an extended 

transport trajectory before reaching the SETP and thus 

resulting in extremely low δ18Op (Gao et al. 2011; Yao et al. 

2013; Yu et al. 2016). It is also worth noting that there are 

very few (3 out of 12) cases in which extremely low δ18Op 

in the SETP coincides tropical cyclones in the Bay of Ben-

gal. The comparison thus highlights the more direct effect 

of tropical cyclones on the SECN than on the SETP. The 

centers of convection bearing significant correlations with 

δ18Op in the SECN shift from the southwest Bay of Bengal 

on days when extreme δ18Op depletion coincides with tropi-

cal cyclones occurrence (Fig. 7b), to the South China Sea on 

non-coincident days (Fig. 7d). The isotopic depletion during 

co-incident days is thus influenced by local cyclonic convec-

tion and long-distance oceanic moisture transport under the 

prevailing westerly jet. In cases of isotopic depletion in the 

absence of tropical cyclones, significant positive correlations 

are observed between δ18Op in the SECN and convection 

over the South China Sea (Fig. 7d), and between δ18Op in 

the SETP and convection over the northern Himalayas and 

Bay of Bengal (Fig. 7e), suggesting δ18Op depletion in the 

monsoon domain is closely affected by convective activity. 

The accompanying wind circulation features southwesterly 

warm air advecting from the oceans, which are the major 

moisture suppliers. The warm, moist air is uplifted and con-

denses to precipitate. The rise of the condensation level and 

decrease in condensation temperature might be instrumental 

in isotopic depletion during non-coincident days.

The direct influence of tropical cyclones in regions like 

the SETP that are farther away from the ocean is limited, 

which is demonstrated by fewer coincident days and no sig-

nificant correlations with regional OLR during coincident 

days. The dramatic decreases in δ18Op are generally attrib-

uted to large-scale circulation, i.e., prevailing mid-latitude 

westerlies and associated long-distance transport. On days 

when depleted δ18Op in the SETP does not coincide with 

tropical cyclones in the northern Indian Ocean, there is 

noticeable intensification of westerly velocities. The con-

vection fields show significant correlation with δ18Op over 

the Himalayas and the northern Bay of Bengal, both located 

in the upwind direction. The isotopic depletion in the SETP 

may be supplemented by low temperature along the moisture 

transport trajectory. Note that a large proportion of anoma-

lously depleted δ18Op values in the SETP occurred during 
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Fig. 6  Time series of anomalously depleted δ18Opoccurrences in 

the SETP (black dots) and SECN (open circles) and their coinci-

dences with tropical cyclones over, respectively, the northern Indian 

Ocean (blue dots) and the Western Pacific (red dots) from 2007 to 

2014. The y-axes on the right of each panel show the intensity lev-

els of those tropical cyclones. Gray bars highlight the limited coinci-

dences between isotopic depletion in the SETP and tropical cyclones. 

Occurrences of the cyclones and their respective intensity levels are 

acquired through metoc.ndbc.noaa.gov/web
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March–May, when both temperature and amount effects 

were significant, thus allowing the combined effect of low 

condensation temperature and long-distance transport trajec-

tory on extremely depleted isotopic values.

4.4  Effect of water vapor transport on isotopic 
composition in precipitation

The flux and divergence of vertically integrated water 

vapor from the surface to 300 hPa (Banacos and Schultz 

2005; Godfred-Spenning and Reason 2002; Konwar et al. 

2012) offers insights into moisture sources and trajectory. 

From 2007 to 2014, the vertical integral of the divergence 

of water vapor over the TP shows clear seasonality, high-

lighting noticeable convergence over the southeastern edge 

of the TP from March to May and during June–August 

(Fig. 8). However, corresponding δ18Op values are high in 

the spring and low in the summer (Fig. 2). Analysis of the 

vertically integrated water vapor transport suggests that 

the distinct trajectory is the major driver of these differ-

ences. Other than summer (June–August), when the verti-

cally integrated water vapor transport shows significant 

Fig. 7  Super-position of OLR fields (shaded) on wind circulation 

(vectors) over East Asia. a Average status for June–August based on 

the long-term mean (1981–2010); b composite for days of coexist-

ing low δ18Op in the SECN and tropical cyclones over the western 

Pacific, c composite of days of coexisting low δ18Op in the SETP and 

tropical cyclones over northern Indian Ocean; d composite for days 

of anomalously low δ18Op in the SECN without tropical cyclones in 

the vicinity; e same as d, but for the SETP. Contemporaneous wind 

circulation vectors, which account for the elevation of the two study 

areas, are superimposed on all the panels, at 500 hPa for the SETP 

and 850 hPa for the SECN. Study sites are marked by filled circles in 

b–e. Shading denotes regions of significant correlation between OLR 

and δ18Op. Daily wind velocities are from NCEP/NCAR reanalysis 

data (Kalnay et al. 1996) and the OLR data are from NOAA uninter-

polated OLR
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southwesterly inflow from the northeastern Bay of Bengal, 

continental flow from the northwest and local circulation 

suggest the dominance of large-scale moisture conver-

gence during months of monsoon convection and surface 

evaporation in other months. Likewise, water vapor con-

vergence is posited to be less relevant than the vertically 

integrated water vapor in controlling δ18Op variations in 

the SECN.

Vertically integrated water vapor transport shows diver-

gence throughout the year, however, the monthly δ18Op val-

ues display clear intra-seasonal variations, with the most 

negative values occurring from May to September. Corre-

spondingly, during spring and summer, the water vapor flows 

from the adjacent oceans with either a regional or large-scale 

circulation stream, while during autumn and winter the flow 

is northerly from the continent. In addition, the convergence 

of vapor during monsoon convection will reinforce the iso-

topic depletion in the precipitation (Moore et al. 2014), lead-

ing to much larger spring/summer variations in amplitude in 

the SETP than the SECN. Thus the seasonality of δ18Op in 

both regions varies with: (1) the large-scale atmospheric cir-

culation, (2) the vertically integrated water budget, and (3) 

convergence (divergence) and/or moisture supply from the 

large scale circulation prevailing over the adjacent oceans 

(continent) which results in low (high) isotopic values.

4.5  Interactions of snow cover variation 
with monsoon as indicated by δ18Op

Samples were collected during precipitation events at both 

sites, thus the data availability reflects precipitation fre-

quency in each region. The precipitation frequency in both 

regions during periods of positive Eurasian snow cover 

anomalies is much lower than during periods of nega-

tive anomalies (34 vs. 60 months for precipitation in the 

SECN, and 26 vs. 57 months for precipitation in the SETP) 

(Fig. 9a–d). This corresponds to a much smaller monthly 

precipitation amount in both regions during positive com-

pared with negative Eurasian snow cover anomalies, i.e., 

28.7 vs. 100.7 mm/month, respectively, for the SECN, and 

113.7 vs. 212.9 mm/month, respectively for the SETP. This 

indicates a negative effect of snow cover extent over the 

Eurasian continent on monsoon precipitation (Wu et al. 

2012; Yim et al. 2010).

Otherwise, snow cover anomalies over Eurasia show no 

significant correlation with δ18Op and its signal of monsoon 

onset in either winter or spring from 2007 to 2014. Instead, 

lagged correlation analysis of all monthly δ18Op anoma-

lies in each respective region (n, the number of data points 

considered, is 94 for the SECN and 83 for the SETP) with 

corresponding Eurasian snow cover anomalies during the 

Fig. 8  Long-term mean seasonality of vertically integrated water vapor flux (curved vectors) and divergence (shaded) based on ERA-interim 

monthly reanalysis data from 2007 to 2014



 X. Yang et al.

1 3



Asian monsoon variations revealed from stable isotopes in precipitation  

1 3

study period show significant relationships with a 1-month 

lag (Fig. 9e1, f1). This implies an overall delayed effect of 

Eurasian snow cover area on the subsequent monsoon circu-

lation, which might be associated with the further westward 

and/or northward location and larger geographical scale of 

the snow cover. The lagged positive correlation between 

Eurasian anomalies and δ18Op in the SECN is consistent 

with a negative correlation between snow cover and fre-

quency of cyclone landfall in China (Xie et al. 2005), as 

such an increased frequency usually contributes to monsoon 

intensification with deep convection, resulting in low δ18Op.

In comparison, relatively stronger correlations (p < 0.05) 

exist for snow cover anomalies over TP in a certain month 

with monsoon onsets over both the South China Sea (Fig. 

S6.1) and Bay of Bengal (Fig. S6.2). It is noteworthy that 

snow cover over TP in May (from 2007 to 2011) shows 

robust positive correlations (R = 0.99, p < 0.01) with Bay of 

Bengal monsoon onset dates (Fig. S6.2). This can be attrib-

uted to slowing of the continental warming over the TP as 

expansive snow cover increases surface albedo, thus delay-

ing formation of the prerequisite land-sea thermal contrast 

(Pu and Xu 2009). Seasonally, there is a weak negative cor-

relation (R = − 0.80, n = 6, p < 0.1) between the December 

to February TP snow cover anomalies and subsequent sum-

mer δ18Op in the SETP, while a weak positive correlation 

(R = + 0.81, n = 5, p < 0.1) occurs between the March to May 

snow cover and subsequent summer δ18Op in the SECN. This 

suggests a “memory” effect of TP snow cover on the large-

scale atmospheric circulations over Asia. Because of its high 

elevation and location in the mid-latitude westerly system, 

along with its sensible heating and thermal forcing, the TP 

bears a strong influence on regional climate downwind from 

it (Liu et al. 2012).

Anomalous monsoon rainfall is related to regional (Rajee-

van 2002) and/or large-scale (Yang 1996) atmospheric cir-

culation, and may consequently affect the snow cover extent 

in the region. Snow cover anomalies on the TP are positively 

correlated with a 3 (2)-month lag in δ18Op anomalies in the 

SECN (SETP) (Fig. 9e, f), suggesting responding mecha-

nisms of snow cover anomalies over TP to Asian summer 

monsoon evolution. Meanwhile, aerosol loading tends to 

dim the solar insolation over the TP surface, thus decreasing 

both the continental warming and land-sea thermal contrasts 

which in turn weakens the South Asian Summer Monsoon 

(Boos and Storelvmo 2016; Kim et al. 2016). This feedback 

between snow cover over the TP and Asian monsoon evolu-

tion therefore warrants further study.

5  Summary

Under a global climate change scenario, monsoon varia-

tions may be attributed to two influences: (1) the variation 

in atmospheric circulations associated with the land-sea 

thermal contrast; and (2) water vapor availability that might 

be attributed to sea surface warming. From the synoptic 

point of view, various monsoon onset criteria consider one 

perspective of the physical features related to the monsoon. 

The isotopic ratios in precipitation record the whole pre-

cipitation process, including water vapor source, transport 

trajectory, condensation and precipitation. As a product of 

an integrated system, δ18Op can be used as a reliable and 

commonly accepted criterion in monsoon onset evaluation. 

Stable isotopic depletion in precipitation coincides closely 

with the Asian monsoon variations. The monsoon onset tim-

ing, as determined by the isotopic criteria, generally agree 

with the onset timing based on the meridional temperature 

gradient, thus suggesting that the initially sustained isotopic 

depletion generally captures the major synoptic features of 

the Asian monsoon onset. Examination of contemporary 

circulation fields shows a strong link between δ18Op and 

850 hPa meridional wind velocities over adjacent oceans, 

which is closely linked to the major moisture trajectory dur-

ing the monsoon season. The southerly winds bridge the 

isotopic variations in both regions with monsoon circulation 

processes, as higher (lower) velocity southerlies coincide 

with more depleted (enriched) δ18Op during June–August. 

Weakening of the bridge in 2009 and 2014, as indicated by 

lower meridional wind velocities, resulted in a much delayed 

monsoon onset signal in daily δ18Op in both the SETP and 

SECN, as longer transport time is expected for the oceanic 

moisture to reach the continent. The South Asian High to 

the east of the TP is also found to contribute significantly to 

the inter-annual variation of monsoon onset timing over the 

South China Sea.

The potential effects of various phenomena on the iso-

topic signals of monsoon systems are explored. The occur-

rence of tropical cyclones is found to exert a much stronger 

impact on δ18Op in the SECN than in the SETP. In compari-

son, isotopic depletion in the SETP is attributable mainly 

to mid-latitude westerlies and low temperature along the 

upstream portion of major circulation paths. Snow cover 

anomalies on the TP exert a strong impact on δ18Op in 

both regions. A significant positive correlation is observed 

between snow cover anomalies in May and summer δ18Op 

in both regions.

Fig. 9  Monthly anomalies of δ18Op and snow cover area from 2007 

to 2014, together with their lagged correlations. a Monthly anomalies 

of δ18Op in the SECN, and b in the SETP, c standardized monthly 

anomalies of snow cover over the Eurasian continent and d over the 

Tibetan Plateau. e1 Lagged correlations of the SECN δ18Op anoma-

lies with Eurasian snow cover anomalies, e2 the same as e1, but using 

snow cover anomalies over the TP. f1 and f2 are the same as e1 and 

e2, respectively, but of δ18Op anomalies in SETP. Snow cover anoma-

lies are calculated with 1981–2010 as the base period

◂
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Intra-seasonal variations of δ18Op in both regions are 

strongly affected by vertically integrated water vapor trans-

port, with the dominance of large-scale water vapor trans-

port contributing to isotopic depletion in the summer while 

surface evaporation contributes to isotopic enrichment in 

other months. Convergence and advection are instrumental 

in the dominance of large-scale circulation over regional 

climate in both regions.
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