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ABSTRACT

This study used the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model to examine the
moisture sources and pathways associated with warm-season precipitation over the Sichuan Basin (SCB),
southwestern China, with emphasis on the long-term mean state and interannual variability. Four groups of
moisture pathways were identified over the period 1981-2017; i.e., the southwesterly, northeasterly, north-
westerly, and westerly paths. With respect to the long-term mean state, the southwesterly path made the largest
moisture contribution (36.0%) and, in combination with the northeasterly path (the importance of which has
received little attention in previous studies), provided 70.2% of the total moisture. The Indian Ocean serves as
the most important moisture source, accounting for 36.3% of the total moisture. In terms of interannual vari-
ability, compared with dry years, in wet years, the moisture contributions from the southwesterly path and the
Indian Ocean increase by 18.6% (38.3% vs. 32.3%) and 20.71% (38.38% vs. 31.80%), but the contributions from
the other moisture pathways and other major sources decrease. During the dry years, the northeasterly path,
rather than the southwesterly path, provides the most moisture (34.6%). There are significant positive corre-
lations between variations in runoff over the central and northern SCB and the moisture contribution from the
Indian Ocean, which is associated with anomalous precipitation patterns over the SCB induced by fluctuations in

the moisture contributions from the Indian Ocean.

1. Introduction

Lying in the upper reaches of the Yangtze River, the Sichuan Basin
(SCB) is located to the east of the Tibetan Plateau and north of the
Yunnan-Guizhou Plateau (Fig. 1) and has a high population density and
prosperous economy. The SCB has a typical monsoon climate, and
warm-season (May-September) rainfall accounts for >70% of the total
annual precipitation (Li et al., 2016a). During the warm seasons over the
period 1981-2017, 231 flooding events were recorded across China,
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causing losses in excess of $247 billion and affecting more than 2 billion
people, and the SCB experienced 36.1% (83) of these events (Emergency
Disasters Database: http://www.emdat.be/). Due to the complex terrain
of the SCB, the heavy rainfall and frequent flooding often trigger
geological hazards, such as debris flows and landslides, which have been
responsible for a significant number of fatalities and other damage
(Zhou et al., 2011). Moreover, the accumulated precipitation during the
warm season shows obvious interannual variability, and during years
with excessive precipitation the likelihood of flooding increases
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Fig. 1. Location of the Sichuan Basin (SCB). The shading represents the topography (units: m). Blue lines indicate rivers. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

(Easterling et al., 2000; Jiang et al., 2017a). As pointed out by Xia et al.
(2021), in years with above-average precipitation, several of the main
tributaries that enter the SCB may suffer from floods simultaneously,
which leads to tremendous flooding in the upper reaches of the Yangtze
River. For example, in the middle of August 2020, precipitation amounts
over the Mintuo and Jialing rivers in the SCB were 3.1 times and 2.8
times, respectively, more than the average (Xia et al., 2021), which
resulted in economic losses of approximately $9.4 billion and affected
8.5 million people in southwestern China (Chinese Ministry of Emer-
gency Management, https://www.mem.gov.cn/xw/yjglbgzdt/202101/
t20210102_376288.shtml). Therefore, it is of vital importance to study
the mechanisms involved in warm-season precipitation and its inter-
annual variability over the SCB if we are to improve the prediction and
mitigation of heavy rainfall and floods.

Generally, precipitation over a certain region is generated from local
moisture already present in the atmosphere, local evaporation, and long-
distance moisture transport (Brubaker et al., 1993). Among these sour-
ces, moisture transport from outside the region is essential for the

generation of intense precipitation (Trenberth, 1999), which develops
mostly during the warm season over southwestern China (Chen et al.,
2021). In addition, local evaporation has potential impacts on precipi-
tation formation by providing extra moisture and causing increased
precipitation recycling (Pathak et al., 2014), whereas the contribution
from the preexisting moisture is negligible. Within the framework of the
Eulerian method, earlier studies have revealed the intrinsic relationship
between precipitation and atmospheric moisture by analyzing the col-
umn integrated moisture flux. For the SCB, previous studies have found
that warm-season precipitation is supplied by three moisture channels,
and these are the southwesterly channel controlled by the Indian sum-
mer monsoon from the Bay of Bengal, the southeasterly channel
controlled by the western Pacific subtropical high from the South China
Sea and the western Pacific Ocean, and the westerly channel controlled
by the mid-latitude westerlies from the Tibetan Plateau (Zhou et al.,
2005; Jiang et al., 2007). Moreover, interannual variations in precipi-
tation are influenced by moisture transport anomalies. The anomalous
anticyclones over the western North Pacific and to the south of the
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Fig. 2. (a) Spatial distribution of the mean warm-season accumulated precipitation (colored dots; units: mm). (b) Normalized time series of warm-season precip-
itation and river discharge. (c) Composite anomalies of warm-season precipitation (colored dots; units: mm) between wet and dry years.
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Fig. 3. (a) Climatology of the column-
integrated moisture flux from the surface to
300 hPa (arrows; units: kg-m~'-s™1). Colored
shading represents the amount of moisture
flux. (b) Composite anomalies of the column-
integrated moisture flux between wet and
dry years. The red box indicates the target
region (i.e., the Sichuan Basin; see Fig. 1).
Dotted regions indicate the 95% confidence
level based on Student’s t test. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the
web version of this article.)
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Tibetan Plateau strengthen moisture transport to the SCB, which favors
excessive rainfall there (Jiang et al., 2017a).

The Eulerian approach has been proved to be effective in diagnosing
moisture flows from and to a target precipitation region; however, it can
hardly provide information on where the moisture originates from and
which moisture sources are more important because of the quick shift of
wind fields (Sodemann et al., 2008). To solve this problem, the
Lagrangian method has been developed to identify the moisture path-
ways and to quantify the moisture contributions by generating trajec-
tories along with specific humidity changes. Over recent decades,
regional to global scale Lagrangian models ( Castillo et al., 2014; Nieto
et al.,, 2019; Sun and Wang, 2014; Yang et al., 2020), including the
Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYS-
PLIT; Draxler and Hess, 1997, 1998), the Flexible Particle Dispersion
model (FLEXPART; Stohl and James, 2004, 2005), and the Lagrangian
analysis tool (LAGRANTO; Wernli and Davies 1997; Sprenger and
Wernli 2015), have been widely used to quantify moisture sources and
their contributions to individual or multiple rainfall events (Meseguer-

Ruiz et al., 2020; Rapolaki, et al., 2020), as well as to examine the
seasonal, interannual, and interdecadal variability of accumulated
rainfall (Jiang et al., 2017b; Chu et al., 2019; Hu et al., 2021).

Huang and Cui (2015) analyzed the characteristics of the moisture
transport associated with 70 heavy rainfall events over the SCB during
the summers of 2009-2013 and found that the Indian Ocean makes the
greatest contribution to extreme precipitation over the SCB. In addition,
Chen and Xu (2016) studied the spatiotemporal structure of the moisture
sources associated with 50 heavy (intense) precipitation events that
occurred between 1980 and 2013 and found that the local and neigh-
boring regions, together with the South China Sea, were the key mois-
ture sources for these torrential rainfall events over the SCB. Until now,
however, there have been few studies that used the Lagrangian method
to study the climatology and interannual variability of moisture trans-
port associated with precipitation over the SCB. Therefore, it is desirable
to investigate the moisture sources and pathways that supply precipi-
tation over the SCB in terms of the long-term mean state and interannual
variability by using the Lagrangian method.
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Fig. 4. (a) Different numbers of trajectory clusters corresponding to test log-likelihood values. (b) Four groups of clustered trajectories (bold lines) and the trajectory
frequency (shading; units: %). The percentage trajectory frequency and moisture contribution made by each group is shown inside and outside the brackets,

respectively.

The rest of this paper is organized as follows. Section 2 presents the
data and methodology, including the configuration of the backward
simulations. Section 3 shows the moisture sources and pathways asso-
ciated with warm-season precipitation over the SCB for the climato-
logical mean state and its interannual variability. Finally, a discussion
and our concluding remarks are provided in Section 4.

2. Data and methodology
2.1. Observed and reanalysis datasets

We used observed daily precipitation data from the SCB recorded at
121 stations (red dots in Fig. 1) during the warm seasons (May to
September) between 1981 and 2017. These data were obtained from the
National Meteorological Information Center (NMIC) of the China
Meteorological Administration (CMA). We also used daily runoff data
from the main gauge stations at Beibei (controlling 156,736 km? and
covering the period 1981-2012), Fushun (controlling 19,613 km? and
covering the period 1981-2007), and Gaochang (controlling 135,378
km? and covering the period 1981-2015), which are situated on the
Jialing, Tuo, and Min rivers, respectively (see Fig. 1). The 6-hr ERA-

Interim reanalysis data (Dee et al., 2011) from 1981 to 2017, was
used as the input data for the HYSPLIT model. This dataset has a hori-
zontal resolution of 0.75° and 37 vertical pressure levels. The variables
used included terrestrial height, geopotential height, zonal and merid-
ional wind, vertical velocity, and specific humidity.

2.2. Backward simulations with HYSPLIT

We used the HYSPLIT model developed by the National Oceanic and
Atmospheric Administration (NOAA) Air Resources Laboratory (ARL;
Draxler and Hess, 1997, 1998) to calculate the air parcel trajectories.
This model has been extensively used to track and forecast the release of
radionuclides, wildfire smoke, windblown dust, air pollution, and
moisture (e.g., Tichy et al., 2017; Chen and Luo, 2018; Kalabokas et al.,
2020; Kim et al., 2020; Yang et al., 2021).

In the model of the backwards trajectory, the air parcel is set to move
with the wind. The movement of the air parcel is the integral of its po-
sition vector through space and time. The final position of the air parcel
P(t+At) is calculated as the average velocity between the initial position
P(t) and the first guess position P'(t+ At). The first guess position is
written as:
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Fig. 5. Averaged (a) altitude and (b) specific humidity along the four groups of trajectories from 10 days prior (—240 hr) to the moment that the air parcel reached

the target region (0 hr).

P (t+ Ar) = P(1) + V(P, 1)Ar. (€D)
The final position is expressed as:

P(t 4 Af) = P(1) +0.5 x (V(P,1) + V(P ,t + A1) At 2)

where At is the time step (6 hr in this study).

We used the HYSPLIT model to simulate the backward trajectories.
The target region was the SCB, as illustrated by the area inside the box in
Fig. 1, and the simulations were carried out every 6 hr during the warm
season (May to September) from 1981 to 2017. The air parcels were
released from the objective region at five above-ground levels (AGL) of
500, 1500, 3000, 5000, and 9000 m, and 510 horizontal locations with a
resolution of 0.5°. In this way, we obtained 11,548,440 backward tra-
jectories. Each backward simulation lasted for 10 days (240 hr), which is
considered to be the retention time of moisture in the atmosphere
(Eagleson, 1970; Trenberth, 1998). The output of the HYSPLIT model
was recorded at 6-hr intervals and included the three-dimensional po-
sition (latitude, longitude, and AGL) and specific humidity of the air
parcels.

2.3. Clustering of backward trajectories

To identify the main moisture paths from the large number of
backward trajectories, we applied a clustering method using the Curve
Clustering Toolbox (Gaffney, 2004), which has been used in several
previous studies (e.g., Li et al., 2016b; Chen and Luo, 2018; Rapolaki
et al., 2020). In the clustering procedure, the different number of clus-
ters (k) have a corresponding in-sample log-likelihood value, which is a
goodness-of-fit metric for probabilistic models and is expressed as the

log-probability of the observed data (see Gaffney, 2004 for details).
2.4. Calculation of moisture contribution

To obtain a better understanding of moisture transport associated
with precipitation over the SCB, we quantified the moisture contribu-
tions from different clusters of trajectories as well as from the individual
moisture sources. Each air parcel tracked can undergo multiple cycles of
moisture uptake (evaporation) and loss (precipitation) before arriving in
the target region (i.e., the SCB). The changes in the moisture content for
an air parcel can be expressed as “evaporation minus precipitation”
(Stohl and James, 2004, 2005):

A a
ev=pu=m=L, @)
Aqa = qa — Ga-nt; (4)

where e, and p, are the rates of moisture uptake (evaporation) and loss
(precipitation), respectively, along the trajectory at time a, and m is the
mass of the air parcels. At is the time step of the backward tracking (6 hr
in this study), and Agq, represents the changes in specific humidity q
from time a —At to a. That is, when Aq, > 0, the moisture content of the
air parcel increases at time a since evaporation gain is larger than pre-
cipitation loss, and vice versa.

2.4.1. Moisture contribution of each cluster
The moisture contribution ratio of the cluster c to the total moisture
released over the target area CR(c) can be expressed as follows:
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where Ag;—_¢ is the change in specific humidity q of a trajectory from
timet =-6tot = 0.misthe number of trajectories in the cluster c, and
n is the total number of trajectories.

2.4.2. Moisture contribution from each source

Considering the multiple cycles of evaporation gain and precipita-
tion loss of each air parcel, Sodemann et al. (2008) developed a
comprehensive “source attribution method”, which has been widely
used (e.g., Sun and Wang, 2015; Chen and Luo, 2018; Peng et al. 2020)
to quantify the moisture contribution from each grid area. The effective
specific humidity change of air parcels at time a to the target area Q, is
used to calculate the moisture contribution from each grid area to the
precipitation in the study region. The details of this approach are as
follows.

1) If evaporation is less than or equal to precipitation (e, —p,<0) for the
air parcel at time a, Q, is set to 0.

2) When e, —pq > 0, Qq is set temporarily to Ag,. To calculate the final
Qu, Agp should be considered in the calculation and time b is any

time after time a (excluding the last 6 hr before reaching the study
area). If Ag,>0 is maintained, Q, equals to Aqq. If Agy, < 0, Qq is
decreasing by the following proportion,

qb-At
a0

Qa = Aqa X (6)
where g,_,, and g, are the specific humidity of air parcels at time b — At
and time b, respectively.

3) The effective moisture contribution ratio of region i to the target area
CR(i) can be expressed as follows:

_yo)
Z di=—6

where Y Q(i) is the sum of the effective specific humidity change for all
air parcels over the region i, while ) g;—_¢ is the total specific humidity
of all air parcels over the last 6 hr before reaching the target region.

CR(i)

x 100%, 7)
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3. Results

3.1. Warm-season rainfall over the SCB and the associated moisture
transport

Fig. 2a shows the spatial distribution of the mean warm-season
precipitation over the period 1981-2017. Overall, averaged over the
SCB, the mean total warm-season precipitation was 806.7 mm, with
centers of maximum rainfall located over the western SCB, such as at
Ya’an (29°59'N, 103°00’E), Leshan (29°34'N, 103°45’E), and Meishan
(30°04'N, 103°48’E), where the total precipitation exceeded 1200 mm.
These features are generally consistent with previous studies (Zhu and
Yu, 2003). Moreover, the warm-season precipitation over the SCB is
characterized by significant interannual variability, as indicated by the
normalized time series of warm-season precipitation averaged at 121
meteorological stations over the SCB during the period 1981-2017
(Fig. 2b), where a positive (negative) value represents adequate (inad-
equate) rainfall. In addition, we found significant positive correlations
between the total warm-season precipitation over the SCB and total
runoff from the rivers Jialing (R = 0.75, p < 0.01), Tuo (R = 0.76, p <
0.01), and Min (R = 0.61, p < 0.01; Fig. 2b), suggesting that flooding is
closely related to warm-season precipitation over interannual

timescales. Based on the normalized precipitation values above 1 or
below 1 standard deviations, we classified six years with maximum
above-normal values as wet years (1981, 1984, 1985, 1988, 1998, and
2013), and six years with minimum below-normal values as dry years
(1994, 1997, 2001, 2002, 2006, and 2011). During the wet years, in-
creases in warm-season precipitation were recorded consistently at all
stations over the SCB, but increases of more than 400 mm relative to the
dry years occurred mostly in the central and northern parts of the SCB
(Fig. 2¢).

The climatology of the column-integrated atmospheric water vapor
flux between May and September is shown in Fig. 3a. The primary
moisture channel supplying precipitation over the SCB was the south-
west channel from the Indian Ocean and the Indochina Peninsula. The
moisture fluxes delivered by both the south (from the Maritime Conti-
nent) and southeast (from the western North Pacific) channels were
relatively weaker. These features are similar to those described in pre-
vious studies (Zhou et al., 2005; Huang and Cui, 2015; Chen and Xu,
2016). Compared with dry years, the southwesterly wind anomalies
from the Yunnan-Guizhou Plateau significantly enhance moisture
transport to the SCB in wet years, as reported by Jiang et al. (2007) and
Li et al. (2010), which is favorable for rainfall over the SCB (Fig. 3b).
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3.2. Climatology of moisture sources and paths

To investigate the sources and paths associated with the moisture
supply for warm-season precipitation over the SCB, we used the concept
of “effective trajectory”, which is defined with a decrease in specific
humidity during the last 6 hr before arrival in the target region (i.e., the
SCB). By definition, the effective trajectories are those that contribute to
rainfall over the SCB. We identified 3,922,028 effective trajectories,
which accounted for 34.0% of all trajectories. We divided these trajec-
tories into four groups using the clustering method outlined above. The
curve in Fig. 4a shows diminishing returns in terms of improvement in fit
beyond k = 4; consequently, this is a reasonable endpoint for the cluster
analysis, and hence the number of clusters that we used for the moisture
trajectories was 4.

Fig. 4b shows the distribution of the trajectory frequency and the
four groups of moisture pathways for the SCB between May and
September. Black circles represent the mean position of the air parcels in
each group of backward trajectories on the first (—24 hr), fourth (—96
hr), seventh (—168 hr), and tenth (—240 hr) day before the precipita-
tion. Overall, the four groups of pathways coincide with the high values
of the trajectory frequency. The average altitude and specific humidity
within each group along the pathways during the 10 days of backward

tracking are shown in Fig. 5. During the last 6 hr, the altitude of the four
group-mean trajectories rises and the specific humidity decreases,
indicating intense moisture condensation with a strong ascending
motion.

Among all groups, the southwesterly path (Group 3) from the Bay of
Bengal was the most important moisture transport pathway, accounting
for 36.0% of the total moisture and 34.9% of the total trajectories. This
group of pathways is ocean-originated and during the early period of the
simulation (—240 to — 96 hr; “—” indicates the “backward” simulation)
it had the highest specific humidity (Fig. 5). As it moved to the target
region, the altitude (specific humidity) increased (decreased) until about
—24 hr, indicating a large amount of moisture loss due to the influence
of the topography along the pathways, such as the Indochina Peninsula
and the Yunnan-Guizhou Plateau. Furthermore, it experienced moisture
uptake over the SCB during the last day before arriving at the target
region (Fig. 4b and 5). The northeasterly path (Group 2) ranked second
in both trajectory contribution (34.2%) and moisture contribution
(26.5%). However, the importance of this group of pathways has rarely
been stressed in previous studies. Along this path, the air parcels
maintained a high specific humidity (over 9 g kg™!) and a low altitude
(below 2000 m), with no large variability until the last 12 hr before
reaching the target region (Fig. 5). The remaining two groups of
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Fig. 9. Patterns of linear regression of precipitation at each station (colored dots; units: mm) onto interannual variations in moisture contributions from (a) the

Indian Ocean and (b) the Sichuan Basin.

pathways; i.e., the northwesterly (Group 1) and westerly (Group 4)
paths, together contributed less than a third (~29.8%) of the total
moisture. The altitude (specific humidity) was among the highest
(lowest) of the four paths almost throughout the pathway, especially the
trajectories in Group 4, for which the specific humidity was always < 5
g kg~!. The moisture uptake for both of these groups occurred mainly
near the Qinghai-Tibet Plateau and the SCB within the last 4 days (—96
to — 6 hr; Fig.s 4b and 5).

Fig. 6a shows the spatial distribution of the moisture contribution to
warm-season precipitation over the SCB, which is similar to that of the
trajectory frequency in Fig. 4b, and the differences can be attributed
mainly to changes in specific humidity along the trajectories. For
instance, the moisture contributions from the western Arabian Sea
(>0.02% over most regions) and the western Indian Peninsula
(<0.001% over most regions) are in sharp contrast, and this can be
attributed largely to the orographic precipitation caused by the Western
Ghat over the western Indian Peninsula. To identify the major moisture
sources and their contributions, we calculated the contributions from six
moisture source regions, as illustrated in Fig. 6a, namely, Eurasia (A),
the Indian Ocean (B), the South China Sea (C), the Sichuan Basin (D),
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eastern China (E), and the western North Pacific (F). The moisture
contributions from the individual regions on climatological state are
shown in Fig. 6b. The Indian Ocean (B) is the most important moisture
source, accounting for 36.3% of the total moisture contribution. High
moisture contributions occur in the Bay of Bengal and Indochina
Peninsula over the Indian Ocean region. Eastern China (E) and Eurasia
(A) make important moisture contributions to the target region, sup-
plying 21.2% and 15.7%, respectively. For Eurasia, high values are
found over the Qinghai-Tibet Plateau, especially to its south. In addi-
tion, the Sichuan Basin (D) contributes 13.3% of the moisture, indicating
that evaporation over the SCB contributes to warm-season precipitation
within the region itself. The South China Sea (C) and western North
Pacific (F) contribute the least moisture to rainfall over the SCB, and
account for only 8.6% and 3.9%, respectively, of the moisture contri-
bution to the target region.

3.3. Interannual variability of moisture sources and paths

Fig. 7 shows the differences in trajectory frequency and the four
groups of moisture channels between wet and dry years. Compared with
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dry years, the wet years show a significant increase in the frequency of
southwesterly trajectories across the Bay of Bengal and Indochina
Peninsula, whereas there is a decrease in the frequency of northeasterly
trajectories across eastern and northern China. For the southwesterly
path (Group 3) from the Bay of Bengal, in wet years, the corresponding
moisture contribution and trajectory frequency increase by 18.6%
(38.3% vs. 32.3%) and 19.5% (36.8% vs. 30.8%), respectively, over the
dry years. In contrast, the moisture contributions (trajectory fre-
quencies) of the westerly path (Group 4), the northwesterly path (Group
1), and the northeasterly path (Group 2) decreased by 16.4% (16.2%),
10.4% (7.7%), and 5.5% (4.1%), respectively. However, in contrast to
the long-term mean state, during the dry years the northeasterly path
(Group 2), instead of the southwesterly path (Group3), becomes the
most important path in terms of moisture contribution (34.6%; Fig. 7b),
which indicates the potential impacts of the northeasterly path on
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regulating warm-season precipitation over the SCB.

The composite differences in moisture contribution to the target re-
gion and the moisture contribution differences of the six source regions
between wet and dry years are shown in Fig. 8. The spatial distribution
of moisture contribution changes is mostly consistent with that of the
trajectory frequency changes, indicating that an increase in trajectory
frequency may lead to an increased moisture contribution from a certain
region. Compared with dry years, during the wet years, moisture
contribution from the Indian Ocean (B) increases by 20.71% (38.38% vs
31.80%), and especially significantly from the Bay of Bengal and Indo-
china Peninsula. Consistent with the composite analysis, there is a sig-
nificant positive correlation (R = 0.53, p < 0.01) between the time series
of total warm-season precipitation and the moisture contribution from
the Indian Ocean (B). In contrast, the moisture contributions from
eastern China (E), Eurasia (A), and the Sichuan Basin (D) decrease by
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12.95% (20.38% vs. 23.41%), 14.40% (14.17% vs. 16.56%), and 8.42%
(12.87% vs. 14.05%), respectively. In addition, compared with the
above sources, the changes in moisture contributions from the South
China Sea (C) and western North Pacific (F) are almost negligible.

Furthermore, the interannual variability of runoff across the SCB can
be linked to changes in the moisture contributions from the various
sources. For example, variations in runoff from the Jialing River (R =
0.51, p < 0.05) and the Tuo River (R = 0.44, p < 0.05) are closely
correlated with moisture contribution from the Indian Ocean. This is
because when moisture contributions from the Indian Ocean are higher
than normal, excess warm-season precipitation is observed over the
central and northern SCB, where the Jialing and Tuo basins are located
(Fig. 9a). In contrast, variations in runoff from the Jialing are signifi-
cantly negatively correlated (R = — 0.53, p < 0.05) with the moisture
contribution from the SCB because when the moisture contribution from
the SCB increases, negative precipitation anomalies occur over the
Jialing Basin (Fig. 9b). However, variations in moisture contributions
from the other four sources are poorly correlated with runoff across the
SCB.

To investigate the possible mechanisms behind the relationship be-
tween moisture contributions and the precipitation anomalies, we
regressed the column-integrated moisture flux and the associated
divergence onto the variations in moisture contributions from two
sources; i.e., the Indian Ocean and SCB. In years with an above-normal
moisture contribution from the Indian Ocean, significant moisture
convergence anomalies occur over central and northern parts of the SCB
associated with the increase in moisture transport from the Indian Ocean
(Fig. 10a). This leads to an increase in local precipitation (Fig. 9a) and
increased runoff from the rivers Jialing and Tuo. In contrast, in years
with an above-normal moisture contribution from the Sichuan Basin,
there are significant moisture divergence anomalies over central and
northern parts of the SCB. This leads to a reduction in moisture transport
from the Indian Ocean (Fig. 10b), which significantly suppresses pre-
cipitation (Fig. 9b) and reduces runoff from the Jialing River.

4. Discussion and conclusions

In this study, climatological moisture sources and pathways, and
their interannual variability, associated with precipitation across the
Sichuan Basin (SCB) during the warm season (May to September) over
the period 1981-2017 were investigated using the HYSPLIT model. Our
main findings are summarized below.

For the long-term mean state over the period 1981-2017, the tra-
jectories were clustered into four groups: the southwesterly, northeast-
erly, northwesterly, and westerly paths. The southwesterly path from
the Indian Ocean was the most important path and accounted for 34.9%
of total trajectories and 36.0% of total moisture. The northeasterly path,
across eastern China, ranked second in both trajectory contribution
(26.5%) and moisture contribution (34.2%). These two pathways com-
bined to contribute more than 70% of all moisture. Regarding the
moisture contribution from individual sources, the Indian Ocean, ac-
counting for 36.3% of all moisture, was the most important moisture
source for precipitation over the SCB. In addition, eastern China
(21.2%), Eurasia (15.7%), and the Sichuan Basin (13.3%) also served as
important moisture contributors.

Regarding the interannual variability, compared with dry years,
there were significant increases during wet years in the moisture con-
tributions from the southwesterly path of 18.6% (38.3% vs. 32.3%) and
the Indian Ocean of 20.71% (38.38% vs. 31.80%). In contrast, the
contributions from the other moisture pathways and major source areas
were lower in the wet years than in the dry years. In the wet years, the
southwesterly path ranked first for moisture contribution (38.3%),
whereas in the dry years, the northeasterly path was most important
(34.6%). Furthermore, the yearly moisture contribution from the Indian
Ocean was significantly positively correlated (R = 0.53, p < 0.01) with
total warm-season precipitation over the SCB.
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Further analysis revealed significant correlations between the vari-
ations in moisture contributions from the various sources and the fluc-
tuations in runoff across the SCB over interannual timescales. A
significant positive correlation was found between moisture contribu-
tions from the Indian Ocean and runoff from the Jialing River (R = 0.51,
p < 0.05) and the Tuo River (R = 0.44, p < 0.05), which we interpreted
as being related to the anomalous precipitation over the Jialing and Tuo
basins associated with the variations in moisture contributions from the
Indian Ocean. In contrast, we found a significant negative correlation (R
= — 0.53, p < 0.05) between moisture contributions from the SCB and
runoff from the Jialing River, which we relate to anomalous precipita-
tion over the Jialing Basin associated with variations in moisture con-
tributions from the SCB.

It should be mentioned that not all moisture can be attributed by
using the “moisture source attribution method” (Sodemann et al., 2008).
One reason for this is the residence time of moisture in the atmosphere
used for this study was 10 days. It is known that the longer the backward
tracking time, the more moisture can be identified for precipitation over
the target region. However, when the backward tracking time is beyond
10 days, wind field errors can lead to large deviations of trajectories
(Stohl and Seibert, 1998). The other is that 10 days before reaching the
target area, the air parcels are not assured to have a zero specific hu-
midity, and this part of the moisture is not attributed. For this study, the
attributable moisture accounted for about 70.0%, 68.5%, and 70.0% of
all moisture for the long-term mean state of the period 1981-2017, the
selected wet years, and the selected dry years, respectively, which is
similar to the values reported in previous studies (Sodemann and Zubler,
2009; Chen and Luo, 2018).
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