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ABSTRACT

To examine the ability of the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model to detect the
origins and paths of moisture supplied to Southeast China, trajectories of air particles released over Southeast China were
traced backward during 1 April 2012 to 31 March 2013 and three typical regional persistent heavy rainfall events. The
HYSPLIT model provides more insightful information than water vapor flux. Analysis of the specific humidity along the
trajectories revealed the origins of moisture and their contributions to the moisture supply in Southeast China. In the boreal
summer half year, four key moisture transport paths from the eastern Indian Ocean, central Indian Ocean, South China
Sea (SCS), and western North Pacific (WNP) contribute 10%, 20%, 31%, and 16% of the moisture to Southeast China,
respectively. In the winter half year, the contributions of the paths from the WNP and North China double. Examination
of heavy rainfall events showed that under tropical storm conditions, all moisture transport routines are rotated cyclonically
before reaching Southeast China. The invasion of cold air can trigger heavy rainfall in both the summer and winter half years
but plays different roles: it does not contribute to the moisture supply but plays a key role in converging and uplifting the
moisture in the summer half year, while it supplies a great amount of moisture in the winter half year as it absorbs abundant
moisture in crossing the WNP.
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1. Introduction

Where does today’s rain come from? This is a simple and
important question, but no clear answer has yet been found.
Generally, precipitation arises from two sources: local evap-
oration and externally advected moisture. Local evaporation
is subject to the availability of surface water, with the mag-
nitude of its variation much less than that of heavy rainfall.
During a heavy rainfall event, rainfall-producing weather sys-
tems extend to about 3–5 times the radius of the sink region
to absorb moisture (Trenberth et al., 2003). The water va-
por transported by atmospheric circulation is one of the most
important processes in the hydrological cycle.

Southeast China experiences a typical monsoon climate
and shows great seasonal variability in its moisture circula-
tion. In the summer half year, the East Asian summer mon-
soon prevails: abundant moisture is imported by the south-
west flow from the Indian Ocean, the southeast flow from the
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western North Pacific (WNP), and the cross-equatorial flow
from the southern hemisphere (Li et al., 2012). In the win-
ter half year, the northeast winter monsoon prevails: South-
east China tends to lack moisture, except for limited moisture
transported by the midlatitude westerly and the southwest-
erly ahead of the India–Burma trough (Qin et al., 1991; Li
et al., 2010). At the synoptic scale, a large supply of mois-
ture makes Southeast China vulnerable to heavy rainstorms
(Tao and Ding, 1981; Ding, 1994; Bao and Huang, 2006).
Generally, three typical types of heavy rainstorms can be cat-
egorized based on their triggering systems. One is caused
by a quasi-stationary front in the first rainy season (April to
June) with a subtropical high anchoring to the south of South-
east China. The second is attributed to the persistence of a
depression—typically, a landed tropical cyclone—in the sec-
ond rainy season (July to September; Bao, 2007). The last
type is triggered by a sudden outbreak of strong cold air ac-
tivity conflicting with preexisting warm and humid air outside
the rainy seasons.

Previous studies on moisture sources have been based
mainly on water vapor flux, which is qualitative. A more
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objective and quantitative investigation is therefore desirable
to study the importance of each moisture source. The Hy-
brid Single-Particle Lagrangian Integrated Trajectory (HYS-
PLIT) model (Draxler and Rolph, 2003), which traces air par-
ticles released at any height and location backward and cal-
culates specific meteorological variables along the trajecto-
ries by solving the Lagrangian equation, is now widely ap-
plied in the study of moisture origins of extreme precipita-
tion (e.g., Draxler and Rolph, 2003; Stohl et al., 2003). An
analysis of the specific humidity along a backward trajectory
allows an exploration of the role of air particles in transport-
ing moisture and the possible moisture origin where evapora-
tion occurs. By applying HYSPLIT, Gustafsson et al. (2010)
found that moisture crosses continental Europe and the Baltic
Sea before arriving in southern Sweden during extreme sum-
mer precipitation. Fuhrmann and Konrad II (2013) found that
snowfall and ice storms in central North Carolina entrain dif-
ferent moisture sources, with the former over the Caribbean
Sea and the latter over the Gulf of Mexico and the Carolina
coast. Brimelow and Reuter (2005) found that the low-level
moisture feeding three extreme rainfall events over the south-
ern Mackenzie River basin could be traced back to the Gulf
of Mexico. Over China, Jiang et al. (2011) pointed out that
moisture sources vary during different phases of heavy rain-
fall over the Huaihe valley.

In this study, the HYSPLIT model was applied to detect
the possible pathways of the moisture responsible for precip-
itation over Southeast China. The data are described briefly
in section 2. The seasonal variations in moisture origins and
paths are examined in section 3, based on the results from a
HYSPLIT run during 1 April 2012 to 31 March 2013. The
moisture sources of three typical heavy rainfall events are
studied in section 4 to investigate the similarities within each
category and the dissimilarities among different categories.
A summary and further discussion are provided in section 5.

2. Data and methodology

Gauge-based daily precipitation data during 1979–2012
from 756 stations over China, subjected to quality con-
trol procedures by the China Meteorological Administration
(Bao, 2007), were used to count the regional durative heavy
rainfall events over Southeast China. They were defined pre-
liminarily, referring to the study of Bao (2007), as processes
in a region in which 3-day precipitation exceeded 100 mm
and daily precipitation exceeded 25 mm. The threshold of
the region size was over 10 stations within a flexible rectan-
gle containing 50 grids with a 1◦ × 1◦ horizontal resolution
over Southeast China (21◦–28◦N, 105◦–120◦E).

Gridded 3D wind field data from the ERA-Interim reanal-
ysis dataset, with a temporal resolution of 6 hours, a horizon-
tal resolution of 1◦ ×1◦, and a vertical resolution of 26 levels
from 1000 hPa to 125 hPa (Dee et al., 2011), were imported
into the HYSPLIT model to trace the air particles responsi-
ble for the precipitation over Southeast China and to calcu-
late specific meteorological variables along the trajectories,

including altitude and specific humidity.
In the seasonal run, air particles released over Southeast

China (21◦–28◦N, 105◦–120◦E) at 1500 m with a horizontal
resolution of 1◦ × 1◦ during 1 April 2012 to 31 March 2013
were traced backward every 6 hours with a backward dura-
tion of 9 days, which is the approximate residence time of
moisture in the atmosphere (Eagleson, 1970). The height of
1500 m was selected because the circulation at this level can
well represent the lower-level circulation that transports most
of the moisture. In the extreme precipitation run, on the other
hand, the model setting was the same except the vertical res-
olution was set as 500 m from the surface to 8000 m. Only
the first 100 trajectories that contributed the most moisture
during heavy rainfall events are shown.

3. Seasonal variation of moisture sources de-

tected by HYSPLIT

To observe moisture routines systematically, the trajecto-
ries were clustered separately for the boreal summer (1 April
to 30 September 2012) and winter half year (1 October 2012
to 31 March 2013) by using the Curve Clustering Toolbox
(Gaffney, 2004). In selecting the number of clusters (k), the
in-sample log-likelihood value was calculated. This is de-
fined as the log-probability of the observed data under the
model, akin to a goodness-of-fit metric for probabilistic mod-
els (Gaffney, 2004). As is often the case, the log-likelihood
values increased continuously with the number of clusters.
The curves in Fig. 1 show diminishing returns in terms of im-
provement in fit beyond k = 6 for the 1 April to 30 September
2012 run, and k = 4 for the 1 October 2012 to 31 March 2013
run, suggesting that these were reasonable stopping points
for the cluster analysis. Hence, for the following analysis, 6
and 4 were selected as the number of clusters for the sum-
mer and winter half-year trajectories, respectively. The vari-
ation in the altitude and specific humidity along the clustered
trajectories was also examined. The specific humidity de-
clines within Southeast China were accumulated to represent
the contribution of each clustered trajectory to the moisture
supply over Southeast China.

3.1. Moisture source in the summer half year
Six groups of moisture transport paths were identified for

Southeast China during the summer half year (Fig. 2). Four
key transport paths from the ocean (groups 2–5) contribute
16%, 31%, 20%, and 10% of the moisture to Southeast China,
respectively. The most important one (group 3) originates
from the South China Sea and Bay of Bengal (SCS–BOB).
It dominates the moisture transport in April and May before
the onset of the Indian summer monsoon (Fig. 2c). The sec-
ond most important one (group 4) originates from the cen-
tral Indian Ocean and crosses the Indo-China Peninsula to
Southeast China. It plays a key role in transporting moisture
during May to August when the Indian summer monsoon is
active (Fig. 2c). The transport path from the western Indian
Ocean (group 5) contributes only half the moisture that the
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Fig. 1. Test log-likelihood values for different numbers of backward trajectory clusters: (a) 1 April to 30
September 2012 run; (b) 1 October 2012 to 31 March 2013 run.

Fig. 2. Six groups of trajectories clustered based on the result of HYSPLIT during the boreal summer half year (1 April to 30
September 2012) with air particles released over Southeast China (21◦–28◦N, 105◦–120◦E): (a) mean trajectory of each group,
with the numbers indicating the group number, percentage of trajectory amount, and the contribution to the moisture supply of
each group; (b) trajectories; and (c) monthly distribution of each group.
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path from the central Indian Ocean does, and appears mainly
in June and July when the Indian summer monsoon is solidly
built up. Another path (group 2) from the WNP contributes
around 16% of the moisture supply; it dominates in August
and September when Southeast China is under the control of
the western Pacific subtropical high (WPSH). The other two
routines (groups 1 and 6) come from the north at higher lat-
itudes. One is from northern China and crosses the coastal
region before reaching Southeast China, with additional tra-
jectories from the immediate neighborhood; its contribution
(20%) is equal to that from the central Indian Ocean. The
other routine originates from continental Asia and reaches
Southeast China from the northwest. It makes a limited con-
tribution (3%), as the moisture content along it is low. These
two transport paths appear mainly in the early and later stages
of the summer half year, which can probably be attributed
to cold air activity in the reversal of seasons. Hence, based
on HYSPLIT, the contributions of different moisture trans-
port paths can be illustrated qualitatively. In spring and sum-
mer, before the establishment of the Indian summer monsoon,
most of the moisture originates from the adjacent oceans, the
BOB and SCS, with cold air from the north and easterly flow
advected by the WPSH playing additional roles. After the on-
set of the Indian summer monsoon, most of the moisture orig-
inates from the Indian Ocean and is transported by the strong
southwesterly flow. In the reversal period between summer
and fall, the roles of the routines from the north and the WNP
enhance, while the moisture advected by the Indian summer
monsoon diminishes.

The composited altitude and specific humidity along each
clustered trajectory were also examined (Fig. 3). Except for
the routine from the inland area, the other routines from the
coastal region and oceans lie at low levels with high humid-
ity (10–15 g kg−1) before reaching Southeast China. They
ascend with abruptly decreasing humidity during the last two
days, implying that strong upward motion is associated with
moisture condensation at the destination. The inland routine
lies at a height of around 4000 m, with low humidity (3 g
kg−1) initially, and then descends and increases its moisture

content gradually during its southward transport to the coastal
region where abundant moisture can be collected. It ascends
with slightly decreasing humidity in the last few hours and
contributes only a small amount of moisture to Southeast
China.

3.2. Moisture source in the winter half year
Four groups of transport routines to Southeast China were

identified in the winter half year (Fig. 4). Two are from the
oceans, the WNP (group 2) and BOB (group 3); one is from
the north, via the coastal region, before reaching Southeast
China (group 1); and the last is also from the northwest but
comes mainly via the inland area (group 4). In contrast to
that in the summer half year, the proportion of moisture from
the WNP (33%) is much larger than that from the Indian
Ocean (15%), indicating that more moisture originates from
the WNP than from the Indian Ocean. The moisture from
the WNP dominates the moisture supply in late winter and
early spring. Instead of arriving in Southeast China directly
from the east in the summer half year, it rotates clockwise to
the SCS, and then turns northward to Southeast China, which
is closely related to the southward shift of the WPSH in the
winter half year. The northern BOB contributes 22% of the
trajectories but only 15% of the moisture, implying that abun-
dant moisture from the northern BOB is transported across
Southeast China without condensation, as the convergence-
triggering mechanism might be absent in the winter half year.
This is validated in Fig. 5, as both upward motion and spe-
cific humidity decline are weak. The path from North China
also appears in the winter half year, with its trajectory amount
and contribution nearly double (37%). It plays a key role in
fall and early winter. Another routine, starting from southern
Europe and associated with cold air activity, occupies only
15% of the moisture supply. Compared to that in the summer
half year, despite the moisture content along this path being
lower in the winter half year, its contribution increases dra-
matically, as the moisture tends to condense in the last few
hours in the winter half year but not in the summer half year
(Fig. 5b).

Fig. 3. (a) Mean altitude and (b) specific humidity along the six clustered trajectories from 9 days prior (−216 h) to the
moment the air particles reach the destination (0 h) during the boreal summer half year (1 April to 30 September 2012).
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Fig. 4. As in Fig. 2 but for the four groups during the boreal winter half year (1 October 2012 to 31 March 2013).

Fig. 5. As in Fig. 3 but for the four groups during the boreal winter half year (1 October 2012 to 31 March 2013).
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The composited altitude and specific humidity along the
trajectories in the winter half year (Fig. 5) show that the path
from the WNP is located at a low level (around 1000 m),
which has the highest moisture content. The path from North
China descends to an even lower level and collects abundant
moisture over the coastal region before reaching Southeast
China. These two routines are uplifted at the destination,
with humidity decreasing as moisture condenses. The path
from the northwest originates at a high level with low mois-
ture content; the humidity increases slightly before reaching
the destination but does not decrease at the destination due
to the lack of ascending motion, as does the routine from the
northern BOB.

4. Moisture source of heavy rainfall events de-

tected by HYSPLIT

Twenty-one regional durative heavy rainfall events were
identified (Table 1). Most take place in June (38.1%) and
July (19.0%), when the East Asian summer monsoon pre-
vails. Some events occur in August (14.3%) and Septem-
ber (9.5%) and are closely related to the landfall of tropical
storms. Some events appear in spring (14.3%) and late fall
(4.8%), outside the rainy season. These might be triggered
by vigorous cold air activity. The atmospheric circulations

Table 1. Regional heavy rainfall processes over Southeast China
during 1979–2010. Based on the dominant circulations, all pro-
cesses were classified into three types: (I) tropical storms; (II) in-
teraction of the westward WPSH and cold air activity in the summer
half year; and (III) strong cold air activity in the winter half year.

No. Date (LST) Type

1 6–8 Apr 1981 III
2 15–18 Jun 1982 II
3 31 Aug to 2 Sep 1984 I
4 27–29 Aug 1985 I
5 29–31 Jul 1987 II
6 30 Jun to 2 Jul 1989 II
7 20–22 Aug 1990 I
8 9–11 Sep 1990 I
9 25–28 Mar 1992 III

10 18–20 Jun 1994 II
11 15–17 Jun 1995 II
12 2–4 Aug 1995 II
13 7–9 Mar1998 III
14 19–22 Jun 1998 II
15 9–11 Jun 2000 II
16 17–19 Jul 2000 I
17 20–22 Jun 2005 II
18 15–17 Jul 2006 I
19 7–10 Jun 2007 II
20 12–14 Jun 2008 II
21 31 Oct to 2 Nov 2008 III

at different levels and the best track data from the Joint Ty-
phoon Warning Center advisories were examined to subjec-
tively classify three types of heavy rainfall events based on
their dominant moisture circulations: (1) tropical storms; (2)
interaction of the westward WPSH and cold air activity in
the summer half year; and (3) strong cold air activity in the
winter half year. In the following analysis, the trajectories re-
sponsible for the moisture supply during each type of heavy
rainfall event are examined in detail to reveal the similarity in
moisture origins and paths for each type and the differences
between the types, and to compare the seasonal variation be-
tween heavy rainfall events.

4.1. Tropical storm landing
Seven out of 21 heavy rainfall events were directly or

indirectly coupled with the landing of tropical storms. A
case during 15–17 July 2006, in which accumulated rain-
fall reached 500 mm, was examined. It was caused by trop-
ical storm Bilis, which interacted intensively with the south-
west summer monsoon after its landing; abundant moisture
transported by the monsoon flow and strong convergence
within the storm created favorable conditions for this dis-
astrous heavy rainfall event (Zhang and Kong, 2007; Zhou,
2008; Ye and Li, 2011).

Several prominent features appear in the daily vertically
integrated water vapor flux (Fig. 6a). First, the southwesterly
moisture transport by the summer monsoon from the west-
ern Indian Ocean is strong. Secondly, Bilis is a center of
moisture convergence; strong moisture convergence is trig-
gered by the tropical storm and dominates Southeast China as
Bilis is sustained for several days after landfall, which is cru-
cial to the persistence of precipitation. Thirdly, the enhanced
WPSH shifts westward, to the east of the landed Bilis (fig-
ure not shown), preventing further transport of southwesterly
moisture flow and impelling the gathering of moisture and
unstable energy over Southeast China.

This rainfall was dominated by the conjunction of a typ-
ical storm, the southwest summer monsoon, and the WPSH.
Whether all these contributed to the moisture supply remains
obscure from the analysis of water vapor flux. To address
this question, the air particles released over Southeast China
during 15–17 July 2006 were traced backward; the first 100
trajectories that contributed the most moisture are shown in
Fig. 7a. The trajectories tend to originate over the eastern
BOB–WNP. Compared to the summer half-year, in which
moisture trajectories are from the western Indian Ocean when
the Indian summer monsoon is strong (Fig. 2), the sources of
moisture accompanying Bilis tend to be more localized. The
storm plays a crucial role in gathering moisture and uplift-
ing it to the condensation level. All moisture transport rou-
tines are rotated cyclonically when they get close to South-
east China. The average uplift height is above 7000 km (Fig.
7a), higher than that in the other types (Figs. 7b–c), which
might be attributable to the strong upward motion accompa-
nying the tropical cyclone. The specific humidity declines
from around 18 to 4 g kg−1, indicating that most of the mois-
ture is condensed into precipitation.
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Fig. 6. Averaged vertically integrated water vapor flux (vectors; units: kg m−1 s−1) and its divergence (color scale; 10−4 kg m−2 s−1)
during (a) 15–17 July 2006, (b) 20–22 June 2005, and (c) 7–9 March 1998.

Fig. 7. The first 100 trajectories that lost the most humidity during the last 24 hours before reaching Southeast China in regional heavy
rainfall cases: (a) 15–17 July 2006, (b) 20–22 June 2005, and (c) 7–9 March 1998. The upper panels show the first 100 trajectories, and
the middle and lower panels show the variation in altitude and specific humidity along the trajectories, respectively, with the black lines
showing the value averaged among the 100 trajectories.

The backward trajectories for the other tropical cyclone–
induced heavy rainfall events are also shown in Fig. 8. Sev-
eral features can be identified. First, all trajectories are ro-
tated cyclonically when they get close to the tropical cyclone.
Second, the WNP acts as an important source in the tropical
storm–induced heavy rainfall events, which is reasonable, as
all tropical storms affecting Southeast China originate in the
WNP or SCS. This is also quite consistent with previous re-
sults in which most of the trajectories from the WNP appear
in late summer, as in addition to the advection of the WPSH,
tropical storms also play a role. Thirdly, the average uplift
height of the air particles induced by tropical storms is high
(around 7000 m), except for the case during 17–19 July 2000,

which was induced by a weak and short-lived storm over the
SCS.

4.2. Interaction of the westward WPSH and cold air activ-
ity in the summer half year

In the summer half year, cold air activity weakens and
retreats to the north; however, when it is strong enough,
it can invade southward and interact with low-latitude sys-
tems. Prefrontal warm-sector heavy rainfall is among the
most common events during the first rainy season in South-
east China (Tao et al., 1980). During 17–24 June 2005,
a record-breaking heavy rainfall event hit Southeast China,
with daily rainfall amounts on three consecutive days in
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Fig. 8. The first 100 trajectories that lost the most humidity during the last 24 hours before reaching Southeast China in regional heavy
rainfall cases of landfalling type I tropical storms, except during 15–17 July 2006: (a) 31 August to 2 September 1984; (b) 27–29 August
1985; (c) 20–22 August 1990; (d) 9–11 September 1990; and (e) 17–19 July 2000. The upper panels show the first 100 trajectories, and
the middle and lower panels show the variation in altitude and specific humidity along the trajectories, respectively, with the black lines
showing the average among the 100 trajectories.

Longmen County of 312.3, 355.0, and 310.6 mm (Xia and
Zhao, 2009). It was a result of the combined effects of the
midlevel East Asian trough, the lower-level shear line and
quasi-stationary front, with the heavy rainfall occurring in the
warm sector (Xia and Zhao, 2009). The WPSH enhanced and
shifted southwestward and dominated the northern SCS. The
conflict between the cold air guided by the midlevel trough
and the humid air carried by the southwesterly flow resulted
in this heavy rainfall event.

The invasion of cold air acted as a trigger for heavy rain-
fall; however, without sufficient moisture supply, only light
or even no rainfall could be stimulated. In this case, abun-
dant moisture diverged over the western Indian Ocean was
carried by the energetic Indian summer monsoon to South-
east China, where it conflicted with the steering circulation of
the southwestward-shifted WPSH (Fig. 6b). A strong Indian
summer monsoon is crucial to moisture transport from the
Indian Ocean to Southeast China, while the WPSH not only
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Fig. 9. Cluster analysis of (a, b) type II interaction of the westward WPSH and cold air activity in the summer half year and
(c, d) type III strong cold air activity in the winter half year. In (a, c) trajectories with different colors represent different
clusters, and the black line represents the composited trajectory of each cluster; in (c, d) trajectories with different colors
represent clustering results in each heavy rainfall case.

acts as a dynamic barrier blocking the downstream movement
of the East Asia trough and thus the persistent cold air inva-
sion (figure not shown), but also redirects the southwesterly
moisture transport to Southeast China.

The output of HYSPLIT (Fig. 7b) provides even more ac-
curate information on the origins and paths of the moisture.
Besides the western Indian Ocean, the central Indian Ocean
is an important moisture source, as cross-equatorial flow is
strong over that area several days before (figure not shown).
According to previous results, these are two crucial mois-
ture origins responsible for the moisture supply to Southeast
China in summer when the Indian summer monsoon is active.
The moisture from the WNP does not play a role in this pro-
cess, implying that the WPSH helps only to redirect moisture
transport but not to supply moisture from the WNP.

The composition of the moisture transport paths was also
studied, based on the clustering result of trajectories for all re-
gional heavy rainfall events (Fig. 9a) and each regional heavy
rainfall event (Fig. 9b) of this type. It is shown that the west-
ern Indian Ocean, central Indian Ocean, and SCS are three
key moisture sources; they were also crucial in the seasonal
study. However, it is interesting to note that, in contrast to the
seasonal characteristics, the importance of the western Indian
Ocean is nearly twice that of the SCS. This implies that the
cooperation of a strong Indian summer monsoon is essential
to the heavy rainfall induced by the westward WPSH and cold
air activity in the summer half year, as it transports a great
deal of moisture to the rainfall region. In addition, though
cold air activity plays a crucial role in triggering heavy rain-
fall (Xia and Zhao, 2009), it does not play a key role in sup-
plying moisture in all regional heavy rainfall events of this

type, which seems to conflict with the previous conclusion
that 20% of the moisture in the summer half year is from
the north and the immediate neighborhood. This might be
because only the first 100 trajectories that lost the most hu-
midity, rather than all trajectories, are shown in the analysis
of regional heavy rainfall events (Fig. 9), in comparison with
the seasonal analysis (Fig. 2). The routine from the north and
immediate neighborhood might make a weak contribution, if
any, in transporting moisture during the heavy rainfall events
in the summer half year, which might be one distinguishing
feature of the moisture sources between heavy rainfall events
and the seasonal analysis.

4.3. Cold air activity in the winter half year
In spring/fall, when the northerly flow is relatively weak,

humid and warm air may affect South China. When there
is a sudden outbreak of strong cold air activity, the conflict
between the southward-invading cold air and the preexisting
warm air may trigger heavy rainfall. It was found that all
heavy rainfall events outside summer (6–8 April 1981, 25–28
March 1992, 7–9 March 1998, and 31 October to 2 November
2008) occurred in a similar atmospheric pattern; that is, with
a westerly flow, an anticyclone advecting abundant moisture
into Southeast China from the east, and northerly flow from
inland bringing cold air. The heavy rainfall during 7–9 March
1998 was the strongest rainfall in early March since 1979, in-
ducing great damage and loss.

In the analysis of water vapor flux, the moisture con-
verged over Southeast China during this heavy rainfall was
supplied by two branches. One was transported by the west-
erly flow at the same latitude and the other was transported by
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an anticyclonic circulation over the SCS–WNP from the trop-
ical WNP (Fig. 6c). Cold air activity did not play a direct role
in moisture transport, as the northern boundary of Southeast
China was dominated by weak southerly rather than northerly
transport. Instead, it played an indirect role in the formation
of the anticyclone over the SCS–WNP. In the early stage, the
routine of the cold air lay mainly to the east over the ocean,
where it turned clockwise toward Southeast China and con-
verged with the westerly flow (Figure not shown). The cold
air may have absorbed abundant moisture over the ocean.
When the heavy rainfall took place, the other new branch of
cold air from the north conflicted with the warm and humid
air from the south, resulting in a strong uplifting of moisture.

The backward trajectories responsible for this heavy rain-
fall verify the role played by cold air activity in the mois-
ture supply (Fig. 7c). The crucial trajectories originated
from Northeast China and transported clockwise over the
SCS–WNP before reaching Southeast China, where abundant
moisture was absorbed. This was also proposed as the most
important path for moisture transport in the winter half year
in the last section. The westerly flow only played an addi-
tional role in this process.

A composite analysis of the moisture transport routines in
the winter half year is shown in Figs. 9c and d. For the heavy
rainfall events in the winter half year, most of the moisture
originates from the WNP. Three paths from the WNP together
contribute 71% of the moisture. They differ slightly in ori-
gins and paths, which might be determined by the location of
the anticyclone over the WNP. The paths from the north and
west contribute only 15% and 14% of the moisture, respec-
tively. Despite other studies having suggested that westerly
transport or moisture transport from the BOB are important
sources of moisture in Southeast China, the present results
using HYSPLIT show that the WNP is the key origin of mois-
ture.

5. Conclusion and discussion

The origins and paths of moisture supplied to Southeast
China were investigated using the HYSPLIT model with tra-
jectories of air particles released over Southeast China during
1 April 2012 to 31 March 2013 and three typical regional du-
rative heavy rainfall events. Compared to water vapor flux,
the results from HYSPLIT are much more quantitative and
objective. In the boreal summer half year, four key transport
paths from the oceans—the WNP, SCS-BOB, central Indian
Ocean, and western Indian Ocean—contribute 16%, 31%,
20%, and 10% of the moisture to Southeast China, respec-
tively. They experience strong upward motion and conden-
sation within Southeast China. Coupled with the evolution
of monsoon activity, the importance of each path shows great
intraseasonal variation. In contrast to the summer half year,
more moisture originates from the WNP (33%) than from the
Indian Ocean (15%) in the winter half year. The path from
North China plays a key role in winter moisture supply, with
its trajectory amount and contribution nearly doubling (37%)

those in the summer half year.
During tropical storm–induced heavy rainfall, all mois-

ture transport routines are rotated cyclonically by the pe-
ripheral circulation of the storm before it reaches Southeast
China. The invasion of cold air can cause heavy rainfall in
both the summer and winter half year, but it plays different
roles in the moisture supply. In the winter half year, the rou-
tine of the cold air invasion responsible for heavy rainfall is
located farther eastward than that in the summer half year.
The cold air crosses the WNP, absorbs abundant moisture,
and then transports it into Southeast China, thereby acting
as a crucial moisture transport path. In contrast, in the sum-
mer half year, the cold air invasion over the inland area can
stimulate heavy rainfall only if abundant moisture supplied
by other systems is superimposed. The invasion of cold air
plays a key role in converging and uplifting the moisture but
not in transporting the moisture. Instead, the cooperation of
a strong Indian summer monsoon is essential to the moisture
supply during heavy rainfall events induced by the westward
WPSH and cold air activity in the summer half year.

In this study, only the period during 1 April 2012 to 31
March 2013 was selected to analyze the seasonal variation in
moisture transport, which is obviously not a long enough time
span. Further analysis over longer periods would be of value.
However, the period during April 2012 to March 2013 is still
highly representative, as the dry/wet conditions over South-
east China during this period were normal. The percentages
of the abnormal precipitation in the summer half year, winter
half year, and the whole year are 2%, 14%, and 5%, respec-
tively; all are below 0.6σ (standard deviation). Though the
HYSPLIT model is superior to water vapor flux in detect-
ing moisture origins, caution is still advised, as it is the air
particles rather than the moisture itself that are traced in the
HYSPLIT model. The moisture within the air particles may
experience condensation or evaporation on its path; however,
the long-standing humidity content over the oceans makes it
hard to tell where the moisture condenses or evaporates by
analyzing the variation of the specific humidity along the tra-
jectories. Nonetheless, the HYSPLIT model was still a useful
tool for detecting the moisture transport routines in this study.
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