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ABSTRACT: This study investigated the variations in stable oxygen isotopes in daily precipitation (d18Op) collected be-

tween 2010 and 2013 at four sites across the East Asian monsoon region to address the controversy whether local meteo-

rological factors, moisture transport pathway, or convection dominates the d18Op changes. We found that the d18Op time

series exhibit opposite seasonal patterns between the southern and northern sites; however, relatively low d18Op values

occur at each site during summer. The opposite seasonal patterns are closely related to the proportional change in the

contributions from oceanic (.52% in the south) and continental (.85% in the north) moisture sources. Moisture transport

distances also influence the seasonal d18Op fluctuations. In the south, the moisture transported over short distances from the

middle of the western Pacific Ocean results in relatively high d18Op values during the premonsoon season. In contrast, long-

distance transport of moisture from the Indian and equatorial PacificOceans during themonsoon season results in relatively

low d18Op values. In the north, relatively low d18Op values during the monsoon season can be attributed to an increase in

relatively distant moisture originating from the middle of the western Pacific Ocean. Convection only plays a role in af-

fecting d18Op values in the south during the monsoon season. Our study suggests that moisture transport pathway (moisture

sources and moisture transport distances) is a major factor that governs seasonal variations in d18Op across the East Asian

monsoon region, which has implications for the interpretation of paleoclimate records from this region.
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1. Introduction

An abundance of stable isotope (d18O and dD) paleoclimate

records have been produced for the East Asian region derived

from ice cores (Thompson et al. 1989, 2000), speleothems (Wang

et al. 2008; Cheng et al. 2016), and tree rings (Cook et al. 2010;

An et al. 2019; Chotika et al. 2020). These records provide

valuable information on the past variability in temperature,

precipitation amount, summer monsoon intensity, regional

moisture sources, and atmospheric circulation. However, across

the region, contrasting interpretations of these paleoclimate

archives have been offered, which likely reflect the uncertainty

of the main climate drivers that influence d18O. For example,

variability in ice core d18O records from the Dunde and Guliya

ice caps in the northern Tibetan Plateau coincides with changes

in local surface temperature, faithfully recording both extreme

cold and warm events (Thompson et al. 1989, 1990). In the

southern Tibetan Plateau, the East Rongbuk ice core d18O has

been used as a proxy record of local precipitation amount or

summer monsoon intensity (Hou et al. 2003). However, the lon-

ger ice core d18O record fromDasuopu (near East Rongbuk) has

been used as a proxy for local surface temperature (Thompson

et al. 2000) and a composite ice core d18O record from Noijin

Kangsang, Dasuopu, and East Rongbuk (southern Tibetan

Plateau) also relates to surface temperature variability (Yang

et al. 2014). Hence, an improved understanding of the key

drivers of modern precipitation d18O (d18Op) in this region is

highly desired in order to more accurately reconstruct paleo-

climate and better interpret the existing paleoclimate records.

The d18Op has been widely applied in the region to identify

moisture sources (Araguás-Araguás et al. 1998; Aggarwal et al.

2004; Midhun et al. 2018), to determine the specific timing of

the summer monsoon onset in southwestern and southeastern

China (Yang et al. 2012, 2017), and to divide the Tibetan

Plateau and broader East Asian region into distinct climato-

logical zones (Yu et al. 2021). The apparent conflict in the in-

terpretation of the d18Op records may partially be explained by

the differences in the drivers of d18Op across the northern and

southern parts of the region (Araguás-Araguás et al. 1998; Tian
et al. 2003; Liu et al. 2014; Yu et al. 2021). In the northern

part, previous studies have proposed that the monthly d18Op

changes are mainly controlled by temperature (Araguás-
Araguás et al. 1998; Liu et al. 2014). In addition, recycled
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moisture from local evapotranspiration is considered another

factor affecting d18Op in the northern part (Wang et al. 2017;

Sun et al. 2020). Further, the daily d18Op can also be affected by

marine moisture driven by the Asian summer monsoon where

d18Op values become relatively low in summer, although the

‘‘temperature effect’’ exists throughout the year (Yu et al.

2014). At most sites of the southern part, the monthly d18Op is

negatively correlated with local precipitation amount and

hence the ‘‘amount effect’’ was initially considered the main

driver of d18Op in this region (Araguás-Araguás et al. 1998).
However, local precipitation amount has been recently found

to be less responsible for the d18Op variability (Tan 2014; Tang

et al. 2015; Cai et al. 2018). Instead, regional precipitation

amount is believed to have a stronger influence on the d18Op in

the southern part than local precipitation amount (Ruan et al.

2019; Zhou et al. 2019).

Recently, large-scale factors such as moisture transport

pathway (moisture sources/moisture transport distances) and

convection have been considered more important in driving

the d18Op than local factors (especially the local precipitation

amount) (Lee et al. 2012; Baker et al. 2015; Tharammal et al.

2017; Yu et al. 2017; Cai et al. 2018). Tan (2014) proposed that

moisture derived from different oceans causes the variations in

the d18Op in the East Asian monsoon region, and the longer

transport distance from the Indian Ocean drives stronger

rainout and leads to more negative d18Op compared to the

moisture transported from the western Pacific Ocean. Lower

d18Op can also result from moisture sourced from the same

ocean but transported over longer distances during the active

monsoon season (Breitenbach et al. 2010). In contrast, Cai and

Tian (2016) emphasized that summer d18Op variability is pri-

marily related to the atmospheric circulation pattern (i.e.,

Walker circulation) rather than differences in the moisture

sources or moisture transport distances. They suggested that

stronger Walker circulation, higher cloud, and lower conden-

sation temperature are the cause of lower d18Op. Recently,

convection intensity in the source regions has been recognized

as another key factor influencing d18Op (Cai et al. 2018; He

et al. 2018a,b; Ruan et al. 2019; Ansari et al. 2020; Chiang et al.

2020). Convection intensity directly impacts vertical air mo-

tions and thus governs precipitation formation and associated

moisture fractionation upstream, which alter the d18O in water

vapor and subsequent downstream precipitation. In that regard,

whether local weather patterns, moisture transport pathway

(moisture sources and moisture transport distances), or convec-

tion dominates the changes in the d18Op across the East Asian

monsoon region has remained controversial. These different

findings may in part be due to the varied temporal and spatial

scales. Indeed, most of these studies explored the factors influ-

encing the d18Op at seasonal or interannual time scales using

monthly data, which ignores the detailed d18Op signals of daily

data. Many of the previous studies were also conducted at a

single site or over a small area andhavenot considered the larger

spatial variability in the region. Consequently, it has been diffi-

cult to determine the main factors affecting the d18Op along the

north–south transect of the East Asian monsoon region.

This study analyzed daily d18Op patterns from four sites

stretched over the southern and northern parts of the East

Asianmonsoon region (i.e., Guangzhou, Changsha, Shijiazhuang,

and Changchun) and examined their relationships with local

meteorological factors such as temperature and precipitation

amount. We used a combination of monitoring and modeling

simulations to determine the main moisture sources that in-

fluence the region, quantify the contributions of the different

moisture sources and moisture transport distances at each site,

and examine the influence of convection on the daily d18Op.

Our key objective is to identify the main factors influencing the

d18Op across the East Asian monsoon region and provide new

insights to improve the interpretation of paleo-isotope records.

2. Materials and methods

a. Study sites

The climate of the East Asian monsoon region is charac-

terized by a distinct alternation of dry and wet seasons, with

dry–cold winters and wet–warm summers under the influence

of the Asian monsoon. In this study, we chose two sites in the

southern part (Guangzhou and Changsha) and two sites in the

northern part (Shijiazhuang and Changchun) (Fig. 1), based on

their geographical locations and climate characteristics (tem-

perature, precipitation amount, and relative humidity; see Text

S1 and Table S1 in the online supplemental material for details)

(Araguás-Araguás et al. 1998; Liu et al. 2014).

b. d18O data

The observed daily d18Op data fromGuangzhou and Changsha

from January 2010 to December 2013 (4 years) were obtained

from the National Tibetan Plateau Data Center and previous

studies (Wu et al. 2015; Zhang et al. 2016; Yang et al. 2017) (see

Text S2 for details). In addition, we collected daily precipita-

tion samples and analyzed the daily d18Op data at both

Shijiazhuang and Changchun from January 2010 to December

2013 (Table S1). The detailed sample collection, storage, and

measurements are described in Text S2.

FIG. 1. Regional map showing the locations of the precipitation

sampling sites across the East Asian monsoon region. The arrows

indicate the trajectories of the westerlies, Indian summermonsoon,

and East Asian summer monsoon. The black lines divide the ocean

into four areas: the Indian Ocean (IO), the equatorial Pacific

Ocean (EPO), the middle of the western Pacific Ocean (MWPO),

and the north of the western Pacific Ocean (NWPO).
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The simulated precipitable water d18O data from the

Isotopes-incorporated Global Spectral Model (IsoGSM)

were used to investigate the influence of moisture transport

pathway on variations in the d18Op in the region. IsoGSM has a

horizontal resolution of about 200 km and 28 vertical levels,

and a time resolution of 6 h (Yoshimura et al. 2008). The

spectral nudging technique was used to constrain the model

with the temperature and zonal and meridional wind compo-

nents from NCEP–NCAR Reanalysis 2 (Yoshimura et al.

2008). IsoGSM is driven by observed large-scale atmospheric

circulation rather than sea surface temperature in othermodels

(Yoshimura et al. 2008) and thereby improves the accuracy of

the simulated isotopic fields over the entire globe (Yoshimura

et al. 2008; Farlin et al. 2013; Chiang et al. 2020). Detailed

descriptions about the validation of the IsoGSM data are

presented in Text S5 and Fig. S1.

c. Meteorological data

To determine the influence of local meteorological variables

on the d18Op, we first obtained meteorological data such as

temperature, precipitation amount, and relative humidity for each

site from the Climatic Data Center, National Meteorological

Information Center, ChinaMeteorological Administration. To

determine the main moisture transport pathway, the water

vapor flux fields were calculated using the ERA5 monthly av-

eraged data (0.258 3 0.258) provided by theEuropeanCentre for
Medium-Range Weather Forecasts (ECWMF) (see Text S3 for

details). The outgoing longwave radiation (OLR) data (18 3 18),
obtained from the University of Maryland (UMD) OLR

ClimateDataRecord (CDR)Portal, were used to determine the

relationship between the d18Op and convection. Considering the

different spatial resolutions between the OLR and other mete-

orological data, we used an inverse-distance-weighted interpo-

lation (IDWI) on the OLR dataset to produce a spatial

resolution of 0.258 3 0.258 so it was directly compatible with the

other data. Correlation analysis was used to determine the in-

fluences of local meteorological factors and convection on the

d18Op. Potential autocorrelation was examined by calculating

the effective number of degrees of freedom (Neff) when per-

forming statistical significance tests (Text S4).

d. HYSPLIT model moisture sources diagnosis

The main moisture sources were identified based on the air

mass backward trajectory using the Hybrid Single Particle

Lagrangian Integrated Trajectory (HYSPLIT) model ver-

sion 4.0 with the global NOAA–NCEP/NCAR reanalysis

data (Stein et al. 2015). Only the backward trajectories for

precipitation-producing days were selected. All air parcels

were released at 1500m above ground level and back-tracked

for 10 days with 6-hourly intervals (Text S5) (Cai et al. 2018;

Ruan et al. 2019). The proportional contributions from each

moisture source were quantified using the moisture source

attribution method (Text S6) (Cai et al. 2018; Sodemann et al.

2008; Wei et al. 2018).

We divided the moisture source regions into three areas: the

Asian continent, the Indian Ocean (west of 1008E), and the

PacificOcean (east of 1008E) (Wei et al. 2018). Due to the large

spatial extent of the Pacific Ocean, we further divided it into

three zones based on latitude including the equatorial Pacific

Ocean (south of 108N), themiddle of the western PacificOcean

(108–308N), and the north of the western Pacific Ocean (north

of 308N) (Fig. 1). The monthly moisture contributions for these

five identified source regions were calculated from the sum of

the moisture originating from each source region and further

weighted by the total monthly precipitation recorded at each

sampling site (Wei et al. 2018; Ruan et al. 2019). By calcu-

lating the proportional contribution of individual moisture

sources during each month, the seasonal variations in the

main moisture sources were determined. For Guangzhou and

Changsha, the middle and northern areas of the western Pacific

Ocean are considered as the proximal moisture source regions,

while the Indian and equatorial Pacific Oceans are considered

as the remote source regions. For Shijiazhuang and Changchun,

the northern area of the western Pacific Ocean is regarded as

the proximal moisture source region, while other oceans are

regarded as the remote moisture source regions.

3. Results

a. Summary and trends of the d18Op data

The average annual d18Op values of the samples collected

between January 2010 and December 2013 decrease from

south to north at the four sites (Fig. S2). During the sampling

period, the d18Op values at Guangzhou range from 216.7& to

3.1& with a mean value of 24.3&. At Changsha, the d18Op

values range from 218.1& to 1.6&, with a mean value

of 26.0&. The d18Op values at Shijiazhuang and Changchun

range from221.1& to 0.6& and232.4& to 7.9&, with means

of 27.7& and 29.0&, respectively.

The seasonal changes in the daily d18Op at each site are

consistent over the four years (2010–13) (left panel of Fig. S2).

The variability in the multimonthly mean d18Op values (right

panel of Fig. S2) is also consistent with the seasonal changes.

At the southern sites (Guangzhou and Changsha), the seasonal

variations of the d18Op are characterized by a distinct V-shaped

pattern, with low values in summer and high values in winter

(Figs. S2a,b). In contrast, the d18Op from the northern sites

(Shijiazhuang and Changchun) display opposite seasonal patterns

compared to the southern sites (Figs. S2c,d). At Shijiazhuang, the

d18Op shows a very weak inverted V-shaped pattern (Fig. S2c),

whereas the inverted V-shaped pattern becomes relatively

prevalent at Changchun (Fig. S2d). Interestingly, at times

during the summer rainy season, relatively low daily d18Op

values are observed at both northern sites (Figs. S2c,d; marked

by the gray shadows). Thus, relatively low daily d18Op values are

recorded at each site in the East Asian monsoon region during

summer; however, the duration of such values shortens from

south to north (Fig. S2).

b. Relationships between the d18Op data and meteorological
factors

The d18Op and local meteorological factors show different

correlations at the southern and northern sites. At Guangzhou

(southern site), the seasonal variations in d18Op are opposite to

temperature (Neff 5 147, r 5 20.47, p , 0.01; r refers to the
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correlation coefficient, p refers to significance level) and pre-

cipitation amount (Neff5 432, r520.41, p, 0.01) (Fig. 2a; see

also Figs. S3a,e). Hence, some degree of amount effect is ob-

served at this site. However, in terms of the different seasons

when the majority (.70%) of annual precipitation occurs

during the monsoon season (May–September), the correlation

between the d18Op and precipitation amount is weaker (Neff 5
263, r520.35, p, 0.01) than the premonsoon (March–April)

(Neff 5 87, r 5 20.62, p , 0.01) and nonmonsoon (October–

February) (Neff 5 96, r520.54, p, 0.01) seasons (Table S2).

At the other southern site (Changsha), d18Op also shows a

weak inverse correlationwith temperature (Neff5 86, r520.32,

p , 0.01) and precipitation amount (Neff 5 313, r 5 20.17,

p , 0.01) over the sampling period (Fig. 2b and Figs. S3b,f),

and exhibits a weak amount effect. However, the weak amount

effect is only observed during the nonmonsoon season (Neff 5
115, r520.30, p, 0.01), and is not significant during both the

premonsoon (Neff 5 82, r 5 20.09, p 5 0.44) and monsoon

(Neff 5 143, r 5 20.06, p 5 0.48) seasons (Table S2).

At Shijiazhuang (northern site), relatively low d18Op values in

summer correspond to relatively high temperatures, relative

humidity, and precipitation amounts (Fig. 2c). Consequently,

the d18Op at this site exhibits a weak negative correlation with

precipitation amount (Neff5 181, r520.22, p, 0.01) (Fig. S3g)

and demonstrates a weak amount effect. Nevertheless, the

amount effect is only significant during the monsoon season

(Neff 5 129, r 5 20.29, p , 0.01), and the d18Op exhibits a

positive correlation with temperature during the nonmonsoon

season (Neff 5 40, r 5 0.39, p , 0.01) (Table S2). Hence, the

d18Op at Shijiazhuang is weakly associated with both tempera-

ture and precipitation amount.

At the other and most northern site (Changchun), the d18Op

trend is correlated with temperature (Neff 5 151, r5 0.42, p,
0.01; i.e., temperature effect) (Fig. 2d and Fig. S3d) and relative

humidity (Fig. 2d) and does not exhibit an amount effect

(Neff 5 297, r 5 20.02, p 5 0.78) (Fig. S3h) throughout the

study period (2010–13). Surprisingly, short-duration relatively

low daily d18Op values at Changchun during the summer

months contribute to the negative correlation between the

d18Op and precipitation amount during the monsoon season

(Neff 5 180, r 5 20.30, p , 0.01) (Table S2).

The anomalous daily d18Op values are related to variations

in local meteorological factors. For example, at Guangzhou, in

the trough of the V-shaped pattern, abnormally high daily

d18Op values of 0.8&, 2.0&, and 2.0& are observed on

7 September 2011, 30 August 2012, and 8 June 2013, respec-

tively (Fig. 2a; the green rectangles), and the corresponding

precipitation amount is less than 0.5mm. This is a result of

subcloud re-evaporation during small raindrop fall (Araguás-
Araguás et al. 1998). At the peak of the V-shaped pattern, the

abnormally low d18Op values (less than the mean value

of24.3&) on 15 January 2012 and 16 December 2013 could be

attributed to the relatively high precipitation amounts (ex-

ceeding 20mm) (Fig. 2a; cyan rectangles).

4. Discussion

a. Influence of local meteorological factors on the d18Op

The correlation between temperature and d18Op observed at

the northern sites is not evident at the southern sites (Fig. S3

and Table S2). This implies that the temperature effect has no

obvious influence on the seasonal d18Op changes in the

southern part of the East Asian monsoon region. Even in the

northern part, the occurrence of some relatively low daily

d18Op values during summer indicates that the temperature

effect does not always control the d18Op variability (Figs. 2c,d).

Contrary to the temperature effect, the amount effect is more

significant at the southern sites. Nevertheless, atGuangzhou and

Changsha, frequent heavy precipitation events begin in late

March each year, namely before the occurrence of the decrease

in the d18Op (marked by the red rectangles in Figs. 2a,b).

Moreover, during the monsoon season, the correlation between

d18Op and precipitation amount is weaker compared to the other

FIG. 2. Time series of temperature (T), relative humidity (RH), d18Op, and precipitation amount (P) at (a) Guangzhou, (b) Changsha,

(c) Shijiazhuang, and (d)Changchun during 2010–13. The black dotted lines indicate the timing of the decreases and increases in d18Op, the

red rectangles mark heavy precipitation events before the decreases in d18Op at Guangzhou and Changsha, the green rectangles mark

abnormally high d18Op values during the trough in the V-shaped pattern, and the cyan rectangles mark abnormally low d18Op values and

the corresponding precipitation amounts during the peak in the V-shaped pattern at Guangzhou.
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times of the year (Table S2). Such weak correlations between

d18Op and precipitation amount not only appear at Guangzhou

and Changsha during the monsoon season but also exist at

other low-latitude locations throughout the year such as in

northeastern and southwestern India (Breitenbach et al. 2010;

Lekshmy et al. 2015). These results suggest that the local

amount effect cannot fully explain the variations of the d18Op

in the southern part (Breitenbach et al. 2010; Wei et al. 2018).

Thus, the influences of the large-scale processes such as

moisture sources, moisture transport distances, and convec-

tion on the d18Op variations should be considered across the

East Asian monsoon region.

b. Influence of moisture transport pathway on the d18Op

1) INFLUENCE OF MOISTURE SOURCES ON THE d18OP

The water vapor flux fields show that the southern and

northern study sites of the East Asian monsoon region are

controlled by different oceanic and continental moisture

sources (Fig. 3). At the southern sites, the predominant mois-

ture sources are from the western Pacific and Indian Oceans,

where the corresponding specific humidity is high (Figs. 4a–g

and Figs. S4a–g). The oceans directly contribute more than

72% and ;31% of the moisture to Guangzhou and Changsha,

respectively (Fig. 5 and Table S3). The oceanic moisture pro-

duces heavy precipitation and often results in relatively low

d18Op values during the monsoon season. Hence, the d18Op

values at both southern sites show aV-shaped pattern. In contrast,

the air masses influencing the northern sites are mainly sourced

from the northwesternAsian continent, which have relatively low

specific humidity (Figs. S5a–g and S6a–g) and contribute more

than 85% of the moisture to Shijiazhuang and Changchun (Fig. 5

and Table S3). Under the influence of a single continental air

mass, seasonal fluctuations in temperature and temperature-

dependent isotope fractionation become important, and tem-

perature becomes themain factor governing the d18Op variations.

Therefore, the inverted V-shaped pattern consistent with tem-

perature changes is characteristic of the d18Op at the northern

sites. The opposite seasonal patterns of the d18Op between the

southern and northern sites appears to be closely related to these

different oceanic and continental moisture sources (Fig. 3a). In

other regions affected by the Asian monsoon, such as South

Asia, the shift in continental and marine sources also causes

the distinct patterns of the d18Op (Araguás-Araguás et al. 1998;
Breitenbach et al. 2010).

2) INFLUENCE OF MOISTURE TRANSPORT DISTANCES

ON THE d18OP

Previous studies have demonstrated that whether seawater

d18O values or surface temperatures are not significantly dif-

ferent across tropical oceans whereby the initial vapor d18O

values are similar (LeGrande and Schmidt 2006). However,

distances of the moisture transported from the tropical oceans

will vary over different seasons and as a result, the rainout

process prior to precipitation at the sampling site will be dif-

ferent and likely lead to different d18Op values. In this section,

we analyze the influence of moisture transport distances on the

d18Op during the premonsoon and monsoon seasons.

(i) Premonsoon season

During the premonsoon season (March–April), a moisture

channel forms in the western Pacific Ocean between 08 to 158N

(western Pacific Ocean moisture channel) (Figs. 3b,c; marked

by white arrows in Fig. 3c). The moisture flows from east to

west and is driven by the western Pacific subtropical high

(Figs. 3b,c) (Ding and Li 2017). Meanwhile, the India–Burma

Trough prevails near the west of the moisture channel (indi-

cated by the red dashed circles in Figs. 3b,c) (Yu et al. 2017).

The strong India–Burma Trough meets the moisture channel

at approximately 1008E and obstructs the continuous westward

transport ofmoisture from the western PacificOcean (Figs. 3b,c;

the red vertical bar indicates the position of the meeting point).

As a result, the moisture is then deflected northward (Figs. 3b,c)

and heavy precipitation occurs in the southern part of the East

Asian monsoon region where this warm ocean moisture meets

the cold continental air masses (Fig. 3a). This process corre-

sponds to the relatively high d18Op values at Guangzhou and

Changsha (Fig. 3a). The backward trajectories at the two sites

during the premonsoon season also demonstrate that the

moisture is mainly transported from the western Pacific Ocean.

The moisture along the trajectories is characterized by high

specific humidity (.10 g kg21) (Figs. 4a,b and S4a,b) and high

precipitable water d18O (.216.0&) (Figs. 4h,i, and S4h,i).

Moreover, at the southern sites, over 65% of the moisture

contributing to precipitation at Guangzhou during this period

originates from the proximal source from the middle of the

western Pacific Ocean while at Changsha, this source contrib-

utes 20% and 12%duringMarch andApril, respectively (Fig. 5

and Table S3). This corresponds to the increased precipitation

and relatively high d18Op values at both Guangzhou (a mean

d18Op as high as 21.3& during this period) and Changsha (a

mean d18Op of up to 23.2&) (Fig. 3a). Hence, the relatively

high d18Op values at the two southern sites (Fig. 3a) result from

the weak rainout effect due to short-distance moisture trans-

port from the western Pacific Ocean (Figs. 4h,i, 5, and S4h,i)

(Tang et al. 2015; Wu et al. 2015; Zhang et al. 2020). This

process also explains why the high precipitation amount cor-

responds to the relatively high d18Op at the southern sites

during the premonsoon season.

The northern part of the East Asian monsoon region during

the premonsoon period is controlled by dry and cold air masses

sourced from the northwestern Asian continent (Figs. 3b,c).

Nearly 100% and over 80% of the moisture contributing to

precipitation at Shijiazhuang and Changchun, respectively

originate from within the continent (Fig. 5 and Table S3).

Moreover, the trajectories indicate that the air masses from the

continent have low specific humidity (,4 g kg21) (Figs. S5a,b

and S6a,b) and relatively low precipitable water d18O (mainly

below 225&) (Figs. S5h,i and S6h,i). Therefore, limited pre-

cipitation and low d18Op occur at Shijiazhuang and Changchun

during the premonsoon season (Fig. 3a).

(ii) Monsoon season

During the monsoon season (May–September), the mois-

ture from long-distance transport processes increases consid-

erably compared to the premonsoon season (Figs. 4c–f, S4d–f,
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FIG. 3. (a) Temporal distribution of the monthly mean d18Op (solid lines) and precipitation amount (P; bars) during

the study period at Guangzhou (GZ), Changsha (CS), Shijiazhuang (SJZ), and Changchun (CC). Vertically integrated

water vapor flux fields at 1000–850 hPa for the 4-yr (2010–13) monthly means of (b)March, (c) April, (d) May, (e) June,

(f) July, (g) August, and (h) September. The unit of the color scale is kgm21 s21 for water vapor flux. The cyan dots

indicate the locations of the sampling sites. The red dashed circles represent the position of the India–Burma trough, the

red vertical bars mark the position of the meeting of the India–Burma trough and western Pacific Ocean moisture

channel (approximately 1008E), the white vertical bars mark the position of the meeting between the Indian Ocean and

western PacificOceanmoisture channels (east of 1208E), the white arrows in (c)mark the location of the western Pacific

Ocean moisture channel during the premonsoon season, and the white arrows in (f) mark the locations of the Indian

Ocean (I), equatorial Pacific Ocean (E), and western Pacific Ocean (W) moisture channels during the monsoon season.
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S5e,f, and S6e,f). The northward migration of the intertrop-

ical convergence zone (ITCZ) and the strong north–south

thermal contrast between the heated Asian land and cold

southern Indian Ocean result in the development of the

powerful Indian summer monsoon (Wang et al. 2003). Owing

to the onset of the Indian summer monsoon, a moisture

channel forms in the low-latitude ocean of the Southern

Hemisphere, develops northward at approximately 458E, and
strengthens and travels across the equator into the Arabian

Sea, Indian Ocean, Bay of Bengal, and South China Sea

(Indian Ocean moisture channel) (Figs. 3d–g; the channel is

marked by white arrows and labeled with the letter ‘‘I’’ in

Fig. 3f). Hence, the moisture from the Indian Ocean and

South China Sea is transported to the southern part including

Guangzhou and Changsha. Due to the impact of a branch

of the East Asian summer monsoon (the South China Sea

summer monsoon), another moisture channel forms in the

ocean north of Australia (at approximately 1108E), which
moves northward across the equatorial Pacific Ocean and

South China Sea (equatorial Pacific Oceanmoisture channel)

(Figs. 3e–g; the channel is marked by white arrows and la-

beled with the letter ‘‘E’’ in Fig. 3f). This moisture travels

from the equatorial Pacific Ocean and South China Sea

and reaches the southern sites, although it is much weaker

than the Indian Ocean moisture channel. The two above-

mentioned channels provide abundant moisture and pro-

duce sustained heavy precipitation in the southern part of the

East Asian monsoon region throughout the monsoon season

(Figs. 3a,d–h). In addition, the backward trajectories at the

two southern sites in May–September show an increased

moisture contribution from the remote Indian and equatorial

Pacific Ocean (Figs. 4c–g and S4c–g). These trajectories

contain high specific humidity (.10 g kg21) (Figs. 4c–g and

S4c–g) and relatively low precipitable water d18O (mostly

less than 218.0&: Figs. 4j–n and S4j–n). Moreover, the

contribution proportions from the remote moisture sources

including both the Indian and equatorial Pacific Oceans in-

crease from ,5% (1%) during the premonsoon season to

;30% (15%) during the monsoon season at Guangzhou

(Changsha) (Fig. 5 and Table S3). As a result of the enhanced

rainout effect during the long-distance moisture transport

FIG. 4. Backward trajectories for precipitation days in (a),(h)March, (b),(i) April, (c),(j)May, (d),(k) June, (e),(l)

July, (f),(m) August, and (g),(n) September during 2010–13 at Guangzhou. Colors indicate (left) specific humidity

and (right) precipitable water d18O along the trajectories.

FIG. 5. Climatology of 4-yr (2010–13) mean moisture contribu-

tion proportions from March to September at Guangzhou (GZ),

Changsha (CS), Shijiazhuang (SJZ), and Changchun (CC). IO,

EPO, MWPO, and NWPO stand for the Indian Ocean, the equa-

torial Pacific Ocean, the middle of the western Pacific Ocean, and

the north of the western Pacific Ocean, respectively.
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from the key source areas of the Indian and equatorial Pacific

Oceans (Figs. 4c–g and S4c–g), the d18Op values at the south-

ern sites (Guangzhou and Changsha) are significantly lower dur-

ing the monsoon season (26.0& and 28.4&, respectively)

compared to the premonsoon season (Fig. 3a) (Baker et al. 2015;

Zhang et al. 2020).

In the northern part of the East Asian monsoon region, most

moisture during themonsoon season originates fromwithin the

continent (Figs. 3d–h), but this moisture has little influence on

the relatively low daily d18Op values that occur during summer

(Baker et al. 2015). Therefore, we discuss the influence of the

marine moisture channel on these relatively low daily d18Op

values. Driven by the ITCZ and the east–west thermal contrast

between the heated East Asian landmass and relatively colder

Pacific Ocean, another branch of the East Asian summer

monsoon (western Pacific summer monsoon) forms (Wang

et al. 2003; Ding and Chan 2005). The western Pacific Ocean

moisture channel, which gradually retreats eastward in late

April, develops and strengthens during the early monsoon

season (May–June) (Figs. 3d,e). However, due to blocking by

the Indian Ocean moisture channel, the western Pacific Ocean

moisture channel turns northward east of 1208E (Figs. 3d,e; the

white vertical bar marks the position of the meeting of the two

moisture channels, the channel is marked by white arrows and

labeled with the letter ‘‘W’’ in Fig. 3f). This moisture channel

continues to travel northward along a long path and can oc-

casionally affect the northern sites including Shijiazhuang and

Changchun during the active monsoon season (July–August)

(Figs. 3f,g). The corresponding backward trajectories also

display the increased moisture contributions from the dis-

tant Indian Ocean, the equatorial Pacific, and the middle of

the western Pacific with relatively high specific humidity

(Figs. S5e,f and S6e,f). Furthermore, the contribution

proportions of these long-distance moisture sources increase to

;8% and 6% at Shijiazhuang and Changchun in July–August,

respectively (Fig. 5 and Table S3). Consequently, the rainout

effect of the long-distance moisture transport causes the rela-

tively low daily d18Op values in July–August (Fig. 3a). Relatively

low d18Op values in summer caused by distant ocean moisture

sources were also reported at Xi’an (Yang and Yao 2016) and

Lanzhou (Yu et al. 2014) in central and western China, respec-

tively. The onset of the summer monsoon in the northern part is

later, the duration is shorter, and the intensity is weaker com-

pared to the southern part. As a consequence, the relatively low

d18Op values recorded at Shijiazhuang and Changchun in sum-

mer are of smaller magnitude and of shorter duration compared

to the southern sites.

During the late monsoon season (September), all three

oceanic moisture channels gradually weaken and with-

draw southward with the retreat of the summer monsoon

(Fig. 3h). The northern sites are almost completely unaf-

fected by distant marine moisture sources during this pe-

riod (Fig. 5; see also Figs. S5g and S6g). The precipitation

amount gradually decreases, and the corresponding d18Op

values increase at Shijiazhuang and Changchun (Fig. 3a).

However, the southern sites are still affected by the sum-

mer monsoon, and d18Op is relatively low (Fig. 3a). When

the monsoon season ends, the d18Op values at the southern

sites return to the pattern observed during the pre-

monsoon season (Fig. 3a).

c. Influence of convection on the d18Op

Convection also contributes to the variations in d18Op in the

East Asianmonsoon region. OLR is controlled by temperature

and cloudiness, but mainly depends on the changes in cloudi-

ness in the low latitudes due to the small fluctuations in tem-

perature (Kyle et al. 1995). In the middle and high latitudes,

OLR exhibits a strong and positive correlation with tempera-

ture (r . 0.6, p , 0.05) (Fig. S7), indicating that it mainly re-

flects the variations in surface temperature in the middle and

high latitudes, where the convective activity is weak. Thus,

OLR provides an indicator of convection intensity mainly in

the low latitudes, with lower OLR values indicating stronger

convection (Vimeux et al. 2011; Gao et al. 2013; Lekshmy

et al. 2014).

In this study, the strong tropical convection zone in the

NorthernHemisphere is defined byOLR (marked by the black

rectangle in Fig. S8), which is consistent with the main regions

from where oceanic moisture is transported to the southern

sites. The strong tropical convection enhances vertical air

motions and increases precipitation in source regions, and

hence the d18Op decreases at the southern sites. At the south-

ernmost study site (Guangzhou), positive correlations between

the d18Op and OLR appear in the strong tropical convection

zone, and the correlation coefficients are 0.2–0.5 (p , 0.05)

(Fig. 6a) (note that the date of OLR corresponds to the d18Op,

and the distribution of the correlation coefficients in the strong

tropical convection zone is marked by the black rectangle).

This result indicates that tropical convection in the strong

tropical convection zone is related to the changes in d18Op at

Guangzhou. At Changsha, the positive correlations are similar

toGuangzhou, although the correlation coefficients are slightly

lower (0.2–0.4, p , 0.05) (Fig. 6b), implying that the influence

of tropical convection on the d18Op at Changsha is weaker.

Previous studies have also demonstrated that tropical con-

vection can influence d18Op in SouthAsia (Lekshmy et al. 2014;

Chakraborty et al. 2016; Ansari et al. 2020), Southeast Asia

(He et al. 2018a,b;Wei et al. 2018), and northwestern Australia

(Zwart et al. 2016).

At the northern study sites, the low positive correlation

coefficients (0.1, p , 0.05) between the d18Op at Shijiazhuang

and OLR (Fig. 6c) indicate the extremely weak influence of

tropical convection on the d18Op. Moreover, the spatial cor-

relations between the d18Op at Changchun and OLR are op-

posite to those at the southern sites of Guangzhou and

Changsha (Fig. 6d) and hence there is little to no influence of

tropical convection at Changchun. From south to north, the

influence of tropical convection on the d18Op weakens with

the increasing distance between the sites and the strong trop-

ical convection zone; the northern boundary of influence for

tropical convection possibly lies near Shijiazhuang. Therefore,

tropical convectionmainly influences the d18Op in the southern

part of the East Asianmonsoon region. Moreover, the influence

of tropical convection on the d18Op atGuangzhou andChangsha

is only significant during the monsoon season (Figs. S9b,d),

when the premonsoon and monsoon seasons are considered
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separately (Fig. S9). Hence, the strong convection causes the

low d18Op during the monsoon season.

To further clarify the influence of tropical convection on the

daily d18Op at the southern sites during the monsoon season,

we calculated the daily d18Op anomalies at Guangzhou and

Changsha and compared these values to the corresponding

averagedOLRanomalies (normalized by subtracting themean

value from the individual value and then dividing by its stan-

dard deviation) in the strong tropical convection zone in the

Northern Hemisphere (Fig. S10). The persistent negative

d18Op anomalies at Guangzhou and Changsha correspond to

the persistent negative OLR anomalies in the strong tropical

convection zone during 16 July–12 August 2010, 24 August–

12 September 2010, 16–26 June 2011, 22–27 July 2012, and

14 July–24 August 2013 (Fig. S10; marked by the gray

shadows). These anomalies indicate that strong tropical con-

vection is responsible for the persistent low d18Op values dur-

ing the monsoon season at the southern sites. Nevertheless, the

negative d18Op anomalies do not exactly correspond to the

negative OLR anomalies (Fig. S10). This result indicates that

tropical convection is only one of the factors that influence

d18Op variability in the southern part of the East Asian mon-

soon region during the monsoon season.

Some previous studies have proposed that d18Op is also

controlled by convection prior to precipitation at the sampling

sites, also known as the integration of convection or accumu-

lative convection (Vimeux et al. 2011; Zwart et al. 2016).

Hence, we further consider the influence of accumulative

convection along the backward trajectories on the d18Op at the

southern sites. First, we extracted the OLR values along

backward trajectories of the d18Op days. Second, we averaged

the OLR values over the time constant tm (10, 9, . . . , 1, and 0

days prior to the precipitation event). Third, we calculated the

correlations between the d18Op and the averaged OLR values

over the tm. The results show that the positive correlations

between the d18Op at Guangzhou and the averaged OLR are

more significant during the monsoon season compared to the

premonsoon season, but the tm (1–6 days) of the highest cor-

relation coefficient occurs during the monsoon season is longer

than the premonsoon season (0 days) (Figs. S11a,b). Similar

results are also found at Changsha (Figs. S11c,d). The more

significant correlation during the monsoon season can be

explained by the stronger convection, and the longer tm
could result from longer moisture transport distances.

Therefore, the significant influence of cumulative convec-

tion on the daily d18Op is mainly limited to the monsoon

season. In summary, the influence of convection on the daily

d18Op mainly occurs in the southern part of the East Asian

monsoon region and this influence predominately occurs

during the monsoon season.

FIG. 6. Spatial distribution of the correlation coefficients (p, 0.05) between the daily d18Op and regional OLR at

(a) Guangzhou, (b) Changsha, (c) Shijiazhuang, and (d) Changchun. The gray color indicates the regions with

nonsignificant correlations (p . 0.05). The black rectangles mark the distribution of the correlation coefficients in

the strong tropical convection zone in the Northern Hemisphere.
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d. Comprehensive influences of moisture transport
pathway and convection on the d18Op

Our study reveals that the d18Op across the East Asian

monsoon region is influenced by a combination of local me-

teorological factors, moisture transport pathway, and convec-

tion. However, the influences of the local amount effect at the

southern sites and the temperature effect at the northern sites

do not exist persistently during different seasons. Indeed, the

influences of moisture transport pathway (Midhun et al. 2018)

and convection (Kurita 2013) on the d18Op overshadow the

amount effect at the southern sites during the premonsoon and

monsoon seasons, respectively (Table S2; see Text S7 for de-

tails). At the northern sites, the influence of moisture transport

pathway on the d18Op overshadows the temperature effect

during both the premonsoon and monsoon seasons (Table S2;

see Text S7 and Fig. S12 for details). Moreover, moisture

transport pathway and convection interact with each other.

During the monsoon season, the transport of marine moisture

provides a medium for the additional influence of convection

on the d18Op (Rahul and Ghosh 2019). Strong convection also

promotes the increased transport of marine moisture to the

East Asian monsoon region. Such interacting processes result

in relatively low d18Op values in the region during the monsoon

season. Consequently, the d18Op across the East Asian mon-

soon region can be comprehensively influenced by both

moisture transport pathway and convection.

5. Conclusions

The seasonal patterns of daily d18Op during 2010–13 in our

study area change from V-shape to inverted V-shape across

the southern to northern sites. The d18Op values decrease at all

the study sites during summer, and themagnitude and duration

of the relatively low d18Op values decrease from south to north.

Our analyses reveal that the different seasonal patterns ob-

served in d18Op are linked to variations in the proportional

contributions of different moisture sources. Long-distance

moisture transport and convection also contribute to the rel-

atively low d18Op values in summer. However, convection is

mainly responsible for the decrease in d18Op values in the

southern part during the monsoon season. Hence, the seasonal

variations in the daily d18Op across the East Asian monsoon

region are dominantly affected by moisture transport pathway.

Our findings indicate that d18Op can be used to identify

moisture transport pathway signals, which are likely preserved

in the paleoclimate records from the East Asian monsoon re-

gion. Hence, we suggest that more consideration should be

given to moisture transport pathway when interpreting both

d18Op and paleoclimate records. The relative role of local

meteorological factors, moisture transport pathway, and con-

vection in controlling d18Op in South Asia also remains unclear

(Breitenbach et al. 2010; Lekshmy et al. 2014; Midhun et al.

2018). Our results provide an insight into the main factors that

influence the d18Op in South Asia.

The limitation of our study is that the four sites are used to

represent the entire East Asian monsoon region. Higher spa-

tial resolution sampling along the north–south transect of the

region will better capture seasonal changes of the d18Op from

south to north. In addition, a longer time series would help

build on the current conclusions and allow a better under-

standing of other potential contributing factors on d18Op var-

iability across the East Asian monsoon region (such as El

Niño–Southern Oscillation).
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