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ABSTRACT

The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) platform is used to simulate

Lagrangian trajectories of air parcels in East China during the summer monsoon. The investigation includes

four distinct stages of the East Asian summer monsoon (EASM) during its seasonal migration from south to

north. Correspondingly, the main water vapor channel migrates from the west Pacific Ocean (PO) for the

premonsoon in South China (SC) to the IndianOcean (IO) for themonsoon in SC and in theYangtze–Huaihe

River basin, and finally back to the PO for the terminal stage of monsoon in North China. Further calculations

permit us to determine water vapor source regions and water vapor contribution to precipitation in East

China. To a large extent, moisture leading to precipitation does not come from the strongest water vapor

pathways. For example, the proportions of trajectories from the IO are larger than 25% all of the time, but

moisture contributions to actual precipitation are smaller than 10%. This can be explained by the large

amount of water vapor lost in the pathways across moisture-losing areas such as the Indian and Indochina

Peninsulas. Local water vapor recycling inside East China (EC) contributes significantly to regional pre-

cipitation, with contributionsmostly over 30%, although the trajectory proportions from subregions in EC are

all under 10%. This contribution rate can even exceed 55% for the terminal stage of the monsoon in North

China. Such a result provides important guidance to understand the role of land surface conditions in mod-

ulating rainfall in North China.

1. Introduction

Unlike tropical summer monsoons, such as the Indian

monsoon or theWest African monsoon, the East Asian

summer monsoon (EASM) is characterized by the

presence of a front between warm air masses from the

south and cold air masses from the north (Wang 2006;

Chang 2004). A rain belt is formed along the front.

During the seasonal course in summer, the rain belt

marks a clear migration from south to north, making

different rainy periods in different regions in East

China. It is well recognized that three major periods of

rainfall take place in South China, the Yangtze River

basin, and North China (Zhou and Yu 2005; Ding et al.

2008; Shi et al. 2009; Sun et al. 2011; Zhu et al. 2011; Sun

andWang 2015). The rain belt, whatever its geographic

position during its migration course from south to

north, is always strongly related to moisture transport,

which is a necessary condition leading to precipitation

(Huang et al. 1998; Jiang et al. 2006; Sun et al. 2011). It
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is of great significance to quantitatively determine

the moisture source of the monsoon rainfall for its

different phases.

Early research mainly used an Eulerian approach to

analyze moisture transport pathways. For the rainy pe-

riod in South China, Lin et al. (2014) showed that

southwesterly water vapor transports carrying moisture

from the Bay of Bengal, the west Pacific, and the south-

west side of the Tibetan Plateau are major pathways. For

the mei-yu rainy season in the Yangtze River Valley,

Jiang et al. (2009) showed that water vapor ismainly from

the southern Indian Ocean, the East African coast, and

the Arabian Sea. For rainfall in North China, Xie and

Ren (2008) indicated thatwater vapormainly comes from

the Bay of Bengal, the South China Sea/west Pacific

Ocean, and the midlatitude westerlies. These research

studies mainly focused on the moisture transport chan-

nels during the EASM, and indicated the significant

changes for different stages of the summer monsoon.

However, the simple analysis of moisture transport

with an Eulerian vision is unable to assess moisture origins

from remote regions. It generally ignores any moisture

changes during the transport, although some Eulerian

variants with an online implementation of moisture tag-

ging technique in global or regional climate models were

proved to be very useful to understand water vapor sour-

ces [see Insua-Costa and Miguez-Macho (2018) and the

relevant references there].When such awater vapor tracer

scheme was incorporated into the regional model WRF,

Dominguez et al. (2016) andEiras-Barca et al. (2017)were

able to investigate the origin of moisture for the North

American monsoon and for two events of atmospheric

river landfall causing catastrophic precipitation.

The most advanced methods that have been widely

used in recent years to determinemoisture origin are based

on Lagrangian models (Stohl and James 2004, 2005;

Dominguez et al. 2006; Dirmeyer et al. 2009), capable of

calculating backward or forward trajectories of air parcels

residing over the target region. They can trace pathways of

the moisture transport and changes of physical quantities

along thepathways. TheLagrangianmethodology has been

highly valued in investigating global moisture transport

and regional moisture recycling.We can cite a fewworks

to show the diversity of research topics that used the

Lagrangian approach. First, at the global scale, Gimeno

et al. (2010) presented results on the moisture contri-

bution for each continent from the global ocean in dif-

ferent seasons.At the regional scale, Brubaker et al. (2001)

and Diem and Brown (2006) calculated the moisture

sources for precipitation in the Mississippi River basin

and in the southwestern United States. Bertò et al.

(2004), Perry et al. (2007), Sodemann and Stohl (2009),

and Bottyán et al. (2014) demonstrated that water vapor

for rainfall in southern Europe comes, in large part, from

the Mediterranean Sea.

For East China, there have also been numerous studies

using Lagrangian models. Drumond et al. (2011a) re-

vealed the main moisture source in different regions in

China. Sun and Wang (2014, 2015) detected the origins

of moisture over East China and semiarid grassland.

However, different researches are still quite divergent.

Chen et al. (2013) showed that the moisture of summer

rainfall in the Yangtze–Huaihe River basin is mainly

from the South China Sea and the Bay of Bengal.

Drumond et al. (2011a) indicated that the moisture of

East China is mainly from the East China Sea, and the

moisture of SouthChina ismainly from theBay of Bengal

and the Arabian Sea. In recent work, Sun and Wang

(2015) affirmed that the water vapor for precipitation

in the Yangtze–Huaihe River basin and in North China

is mainly from local evaporation and from the west

Pacific Ocean.

The divergence of results in the scientific literature has

two major sources. First, the target area in East China is

different among different publications. There has been a

lack of systematic investigation for different regions and

for the whole seasonal course when the East Asian

summer monsoon migrates from south to north. Second,

since the calculations of Lagrangian trajectories require

heavy computation, many existing studies have been

limited to short periods, which may impact the stability

and robustness of their results. It is thus desirable to study

different phases during the seasonal migration course of

the rainfall in East China for a long time period.

In this article, based on the Hybrid Single-Particle

Lagrangian Integrated Trajectory (HYSPLIT) platform

of Lagrangian trajectories, we systematically analyze the

variation of water vapor transport in East China during

different phases of EASM. Our analysis covers the period

from1961 to 2010.Advanceddiagnostics are performed to

assess moisture transport pathways, moisture sources, and

contributions to precipitation in each phase of EASM.

The article is organized as follows: the data and ana-

lyzing methods are described in section 2. Section 3

presents the main results on the water vapor sources and

contributions from different regions during the north-

ward propagation of EASM. It furthermore quantifies

the proportion of trajectories and the contribution of

water vapor to precipitation during the seasonal course

of EASM. Conclusions are drawn in the last section.

2. Data and methods

a. Data

We used the reanalysis data taken from the National

Centers for Environmental Prediction (NCEP)–National
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Center for Atmospheric Research (NCAR) reanalysis.

Global pressure-level data were reprocessed into the

HYSPLIT compatible format in the Air Resources

Laboratory (ARL) of the National Oceanic and Atmo-

spheric Administration (NOAA). They are available

since 1948 at 6-hourly temporal resolution and 2.58 (lati-
tude/longitude grid) spatial resolution with 17 levels in

the vertical. Data have been downloaded from theARL’s

archives (http://ready.arl.noaa.gov/gbl_reanalysis.php).

b. Determination of the rainy season course in East
China

The rainy season course in East China is directly taken

from the National Climate Bulletin published annu-

ally by the National Climate Center and the Central

Meteorological Observatory (http://cmdp.ncc-cma.net/cn/

monitoring.htm#). As commonly practiced (Jiang et al.

2006; Sun and Wang 2014, 2015; Zhou and Yu 2005;

Ding et al. 2008), the rainy season course in East China is

divided into three periods and characterized by abun-

dant rainfall in three geographical regions which are,

from south to north, South China (SC), the Yangtze–

Huaihe River (YHR) basin, and North China (NC). The

data period covers from 1961 to 2010. The three areas

are shown in Fig. 1 with the following coordinates: 208–
268N, 1068–1208E; 288–348N, 1108–1238E; and 358–438N,

1108–1208E, respectively.
The situation in SC can be divided into two distinct

subperiods separated by the onset of the South China

Sea (SCS) summer monsoon, which induces different

characteristics of atmospheric circulation in South China

and associated water vapor transport (Shen et al. 1982;

Chen et al. 1991; Lin et al. 2014). Before the onset of

SCS summer monsoon, the water vapor transport in

South China is associated with the westerly wind belt and

SCS sea level pressure high. With the onset and strength-

ening of the SCS monsoon, the cross-equatorial flow

from the Southern Hemisphere intensifies and con-

nects with the water vapor channel from the Bay of

Bengal. Regarding the onset date of the SCS monsoon,

we use that defined by Wang et al. (2004), namely the

day when the 850-hPa zonal winds averaged over the

central SCS (58–158N, 1108–1208E) shift from west-

erlies to easterlies. Figure 2 shows the beginning and

ending dates of the four periods characterizing the

rainy season course of East China from 1961 to 2010.

The average start days of the four periods are 6 April,

17 May, 8 June, and 16 July. The average end days are

16 May, 1 June, 17 July, and 18 August. As shown in

Fig. 2, there is a large interannual variability for the

timing and duration of these four subperiods, which

obligates us to use precise beginning and end dates in

our statistics of trajectories.

c. Methods

1) HYSPLIT WATER VAPOR TRACKING

SIMULATION

The NOAAHYSPLITmodel (Draxler and Hess 1998;

NOAA ARL 2011) is used in this paper for trajectories

and tracks of air parcels. The back-trajectory algorithm is

applied to all stations inside the three target areas. From

their initial position, back trajectories are calculated to

cover all times between the beginning and the end of

each of the four subperiods of the monsoon propagation

course.We use six levels at 100, 500, 1500, 3000, 5000, and

9000m as our initial height of particle release. These

levels roughly correspond to the near-surface layer and

levels at 925, 850, 700, 500, and 300hPa, respectively. All

parcels were integrated backward in time, until 10 days.

Outputs were recorded every 6h with variables indicating

the position (latitude, longitude, and altitude) and mete-

orological conditions (temperature, specific humidity, and

geopotential height) for further analysis and diagnostics

(Jiang et al. 2017). In particular, we averaged all trajec-

tories in each of the five main moisture source areas,

which helps us to get actual moisture transport pathways.

FIG. 1. Location of the three rectangular target domains in East

China, the North China region (358–438N, 1108–1208E), Yangtze–

Huaihe River basin region (288–348N, 1108–1238E), and South

China region (208–268N, 1068–1208E) from north to south. Dots

indicate locations of the observational stations in these three re-

gions. Superimposed are threemajor rivers in East China: the Pearl

River in the south, theYangtzeRiver in themiddle, and theYellow

River in the north.
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2) EVAPORATION-MINUS-PRECIPITATION

DIAGNOSIS METHOD (E 2 P) TO DEDUCE

SOURCE/SINK REGIONS OF WATER VAPOR

Water vapor in an air parcel changes when evaporation

or precipitation takes place, increasing with the former

and decreasingwith the latter. It is thus clear that a correct

determination of the source and sink characteristics of the

water vapor transport has to take into account processes

of evaporation and precipitation following the trajectory.

Stohl and James (2004, 2005) proposed such a diag-

nostic method, commonly called the evaporation-minus-

precipitationmethod, to consider the change ofmoisture

content with time as the air parcel travels. The budget

equation can be written as follows:

e2 p5m
dq

dt
, (1)

where e and p are respectively the rates of evaporation and

precipitation, q is the specific humidity, andm is the mass

of the air parcel. For a given air parcel, when q decreases,

precipitation is larger than evaporation, and the parcel

loses water vapor. When q increases, evaporation is larger

than precipitation, and the parcel gains water vapor.

Summing the e 2 p of all air parcels residing in the at-

mospheric column over an area A, the surface net water

flux in the area can be given by the following equation:

E2P’
�
K

k51

(e2 p)

A
, (2)

where E and P are the total evaporation and pre-

cipitation in the column andK is the number of particles

over the area. Equation (2) can be regarded as a La-

grangian transformation of the Eulerian atmospheric

moisture budget equation:

E2P5
›W

›t
1= � 1

g

ðPs

0

qvdp , (3)

whereW5 (1/g)
Ð Ps

0
qdp is the vertically integrated water

vapor or precipitable water in the column, g is the grav-

itational acceleration, v is wind, p is atmospheric pressure,

and Ps is pressure at the surface. The last term in Eq. (3)

represents the divergence of vertically integrated water

vapor flux. Stohl and James (2004, 2005) showed that

when using a large enough number of particles, the

Lagrangian and Eulerianmethods give almost identical

results. So the E 2 P results can be obtained, and the

overall water vapor budget in a certain region can be

further determined. The case E 2 P . 0 indicates that

the area is source of water vapor to the precipitation in

target region, whereas whenE2P, 0 the area is a sink

to the precipitation to the target region.More details of

this evaporation-minus-precipitation method can be

found in Stohl and James (2004, 2005) and Sodemann

and Zubler (2010).

3) THE IMPROVED AREAL SOURCE–RECEPTOR

ATTRIBUTION METHOD

The evaporation-minus-precipitation diagnosis can

be used to determine the regional source and sink

characteristics of the water vapor, but it cannot quan-

tify the composition of actual contribution of various

water vapor sources to the precipitation in the con-

sidered area. For example, a region of high positive

FIG. 2. Beginning and end dates of the premonsoon in South China (PSC; dark blue),

monsoon in South China (MSC; light blue), monsoon (or mei-yu) in theYangtze–HuaiheRiver

basin (YHR; red), and monsoon in North China (NC; green) from 1961 to 2010.
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evaporation-minus-precipitation value can almost cer-

tainly be considered as a moisture source region. How-

ever, the air parcels passing over this region to a target

region may not carry a large amount of moisture from

this source region into the target region. This issue of

water vapor contribution from a source point to a target

point can be assessed if one performs a further simple

(forward) operation on the identified trajectories with

a consideration of water vapor evolution (evaporation

and precipitation) along the trajectories. Sodemann et al.

(2008) and Martius et al. (2013) reported interesting re-

sults about moisture source attribution within this simple

framework.

However, this attribution calculation is only valid

from a source point to a target point. It fails when one

wants to evaluate an area for either the source or the

target (or both). As a remedy of this drawback, Sun and

Wang (2014) introduced a method called the areal

source–receptor attribution to evaluate the contribution

of a specific water vapor source region to the precipi-

tation in a target region. When the air parcel is between

the source and target regions, a normal operation is

applied to calculate water vapor changes in function of

evaporation (precipitation) that increases (decreases)

water vapor. The specificity of the areal source–receptor

attribution method is in its special treatments when the

air parcel is in the source and target regions. Details can

be found in step 5 of the algorithm, which is decomposed

into seven steps and presented in Sun and Wang (2014).

In our study, we further improve the methodology with

two new aspects. First, we take into account the water

vapor in the initial air parcels (when the back trajectories

reach a level below 50m and cannot go farther), while Sun

and Wang (2014) put this initial water vapor content at

zero. This enhances the overall contribution rate of water

vapor. Second, as also suggested inHuang et al. (2018), we

consider a gain of water vapor when parcels flow below

the boundary layer top, where verticalmixing is dominant.

Air parcels in this case are considered to be gaining water

vapor as from the ground, while an increase of specific

humidity above the boundary layer is mainly affected by a

phase change of water vapor. In the latter case, we cannot

directly assign the region as a source region.

A third improvement that we implemented in the

initial algorithm of Sun and Wang (2014) is consider-

ation of the source region. The initial algorithm took

into account only a well-determined source/target du-

ality. In our work here, we extend the source region to

an ensemble of unit surface areas of 18 3 18 latitude/
longitude. This permits us to introduce the concept of

the contribution density function (CDF), while Sun and

Wang (2014) could calculate only the contribution pro-

portion from source to target.

To summarize, we can now calculate, for each tra-

jectory j departing from the grid i, the quantity Rj(i)

representing the moisture gained from the unit surface

area i and then released in the target region. Let Rtotal be

the precipitation falling down in the target. It should be

the general sum ofRj(i), that is, the total moisture release

from all trajectories (Sodemann et al. 2008; Sun and

Wang 2014, 2015; Chu et al. 2017). But it is actually a little

larger than the general sum, due to the lack of trajectory

calculations at very high layers. The contribution of water

vapor from each unit area can be assessed with the con-

tribution density function, defined and calculated as

CDF(i)5

�
n

j51

R
j
(i)

R
total

, (4)

where n is the number of trajectories departing from the

area i. CDF behaving as a 2D probability density func-

tion can serve as a measure to evaluate the moisture

contribution rate of a unit area i to the precipitation

falling into the target area.

With the improvement that we implemented, the

global integration of CDF is significantly increased,

which indicates that we can more accurately identify

water vapor sources for the precipitation. For example,

the global sum of CDF for North China monsoon rain-

fall is about 0.8 with the original method (Sun andWang

2015), and about 0.9 with our modifications.

3. Results

Based on the methodology described in section 2c, we

simulated the backward trajectory of parcels for EASM.

From their initial positions shown in Fig. 1, back-trajectories

are calculated to cover all times during the four subperiods

of monsoon propagation in Fig. 2 for 10 days.

a. Premonsoon in South China

For the premonsoon, rainfall mainly occurs in South

China. Although it is before the onset of the SCS summer

monsoon, rainfall is still considered as part of EASM.

We first analyze the moisture transport pathways

(or channels) obtained as the mean trajectory, which

is the average of all back trajectories departing from

our predefined geographic sectors. Figure 3a shows

the main water vapor transport pathways (or chan-

nels) during the premonsoon in South China. The tra-

jectory proportions are also shown in relation to

the channels. For the premonsoon in South China, the

most important water vapor transport channel is from

the west Pacific Ocean, accounting for 33.3% of all

trajectories. Air parcels come from the west Pacific
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Ocean, move northwestward across the Philippines,

and finally enter the target area at the south bound-

aries. The average specific humidity of air parcels in-

creases from 10 to 14 g kg21, which indicates that a

significant portion of moisture is absorbed along the

trajectories. The secondary moisture transport channel

is from the Indian Ocean, which accounts for 24.6% of

all trajectories. The average trajectories move across

the Bay of Bengal and the Indochina Peninsula and

then move into South China. Contrary to the west Pa-

cific channel, the average specific humidity of air par-

cels from the Indian Ocean decreases from 12 to

8 g kg21, which indicates a great deal of water vapor

loss. Of the trajectories, 14.2% are from the westerlies

in the north, and their average specific humidity is

small, increasing from 2 to 7 g kg21. Besides, the pro-

portion of local trajectories is 6.5% and the South

China Sea channel accounts for about 7.9% and the

average specific humidity is 14 g kg21, the largest among

all the channels. These results are consistent with our

general expectation, and in agreement with Chen and

Luo (2018), who also concluded that the main water

vapor transport channel during the premonsoon period

in South China is from the Pacific Ocean. Nevertheless,

the trajectory proportion obtained from our research

is a bit higher for the Pacific Ocean and lower for the

South China Sea.

The vertically integrated water vapor transports

within the Eulerian framework are shown in Fig. 3b.

The premonsoon in South China is mainly influenced

by the west Pacific moisture transport channel. The

circulation from southeast over the west Pacific carries

abundant water vapor into the Indochina Peninsula

and then affects South China. Compared to the water

FIG. 3. Characteristics of moisture transport and moisture source and sink for the premonsoon in South China

(SC). (a) Moisture transport channels based on average trajectories. Five transport channels are identified, from

East China (EC), the west PacificOcean (PO), the SouthChina Sea (SCS), the IndianOcean (IO), and theEurasian

westerly (EA), respectively. Colors on the pathways indicate the average specific humidity of air parcels along the

trajectories (g kg21). The thickness of the pathways represents the percentage of trajectories, also indicated in

numbers. Gray shadings are the number of particles weighted by specific humidity (g kg21) arriving in the target

region (the rectangular zone) for day 10. (b) The climatology of vertically integrated atmospheric water vapor

transport (vectors; kgm21 s21) under the Eulerian view; only vectors more than 50 kgm21 s21 are shown, and

shadings represent the amount of the water vapor transport. (c) MeanE2P (mmday21) of air parcels in 1–10 days

before reaching target region (the rectangular zone). (d)Water vapor contribution density function (CDF) showing

the contribution of water vapor source regions (1025; areas of 18 3 18 in latitude/longitude) to the precipitation in

the target region of South China.
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vapor channel from the west Pacific Ocean, the one

from the Indian Ocean is relatively weak, but it also

plays an important role for the premonsoon in South

China. These results are consistent with the existing

literature for this regard. For example, Chi et al. (2005)

and Lin et al. (2014) showed already that before the

onset of SCS summer monsoon, the subtropical high

dominates the South China Sea and moisture reaching

South China mainly comes from west winds over the

Arabian Sea, east winds at the southwest flank of the

western Pacific subtropical high, and southwest winds

over the Bay of Bengal.

However, the transport pathways cannot give pre-

cise moisture source/sink characteristics. Based on the

evaporation-minus-precipitation diagnosis, Fig. 3c shows

the spatial distribution of averageE2 P from 1 to 10 days

before air parcels reaching South China. It clearly re-

veals that the west Pacific is themost importantmoisture

source region for the premonsoon in South China, and

the maximum value is located in offshore areas of East

China. East China and the South China Sea are also

important moisture source regions. The moisture sink

region for the precipitation in South China is mainly in

the Indochina Peninsula, which indicates great moisture

loss from the Indian Ocean.

The spatial distribution of moisture contribution lead-

ing to premonsoon precipitation in South China (water

vapor CDF) is shown in Fig. 3d, obtained from the im-

proved areal source–receptor attribution calculation.

Large contribution density values are mainly located

near the coasts of Southeast China, and the adjacent

seas, with an average contribution density of about 2 3
1023. In the west Pacific Ocean, the CDF of 1.0 3 1025

extends to 1708E, and that of 1.03 1024 extends to 1508E.
However, the CDF in the IndianOceanmonsoon region

is relatively small; only the Bay of Bengal, the Indian

subcontinent, and the Indochina Peninsula show CDF

values larger than 1.0 3 1025.

In summary, for the premonsoon in South China, the

main moisture transport channel originates from the

west Pacific, which is consistent with previous work of

Chen and Luo (2018). The most important moisture

source is also from the west Pacific, providing abundant

water vapor that is actually converted to precipitation in

South China.

b. Monsoon in South China

After the onset of SCS summer monsoon, the entire

regional atmospheric circulation jumps to a new state,

and EASM actually starts and enters into a stronger

period. But the main monsoonal precipitation remains

in South China. The main moisture transport channels

are shown in Fig. 4. EASM is remarkably different

from what it is in the preceding period. We can see, in

Fig. 4a, that the Indian Ocean moisture channel be-

comes the strongest one. The trajectory proportion

increases from 24.6% (before the onset of SCS summer

monsoon) to 53.9%. More than half of the trajectories

come from the Indian Ocean. The average specific

humidity increases from 10 to 14 g kg21, which also

indicates that water vapor for this period is mainly

from the Indian Ocean. At the same time, the west

Pacific Ocean shows an obviously weaker contribution.

Only 22.0% of the trajectories come from the west

Pacific Ocean and the corresponding pathway is a bit

northward shifted, compared to the former period.

Besides, trajectories from the westerlies and from local

areas are also weakened; their trajectory proportions

are only 6.5% and 4.9% respectively. These results are

also consistent with previous works of Chen and Luo

(2018) and Chu et al. (2017). They divided the Indian

Ocean channel into two channels and the sum of these

two channels makes the total trajectory proportion at a

level of about 50%, which is very close to our result.

The vertically integrated water vapor transport, cal-

culated within the Eulerian framework, confirms the

conclusion (Fig. 4b). During this period, the southwest

monsoonal flow from the Indian Ocean strengthens

rapidly and the whole South Asian monsoon system

goes quickly into its mature stage, with a strong So-

malian cross-equatorial flow, and monsoonal flows

over the Arabian Sea, the Indian Peninsula, the Bay

of Bengal, and the Indochina Peninsula, and finally

over the South China Sea. This monsoonal flow in-

ducing rainfall in South China is now themain moisture

channel. The west Pacific Ocean channel is rapidly

weakened and its influence is reduced. Such behaviors

are in total agreement with what is described in the

current literature (e.g., Chi et al. 2005; Lin et al. (2014),

among many others), which also shows that after the

onset of SCS summer monsoon, the subtropical high

withdraws out of the South China Sea, and the pow-

erful cross-equatorial flow crosses the Bay of Bengal

and transports moisture toward South China. Thus, the

Indian Ocean channel is the most important moisture

transport pathway in this stage.

The spatial distribution ofE2P is also calculated and

shown in Fig. 4c. We can see that after the onset of SCS

summer monsoon, the maximum value of E 2 P is in

the northern part of the South China Sea; the moisture

source from the Indian Ocean is stronger and that from

the Pacific Ocean is weaker. As for moisture CDF

(Fig. 4d), the biggest value is in South China and the

northern part of the South China Sea where the CDF

value is larger than 2.0 3 1023. The CDF in the South

China Sea is about 5.0 3 1024. Compared to the rainy
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season before the onset of SCS summer monsoon, in-

tensity of the CDF is decreased in the west Pacific

Ocean. CDF contours of 1.0 3 1025 and 1.0 3 1024

extend to 1658 and 1358E, respectively. This shows a

clear westward shift. On the contrary, the CDF in the

Indian Ocean is obviously increased. CDF values for

most part of the Indian Ocean are larger than 1.0 3
1025; CDF in the Bay of Bengal is larger than 1.0 3
1024.

During the monsoon in South China, the Indian

Ocean channel is the most important moisture trans-

port channel, which includes more than half of the

trajectories, and the contribution rate also increases

a lot. Meanwhile the west Pacific Ocean impact is

reduced. Besides, the biggest value of the moisture

contribution is in South China and the northern part of

the South China Sea.

c. Monsoon (mei-yu) in the Yangtze–Huaihe River
basin

For the mei-yu period, the EASM propagates to the

Yangtze–Huaihe River basin and leads to persistent

rainfalls in this region. The moisture transport charac-

ters for this period have both similarities and differences

with the former monsoon stage. During mei-yu, the IO

channel is still themost important one and the portion of

trajectories reaches to 42.1%. The PO channel (22.7%)

and westerly channel (13.5%) are a bit strengthening.

The spatial distribution of the vertically integratedwater

vapor transport (Fig. 5b) shows that the IO channel, the

SCS channel, and the PO channel converge in South

China and move northward to converge in the Yangtze–

HuaiheRiver basin region, resulting in plume rain in this

period. Xu et al. (2004, 2008), Zuo et al. (2009), Wei

et al. (2012), and Jiang et al. (2013) also indicate that the

IO channel is the most important water vapor channel in

the Yangtze–Huaihe River basin.

The spatial distribution of E 2 P (Fig. 5c) also shows

some similarities with the former monsoon stage, with

the main moisture source being found in the west Pacific

Ocean, East China, the South China Sea, and the Indian

Ocean. It is interesting to note that the Indian Ocean

channel is the main moisture pathway, but the Indian

Ocean does not constitute the main moisture source.

In fact, as shown in Fig. 5c, the pathway from the In-

dian Ocean goes through the Indian Peninsula and the

Indochina Peninsula, and a significant part of moisture

from the Indian Ocean is lost along the trajectories. By

consequence, in the spatial distribution of CDF

(Fig. 5d), the Indian Ocean is not the most important

moisture source, with a contribution density to pre-

cipitation from only about 1.0 3 1025 to 1.0 3 1024.

FIG. 4. As in Fig. 3, but for the starting phase of the monsoon in South China.
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The maximum of the contribution density, larger than

1.03 1023, is in the Yangtze–Huaihe River basin itself

and in South China. Compared to the monsoon in

South China, the mei-yu period shows the CDF de-

creasing in the south and increasing in the north. The

CDF in the Indian Ocean and South China Sea de-

creases, but the region of CDF exceeding 1.0 3 1025

extends to 508N.

For the mei-yu stage of EASM in the Yangtze–

Huaihe River basin, the most important moisture

channel is still that from the Indian Ocean, which

comprises 43.4% of the trajectories. But it has great

moisture loss along the trajectories, so the moisture

contribution for the precipitation is relatively small.

Themost important moisture contribution region is the

Yangtze–Huaihe River basin and South China.

d. Terminal stage of monsoon in North China

The North China rainy season is the terminal stage of

EASM. As the monsoon moves to North China, the

rainy belt also shifts to North China and can stay for a

few weeks. During the monsoon terminal stage in

North China, the most important moisture transport

paths change from the IO to midlatitude westerlies

and to the PO (Fig. 6a), the proportions for these two

channels being 30.3% and 26.8%, respectively. As

shown in Fig. 6b, the IO channel, the SCS channel, and

the PO channel move northward to North China, af-

fecting the local rainfall. Midlatitude westerlies also

influence the rain belt. It should be noticed that, al-

though the number of trajectories in the midlatitude

westerlies is the biggest, the specific humidity of this

channel is small, so the vertically integrated water va-

por transport in this channel is relatively small. Our

results confirm those of Jiang et al. (2017), who showed

that Eurasia has the maximum parcels and the Pacific

Ocean has the second largest number of parcels during

the rainy season in North China.

Figure 6c is the spatial distribution of E 2 P for the

terminal stage of EASM in North China. The main

moisture source regions for the rainfall in North China

are the eastern coastal areas of China, the northern part

of the South China Sea, and the Yangtze–Huaihe River

basin. The main moisture sink regions are North China,

South China, and the Indochina Peninsula. The spatial

distribution of CDF to precipitation in North China in-

dicates that the maximum value is still near the target

area, and the average contribution density exceeds 5.03
1023. The CDF in the south is further reduced; only the

South China Sea and small areas east of Taiwan show

CDF values higher than 1.03 1024. Meanwhile, the CDF

in the north is significantly increased. The region contour

FIG. 5. As in Fig. 3, but for the phase of the monsoon (mei-yu) in the Yangtze–Huaihe River basin.
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1.03 1025 reaches toBalkhashLake in thewest and 608N
in the north. On the whole, the main moisture transport

channels during the terminal stage of monsoon in North

China are those from the midlatitude westerlies and the

west Pacific Ocean, with trajectories rates of 30.3% and

26.8%, respectively. But there is low specific humidity

from the westerlies channel, so the westerlies channel has

little influence for themonsoon inNorth China. Themost

important moisture sources are from East China.

e. Moisture transport evolution during the northward
propagation of the EASM

From what shown above, it is clear that, accompany-

ing the northward propagation of the EASM, the main

water vapor channel experiences profound changes. It

is sourced in the west Pacific Ocean (PO) for the pre-

monsoon in South China (SC). It changes then to the

IndianOcean (IO) when themonsoon sets up in SC and

in the Yangtze–Huaihe River basin. Finally the main

water vapor channel is back to PO for the terminal

stage of monsoon in North China. As shown in Fig. 7,

the proportion of trajectories shows quite distinct be-

haviors for their seasonal evolution. The two channels

from south and southwest (SCS channel and IO chan-

nel) increase first, and then decrease with the north-

ward shift of the rain belt. In contrast, the water vapor

channels from the midlatitude westerly, the west Pa-

cific Ocean, and the local moisture recycling show op-

posite characteristics, with an initial decrease followed

by an increase.

Not only do the water vapor channels change pro-

foundly following the seasonal course of the summer

monsoon, but also the spatial distribution of water vapor

contribution leading to rainfall shows strong changes

from one period to another. Figure 8 shows difference

maps of CDF between two sequential stages. From the

premonsoon to the onset of monsoon in South China,

the moisture contribution from the Indian Ocean and

the southern part of the South China Sea has an obvious

increase. Meanwhile, there are decreases of CDF in the

northern part of the South China Sea and in the west

Pacific Ocean. This situation is largely expected since the

onset of the monsoon in India and in South China implies

much more water vapor coming from the southwest. A

large decreasing zone covering the Bay of Bengal, South

China, and the adjacent South China Sea reflects strong

monsoon rainfalls in these areas. It is to be noted that

there is a zone of increasing CDF in the northwest area of

our target region, certainly related to the special topog-

raphy in the lee side of the Tibetan Plateau.

When the monsoon rain belt reaches the Yangtze–

Huaihe River basin, we observe an opposite situation as

FIG. 6. As in Fig. 3, but for the terminal stage of the monsoon in North China.
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shown in Fig. 8b. There is a clear dipole with decreasing

contribution from the south and increasing contribu-

tion from the north. The demarcation line is located

around 258–308N. As we mentioned earlier, the north-

ward shift of the research region reflects the seasonal

migration of the summer monsoon, which induces a sys-

tematic northward shift of the water vapor contribution.

This phenomenon is also visible in Fig. 8c, which dis-

plays the changes of CDF when the monsoon shifts

from the Yangtze–Huaihe River basin to its terminal

stage in North China. The water vapor from the north is

more important and that from the south is less impor-

tant. It should be noticed that the moisture contribu-

tion from the Pacific Ocean is larger, showing a more

important role played by the west Pacific Ocean.

f. Contributions from different source regions

From what was described previously, we can see that

our Lagrangian trajectories can be quantitatively used

to assess the intensity of moisture transport channels

and determine the main pathway in each stage of the

monsoonal northward propagation. The evaporation-

minus-precipitation diagnosis considering the absorp-

tion and release of moisture along the trajectories can

further determine the source characteristics of water

vapor. Finally, the improved areal source–receptor

attribution method allows us to quantify the moisture

contribution of each source for the precipitation in the

target region. With the northward propagation of EASM,

significant changes take place in water vapor channels,

including moisture sources and water vapor contribu-

tions to rainfall. In this section, we study further the

properties of CDF, which is a new measure with pow-

erful diagnostic abilities. We want to focus on its dynamic

evolution in function with regard to the monsoon north-

ward propagation.

To be consistent with the above-shown moisture trans-

port channel, we use the same five moisture source re-

gions: 1) East China (EC), 2) the west Pacific Ocean (PO),

3) the South China Sea (SCS), 4) the Indian Ocean (IO)

FIG. 7. (a) Schematic showing the five main moisture channels from East China (EC) itself, the west Pacific

Ocean (WPO), the South China Sea (SCS), the Indian Ocean (IO), and the Eurasian westerly (EA), that affect

precipitation in East China. (b) Proportions of trajectories from different channels in function of the four major

stages of the East Asian summer monsoon: premonsoon in South China (PSC), monsoon in South China (MSC),

mei-yu in the Yangtze–Huaihe River basin (YHR), and terminal stage of monsoon in North China (NC).

FIG. 8. Sequential changes of the water vapor CDF among the four stages of the summermonsoon course: (a) stage 22 stage 1, (b) stage 32
stage 2, and (c) stage 4 2 stage 3 (1025; areas of 18 3 18 latitude/longitude).
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and 5) Eurasia (EA) (Fig. 9, background map). We can

now calculate the moisture contribution to precipitation

for each of these source regions by just integrating the

contribution density function for each region. It is also

relevant to compare such regional contributions to the

intensity of each moisture transport channel.

As shown in Fig. 9, the moisture contribution from

East China to regional precipitation is very high for all

the four stages of the summer monsoon. This regional

moisture contribution is well above the proportion of

trajectories. In fact, all proportions of trajectories are

under 10%, but the moisture contributions are mostly

over 30%. This result clearly indicates that more than

30% of the moisture for precipitation in East China

originated from local evaporations. The local water re-

cycling plays an important role for precipitation in each

FIG. 9. Bar charts showing the proportion of trajectories (red bars; %) and moisture contributions (blue bars;

%) leading to precipitation in different stages of the summer monsoon (PSC: premonsoon in South China; MSC:

monsoon in South China; YHR: monsoon or mei-yu in the Yangtze–Huaihe River basin; NC: terminal monsoon

in North China). Backgroundmap shows the division of geographic sectors (black boxes: East China, South China

Sea, Indian Ocean, west Pacific Ocean, and Eurasia) used to account the trajectories and moisture contributions.
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stage of the rainy season. Obviously, this kind of local

evaporation is closely related to the hydrological con-

ditions and vegetation behaviors of the underlying sur-

face. In fact, it is closely related to early precipitation.

Previous studies have also shown that soil moisture is an

important factor for monthly and seasonal forecasting

(Walker and Rowntree 1977; Tuttle and Salvucci 2016).

Zuo and Zhang (2007) already pointed out that spring

precipitation and soil moisture in East China exert an

important effect on summer precipitation. It is remark-

able that, after the onset of SCS summer monsoon, soil

moisture accumulation in East China due to earlier

precipitation enhances local evaporation and then pre-

cipitation. This is especially true for the terminal stage of

monsoon in North China with a regional moisture con-

tribution up to 55%, reflecting that local water vapor

recycling and precipitation in the early rainy season

play a very important role in the regional monsoon

strength. In general, evaporation in East China plays an

important role for the rainfall in the EASM.

The PO is also an important moisture source region

contributing to precipitation in East China. The regional

contributions from the PO are all larger than 10%. It is

the highest (25%) for the premonsoon in South China.

The second largest contribution (.20%) is found for the

terminal stage of monsoon in North China.

The moisture contribution from the SCS shows a

big difference between the rainfall stage in South China

and other two stages in the Yangtze River valley and

in North China during the monsoon seasonal course.

In South China, no matter whether before or after the

onset of the SCS summer monsoon, the moisture con-

tributions from SCS are both larger than 20%, which

constitutes an important moisture source. But when the

monsoon goes to the Yangtze River basin and farther to

North China, this moisture contribution diminishes

rapidly, until the contribution is only 5.1% in the ter-

minal stage of monsoon in North China.

For the Indian Ocean, if we examine the proportion

of trajectories, we can see that the IO water vapor

transport channel is an important one for the whole

monsoon course. This is in agreement with our general

belief. In particular, for rainfall period in South China

and the mei-yu in the Yangtze–Huaihe River valley, we

can account about half of the trajectories. However, if

we examine the moisture contribution to the actual

precipitation, a different image appears. The contribu-

tion from IO is actually quite small. For the four sub-

periods of the monsoon seasonal course, it is only 7.2%,

18.0%, 9.5%, and 2.4%, respectively. Themain reason is

that the pathway of the IO channel goes through the

Indian Peninsula and the Indochina Peninsula which are

important moisture sink regions to the rainfall in target

region.Moisture is thus lost along the trajectories, which

induces a low contribution from the Indian Ocean for

precipitation in East China.

Eurasian land is another region for which the ‘‘true’’

moisture contribution rates are all lower than the pro-

portions of accounted trajectories. As shown in Fig. 8,

the trajectory rates are all larger than 10% except when

the monsoon is in South China, but enhanced when the

monsoon reached North China. For the latter case, the

proportion of trajectories from midlatitude westerlies

reaches its peak value of 30.2%. In terms of moisture

contribution to precipitation, all contributions from

EA are smaller than 3.5%. The main reason is that the

specific humidity of air parcels from EA is small

(Fig. 3a). Therefore, the impact on precipitation of

EASM is also small.

In summary, with the northward migration of EASM

during its seasonal course, the moisture transport

channels and moisture source regions show continuous

and significant changes. Themain water vapor channel is

first from the PO for the premonsoon in South China. It

is then from the IO for the starting monsoon in South

China and mei-yu in the Yangtze–Huaihe River basin.

Finally, it returns to the PO in the terminal stage of

monsoon in North China. Based on the evaporation-

minus-precipitation diagnosis and the areal source–

receptor attribution method, the main moisture source

during the premonsoon in South China is the PO and

EC and the contribution rates are 34.3% and 27.7%,

respectively. After the onset of the South China Sea

summer monsoon, EC and SCS are the most important

moisture sources in this period, their contribution rates

being both larger than 23%. During mei-yu in the

Yangtze–Huaihe River basin and terminal stage of

monsoon in North China, the moisture of this period

mainly comes from EC, the contribution rate reaching to

40.9% and 55.3%, respectively. Furthermore, our results

on water vapor channels are consistent with published

literature, such as Lin et al. (2014), Chen and Luo (2018),

Zuo et al. (2009), and Jiang et al. (2017). But it is clear

that the main moisture actually contributing to EASM

precipitation does not necessarily come from the stron-

gest water vapor pathways. For example, the trajectory

proportions for the IO are larger than 25% especially in

the stage of monsoon in South China (53%), but the

moisture contributions are generally smaller than 10%.

This is mainly due to the fact that a large amount of

water vapor is actually lost in the transport pathways

through important moisture sink areas such as the

Indian Peninsula and Indochina Peninsula. On the

contrary, local water vapor recycling inside EC plays

an important role for the regional precipitation, with

contributions mostly over 30%, although the trajectory
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proportions for EC are all under 10%. The contribu-

tion rate can even exceed 55% for the terminal stage of

monsoon in North China.

Our results seem qualitatively in agreement with Sun

and Wang (2015), who emphasized the role of land

evaporation in precipitation falling in the Yangtze–

Huaihe River basin and in North China. Similar con-

clusions are also reported in Drumond et al. (2011a) for

precipitation in different regions of China. One can

also mention the work of Drumond et al. (2011b) in-

vestigating precipitation in the Mediterranean area. It

was convincingly shown that local sources provide

moisture for the eastern Mediterranean and western

North Africa. However, if we quantitatively compare

our results to those reported in Sun and Wang (2015),

our results seem to give larger weights on evaporation

along the trajectories. This is certainly due to the fact

that we incorporated a rule of boundary layer water

vapor source in our calculations.

4. Conclusions and discussion

In this paper, we used the HYSPLIT platform to cal-

culate Lagrangian trajectories of air parcels that reach

East China during the northward propagation of the

East Asian summer monsoon. Our study, with NCEP–

NCAR reanalysis data as driving conditions, covers a

long period from 1961 to 2010 to ensure the significance

of results. In the online supplemental material, we ex-

plored the sensitivity of our results to two other datasets

and to the use of a second Lagrangian trajectory model,

FLEXPART. The difference is estimated below 5%

among different datasets and below 10% between the

two Lagrangianmodels. To fully explore the Lagrangian

trajectories, we calculate the mean moisture trajectories

to get the main moisture channel. Since water vapor is

not a conservative tracer following the trajectories, we

also elaborated the evaporation-minus-precipitation

diagnosis and the areal source–receptor attribution of

water vapor contribution. We can thus obtain a robust

picture for the water vapor transport, including paths,

moisture sources, and moisture contribution from dif-

ferent regions to precipitation in EASM. The main

findings are summarized below.

Four main water vapor channels and their contribu-

tion have significant changes while the rain belt in East

China propagates from south to north. These water

vapor channels are from the west Pacific Ocean

(PO), the Indian Ocean (IO), the South China Sea

(SCS), and the midlatitude westerlies, respectively.

And local transportation also plays an important role

in each rainy season. In the premonsoon stage with

rainfall in South China, the most important moisture

transport channels are from the PO and IO, the pro-

portion of the trajectories being 33.3% and 24.6% re-

spectively, consistent with our general expectation.

But the main moisture sources are from East China

and the PO, with moisture contribution rates at 34.3%

and 25.7% respectively, highlighting the role of local

evaporation for precipitation. After the onset of the

SCS summer monsoon, but when the monsoon rain belt

is still in South China, the IO channel strengthens, with

the trajectory proportion increasing to 53.9%. This

reflects the onset of the Indian monsoon, which enters

into the South China Sea. Despite the Indian monsoon

strengthening, EC and the SCS are, however, the most

important moisture sources in this period, their con-

tribution rates to precipitation being both larger than

23%. For mei-yu in the Yangtze–Huaihe River basin,

the IO channel is still the most important water vapor

channel, which includes 42.1% of all the trajectories.

But the contribution rate from East China to pre-

cipitation is the highest (40.9%). East China becomes

the most important moisture source region. When the

monsoon is in its terminal stage in North China, the

most important moisture channels are the midlatitude

westerlies channel and the PO channel, their trajectory

proportions being 30.3% and 26.8%, respectively, and

the local water vapor recycling in East China has the

greatest contribution to rainfall in North China during

this stage, with its contribution rate exceeding 55%.

It is worth emphasizing that the main moisture for the

EASM precipitation does not necessarily come from the

strongest water vapor pathways. For example, the tra-

jectory proportions for the IO are all larger than 25%

(exceeding 53% in the stage of monsoon in South

China), but moisture contributions to rainfall are al-

ways smaller than 10%. This counterintuitive result is

in fact quite logical, since a large amount of water va-

por is lost in the transport pathways crossing important

moisture sink areas such as the Indian Peninsula and

Indochina Peninsula. On the contrary, local water va-

por recycling inside East China plays an important role

for the regional precipitation, with contributions mostly

over 30%, especially in the terminal stage of monsoon in

North Chinawhen the contribution rate can even exceed

55%, although the trajectory proportions for East China

are all under 10%.

Finally, we can see that our analysis based on La-

grangian trajectories provides very useful information

on water vapor transport, its source–sink regions, and

its contributions to rainfall. Results are generally in

agreement with Eulerian diagnosis of water vapor

transport. The focus of this study was on precipitation

in East China during the northward migration course

of the regional summer monsoon. We examined only
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climatological fields. It is necessary to extend the cur-

rent study to investigating interannual and inter-

decadal variations of moisture transport.
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