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Abstract: Based on precipitation data from 60 stations in South China (SC) and NCEP reanalysis

data, the Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT_4.9) is used to

analyze the difference of water vapor transport tracks, water vapor sources, and their precipitation

contribution rate to frontal/monsoon precipitation, with four combinations of ENSO and PDO phase

for a period of 53 years (1960-2012). The results show that: (1) For the frontal precipitation, in the

Pacific Decadal Oscillation positive phase (PDO+), there is a great positive water vapor difference

between ENSO+ (the positive ENSO phase) and ENSO— (the negative ENSO phase) over the tropical

Indian Ocean (IO), the Bay of Bengal (BOB), the South China Sea (SCS) and the western Pacific (WP),

the distribution of the difference is adjusted for PDO— (the negative PDO phase). For monsoon

precipitation, when PDO and ENSO are in phase resonance, water vapor gathers over IO-BOB-SCS.

(2) For the frontal precipitation, both PDO+ and PDO—, compare with ENSO+, more water vapor

from SCS for ENSO—, but the southward water vapor transport anomaly over the western part of

BOB-SCS-ocean east of the Philippines, which leads a decline in precipitation contribution rate of

ﬁf;eéi:tf:; SCS water vapor. Both ENSO+ and ENSO—, compare with PDO—, more water vapor comes from

o ) I0-BOB for PDO+, but their precipitation contribution rates are lower. (3) For the summer monsoon
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) . compared with ENSO+, there is more water vapor from the IO and WP for ENSO—, the easterly
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PDO. Water 2022, 14, 3639. https:// the strong westerly anomalies in the IO-BOB-SCS increases IO water vapor transporting to SC, so

anomaly in the south of the stronger subtropical high brings more water vapor from WP to SC,

doi.org/10.3390/w14223639 water vapor precipitation contribution rates of IO and WP are higher. Both ENSO+ and ENSO—,
compare with PDO—, more water vapor comes from SCS and EC for PDO+, but their precipitation
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contribution rates are lower. (4) The water vapor transport process of precipitation in PFS over SC is

jointly affected by ENSO and PDO.
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iations. The water cycle is perhaps the most important element in the climate system; precipi-
tation regulates the regional supply of water [1,2]. South China (SC) is located in the south

of China and belongs to the East Asian monsoon region. Compared to other regions of

= China, SC is the region with the longest flood season and the most abundant precipitation.

Over SC, the pre-rainy season (PFS, April-June) precipitation is mainly controlled by atmo-

spheric water vapor transport processes [3-5]. The source, transport path, and changes of

water vapor directly affect the onset of the rainy season and the advance and retreat of the

rain belt. Thus, atmospheric moisture transport and its source in PFS is a focus of attention

and research by meteorological experts and scholars [6-8]. This study on the differences in

water vapor transport trajectories between the two stages of PFS rain is helpful to deeply
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understand the characteristics of water vapor transport and provide a reference for the
prediction and forecast of summer precipitation in SC.

Nevertheless, the typical pathways of water in the atmosphere are less well-known [9].
In recent years, the Lagrangian method has been widely used because its backward air
flow trajectories allow an explicit evaluation of likely source regions for the water vapor
involved in precipitation [10-15].

The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model [16,17]
has been used to explore the moisture sources involved in precipitation over SC [18-21].
Figure 1 shows that WP, SCS, 10, BOB, and Eurasia land are the main climatological
water vapor sources for rain in SC, which is consistent with previous research results [22].
However, it should be noted that synoptic-scale water vapor transport directly associated
with precipitation occurs independently of its climatic state, rendering moisture sources of
precipitation more complex than previously expected [23,24].

—— Frontal rainfall

—— Monsoon rainfall
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Figure 1. Clustering path of climatological water vapor transport trajectories of precipitation in the
pre-rainy season (1960-2012) over South China (blue line: frontal precipitation, red line: monsoon
precipitation, the black box represents the area where the precipitation is studied).

According to the nature of precipitation, the PFS precipitation can be divided into
two stages [25-27]: frontal precipitation and monsoon precipitation. The former (latter)
is before (after) the onset of the South China Sea summer monsoon (SCSSM). Previous
studies demonstrated that variations of PFS water vapor transport characteristic are very
clear before and after the SCSSM onset [25,28,29].

With global warming, the water cycle intensity has been strengthened, a decadal
change of precipitation has been observed [30-32], the interannual variability of precipita-
tion has increased, and frequent droughts and floods have been found over SC [33]. These
have brought home the dramatic impact that large-scale transport of water vapor can have,
given critical meteorological conditions and abnormal levels of precipitable water.

Meanwhile, some scholars [34-36] suggested that the Pacific Decadal Oscillation (PDO)
has an interdecadal modulation effect on the precipitation. Different “background” PDO
conditions (i.e., PDO positive and negative phases) may first affect the ENSO-related SST
anomalies and then affect PFS precipitation over SC by modifying the intensity of the
subtropical high. Since water vapor transport is one key link of precipitation formation, we
speculate that the PDO may modulate interannual variation of water vapor by influencing
the ENSO-related SST anomalies and then ultimately contribute to the variation of PFS
precipitation over SC.

This speculation motivates us to explore the following questions: Are the ENSO-
related water vapor transport anomalies the same in positive and negative phases of the
PDO and ENSQO? If not, what are the differences? What are the effects of these differences
on frontal precipitation and monsoon precipitation, respectively?

The remainder of this paper is organized as follows. The HYSPLIT model and
evaporation-precipitation method employed are introduced in Section 2. In Section 3,
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the effects of ENSO on water vapor transport before and after SCSSM onset with different
PDO phases are analyzed, and the joint effects of PDO and ENSO on the PFS water vapor
transport process over SC are obtained. In addition, Section 4 provides a summary along
with a discussion.

2. Data and Methods
2.1. Data

In this study, China Meteorological Administration (CMA) precipitation data (1960-2012)
for the daytime (00-12 UTC) and nighttime (12-24 UTC) drawn from 60 stations over SC
(20~26° N, 107~120° E; Figure 1) are used to examine PFS precipitation characteristics.
NCEP/NCAR reanalysis data (1960-2012), at 6h intervals (00:00, 06:00, 12:00, and 18:00 UTC)
and with a resolution of 2.5° x 2.5°, 17 layers (1000~10 hpa), including temperature, specific
humidity, and wind, are used as input data to simulate the tracks of air parcels moving
involved in PFS precipitation over SC, and used to quantitatively compute the contribution of
each water vapor source. The definitions and data of PDO and Nifio 3.4 indicators are from
the NOAA website (https://psl.noaa.gov/ accessed on 2 July 2022).

2.2. Methods

The Lagrangian particle dispersion model (HYSPLIT 4.9) is used to simulate the
trajectories of air parcels formed during PFS rain events. The air parcels at three levels
(1000 m, 1500 m, and 3000 m) over 60 stations are selected. The backward trajectories are
integrated 240 h (10 days) backward in time from all starting points (02UTC and 14UTC of
the duration of each April-June rain event), the position of the trajectory point is output
every hour, and the air block specific humidity at the position is obtained by interpolation,
resulting in 716416 tracks [28].

According to the “Evaporation-Precipitation budgets” proposed by Stohl and James [12],
the source and sink of water vapor on the water vapor transport tracks are determined. When
the specific humidity of the air block along the backward track increases, it indicates that
there is water vapor flowing into the air block, and the position of the air block is the source.
The specific humidity decrease are linked to sinking. By calculating the cumulative specific
humidity variation in each unit along the track within a unit time step, the climatic sources,
and sinks of water vapor (1960-2012) are shown in Figure 2. When the air parcels travel
toward SC, they uptake water vapor from tropical 10, BOB, SCS, WP, and Eurasia. The
Indo-China Peninsula and SC are major sink areas of water vapor. In addition, water vapor
sources of PFS precipitation events can be divided into five categories: 10, BOB, East China
(EC), WP, and SCS.
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Figure 2. Climatological pre-rainy season 10-day integrated (E-P) values observed for the period
1960-2012, water vapor source or sink of precipitation over South China in 1° x 1° grid, (a): frontal
precipitation; (b): monsoon precipitation; unit: g/kg/grid; green box is the key area of water vapor
source, respectively: (D Indian Ocean (IO); @ Bay of Bengal (BOB); 3 East China (EC); & Western
Pacific (WP); G South China Sea (SCS).

The contribution rate of the precipitation over SC from per source region is computed
by using a valid areal source-receptor attribution method [15].
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2.3. Division of Frontal Precipitation and Monsoon Precipitation in the Pre-Rainy Season over SC

The nature of precipitation will change significantly before and after SCSSM on-
set [26,37]. According to the definition from Zheng et al. [26], if the 100 hpa zonal wind
over the area (20-23° N, 110-120° E) changes from westerly to easterly and lasts for more
than 5 days, then the first day is the start date of monsoon precipitation. Based on the
NCEP/NCAR reanalysis data, it is calculated that the climatic mean onset date of monsoon
precipitation is 16 May (1960-2012) over SC.

3. Results

PDO is the strongest interdecadal signal in the North Pacific, and ENSO is the strongest
signal of interannual change in the global climate system. There is a correlation between them,
and there is a synergistic effect on the precipitation in PFS over South China [34-36,38].

3.1. ENSO Events in the Context of PDO

The monthly PDO index is a 12-year low-pass filtered by the CMA [39]. After filtering,
The period of 1960-2012 can be divided into three phases [28]: 1961-1976 (cold), 1977-1998
(warm), and 1999-2012 (cold).

The SST anomaly averaged over the Nifi03.4 region of (5° S~5° N, 120~170° W) is taken
as an ENSO index. An El Nifio (La Nifia) event of ENSO is defined as the 3-month running
mean of SST anomalies in the Nifi03.4 region exceeding 0.5 °C (less than —0.5 °C) for a
minimum of five consecutive months. The ENSO events during 1960-2012 are classified,
and the list of ENSO positive and negative phase years is given in the context of PDO
(Table 1). Based on the PDO and ENSO phases, their phase combinations are divided
into four types: (1) PDO+ (the positive PDO phase) & ENSO+ (the positive ENSO phase),
(2) PDO+ & ENSO— (the negative ENSO phase), (3) PDO— (the negative PDO phase) &
ENSO+, (4) PDO— & ENSO—.

Table 1. Phase combinations of PDO and ENSO.

PDO Positive Phase PDO Negative Phase

1977,1982, 1987, 1992,
1994, 1997, 1998

ENSO negative phase 1989, 1995, 1996

1963, 1972, 2010

1964, 1971, 1974, 1975, 1999,
2006, 2007, 2011, 2012

Note(s): the Pacific Decadal Oscillation (PDO); the El Nifio-Southern Oscillation (ENSO).

ENSO positive phase

3.2. Impact of ENSO on the Water Vapor Transport Process of Precipitation in PES over SC with
PDO Context

The synergistic effects of PDO and ENSO on the water vapor transport process
are introduced from four aspects: water vapor spatial distribution, water vapor trans-
port trajectory, water vapor contribution of precipitation source, and characteristics of
atmospheric circulation.

3.2.1. Spatial Distribution of Water Vapor

Figure 3 shows the water vapor difference between ENSO+ and ENSO— for different
PDO contexts in water vapor transport processes involved in PFS precipitation cases. For
the frontal precipitation (Figure 3a—f), 10 days before the water vapor reaches SC, in PDO+
(Figure 3a), there is more water vapor for the ENSO+ than that of ENSO— over 10, BOB,
SCS, and WP. In PDO— (Figure 3d), the strength and coverage of the positive difference
being reduced. Even the negative difference appears in WP. Five days ago, the water vapor
difference was larger for PDO+ (Figure 3b) than that PDO— (Figure 3e) over BOB-SCS.
Two days ago, the different the distribution of water vapor was basically the same, and
the difference between PDO+ was greater than that of PDO— over the north of BOB-SCS
(Figure 3c,f). For monsoon precipitation, when PDO and ENSO are in phase resonance,
water vapor gathers over IO-BOB-SCS (Figure 3g—i). The negative difference over the
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tropical IO indicates that the water vapor is the most abundant for PDO— & ENSO—
(Figure 3j).
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Figure 3. Difference distribution of water vapor of pre-flood season precipitation in South China
from 1960 to 2012 for (a,d,g,j) 10 days, (b,e,h,k) 5 days, and (c{,i,1) 2 days leading up to the day of
the vapor reaching South China (ENSO positive phase minus negative phase; units: g/kg/grid; the
shaded area is the area passing the 98.8% confidence level): (a—c) frontal precipitation stage with PDO
positive phase; (d-f) frontal precipitation stage with PDO negative phase; (g—i) monsoon precipitation
stage with PDO positive phase; (j-1) monsoon precipitation stage with PDO negative phase.

3.2.2. Water Vapor Transport Trajectory

For frontal precipitation (Figure 4a, Table 2), PDO+ & ENSO+ compared with PDO+ &
ENSO-—, there is less water vapor from the Mediterranean-Eurasia inland and SCS, while
more water vapor from IO-BOB, WP, and EC. PDO— & ENSO+ compared with PDO— &
ENSO-—, there is more water vapor transported by four paths, except the south branch
from SCS. The cluster tracks from the Mediterranean-Eurasia inland (tracks labeled 1)
are basically consistent. The track of PDO+ & ENSO— (red track 1, with 41.37% track
number and 44.67% precipitation efficiency) is the strongest, track of PDO— & ENSO—
(purple track 1, with 7.6% track number and 5.74% precipitation efficiency) is the weakest.
The southwesterly water vapor transport tracks (I0-BOB-IndoChina Peninsula-SCS-SC),
controlled by the Indian summer monsoon (tracks labeled 2), account for 10-30% of the
total tracks, track of PDO+ & ENSO+ (blue track 2, with 31.16% track number and 33.8%
precipitation efficiency) is the strongest. The southeasterly water vapor transport tracks
(SCS-SC), controlled by the SCSSM (track labeled 3), track of PDO— & ENSO+ (green track
3, with 3.64% track number and 1.5% precipitation efficiency), is the weakest. Southeasterly
water vapor transport tracks from WP, controlled by the East Asian summer monsoon
(track labeled 4), track of PDO— & ENSO+ (green track 4, with 27.73% track number and
32.84% precipitation efficiency) is the shortest and strongest. Among the four tracks from
East China, the track of PDO+ & ENSO— (red track 5, with 8.06% track number and 3.85%
precipitation efficiency) is the longest and lowest.
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Figure 4. Clustering path of water vapor transport tracks of precipitation for four PDO & ENSO
phase combinations in the pre-rainy season over SC (1960-2012) (a) frontal precipitation, (b) monsoon
precipitation, blue line: clustering trajectories for PDO positive phase and ENSO positive phase, red
line: clustering trajectories for PDO positive phase and ENSO negative phase, green line: clustering
trajectories for PDO negative phase and ENSO positive phase, purple line: clustering trajectories
for PDO negative phase and ENSO positive phase. The number at the start of the trace is the
trace number.

Table 2. Percentage of track amount and precipitation for clustering path of water vapor transport
trajectories of precipitation in the pre-rainy season over SC for phase combinations of ENSO and
PDO (1960-2012) (unit: %).

PDO Positive Phase PDO Negative Phase

Track Number 1 2 3 4 5 1 2 3 4 5
ENSO Track amount 15.38 31.16 458 23.79 25.09 15.61 16.56 3.64 27.73 36.47
Frontal + precipitation 11.99 33.8 3.01 24.33 26.87 16.47 13.65 15 32.84 35.54
precipitation ENSO Track amount 4137 2678  12.99 10.8 8.06 76 1434 2827 2079 2899
- precipitation 4467 28.58 16.22 6.68 3.85 5.74 10.74 29.97 22.99 30.57
ENSO Track amount 7.27 20.63 35.35 8.03 28.71 19.07 23.44 18.32 25.76 13.41

Monsoon + precipitation 45 17.52 39.23 6.14 32.62 16.97 26.31 23.01 25.81 79
precipitation ENSO Track amount 13.24 10.65 23.72 17.32 35.07 25.65 18.31 6.6 37.84 11.6
- precipitation 9.25 7.95 25.81 14.85 4214 29.35 17.06 4.88 39.56 9.15

For monsoon precipitation (Figure 4b, Table 2), PDO+ & ENSO+ compared with PDO+
& ENSO—, there is less water vapor which from IO, WP, and EC, and water vapor from
BOB and SCS is more. PDO— & ENSO+ compared with PDO— & ENSO—, the water vapor
from BOB and SCS is more, and the water vapor from the western IO and WP is less.

3.2.3. Water Vapor Contribution of PFS Precipitation Sources over SC

Figure 5 shows the precipitation contribution rates of each key area for four PDO
& ENSO phase combinations. For frontal precipitation, WP and SCS are two important
regions as rain contributors. The contribution rate of water vapor from WP is maximum
(17.6%) in PDO+ & ENSO—, and the minimum (8.4%) appears in PDO+ & ENSO+. The
contribution rate of water vapor from SCS is relatively stable, and the maximum value
(14.3%) appears in PDO— & ENSO+. The contribution of water vapor from BOB, 10, and
BOB is relatively small, and its amplitude is small. For monsoon precipitation, SCS and 1O
are important rain contributor sources. The contribution of water vapor from SCS (10.5%)
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is the least for PDO+ & ENSO+, and that of PDO— & ENSO+ is the highest (14.9%). The
contribution rate of water vapor from IO varies from 4.9% to 6.4%. The contribution rate of
water vapor from WP drops to the third (range from 1.5% to 4.2%), and the contribution
rate of BOB and EC is still low.

%)
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BN Frontal rainfall

15 4 mmm  Monsoon rainfall

=5 b

w

Precipitation Contribution / %
Precipitation Contribution / %

B Frontal rainfall
15 N Monsoon rainfall

B Frontal rainfall
EEE Monsoon rainfall

w

Precipitation Contribution / %
Precipitation Contribution / %

o

Wp SCS BOB 10 EC Wp NeY BOB 10 EC

Figure 5. Precipitation contribution rates of key areas of water vapor sources in the pre-rainy season
from 1960 to 2012 (blue: frontal precipitation; red: monsoon precipitation; unit:%). (a): PDO and
ENSO positive phase, (b): PDO positive with ENSO negative phase, (c): PDO negative with ENSO
positive phase, (d): PDO and ENSO negative phase.

3.2.4. Circulation Characteristics

Figure 6 shows the differences between 850 hpa height field and water vapor flux
in the whole layer (ENSO+ minus ENSO—) in PFS over SC with the PDO context. For
frontal precipitation (Figure 6a,b), regardless of the phase of PDO, ENSO+ compared with
ENSO—, there is a southward water vapor transport anomaly over the western part of BOB-
SCS-ocean east of the Philippines, indicating that there is less water vapor transport from
these areas to SC. For monsoon precipitation (Figure 6¢,d), there is a strong anticyclonic
anomaly over the Northwest Pacific, which means that the western Pacific subtropical
high is stronger, thus making the easterly anomaly in the south of the subtropical high
sends more water vapor from WP to SC. Meanwhile, the strong westerly anomalies in the
IO-BOB-5CS increases its water vapor transporting to SC.

Figure 6. Difference of 850 hpa geopotential height field (red contours, unit: gpm), water vapor flux
(blue vector, unit: kg-m-s~!) between four ENSO & PDO phase combinations in the pre-rainy season
over South China during 1960-2012 ((a,b): frontal precipitation; (c,d): monsoon precipitation; (a,c):
PDO+ & ENSO+ minus PDO+ & ENSO—, (b,d): PDO— & ENSO+ minus PDO— & ENSO—-).
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4. Conclusions

(1) For the frontal precipitation, in PDO+, there is a great positive water vapor differ-
ence (ENSO+ minus ENSO—) over 10, BOB, SCS, and WP (Figure 3a), the distribution of
the difference is restructured in PDO—. With the approaching a precipitation event over
SC, the large water vapor difference converges to BOB and SCS. For monsoon precipitation,
when PDO and ENSO are in phase resonance, water vapor gathers over IO-BOB-SCS
(Figure 3g,j).

(2) For the frontal precipitation, both PDO+ and PDO—, compare with ENSO+, more
water vapor from SCS for ENSO— (Figure 4a, Table 2), but there is a southward water
vapor transport anomaly over the western part of BOB-SCS-ocean east of the Philippines,
and resulting a decline in precipitation contribution rate of SCS water vapor (Figure 5,
12.0 < 13.0, 13.4 < 14.3). Both ENSO+ and ENSO—, compare with PDO—, more water vapor
comes from I0-BOB for PDO+ (Table 2), but their precipitation contribution rates are lower
(Figure 5,1.5<2.5,09 <14, 1.3 <1.6,0.6 < 1.0). More water vapor transport from SCS, WP,
and EC to SC for PDO— (Table 2), and only the water vapor precipitation contribution rate
of SCS is higher (Figure 5, 14.3 > 13.0, 13.4 > 12.0) for its short transport track (Figure 4a,
purple tracks 3).

(3) For the summer monsoon precipitation, both PDO+ and PDO—, compare with
ENSO+, there is more water vapor from the IO and WP for ENSO—, the easterly anomaly in
the south of the stronger subtropical high (Figure 6a,b) brings more water vapor from WP
to SC (Figure 4a, Table 2), the strong westerly anomalies in the IO-BOB-SCS increases 10
water vapor transporting to SC, so water vapor precipitation contribution rates of 10 and
WP are higher (Figure 5,5.3 > 5.1, 6.4 >4.9,4.2 > 3.1, 3.7 > 1.5). Both ENSO+ and ENSO—,
compared with PDO—, more water vapor comes from SCS and EC for PDO+ (Table 2), but
SCS precipitation contribution rates are lower (Figure 5, 10.5 < 14.9, 11.1 < 11.6).

(4) The water vapor transport process of precipitation in PFS over SC is jointly affected
by ENSO and PDO. The four combinations of ENSO and PDO phases have different water
vapor transport characteristics.
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