

  atmosphere-09-00219




atmosphere-09-00219







Atmosphere 2018, 9(6), 219; doi:10.3390/atmos9060219




Article



Dynamic and Thermodynamic Factors Associated with Different Precipitation Regimes over South China during Pre-Monsoon Season



Wenqian Ma 1[image: Orcid], Wenyu Huang 1,*[image: Orcid], Zifan Yang 1, Bin Wang 1,2, Daiyu Lin 1 and Xinsheng He 1





1



Ministry of Education Key Laboratory for Earth System Modeling, Department of Earth System Science, Tsinghua University, Beijing 100084, China






2



State Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics, Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing 100084, China









*



Correspondence: huangwenyu@mail.tsinghua.edu.cn







Received: 9 May 2018 / Accepted: 2 June 2018 / Published: 7 June 2018



Abstract

:

Nine precipitation regimes over South China are obtained by applying the Self-Organizing Map (SOM) technique to the sub-daily precipitation during the pre-monsoon season (April to June) of 1979–2015. These nine regimes are distinct from each other in terms of precipitation amount and spatial pattern. The relationships between precipitation and different atmospheric dynamic and thermodynamic factors (large-scale divergence, water vapor flux, low-level jet, precipitable water, convective available potential energy (CAPE), and K index) are explored under the nine regimes. The upper-level divergence performs best in indicating the geographic positions of precipitation centers, which are also modulated by the orientations of low-level jets. The estimation of water vapor transport reveals that there are two major moisture sources for the precipitation during the pre-monsoon season, i.e., the Bay of Bengal (for all the nine regimes) and the South China Sea and West Pacific Ocean (for five regimes). Furthermore, the occurrence probability of more precipitation increases with the water vapor transported from the South China Sea and West Pacific Ocean. Compared to CAPE, K index performs better in indicating the precipitation centers and has a tighter relationship with area-average precipitation. The precipitable water exhibits complicated relationships with spatial patterns and amounts of precipitation, indicating that it may be not a good indicator for precipitation during pre-monsoon season over South China. Estimation of the persistence and transformation probabilities for precipitation regimes reveals that the persistence probabilities basically decrease with the precipitation amounts, and the transformations between different precipitation regimes are inclined to be associated with the southward shifts of precipitation centers.
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1. Introduction


South China, a region with the most abundant precipitation over East Asia, has a long rainy season lasting from April to September. During the rainy season, the precipitation amount shows a dual-peak mode [1]. The precipitation amount reaches the first peak during the pre-monsoon season (April to June). The April to June (AMJ) precipitation accounts for more than 40% of the annual precipitation over most parts of South China [2], and is even more than that in Spring (accounting for about 35%) [3,4] or Summer (about 35%) [4] over South China. The precipitation during AMJ has profound impacts on human society and natural environment over South China [5]. For example, in April 2011, the precipitation in Fujian Province was less than usual, which led to the lack of sufficient potable water for more than 300,000 people and drought in more than 500 km2 of farmland. By contrast, the heavy precipitation during the AMJ over South China in 2016 resulted in severe disasters including landslides, debris flows, and urban/rural waterlogging, and the direct economic losses related to the heavy precipitation totalled more than one billion dollars. Therefore, exploring the mechanisms behind the AMJ precipitation over South China, which provides a theoretical basis for the skilful predictions, is essential.



However, compared to the summer monsoon precipitation, or wintertime precipitation [6,7,8,9,10,11,12,13,14,15,16,17,18], fewer studies focused on the precipitation during AMJ over South China. Zhao et al. [19] examined the mesoscale characteristics of a heavy rainfall event over Hong Kong during pre-monsoon season. Specifically, a front with an upward motion branch ahead of the front, a southerly branch trough, a southerly warm and moist current contributed to water vapor transport and strong horizontal wind convergence, a series of meso  β  systems, and shallow disturbances in the low-level atmosphere were found to be associated with the heavy rainfall event. Gu et al. [2] investigated the interannual variations of precipitation during pre-monsoon season and the related mechanism. Basically, the precipitation during pre-monsoon season lasts about 90 days spanning from 6 April to 4 July. Their study revealed that an east–west SST dipole anomaly in the tropical Pacific would excite an anomalous anticyclone near Philippines in the lower troposphere, which favored the subsequent moisture convergence, strong ascending motions and thus more precipitation over South China. Based on composite analysis for the whole rainy season (AMJ), Ding and Wang [1] analyzed the climatological characteristics of the low-level circulation (wind fields on 850 hPa) and water vapor transport, and quantitatively estimated the moisture budgets for the precipitation over South China. They pointed out that the strengthened rainfall during AMJ over South China was associated with weakening of cold air activities, intensified southwest monsoonal circulation, and water vapor transports. By comparing the composite AMJ moisture fluxes under the years with normal, anomalously more, and anomalously less precipitation over South China, Chen et al. [20] revealed that the water vapor transport from the South China Sea had a crucial influence on the precipitation amount during AMJ over South China. Note that Ding and Wang [1] treated the precipitation over South China during AMJ as a whole, but the precipitation during AMJ may be associated with different amounts and spatial patterns. Similarly, Chen et al. [20] treated the AMJ precipitation as a whole. Although they classified the AMJ precipitation into three groups, the classification was only based on precipitation amounts. As pointed by Trenberth et al. [21], the characteristics of precipitation, i.e., intensity, frequency, and spatial pattern, are as important as the amount. Besides, the precipitation is always related to multiple atmospheric dynamic and thermodynamic factors, and may be related to or modulated by many other systems, such as atmospheric blocking, El Niño/Southern Oscillation, Pacific Decadal Oscillation [3,6,11,22,23,24]. However, most previous studies on AMJ precipitation over South China only analyzed individual dynamic and thermodynamic factors, which is incomplete for analyzing the relationship between AMJ precipitation and atmospheric dynamic and thermodynamic factors. Therefore, this study will examine the characteristics of precipitation with different amounts and spatial patterns during AMJ over South China, and explores the relationships between precipitation and multiple atmospheric dynamic and thermodynamic factors.



Most of the extreme precipitation events have a time scale of less than one day. Therefore, exploring the characteristics of the AMJ precipitation from the sub-daily perspective is necessary. To deal with the enormous sub-daily precipitation data, a classification of precipitation into different precipitation regimes is an effective way. In this study, a neural network-based classification technique, i.e., Self-Organizing Map (SOM) technique proposed by Kohonen [25], is used to classify the AMJ sub-daily precipitation over South China into different precipitation regimes. Up to date, SOM was widely used in the climate community [26,27,28,29,30,31,32,33]. In addition, the previous studies have pointed out that the persistence and transformation characteristics among different regimes benefit the weather forecast [34,35,36]. To systematically explore the relationships between precipitation regimes and the associated meteorological factors, three dynamic factors including large-scale divergence, water vapor flux and low-level jet and three thermodynamic factors including precipitable water, CAPE and K index are analyzed in our study. Heavy precipitation, especially the persistent heavy precipitation, is one of the factors that causes severe meteorological disasters [37,38]. South China is one of the regions where the persistent extreme precipitation events prefer to occur [39]. In our study, the heavy precipitation events and persistent heavy precipitation events during AMJ over South China are analyzed from the perspective of regimes.



Our study focuses on the relationship between different precipitation regimes and associated meteorological factors, the persistence and transformations of the precipitation regimes, and analyzing the heavy precipitation events during AMJ over South China from the perspective of precipitation regimes. The study is organized as follows. We introduce the data, clustering method and meteorological factors in Section 2. Section 3.1 is devoted to validating of the precipitation data used in our study, determining the optimal number of regimes, and describing the precipitation regimes. Section 3.2 and Section 3.3 discuss the dynamic and thermodynamic factors associated with different precipitation regimes, respectively. The persistence and transformations of the precipitation regimes are analyzed in Section 3.4 and the heavy precipitation events are investigated in Section 3.5. In Section 4, we summarize our study.




2. Data and Methods


2.1. Data


The data used in this study are mainly taken from the European Center for Medium-Range Weather Forecasts (ECMWF) ReAnalysis Interim (ERA-Interim) [40] for the period of 1979–2015. The horizontal resolution of the ERA-Interim reanalysis system is approximately 79 km (T255; a reduced Gaussian grid with 512 × 256 points). The variables under analysis include air temperature, horizontal winds, specific humidity, relative humidity, and divergence on pressure levels. Other variables include precipitation, convective available potential energy (CAPE), and surface pressure. Compared with the reanalysis system, the variables under analysis have different horizontal resolutions. Specifically, all the variables are available on a uniform 1.5° longitude–latitude grid with 240 × 121 points except that the precipitation is on a uniform 0.75° longitude–latitude grid with 480 × 241 points. The time resolution of all the variables from the ERA-Interim is 12-hourly. Totally, there are 6734 time levels under consideration during AMJ 1979–2015 (3367 days, each day with two time levels). In addition, the monthly precipitation data from Global Precipitation Climatology Centre (GPCC) [41] during AMJ 1979–2015 are used to validate the ERA-Interim precipitation data, and the precipitation data during 1979–2014 from surface stations compiled by the China Meteorological Administration are used to verify the precipitation regimes.




2.2. Self-Organizing Map


The SOM technique is used for identifying precipitation regimes over South China during AMJ. SOM is an unsupervised neural network-based classification technique, which can represent the multidimensional datasets by a limited number of neurons/regimes distributed on a topological map [42,43,44]. On the topological map, the neighboring regimes usually share some common similarities, while the separated regimes are associated with distinct characteristics [45]. Assume that there are N input samples/vectors (in this study, N equals 6734), i.e.,   x 1  ,   x 2  , …,   x N  , and these N samples are projected to a SOM map with X regimes. Note that the number of regimes X is defined by user and each regime is a vector   w j   (j = 1, 2, 3, …, X) with the same dimension as the input sample. The SOM algorithm can be summarized as follows. First, the initial regimes are initialized by the principal component analysis (PCA) method [46]. Second, the Euclidean distance between the input sample   x i   (i = 1, 2, 3, …, N) and each regime is calculated. The regime that has the minimum Euclidean distance is recognized as the best-matching unit   w b   (BMU). Third, the regimes in the neighborhood of BMU are updated according to the following equation:


   w j   ( t + 1 )  =  w j   ( t )  + α  ( t )   h  b j    ( t )   [  x i  −  w j   ( t )  ]  ,  



(1)




where t is the time step,   α ( t )   is the learning rate, and    h  b j    ( t )    is the neighborhood function. Both the learning rate and neighborhood function decrease with time. Fourth, the second and third steps are repeated until all the N input samples are covered. Finally, the above three steps are iterated until the iterative condition is reached.




2.3. Dynamic and Thermodynamic Factors


In this study, we used six meteorological factors to analyze the characteristics associated with different precipitation regimes over South China during AMJ 1979–2015: large-scale divergence (convergence), water vapor flux for the lower troposphere, low-level jet, precipitable water, CAPE, and K index. These six factors can be classified into two groups. The first group includes the dynamic factors large-scale divergence (convergence), water vapor flux in the lower troposphere, and low-level jet. The second group includes the thermodynamic factors precipitable water, CAPE, and K index.



Large-scale divergence (convergence) in the lower troposphere provides the dynamic circulation background, which may inhibit (promote) the occurrence of precipitation. Specifically, the circulation pattern associated with low-level convergence and upper-level divergence favors the convergence of water vapor in the atmospheric boundary layer and further leads to the uplift of air masses, which increases the probability of precipitation.



One of the most important components of Asian monsoon system is water vapor transport [47], which is also one of the necessary conditions for the precipitation. Here, we use the water vapor flux to represent the transport of water vapor. Compared to the convergence of water vapor flux, the flux form of the water vapor transport is more easily linked to the dynamic circulation pattern (e.g., the low-level jet) and more beneficial to the moisture source analysis for the precipitation. According to Feng and Zhou [48], the water vapor flux is calculated as


       Q x  =  1   p t  −  p s     (  1 g   ∫   p s    p t   q u  d p )         Q y  =  1   p t  −  p s     (  1 g   ∫   p s    p t   q v  d p )      ,  



(2)




where   Q x   and   Q y   are the zonal and meridional water vapor fluxes;   p t   and   p s   are the pressures at 600 and 1000 hPa, respectively; g is the acceleration of gravity; q is the specific humidity;   ( u , v )   are the zonal and meridional winds; and p is the pressure coordinate.



Low-level jet, which is characterized by a fast-moving airstream in the lower troposphere [49], is conducive to the occurrence of heavy precipitation events since it could provide abundant water vapor [50,51]. In addition to the water vapor transport, the positive vorticity produced by the cyclonic shear of the wind speed on the left side of the jet stream has the ability to enhance the convergence in the low levels, which is also favorable to the precipitation [52]. The low-level jet is usually defined as the wind belts with magnitudes larger than a threshold in the lower troposphere [53,54]. In this study, we used the winds on 850 hPa to define the low-level jet, and adopted 8 m s−1 as the threshold.



The precipitation is closely related to the precipitable water, i.e., the increase in precipitable water is in favor of more precipitation [55,56]. For each grid cell, precipitable water is defined as the amount of precipitation if all the water vapor (in the corresponding column) condense and precipitate to the ground. The calculating formula for precipitable water (  P W  ) is as follows, i.e.,


  P W =  1 g   ∫   P s    P t   q  d p ,  



(3)




where   P s   is the surface pressure and   P t   is the pressure at the top of atmosphere.



Convective precipitation is a major precipitation type and is always associated with obvious weather phenomena such as lighting and thunder. Different types of convection even lead to different levels of threat to life and property. As revealed by Kastman et al. [57], compared to surface based convection, elevated convection favors more severe lightning and heavier rainfall. CAPE is used to evaluate the convective potential for the atmosphere, i.e., the energy with which the air parcel could keep rising when there are no external forces [58,59,60]. CAPE plays a dominant role in the genesis and maintenance of convective precipitation [61]. Specifically, CAPE is estimated as the vertically integrated energy generated by the buoyancy and has the following formula:


  CAPE =  ∫   z 0    z t   g    T  v , p   −  T  v , e     T  v , e    d z ,  



(4)




where   z 0   is the height of free convection;   z t   is the height of equilibrium level;   T  v , p    and   T  v , e    are the virtual temperatures of air parcel and environment, respectively; and z is the vertical coordinate.



K index is an aggregative indicator for atmospheric stability and the degree of saturation of water vapor [62]. The calculating formula for the K index is


  K =  (  T  850 h P a   −  T  500 h P a   )  +  T  d , 850 h P a   −  (  T  700 h P a   −  T  d , 700 h P a   )  ,  



(5)




where T is temperature and   T d   is the dew point temperature.





3. Results


3.1. Identification of Precipitation Regimes


3.1.1. Validation of the ERA-Interim Precipitation Data


Before applying the SOM technique to identify the precipitation regimes, the reliability of the ERA-Interim precipitation data is validated first. The observed precipitation data, i.e., GPCC, are used to validate the ERA-Interim precipitation data. Because the time frequency of GPCC is monthly, the 12-hourly precipitation data of ERA-Interim are used to estimate the monthly precipitation for ERA-Interim (to make a comparison). As shown in Figure 1a–c, the major parts of the observed rain bands during AMJ are located over the coastal areas of South China, which are well reproduced by the ERA-Interim dataset (Figure 1d–f). The ERA-Interim dataset also captures the positions of observed maxima in precipitation during the months under consideration. In addition, the observed increase of precipitation over South China with time (from April to June) is successfully reproduced by the ERA-Interim dataset.



The performance of the ERA-Interim precipitation data is further validated by studying its relationship with the observed data on the interdecadal and interannual time scales, respectively. The mean values of the area-averaged precipitation over South China (105–123° E, 21.5–32° N) during AMJ 1979–2015 are 206.82 mm month−1 and 196.46 mm month−1 for ERA-Interim and GPCC, respectively, indicating that the AMJ precipitation of ERA-Interim is a bit overestimated over the South China region. Figure 2 shows the time evolutions of the area-averaged precipitation anomalies over South China for April, May, and June, respectively. The interdecadal (>10 year) and interannual (<10 year) components of the area-averaged precipitation anomalies were obtained by applying the seven-point Lanczos filter [63]. The correlations between the area-averaged precipitation anomalies of ERA-Interim and that of observation for the three months all exceed 0.66 at the interdecadal time scale, which are comparatively large. The correlations at the interannual time scale for the three months range from 0.88 to 0.92, which are even higher than those at the interdecadal time scale. Therefore, both the horizontal distributions and the time evolutions of the precipitation from ERA-Interim are reasonable over South China during AMJ 1979–2015.




3.1.2. The Optimal Number of Regimes


As mentioned in Section 2.2, the number of regimes X is defined by the user. To find the optimal value for X, we define two metrics, i.e., within-group distance (WGD) [36,64,65] and between-group distance (BGD) [36,66,67]. WGD is calculated as


  WGD =  1 N   ∑  k = 1  N       ∑  i = 1  n   ∑  j = 1  m   W  i , j     (  O  i , j , k   −  R  i , j , k   )  2    n × m     1 2   ,  



(6)




where N is the total number of samples (6734 samples in this study) and k is the index for each sample; n and m are the numbers of grid cells along the zonal and meridional directions; i and j are the indices for grid cells along the zonal and meridional directions;   W  i , j    is the area weight for the corresponding grid cell   ( i , j )  ;   O  i , j , k    is the original precipitation value of grid cell   ( i , j )   for sample k; and   R  i , j , k    is the precipitation value of grid cell   ( i , j )   for the precipitation regime that sample k belongs to. BGD is calculated as


  BGD =  1 N   ∑  k = 1  N    1  X − 1    ∑   k ′  = 1   X − 1        ∑  i = 1  n   ∑  j = 1  m   W  i , j     (  O  i , j , k   −  R  i , j ,  k ′   ′  )  2    n × m     1 2    ,  



(7)




where X is the number of regimes,   k ′   is the index for each regime, and   R  i , j ,  k ′   ′   is the precipitation value of grid cell   ( i , j )   for the precipitation regime that sample k does not belong to.



A compact classification is associated with a smaller WGD and a larger BGD. To determine the optimal number of regimes, a sensitivity analysis about the number of regimes (X) is carried out. In the sensitivity analysis, X ranges from 2 to 15. In addition to the above two metrics, a new metric called relative improvement (RI) based on WGD is defined as


  RI =    WGD  X − 1   −  WGD X    WGD  X − 1    × 100 % .  



(8)







Here, RI represents the extent of relative improvement in WGD due to the increase of X.



Basically, the WGD decreases with X and BGD increases with X, indicating that the compactness is higher when X is larger (Figure 3). However, when X is larger than eight, the RIs are all less than 1%. Therefore, improvement in WGD is saturated when X equals eight. Considering that there is a local maximum in BGD when X equals nine, the optimal value of X is set to nine.




3.1.3. Precipitation Regimes over South China


We applied the SOM clustering method to the ERA-Interim 12-hourly total precipitation over South China (21.5–32° N, 105–123° E) during AMJ 1979–2015. Nine precipitation regimes over South China (Figure 4) are identified from 6734 samples. As shown in Figure 4, obvious distinctions in precipitation amount and spatial pattern exist among the nine precipitation regimes. According to the area-averaged precipitation over South China (  Precip sc  ) for the nine regimes, the nine regimes are further classified into three groups: “rainless group” (L-group), “moderate rain group” (M-group), and “heavy rain group” (H-group). Specifically, the criteria of classification are: (1)   Precip sc   < 5 mm day−1 for L-group; (2) 5 mm day−1 ≤   Precip sc   < 10 mm day−1 for M-group; and (3)   Precip sc   ≥ 10 mm day−1 for H-group. Note that the two thresholds (5 mm day−1 and 10 mm day−1) are adopted mainly for assigning a name to each regime based on the precipitation amounts. However, the results of this paper are insensitive to these two thresholds since the nine regimes (and the associated characteristics including the six factors) are obtained by SOM technique (not based on these two thresholds).



Only one regime (regime L1) belongs to the L-group. The occurrence frequency of L1 is 2797 (accounting for about 41.54% of total samples), which is the most frequent regime among the nine regimes. Under regime L1, South China is short of precipitation (Figure 4g). The sample numbers of regime L1 belonging to April, May, and June are 1164, 952, and 681, respectively. The decrease of the sample number of the rainless regime (i.e., regime L1) with time means that the sample numbers of the regimes with more precipitation increase with time, indicating that the precipitation over South China increases as the summer monsoon season is approaching.



In the M-group, there are four regimes, i.e., M1, M2, M3, and M4. The area-averaged precipitation over South China under these four regimes are 9.62, 9.18, 8.84, and 7.92 mm day−1, respectively, while the corresponding occurrence frequencies are 451 (6.70% of the total), 777 (11.54%), 541 (8.03%), and 1060 (15.74%), respectively. Note that the occurrence frequency of the four M-group regimes (2829 samples; 42.01%) is very close to that of regime L1. The centers of precipitation under these four M-group regimes are rather different. Specifically, the precipitation centers (defined as the location of precipitation maximum under each regime) are located in the northwestern part (around 30° N, 110° E for M1; Figure 4h), northeastern part (around 29° N, 118° E for M2; Figure 4b), western part (around 26° N, 109° E for M3; Figure 4e), and southern part (around 23° N, 113° E for M4; Figure 4d) of South China.



In the H-group, there are four regimes, i.e., H1, H2, H3, and H4. The area-averaged precipitation over South China under these four regimes are 15.55, 14.47, 12.50, and 11.24 mm day−1, respectively, while the corresponding occurrence frequencies are 226 (3.36% of the total), 259 (3.85%), 261 (3.88%), and 362 (5.38%), respectively. Note that the occurrence frequency for each of H-group regimes is lower than any other regime belonging to the M-group or L-group. Therefore, for the nine regimes, the occurrence frequencies basically decrease with precipitation amounts. Each of the four H-group precipitation regimes has a southwest–northeast-orientated horizontal distribution. The centers of precipitation under these four H-group regimes are also different from each other. Specifically, the precipitation centers are located in the central part (around 28° N, 112° E for H1; Figure 4f), central part (around 26° N, 111° E for H2; Figure 4c), northern part (around 31° N, 116° E for H3; Figure 4i), and southeastern part (around 27° N, 119° E for H4; Figure 4a) of South China.





3.2. Dynamic Factors Associated with Different Precipitation Regimes


3.2.1. Large-Scale Divergence (Convergence)


Figure 5 and Figure 6 illustrate the horizontal distributions of the composited divergence fields at the 850 hPa and 200 hPa pressure levels for the nine precipitation regimes, respectively. Regime L1, which belongs to the L-group, is characterized by coupling of low-level divergence and high-level convergence (Figure 5g and Figure 6g). The above coupling between low-level and upper-level circulation patterns inhibits the occurrences of precipitation events. Regimes M1 and M3 are characterized by significant low-level convergence in the western part of South China (Figure 5e,h), while regimes M2 and M4 are associated with evident low-level convergence over the northern and southeastern parts of South China (Figure 5b,d), respectively. It should be noted that displacements between centers for low-level convergence and those for precipitation exist under M-group regimes. In addition, although the amplitudes in the low-level convergence under M1 and M3 are larger than those in M2 and M4, the corresponding coverages of the low-level convergence under M1 and M3 are less widespread. Corresponding to the low-level convergence, there is evident divergence in the upper-level (Figure 6b,d,e,h). Compared with the displacements of the low-level convergence, the upper-level divergence are shifted to the northeast and are much more consistent with the locations of precipitation.



The four H-group regimes feature long and narrow bands of low-level convergence (Figure 5a,c,f,i). The coverage of the convergence with amplitudes larger than 1.0 × 10−5 s−1 is much more widespread than those under other two groups. Compared to the precipitation centers of regimes H1, H2, H3, and H4, the corresponding centers of the low-level convergence are located farther west. By contrast, the geographic positions of the centers for upper-level divergence (Figure 6a,c,f,i) are much more consistent with those for precipitation.



In general, with the exception of L1, all the other precipitation regimes are associated with circulation patterns characterized by coupling of low-level convergence and upper-level divergence. Furthermore, the H-group regimes are associated with stronger upper-level divergence than M-group (the L-group is associated with upper-level convergence), which indicates that the AMJ precipitation over South China may enhance under the background circulation pattern with stronger upper-level divergence.




3.2.2. Water Vapor Flux


The water vapor fluxes for the nine regimes estimated based on Equation (2) are illustrated in Figure 7a–i. The centers of water vapor transports in the nine regimes are mainly located over the southeastern coast of South China. Compared to the corresponding precipitation centers, the above centers are shifted to the southeast under most regimes. Besides, the coverage with water vapor transport exceeding 8 g (s·hPa·cm)−1 under the H-group regimes is much more widespread than that under the other two groups, indicating that the water vapor transported into South China under the H-group regimes is more than that under the other two groups.



Based on the estimation of the water vapor transport across the four boundaries of South China, it is revealed that the water vapor over South China is mainly transported from the southern boundary, i.e., the blue line AB (21.5° N, 105–123° E) in Figure 7a. We roughly divide the water vapor transported across the southern boundary of South China into two parts, i.e., water vapor transported from the Bay of Bengal (  T BoB  ), and the South China Sea and West Pacific Ocean (  T SaW  ). Specifically,   T BoB   is estimated as the water vapor across the blue line AC (10–21.5° N, 105° E) in Figure 7a. The southern boundary (i.e., 10° N) is adopted due mainly to the fact that there is no significant water vapor flux in the south of this boundary under any regimes.   T SaW   is estimated as the difference between the water vapor across the blue line AB and that across the blue line AC.



Figure 7j displays the   T BoB  s and   T SaW  s for the nine regimes. Basically, H-group regimes receive the most water vapor, followed by the M-group regimes, and the regime L1 receives the least water vapor. Therefore, more water vapor transport is favorable for more precipitation during AMJ over South China. Under L1, M3, M4, and H4, the water vapor over South China mainly comes from the Bay of Bengal. By contrast, both the Bay of Bengal and the South China Sea and West Pacific Ocean provide water vapor for the precipitation over South China under M1, M2, H1, H2, and H3. Note that the variation of   T BoB  s under all the regimes (with the exception of regime L1) is relatively small, which indicates the steadiness of the water vapor transport from the Bay of Bengal. Meanwhile, the South China Sea and West Pacific Ocean mainly provide water vapor for the regimes with more precipitation, i.e., regimes M1, M2, H1, H2, and H3. The above two points indicate that the occurrence probability of more precipitation increases when the water vapor transport from the South China Sea and West Pacific Ocean is enhanced. Similar phenomenon is reported by Simmonds et al. [68] for summer rainfall over southeast China.




3.2.3. Low-Level Jet


Figure 8 illustrates the composite means of winds and their amplitudes on 850 hPa under the nine regimes. The amplitudes of winds for the nine different regimes vary greatly. To capture the variations of low-level jet in the nine regimes, an index for the low-level jet is defined as the area of the winds with amplitudes not less than 8 m s−1 on 850 hPa over South China. The amplitudes of winds over South China under regimes L1, M3, and M4 are all less than 8 m s−1, suggesting that the low-level jet disappears temporarily under these three regimes. The temporary disappearance of the low-level jet can explain the remarkably reduced precipitation under these regimes.



The composite low-level jet indices for the other six regimes are 9.29 × 105 km2 (H1), 5.32 × 105 km2 (H2), 8.74 × 105 km2 (H3), 2.55 × 105 km2 (H4), 4.03 × 105 km2 (M1), and 3.78 × 105 km2 (M2), respectively. The three regimes with remarkably more precipitation, i.e., regimes H1, H2, and H3, are associated with the three strongest low-level jets. The centers of low-level jets under the above six regimes are located over the southwest of precipitation centers, indicating that the location of precipitation is mainly modulated by the direction of low-level jet. Take regimes H1, H2, and H3 as examples. Among these three regimes, the regime (H3) with the northernmost low-level jet is associated with the northernmost precipitation center, while the regime (H2) with the southernmost low-level jet is associated with the southernmost precipitation center.



The above analysis about the low-level jet is consistent with that about the transport of water vapor. Specifically, more water vapor is provided by stronger low-level jet, and the direction of low-level jet affects the position where water vapor can be transported to and further modulates the precipitation center.





3.3. Thermodynamic Factors Associated with Different Precipitation Regimes


3.3.1. Precipitable Water


Figure 9 displays the horizontal distributions of composite precipitable water under the nine regimes. Basically, the precipitable water over South China decreases with the latitude, which can be understood by the following two points. First, the air temperature decreases with the latitude over South China. Second, air mass with higher temperature is capable of storing more water vapor. However, there are some exceptions. Under regimes H1, H2, H3, and M2, there are localized maxima of precipitable water near 28° N (Figure 9b,c,f,i). The occurrence of localized maxima is mainly due to the following two aspects. First, during the preparatory stage of the precipitation under these four regimes, the localized heat source is in favor of the moistening lower troposphere and further increases the precipitable water. Second, the powerful low-level jets under these four regimes are able to transport abundant water vapor into these regions which are far away from the coasts.



To quantitatively explore the relationship between precipitation and precipitable water, we calculate the area-averaged precipitable water under each regime. The area-averaged precipitable water for the nine regimes are 33.18 kg m2 (L1), 40.67 kg m2 (M4), 42.81 kg m2 (M3), 43.43 kg m2 (M2), 44.84 kg m2 (M1), 41.83 kg m2 (H4), 46.55 kg m2 (H3), 43.47 kg m2 (H2), and 46.87 kg m2 (H1). Basically, the regime with more precipitable water is inclined to be associated with more precipitation. However, the above relationship is not strictly monotonic. Specifically, the regime with second largest precipitation (H2) over South China has less precipitable water than the regime with third largest precipitation (H3) and an M-group regime (M1). In addition, the regime with fourth largest precipitation (H4) over South China has less precipitable water than almost all M-group regimes (M1–M3). Therefore, more precipitable water is not a necessary condition for forming more severe precipitation.




3.3.2. Convective Available Potential Energy


The composite means of CAPE under the nine regimes are shown in Figure 10. The maximum CAPE over South China under regime L1 is less than 500 J kg−1 (Figure 10g), indicating that the convective instability is very weak and thus the probability of convective precipitation is remarkably reduced. The maxima of CAPE under the H-group regimes are 1176.11 J kg−1 (H1), 1391.96 J kg−1 (H2), 930.72 J kg−1 (H3), and 1046.93 J kg−1 (H4), respectively. The threshold in CAPE for the moderate convective instability is 1000 J kg−1 [69], which indicates that the convective instability under regime H3 is still in a weak level. Note that regime H2 has much larger convective instability but less precipitation than regime H1, which can be explained by its weaker low-level jet (Section 3.2.3). The maximum in CAPE under each of the H-group regimes is located at the southwest of the corresponding precipitation center (Figure 10a,c,f,i). The maxima in CAPE for two M-group regimes, i.e., regimes M1 and M3, are also located at the southwest of the corresponding precipitation centers (Figure 10e,h). However, the maxima in CAPE for another two M-group regimes, i.e., regimes M2 and M4, are located at the west of the corresponding precipitation centers (Figure 10b,d). The corresponding maxima of CAPE under the M-group regimes are 740.26 J kg−1 (M1), 819.06 J kg−1 (M2), 1068.11 J kg−1 (M3), and 989.17 J kg−1 (M4), respectively. Regime M3 has the largest convective instability among the M-group regimes but less precipitation than regimes M1 and M2, which can be explained by the temporary disappearance of low-level jet under this regime.



The staggered placements between maxima in CAPE and precipitation centers under the nine regimes can be explained by the following three aspects. First, the stratiform precipitation is as important as the convective precipitation during AMJ over South China. Second, the supply of sufficient water vapor to the region with strong convective instability is the necessary condition for forming the convective precipitation. Therefore, the lack of favorable large-scale conditions (e.g., the low-level jet) will also lead to the staggered placements. Third, as the timescale of convective precipitation is usually less than three hours, the use of 12-hourly analysis frequency may introduce the observed displacements.




3.3.3. K Index


Figure 11 illustrates the composite means of K index under nine regimes. The eight regimes belonging to the M-group and H-group have widespread areas with K index exceeding 30. As pointed by Dalezios and Papamanolis [70], the occurrence probability of severe convection is extremely high when the local K index is larger than 30.



Under the two regimes with the most and second most precipitation, i.e., regimes H1 and H2, the maxima in K index are very close to the precipitation center (Figure 11c,f). Under the other two H-group regimes, i.e., regimes H3 and H4, the maxima in K index are shifted to the southwest of precipitation centers (Figure 11a,i), which is similar to the maxima in CAPE. However, compared with the maxima in CAPE, the maxima in K index are slightly closer to the precipitation centers under H3 and H4.



Under M-group regimes, the maxima of K index are also located at the southwest of the corresponding precipitation centers (Figure 11b,d,e,h). Likewise, the distances between the maxima in K index and the corresponding precipitation centers are a bit shorter than the distances between the maxima in CAPE and the corresponding precipitation centers.




3.3.4. A Further Comparison between CAPE and K Index


This section is devoted to making a further comparison between the CAPE and K index in terms of their relationships with the area-averaged precipitation. Considering the fact that the area average over the whole South China inevitably leads to offsets among the local instabilities belonging to different regions, the comparison here takes Guangdong Province (21.5–25° N, 109–117° E) as an example.



Figure 12 shows the relationship between area-averaged precipitation and these two indices over Guangdong Province under all the regimes. The correlation coefficients between area-averaged precipitation and CAPE do not exceed 0.22 for all the regimes with the exception of regime L1 (0.38), indicating that the relationship between precipitation and CAPE is rather complicated. By contrast, K index has a closer relationship with precipitation. Specifically, the corresponding correlation coefficients between area-averaged K index and precipitation for the nine regimes are 0.47 (L1), 0.32 (M4), 0.46 (M3), 0.59 (M2), 0.49 (M1), 0.38 (H4), 0.53 (H3), 0.38 (H2), and 0.67 (H1), which are significantly larger than those between the area-averaged CAPE and precipitation. Similar studies for the other coastal provinces over South China also confirm that K index has a closer relationship with precipitation than CAPE during AMJ. Combining the analysis in above two sections, it is inferred that K index is a better thermodynamic indicator for AMJ precipitation over South China.





3.4. Persistence and Transformations of the Precipitation Regimes


This section is devoted to analyzing the persistence and transformation probabilities for the nine different precipitation regimes. The persistence probability for a specific regime is estimated as the ratio of samples belonging to the same regime for which the following sample belongs to the same regime. Likewise, the transformation probability between two different regimes is estimated as the ratio of samples belonging to the first regime for which the following sample belongs to the second regime. After Espinoza et al. [71] and Huang et al. [36], the statistical significance of a persistence/transformation is tested as follows. First, randomly permute the sequence of precipitation regime types for the 6734 samples during AMJ 1979–2015 1000 times. Second, calculate the persistence and transformation probabilities for the randomly-permuted 1000 sequences of precipitation regime types. Third, the 95th percentile of the 1000 corresponding probabilities is identified as the threshold. Finally, a persistence/transformation is viewed as statistically significant when the corresponding probability is not less than the identified threshold.



Figure 13 shows the probabilities for the significant persistence and transformations. The persistence probabilities for the nine regimes range from 18.30% (H1) to 68.57% (L1). Besides, the persistence probability generally decreases with the precipitation amount for all the regimes except M2 and M3. The persistence probability for each of the nine regimes (with the exception of regime L1) is less than the transformation probabilities to the other regimes.



Table 1 further summarizes the characteristics of transformations associated with each regime. The transformations generally feature southward shifts of the precipitation centers. The above characteristic can be explained by the consumption of water vapor during the precipitation, which results in the southward shift of the precipitation center to the area with sufficient water vapor.




3.5. Heavy Precipitation Events


In this section, the characteristics of heavy precipitation events over South China during AMJ are analyzed from the perspective of precipitation regimes. A heavy precipitation event is identified when the precipitation with a rate of 10 mm 12 h−1 lasts for at least 12 h. Note that the criterion of a heavy precipitation event is different from that of H-group regimes for which the threshold is 10 mm day−1. A heavy precipitation event lasting for at least 24 h is viewed as a persistent heavy precipitation event. Totally, 50 heavy precipitation events (69 samples) and 15 persistent heavy precipitation events are identified. The number of samples for heavy precipitation events under the nine regimes are thirty (H1), nineteen (H2), nine (H3), four (H4), five (M1), one (M2), nine (M3), one (M4), and zero (L1), conforming that regimes H1 and H2 are the major regimes for the heavy precipitation events and further demonstrating the reasonability of identifying precipitation regimes based on the SOM technique.



Among the 15 persistent heavy precipitation events, 11 events are associated with regime transformations. All the 11 regime transformations feature distinct southward shifts of precipitation centers, which is consistent with the transformation characteristics between different regimes as revealed in the previous section. Besides, it is worth noting that the most preferred target regimes for the 11 regime transformations are regimes H1 (six among eleven) and H2 (three among eleven).



Based on the above sections, the major findings of our study are concluded and shown in Figure 14.





4. Conclusions


By applying the SOM clustering technique to the sub-daily precipitation during pre-monsoon season (AMJ) of 1979–2015, nine precipitation regimes over South China are obtained. The nine regimes differ from each other in terms of their precipitation amounts, spatial patterns, and occurrence frequencies. According to the precipitation amounts, the nine regimes are further classified into three groups: the L-group (one regime), M-group (four regimes), and H-group (four regimes).



The relationships between different regimes and dynamic/thermodynamic factors are explored. The dynamic factors include the large-scale divergence (convergence), water vapor flux, and low-level jet, while the thermodynamic factors include the precipitable water, CAPE, and K index. Among the six factors, the upper-level divergence is the best indicator for the geographic positions of precipitation centers, and more precipitation occurs under the background with stronger upper-level divergence. Besides, the geographic positions of precipitation centers are also modulated by the directions of low-level jets. Based on the estimation of the water vapor transport across the four boundaries of South China, it is revealed that the water vapor over South China is mainly transported from the southern boundary. Further estimation reveals that the Bay of Bengal provides water vapor for all the nine regimes, while the South China Sea and West Pacific Ocean provide water vapor for five regimes. More water vapor transport is favorable for more precipitation, and the water vapor supporting the more precipitation is mainly from the South China Sea and West Pacific Ocean. K index is a better thermodynamic indicator for the precipitation over South China than CAPE in terms of their relationships with area-averaged precipitation amounts and spatial patterns of precipitation. Compared to the other five factors, the precipitable water performs worse in capturing the characteristics of precipitation over South China. Furthermore, the persistence and transformations among the nine precipitation regimes are analyzed. It is revealed that the regimes with more precipitation have lower persistence probabilities. The low-level jet stream tends to be weakened after the heavy precipitation, resulting in that the moisture transported by the low-level jet could only be delivered to a relative south location. Consequently, the regime transformations are always associated with southward shifts in the precipitation centers.



Although the nine precipitation regimes are obtained based on the ERA-Interim precipitation data, a composite analysis of these nine precipitation regimes based on the precipitation data from surface stations confirms the reliability of these regimes in terms of both the horizontal distributions and intensities (Figure 15). It should be noted that this study only explored three dynamics factors and three thermodynamic factors associated with each of the nine precipitation regimes during AMJ 1979–2015. More analyses, especially the evolution characteristics of the dynamic and thermodynamic factors before these precipitation regimes, are needed to propose possible formation mechanisms. In addition, further analyses about other factors are also beneficial for improving our understanding of these precipitation regimes. For example, we may also include the factor relative humidity, which tends to be higher in the regimes with more precipitation than those in the regimes with less precipitation (Figure 16).



The transformation characteristics of the precipitation regimes shown in this study can be used to predict the future evolution of the horizontal distribution (especially the precipitation center) of the precipitation after heavy precipitation events. The finding that the K index has an advantage in indicating the precipitation center over the CAPE may benefit not only routine weather prediction, but also other future studies that focus on the convection precipitation. Besides, due primarily to the fact that the precipitation is always associated with different horizontal distributions and intensities, exploring the characteristics of the precipitation using the SOM technique can be applied to the future studies about the precipitation over different regions or different seasons.
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Abbreviations


The following abbreviations are used in this manuscript:



	SOM
	Self-Organizing Map



	CAPE
	convective available potential energy



	AMJ
	April to June (April, May and June)



	ECMWF
	European Center for Medium-Range Weather Forecasts



	ERA-Interim
	European Center for Medium-Range Weather Forecasts ReAnalysis Interim



	GPCC
	Global Precipitation Climatology Centre



	PCA
	principal component analysis



	BMU
	best-matching unit



	PW
	precipitable water



	WGD
	within-group distance



	BGD
	between-group distance



	RI
	relative improvement



	  Precip sc  
	area-averaged precipitation over South China



	L-group
	rainless group



	M-group
	moderate rain group



	H-group
	heavy rain group



	L1
	precipitation regime in L-group



	M1
	precipitation regime with the most precipitation in M-group



	M2
	precipitation regime with the second most precipitation in M-group



	M3
	precipitation regime with the third most precipitation in M-group



	M4
	precipitation regime with the fourth most precipitation in M-group



	H1
	precipitation regime with the most precipitation in H-group



	H2
	precipitation regime with the second most precipitation in H-group



	H3
	precipitation regime with the third most precipitation in H-group



	H4
	precipitation regime with the fourth most precipitation in H-group



	  T BoB  
	water vapor transported from the Bay of Bengal



	  T SaW  
	water vapor transported from the South China Sea and West Pacific Ocean



	PR
	occurrence frequencies of transformations
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Figure 1. Climatological mean of April, May and June precipitation (units: mm month−1) during 1979–2015: (a) April; (b) May; and (c) June based on GPCC; and (d–f) the same as (a–c) but based on ERA-Interim. South China is defined as the continental areas within the red box (21.5–32° N, 105–123° E). 






Figure 1. Climatological mean of April, May and June precipitation (units: mm month−1) during 1979–2015: (a) April; (b) May; and (c) June based on GPCC; and (d–f) the same as (a–c) but based on ERA-Interim. South China is defined as the continental areas within the red box (21.5–32° N, 105–123° E).



[image: Atmosphere 09 00219 g001]







[image: Atmosphere 09 00219 g002 550] 





Figure 2. Time evolutions of area-averaged precipitation anomalies (units: mm month−1) over South China for April, May and June during 1979–2015: (a–c) low-pass-filtered area-averaged precipitation anomalies for April, May and June based on GPCC (red lines) and ERA-Interim (blue lines); and (d–f) the same as (a–c) but for high-pass-filtered area-averaged precipitation anomalies. The correlation coefficients between the GPCC and ERA-Interim filtered area-averaged precipitation anomalies are given at the top right of each panel. Note that the area-averaged precipitation anomalies are obtained by removing the long-term mean of the area-averaged precipitation during all the corresponding calendar months of 1979–2015. 
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Figure 3. WGDs (the red dotted line; units: mm day−1), BGDs (the blue dotted line; units: mm day−1) and RIs (the purple bars; units:%) when the number of regimes X is varied. The black dashed line denotes that RI equals 1%. 
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Figure 4. (a–i) Composite means of precipitation (units: mm day−1) for the nine regimes during AMJ 1979–2015. The number of samples belonging to each regime is shown at the top right of each panel. Only composite means that pass the 95% confidence level based on two-sided Student’s t test against the complementary set of samples (i.e., the samples not belonging to a specified regime) are plotted. 
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Figure 5. (a–i) Composite means of divergence (units: 10−5 s−1) at 850 hPa for the nine regimes during AMJ 1979–2015. Only composite means that pass the 95% confidence level based on two-sided Student’s t test against the complementary set of samples are plotted. 
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Figure 6. (a–i) Composite means of divergence (units: 10−5 s−1) at 200 hPa for the nine regimes during AMJ 1979–2015. Only composite means that pass the 95% confidence level based on two-sided Student’s t test against the complementary set of samples are plotted. 
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Figure 7. (a–i) Composite means of water vapor flux (shading; units: g (s·hPa·cm)−1) and its vectors (vectors; units: g (s·hPa·cm)−1) for the nine regimes during AMJ 1979–2015 and (j) the magnitudes of water vapor transport (units: 1010 g s−1) from the Bay of Bengal, and the South China Sea and West Pacific Ocean for the nine regimes. In (a–i), only composite means that pass the 95% confidence level based on two-sided Student’s t test against the complementary set of samples are plotted, and the vectors are plotted if only water vapor flux is significant in one direction (zonal or meridional). The red lines and blue AB line in (a) denote the region of South China (21.5–32° N, 105–123° E). The blue lines AB (21.5° N, 105–123° E) and AC (10.0–21.5° N, 105° E) are used to estimate the magnitudes of water vapor transport. 
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Figure 8. (a–i) Composite means of winds (vectors; units: m s−1) at 850 hPa and wind speeds (shading; units: m s−1) at 850 hPa for the nine regimes during AMJ 1979–2015. For the wind speeds, only composite means that pass the 95% confidence level based on two-sided Student’s t test against the complementary set of samples are plotted. The winds are plotted if only winds are significant in one direction (zonal or meridional). 
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Figure 9. (a–i) Composite means of precipitable water (units: kg m2) for the nine regimes during AMJ 1979–2015. Only composite means that pass the 95% confidence level based on two-sided Student’s t test against the complementary set of samples are plotted. 
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Figure 10. (a–i) Composite means of CAPE (units: J kg−1) for the nine regimes during AMJ 1979–2015. Only composite means that pass the 95% confidence level based on two-sided Student’s t test against the complementary set of samples are plotted. 
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Figure 11. (a–i) Composite means of K index for the nine regimes during AMJ 1979–2015. The black line in each panel is the contour of 30. Only composite means that pass the 95% confidence level based on two-sided Student’s t test against the complementary set of samples are plotted. 
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Figure 12. (a–i) Relationships between regional average precipitation (units: mm day−1) and CAPE (units: J kg−1) and K index over Guangdong Province (21.5–25° N, 109–117° E) under the nine regimes. The left part of each panel denotes the relationships between regional average precipitation and CAPE, and the right part of each panel denotes the relationships between regional average precipitation and K index. The correlation coefficients between regional average precipitation and CAPE are given at the top right of left part of each panel, while the correlation coefficients between regional average precipitation and K index are given at the top right of right part of each panel. 
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Figure 13. The occurrence frequencies of transformations (PR; units: %) from each of the nine regimes (ordinate) to each of the nine regimes (abscissa). Note that PRs along the diagonal denote the frequencies of persistence for the nine regimes. Only PRs with statistical significance are shown and the statistical test can be referred to in Section 3.4. 
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Figure 14. A diagram for the major findings of our study. 
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Figure 15. (a–i) Composite means of precipitation (units: mm day−1) for the nine regimes during AMJ 1979–2014 based on precipitation data from surface stations. Note that the end year of the available precipitation data from the surface stations is 2014. Thus, we only composite precipitation regimes during 1979–2014. 
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Figure 16. Composite means of vertical profiles of area-averaged relative humidity (a) and relative humidity anomalies (b) over South China for the nine regimes during AMJ 1979–2015. The units for both relative humidity and relative humidity anomalies are %. 
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Table 1. The subsequent regimes that a current regime (the leftmost column) transforms into with statistical significance. The associated features of the subsequent regime relative to the current regime are shown in the parenthesis (“L”/“M” represents that the subsequent regime rains less/more relative to the current regime, while “S”/“N” represents that the precipitation center for the subsequent regime is located in south/north of that for the current regime).
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