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Abstract

:

It is urgent to improve the prediction accuracy of precipitation in the preflood season (PFS) over South China (SC) under the background of global warming, and thus the research of water vapor conditions is the key. For the period of 1960–2012, using the daily precipitation data from 60 meteorology stations in SC and National Centers for Environmental Prediction (NCEP) reanalysis data, the synergistic effect of PDO (the Pacific Decadal Oscillation) &IOD (the Indian Ocean Dipole Mode) on water vapor transport process to frontal/monsoon precipitation is revealed, based on the Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT_4.9). For the frontal precipitation, the positive PDO phase (PDO+) compared with the negative PDO phase (PDO−), there is more water vapor over the West Pacific (WP), the northern South China Sea (SCS), and the Bay of Bengal (BOB). Water vapor for frontal precipitation mainly comes from WP and SCS. When PDO and IOD are in phase resonance, the water vapor transport tracks from the SCS, WP are shorter and westward, so more water vapor is transported to SC, the precipitation efficiency of water vapor to PFS precipitation is higher too. For the summer monsoon precipitation, the tropical Indian Ocean (IO)-BOB is rich in water vapor, especially for PDO−& IOD+. The main water vapor transport tracks are the cross-equatorial flows in the IO, BOB and SCS. The precipitation efficiency of water vapor from the IO-BOB is higher for the positive IOD phase (IOD+) than that for the negative IOD phase (IOD−); however, the precipitation efficiency of water vapor from SCS is higher for the IOD− than that for IOD+. Compared with frontal precipitation, the strong westerly anomaly in the northern IO increases the water vapor transport from the north IO, BOB to SC during monsoon precipitation. For the PDO+&IOD+, the stronger Indian Low and cyclonic anomaly in the WP increases the water vapor transported from the IO-BOB to SC, improving the precipitation efficiency of water vapor. Understanding the synergistic effect of the PDO and IOD on water vapor transport will help to improve the accuracy of precipitation prediction, and reduce the negative impact of drought and flood disasters.
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1. Introduction


Precipitation falling over a given area is an aggregation of water molecules over a period of time. Some water molecules may come from the vicinity, some water may be transported from farther sources [1]. There is rich precipitation in the PFS (April–June) over SC, and its variability is enhanced under the background of global warming, but the prediction for PFS precipitation is still a great difficulty for meteorologists [2]. Sufficient water vapor is a necessary condition for the PFS rain formation. The study on the water vapor source of PFS rain, the characteristics of water vapor transport and its formation mechanism, are helpful to deeply understand the occurrence law of drought and flood disasters over SC, thus providing a reference for government decision-making and precipitation prediction [3,4,5].



There are two common approaches for analyzing water vapor transport. The Lagrangian method is better than the Eulerian method because it can calculate the air trajectory, and clearly determine the source of water vapor transport [1,6,7,8].



Thus, based on the HYSPLIT model [9,10,11], the characteristics of water vapor transport in the PFS over SC can be obtained by statistical and quantitative analysis. The WP, SCS, IO, BOB and Eurasian landmass are the main water vapor sources for rain in SC [12,13].



Studies have also shown that [14,15], before and after the onset of SCSSM, the characteristics of water vapor transport for the PFS over SC are quite different. Before the onset of SCSSM, the WP is the largest source of water vapor contributing to the PFS precipitation, the IO is the largest source of water vapor after its onset. Previous studies have shown [16,17] that the water vapor transport in the PFS also has obvious interdecadal variation characteristics. A further study [18,19,20,21,22,23] shows that the interdecadal variation of water vapor transport in PFS is closely related to the PDO. By affecting low-level water vapor transport, the IOD has a greater contribution to the variation of precipitation in SC on both interdecadal and interannual scales [24,25,26,27,28,29,30,31].



Multi-factor synergy refers to the combined effect of two or more influencing factors, and the variability of precipitation in SC is the result of multi-factor synergy [32,33,34,35,36]. On the interdecadal scale, the summer precipitation in SC is affected by the tropical IO SST, spring snow cover over the Tibetan Plateau [37], summer intraseasonal oscillation in the Northern Hemisphere [38], and summer convective activity in the SCS [39], a synergistic effect of external forcing factors.



The results of these studies have contributed to a deeper understanding of the complexity of precipitation variability, and also showed that the SST anomaly of the IO and WP has an important impact on the water vapor transport for the PFS. There have been many valuable studies and meaningful results on the relationship between the PFS precipitation variability and SST anomaly of the WP and IO, respectively. On the interdecadal time scale, how does the interdecadal variability of the SST in WP and IO cooperatively affect the water vapor transport for PFS precipitation? In this study, the mechanism of the PDO and IOD synergistically affecting the variability of water vapor transport for the PFS in SC is discussed. Our findings will provide a theoretical basis for an in-depth understanding of the factors governing the PFS precipitation, provide additional information for analyzing drought and flood disasters.




2. Data and Methods


2.1. Data


Our study is based on, daily precipitation data of 60 meteorology stations over SC (20°–26° N,107°–120° E; Figure 1) from 1960 to 2012 provided by CMA. The NCEP reanalysis data available every six hours (00, 06, 12 and 18 UTC), provided by NOAA covers the period from 1960 to 2012, with a resolution of 2.5°∗2.5°, including 17 layers of temperature, wind and relative humidity (1000~10 hPa). The definitions and data of PDO and IOD indicators are from the NOAA website (https://psl.noaa.gov/ accessed on 24 February 2022).




2.2. Methods


The Lagrangian particle dispersion model (HYSPLIT 4.9) developed by Draxler and Hess [9,10] is used to simulate the trajectories of air parcels formed during PFS rain events for the period of 1960–2012. The air parcels at three levels (1000 m, 1500 m, and 3000 m, most water vapor converge) over 60 meteorology stations are selected. The backward trajectory is calculated by taking 02UTC and 14UTC of every day as the starting time point, the position of the trajectory point is output every hour, and the air block specific humidity at the position is obtained by interpolation. Air parcels are traced 240 h into the past, which is the average lifespan of water vapor in the atmosphere [40], to analyze the water vapor sources for SC, 716,416 tracks are selected from 60 stations with rain recording periods. The water vapor trajectories are analyzed by clustering method, to identify the main water vapor channels [41].




2.3. Division of Frontal Precipitation and Monsoon Precipitation for PFS over SC


The atmospheric circulation in PFS over SC is significantly different before and after the establishment of the SCSSM, and the precipitation characteristics are also different [2,42]. It is necessary to determine the beginning date of summer monsoon precipitation in SC, and then divide the water vapor transport process into two stages: frontal precipitation and monsoon precipitation. Climatological mean, SCSSM advances to SC about one week after its onset, when monsoon precipitation begins. According to the definition of Zheng et al. [2], if the 100 hPa over the region (20°–23° N, 110°–120° E) changes from westerly to easterly and lasts for more than 5 days, the first day is the beginning day of monsoon precipitation. Based on the NCEP reanalysis data, the mean onset date of monsoon precipitation is May 16 from 1960 to 2012 over SC. In this study, the period from April 1 to May 15 is defined as the frontal precipitation, and the period from May 16 to June 30 is the monsoon precipitation.





3. Results


As previously mentioned, the PDO and IOD are interrelated and have a synergistic effect on precipitation [43,44]. It is necessary to discuss the role of the PDO in detail when paying attention to the impact of the IOD on the water vapor transport in the PFS over SC.



3.1. Cold and Warm Phase of PDO


The PDO index has obvious interdecadal variation characteristics. The monthly PDO index is 12-yr low-pass filtered by the CMA [45]. After filtering, the positive (negative) PDO index corresponds to the warm (cold) phase. The period of 1960–2012 can be divided into three phases: 1961–1976 (cold), 1977–1998 (warm), and 1999–2012 (cold). When the PDO is in a warm phase, SST in the northern, northeastern and southeastern parts of the North Pacific has a positive anomaly, while the central, western and southern parts have a negative SST anomaly; the PDO cold phase is on the contrary.




3.2. Phase Combinations of PDO and IOD


Using the COBE SST data of NOAA and referring to the definition of Saji et al. [46], the tropical western IO (50–70° E, 10° S–10° N) is called the western IOD region, and the tropical eastern IO (90–110° E, 10° S–0°N) is called the eastern IOD region. The Dipole Mode Index is the west region SST anomaly average minus the IOD East region SST anomaly average. The IOD positive (negative) phase events occur when the index is greater (less) than 0.5 standard deviations in autumn (from September to November). The classification results of phase combinations of PDO and IOD are obtained, as shown in Table 1.




3.3. Synergistic Effects of PDO and IOD on the Water Vapor Transport Process of Precipitation in PFS over SC


The synergistic effects of PDO and IOD on the water vapor transport process are introduced from three aspects: water vapor distribution, water vapor transport trajectory, and characteristics of atmospheric circulation.



3.3.1. Distribution of Water Vapor


For frontal precipitation, the WP-SCS has rich water vapor from 10 days to 2 days before the water vapor arrives at SC. Water vapor over the WP-SCS-BOB is more for the PDO+ (Figure 2a–f) than that for PDO− (Figure 2m–r). Although the initial position of water vapor transport from the WP is more eastward during the IOD−, the water vapor is more abundant in the WP-SCS-BOB for IOD+ than that of IOD−, and water vapor of PDO+&IOD+ is the most abundant (Figure 2a). For monsoon precipitation, water vapor gathers in IO-BOB (Figure 2m–x), and water vapor maximum covers a larger area in the middle tropical IO for the PDO−&IOD+ (Figure 2s).




3.3.2. Water Vapor Transport Trajectories


The main atmospheric water vapor source regions that involved the PFS rain events over SC are the Mediterranean-Eurasian interior, IO, BOB, SCS, WP, and East China (Figure 3), which is consistent with the previous results presented in the introduction. The differences between clustering water vapor transport tracks for four combinations of the IOD and the PDO phases are shown in Figure 3.



For the frontal precipitation, when the PDO and IOD are in phase resonance, most water vapor transport tracks from the WP-SCS (trajectories labeled 3 and 4 in Figure 3a) are shorter and westward, so more water vapor is transported to SC, the precipitation efficiency of water vapor is higher (Table 2). The track of the PDO+&IOD+ (blue track 3) is shorter and more westward than that of the PDO+&IOD− (red track 3), the track of PDO−&IOD− (purple track 3) is shorter than that of the PDO−&IOD+ (green track 3). For water vapor from the WP, the percentages of the PDO+&IOD+ (with 23.97% track number and 25.96% precipitation efficiency) are higher than that of the PDO+&IOD− (with 17.15% track number and 11.91% precipitation efficiency). The percentages of the PDO−&IOD− (with 21.35% track number and 22.67% precipitation efficiency) are higher than that of the PDO−&IOD+ (with 18.22% track number and 17.82% precipitation efficiency).



For the summer monsoon precipitation, the main water vapor transport tracks are the cross-equatorial flows in the IO, BOB and SCS (trajectories labeled 1, 2 and 3 in Figure 3b), the cluster tracks of four cases for the same region are similar, but the water vapor transport is quite different. The contribution rate of water vapor from the IO-BOB is higher for the IOD+ than that for the IOD−. For example, for water vapor from the IO, the percentages for the PDO+&IOD+ (with 32.00% track number and 36.02% precipitation efficiency) are higher than that of the PDO+&IOD− (with 9.58% track number and 5.71% precipitation efficiency). However, the contribution rate from the SCS is higher for the IOD− than for the IOD+. For example, the percentages for the PDO+&IOD− (with 36.12% track number and 43.30% precipitation efficiency) are higher than that of the PDO+&IOD+ (with 19.67% track number and 17.03% precipitation efficiency).




3.3.3. Characteristics of Atmospheric Circulation


The differences of 850 hPa geopotential height and integrated water vapor flux for the PFS over SC between four PDO&IOD phase combinations are shown in Figure 4. For frontal precipitation (Figure 4a,b), the PDO+&IOD+ compares with the PDO+&IOD−, the western Pacific subtropical high is weaker (Figure 4a), there is a cyclonic anomaly in the WP, which causes a northerly anomaly near South China, and further shortens the length of water vapor transport track from the WP to SC. Similarly, for the PDO−& IOD+ minus PDO−&IOD− (Figure 4b), there is a stronger cyclonic anomaly in the WP, which makes a shorter water vapor transport track from the WP to SC. Compared with frontal precipitation, the strong westerly anomaly in the northern IO increases the water vapor transport from the north IO, BOB to SC during monsoon precipitation (Figure 4c,d). The PDO+&IOD+ compares with the PDO+&IOD−, there are strong westerly anomalies in the north IO and BOB (Figure 4c), which causes abundant water vapor to be transported eastward from the IO and BOB, and the Indian Low is stronger, which makes the path of water vapor transport to move northward, and more water vapor arrives at SC. Meanwhile, SC is located in the west of the cyclonic anomaly of WP, which increases the water vapor transported from the WP to SC. For the PDO−&IOD+ (Figure 4d), there is still a strong westerly anomaly in the IO and BOB, which enhances the water vapor eastward transport. However, the Indian Low is weaker, which makes less water vapor enter the SCS through BOB. At the same time, the cyclonic anomaly in the WP is weaker and more easterly, which makes less water vapor over the WP be transported to the SCS too, resulting in the lowest precipitation efficiency of water vapor from the SCS.






4. Conclusions and Discussion


Valuable research on the respective links between SST anomaly of IO, WP and water vapor has provided a framework within which to understand coupled air-sea processes and tropical circulations that produce PFS precipitation variability on different time scales. HYSPLIT 4.9 is used to simulate the trajectories of air parcels formed during PFS precipitation events, cluster analysis is conducted on the trajectories to identify the main water vapor channels. This study reveals some basic facts of the synergistic effect of the PDO and IOD on the water vapor transport process under the background of global warming, to improve the accuracy of precipitation prediction, reduce the negative impact of drought and flood disasters.



For frontal precipitation, the PDO+ compared with PDO−, there is more water vapor over the WP-SCS-BOB, regardless of the PDO phase, the IOD+ has more water vapor over this region than that of the IOD−. Water vapor for frontal precipitation mainly comes from the WP and SCS. When the PDO and IOD are in phase resonance, the water vapor transport tracks from the SCS, the WP is shorter and westward, so more water vapor is transported to SC, the precipitation efficiency of water vapor is higher too. It may be due to the western Pacific subtropical high being weaker, resulting in a northerly anomaly near SC, which shortens the length of the water vapor transport track from the WP to SC but is conducive to the formation of precipitation.



For the summer monsoon precipitation, the tropical IO-BOB is rich in water vapor, the water vapor maximum covers the largest area over the tropical IO for the PDO−& IOD+. The main water vapor transport tracks are the cross-equatorial flows in the IO, BOB and SCS. The precipitation efficiency of water vapor from the IO-BOB is higher for the IOD+ than that for the IOD−; however, the precipitation efficiency of water vapor from the SCS is higher for the IOD−than that for the IOD+. Compared with frontal precipitation, regardless of the phase of the PDO and IOD, the strong westerly anomaly in the northern IO increases the water vapor transport from the north IO, BOB to SC during monsoon precipitation. For the PDO−&IOD+, the Indian Low Pressure is weaker, which causes less water vapor to enter the SCS through the BOB. At the same time, the cyclonic anomaly in the WP is weaker and more easterly, which reduces the water vapor transport from the WP to the SCS, resulting in the lowest precipitation efficiency of water vapor from the SCS.



The results presented in this study are mainly on the interdecadal time scale. Nevertheless, the linkage between the SST anomaly of the Pacific, Indian Ocean and the water vapor transport over SC on an interannual time scale is also an interesting issue and deserves further study in the future.
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Figure 1. Schematic diagram of the South China (the green box represents the area where the precipitation is studied, the blue box is the judgment area of South China Sea summer monsoon onset, and the red spot is the meteorology stations). 
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Figure 2. Distribution of cumulative specific humidity of each 1° × 1°grid on the water vapor transport trajectories in the preflood season (1960–2012) 10 days, 5 days, 2 days before the water vapor reaches South China.((a–l) for the frontal precipitation, (m–x) for the monsoon precipitation; (a–f,m–r) for PDO positive phase, (g–l,s–x) for PDO negative phase; (a–c,g–i,m–o,s–u) for IOD positive phase, (d–f,j–l,p–r,v–x) for IOD negative phase, unit: g/kg/grid). 
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Figure 3. Clustering path of water vapor transport trajectories of precipitation for positive/negative phase of IOD in the preflood season over SC with the synergy of PDO (1960–2012) ((a) the frontal precipitation, (b) the monsoon precipitation, blue line: clustering trajectories for PDO positive phase and IOD positive phase, red line: clustering trajectories for PDO positive phase and IOD negative phase, green line: clustering trajectories for PDO negative phase and IOD positive phase, purple line: clustering trajectories for PDO negative phase and IOD positive phase, the number at the start of the trace is the trace number). 
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Figure 4. Difference of 850 hPa geopotential height field (red contours, unit: gpm), integrated water vapor flux (blue vector, unit: kg·m·s−1) between four PDO&IOD phase combinations in the preflood season over South China during 1960–2012 ((a,b) for the frontal precipitation, (c,d) for the monsoon precipitation; (a,c) for PDO positive phase &IOD positive phase minus PDO positive phase &IOD negative phase, (b,d) for PDO negative phase &IOD positive phase minus PDO negative phase &IOD negative phase). 
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Table 1. Phase combinations of PDO and IOD.
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	PDO Positive Phase
	PDO Positive Phase





	IOD positive phase
	1977, 1982, 1987, 1994, 1997
	1963, 1972, 2006, 2007, 2011, 2012



	IOD negative phase
	1989, 1992, 1995, 1996, 1998
	1964, 1971, 1974, 1975, 1999, 2010







The Pacific Decadal Oscillation (PDO); the Indian Ocean Dipole Mode (IOD).













[image: Table] 





Table 2. Percentage of track number for clustering path in the total number of water vapor transport tracks and effective precipitation track number for clustering path in its total track number in the preflood season over SC for phase combinations of IOD and PDO (1960–2012) (unit: %).
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PDO Positive Phase

	
PDO Negative Phase




	

	

	
Track Number

	
1

	
2

	
3

	
4

	
5

	
1

	
2

	
3

	
4

	
5






	
Frontal precipitation

	
IOD+

	
Track amount

	
23.99

	
15.98

	
30.52

	
23.97

	
5.54

	
4.94

	
12.36

	
26.11

	
18.22

	
38.37




	
precipitation

	
23.77

	
12.90

	
33.48

	
25.96

	
3.9

	
2.51

	
8.75

	
30.07

	
17.82

	
40.86




	
IOD−

	
Track amount

	
26.23

	
27.9

	
6.08

	
17.15

	
22.63

	
15.1

	
28.49

	
26.28

	
21.35

	
8.78




	
precipitation

	
28.91

	
29.63

	
2.91

	
11.91

	
26.65

	
12.08

	
28.52

	
29.37

	
22.67

	
7.36




	
Monsoon precipitation

	
IOD+

	
Track amount

	
32.00

	
33.64

	
19.67

	
6.30

	
8.39

	
20.74

	
17.25

	
7.39

	
13.06

	
41.56




	
precipitation

	
36.02

	
35.71

	
17.03

	
5.57

	
5.68

	
25.64

	
15.96

	
4.26

	
9.52

	
44.62




	
IOD−

	
Track amount

	
9.58

	
11.88

	
36.12

	
22.97

	
19.45

	
8.26

	
7.74

	
19.94

	
34.16

	
29.91




	
precipitation

	
5.71

	
8.37

	
43.30

	
25.56

	
17.06

	
6.1

	
6.55

	
19.26

	
35.05

	
33.04








The Pacific Decadal Oscillation (PDO); the Indian Ocean Dipole Mode (IOD); the positive IOD phase (IOD+); the negative IOD phase (IOD−).
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