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Abstract

:

South China is one of the most densely populated and agriculture-based regions in China. Local spring precipitation is crucial to the people’s livelihood and social economic development. Using the observed and reanalysis datasets for the period 1958–2019, this study revealed an asymmetric effect of El Niño—Southern Oscillation (ENSO) on the following spring precipitation over South China. During the years with positive ENSO phases, a strong positive correlation between spring precipitation and the preceding winter ENSO sea surface temperature (SST) anomalies existed over Guangdong province. For the years with negative ENSO phases, such a strong positive correlation shifts westwards to Guangxi province. To be specific, the El Niño events usually result in a precipitation surplus in the decaying spring over Guangdong province, while the La Niña events usually lead to a precipitation deficit in the decaying spring over Guangxi province. This is attributed to the nonlinear effects of ENSO on the atmospheric circulation. Compared with El Niño, the abnormal center of La Niña evidently extends westwards, inducing a westward movement of the anomalous low-level atmospheric circulation, which eventually results in a westward-shifted effect on the following spring precipitation over South China. Our findings emphasize the nonlinear responses of spring precipitation over South China to ENSO. This has important implications for the seasonal climate predictions over South China.
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1. Introduction


South China is one of the most densely populated and developed regions in China. It is located in a conjoining zone between the northwestern Pacific and East Asian monsoon regions, and suffers from drought and flood disasters [1,2,3]. Spring is the first rainy season over South China [4], and spring precipitation contributes more than 30% of the total annual precipitation over this region [5,6]. The South China spring precipitation exists with a large interannual variability, usually leading to severe droughts and floods [7,8,9]. Thus, studying the causes of the local spring precipitation anomaly is vitally important for the people’s livelihood and socio-economy in South China.



It is well known that the El Niño—Southern Oscillation (ENSO) is one of the most important drivers of natural interannual climate variability [10]. It not only exerts a great influence on the tropical marine environment and weather/climate states, but also affects the global climate, and even leads to variations in extreme weather events globally [11,12,13,14,15,16]. Therefore, as the most important climatic phenomenon in the tropical Pacific, ENSO has attracted lots of attention from scholars [17,18]. In particular, El Niño is an oceanic warming phenomenon over the tropical eastern Pacific Ocean. On the contrary, the oceanic cooling phenomenon over the tropical eastern Pacific Ocean is La Niña. The ENSO sea surface temperature (SST) anomalies can lead to complex precipitation anomaly patterns [19,20,21,22,23]. For example, when an El Niño event occurs, the abnormally warmer SST over the tropical eastern Pacific enhances the local convective activities and precipitation, while there is less precipitation over the maritime continent and tropical western Pacific [24,25,26,27].



For South China, the local precipitation is also evidently affected by ENSO [20,28,29]. During the decaying phase of El Niño, there obviously exists an anomalous low-level anticyclone over the western North Pacific, which usually results in an abnormally stronger southwesterly wind over South China. This would bring excessive moisture, favoring local precipitation [30,31]. Some previous studies have documented that such an anomalous anticyclone is associated with the abnormally colder SST over the western North Pacific, as a Rossby wave response to ENSO [20].



The ENSO-induced climatic variations are sensitive to the spatial structure and strength of the SST anomaly center. Owing to the nonlinearities existing in the climate system, the El Niño and La Niña events are not completely opposite, but exhibit evident asymmetries [32]. Normally, the SST anomalies of El Niño are stronger than those of La Niña [33]. In addition, compared with El Niño, the abnormal SST center during the mature phase of La Niña is more westward [34]. There is even an evident asymmetry in their duration: El Niño tends to decay rapidly by the following summer after its mature phase, while the La Niña SST anomalies usually persist much longer [35]. The asymmetries also exist in the climatic responses to ENSO [36,37,38]. For instance, Li et al. [39] recently explored precipitation anomalies over the Indo-China Peninsula associated with ENSO and found that La Niña exerts a larger effect on the decaying spring precipitation than El Niño does over this region. Therefore, the nonlinearities in ENSO and its asymmetric effects bring great challenges for regional climate predictions.



South China mainly includes Guangdong and Guangxi provinces, which are located over the east and west parts over the southern coastal area of China, respectively. The agriculture of those two provinces has a strong dependence on the change in spring precipitation. In the present study, we aim to investigate the asymmetric effects of ENSO on the decaying spring precipitation over South China. The results show that El Niño has significant impacts on spring precipitation over Guangdong province, while the spring precipitation over Guangxi province is evidently affected by La Niña. This is mainly due to the westward shift of the La Niña SST anomalies in comparison with El Niño, which results in a westward movement of the abnormal low-level atmospheric circulation. Although Guangdong and Guangxi are two neighboring provinces, such different climate responses to ENSO are of vital importance to local social and economic developments. The rest of this paper is arranged as follows. Section 2 introduces the data and methods. Section 3 presents the spring precipitation over eastern China and its related atmospheric background. Section 4 presents the asymmetries between the positive and negative ENSO phases. Section 5 illustrates the asymmetric responses of atmospheric circulation. Section 6 confirms an asymmetric relationship between the South China spring precipitation and ENSO. Section 7 is the summary with discussions.




2. Data and Methods


In the current study, we utilized a 0.5° × 0.5° ground-based observational monthly precipitation dataset from the Climatic Research Unit at the University of East Anglia (https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_4.04/, accessed on 15 March 2021). The 1.0° × 1.0° monthly SST dataset is from the Hadley Center Sea Ice and SST dataset (https://www.metoffice.gov.uk/hadobs/hadisst/data/download.html, accessed on 15 March 2021). The Japan Meteorological Agency provides the Japanese 55-year reanalysis dataset, which includes 1.25° × 1.25° atmospheric fields, such as the wind velocity and humidity (https://jra.kishou.go.jp/JRA-55/index_en.html, accessed on 15 March 2021). To denote the ENSO phase and intensity in the mature winter, we employed the Oceanic Niño Index (ONI) from the Climate Prediction Center of the United States (http://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php, accessed on 15 March 2021).



The air moisture flux (Q) is vertically integrated from the surface (1000 hPa) to the upper level (300 hPa), which is based on the following equation:


  Q =  1 g     ∫  300   1000    q  V →  d P     



(1)




where g, q,   V →  , and P are the gravitational acceleration, the specific humidity, the horizontal wind velocity, and the atmospheric pressure, respectively.



This study mainly adopts the correlation and composite analyses, and covers the period 1958–2019 due to the limitation of all datasets.



The Pearson correlation coefficient is a statistical index of the linear relationship between two meteorological variables. With two variables,    x i    and    y i    (i = 1, 2, …, n), their correlation coefficient (r) can be expressed as:


  r =     ∑  i = 1  n   (  x i  −  x ¯  ) (  y i  −  y ¯  )         ∑  i = 1  n     (  x i  −  x ¯  )  2          ∑  i = 1  n     (  y i  −  y ¯  )  2         



(2)




where   x ¯   and   y ¯   are the averages of    x i    and    y i   , and r is between −1.0 and ~1.0. If r is close to 1.0 or −1.0, it would indicate that the variables are positively or negatively linearly related. When r is equal to 0, it indicates that the two variables are independent of each other.



For the composite analysis, we selected the 10 strongest El Niño events and the 10 strongest La Niña events based on the ONI, and Table 1 illustrates their decaying years. The composite anomalies for the variables are calculated by the deviations apart from the climatology of 62-year mean states. To avoid the possible influence of climate change, such as global warming, the long-term trends of all data were removed in the statistical calculations.



The selection of the decaying years was based on the preceding winter ONI. For example, 1958 is based on the mean ONI during the period from December 1957 to February 1958.




3. Spring Precipitation over Eastern China and the ENSO Effects on Atmospheric Circulation


Figure 1a shows the multi-year averaged precipitation in spring (March, April, and May) over eastern China. Before the monsoon season, spring precipitation exhibits an evident meridional gradient: it rapidly decreases from the south to the north. In particular, over the southeastern coastal area, the total spring precipitation even reaches about 600 mm. Meanwhile, the interannual variability of spring precipitation there is also relatively larger (Figure 1b), which reaches about 100–160 mm. In general, the interannual variations in spring precipitation contribute more than 20% of the total spring precipitation over South China (Figure 1c). Considering that South China is densely populated and largely dependent on agriculture, such a strong variability in spring precipitation is worthy of attention. Generally speaking, precipitation anomalies are mainly attributed to atmospheric circulation variations [1,2,3,4]. As shown in Figure 1d, the water source of spring precipitation over the southern part of China is mainly due to the moisture transport associated with the southwesterly wind. Over South China, there is a convergence center of water vapor, forming a relatively larger local spring precipitation. This is easily affected by low-level atmospheric circulation changes, leading to precipitation anomalies [30].



As mentioned above, ENSO is one of the most important climatic driving factors, and evidently affects the atmospheric circulation, especially over a tropical area [10,11,20,40]. Figure 2 demonstrates the correlation distribution of high- and low-level atmospheric circulation in the decaying spring with the preceding winter ONI. At the 200 hPa level, the velocity potential exists for strong negative and positive correlations over the tropical eastern and western Pacific, respectively (Figure 2a). Accordingly, the high-level wind diverges and converges over the eastern and western Pacific, respectively. Under this circumstance, there usually is an abnormal upward motion associated with the abnormally warmer SST over the tropical eastern Pacific in the decaying spring. On the other hand, above the western Pacific, the air features an abnormal downward motion, which is a response of the Walker circulation system to the El Niño events [41,42,43]. The low-level atmospheric circulation is also affected by the anomalous ENSO SST. Over the western North Pacific, coupled with the abnormal descent, an anomalous anticyclone forms at 850 hPa to the southeast of China during the decaying spring (Figure 2b). Theoretically, the low-level circulation anomaly affects the spring water vapor flux. In the decaying spring of El Niño, the enhanced southwesterly wind would transport excessive moisture from the South China Sea to South China, increasing the local precipitation [30]. The whole situation generally turns to be the opposite in the decaying spring of La Niña.




4. Asymmetries of the ENSO SST Anomalies


To further explore the asymmetric effects of ENSO on spring precipitation, we firstly examine the asymmetries in the ENSO pattern during the decaying spring based on the composite analysis (Figure 3). In the El Niño events, the abnormally warmer SST covers the tropical eastern Pacific and extends to the center Pacific (Figure 3a). In contrast, the negative SST anomaly mainly dominates the tropical central Pacific, and even slightly extends to the tropical western Pacific in the La Niña events (Figure 3b). This implies that the ENSO SST anomalies during the decaying spring of La Niña move westwards compared to that of El Niño. This is similar to previous studies focused on the asymmetries in the mature phases (boreal winter) of the El Niño and La Niña events [32,33,34].



In general, the abnormal ENSO SST patterns in the decaying spring maintain their mature phases due to the strong persistence of the SST anomalies. Figure 4 further shows the evolution of SST anomalies along the equator in the Pacific Ocean from the developing autumn to the decaying spring. In the El Niño events, the SST over the equatorial eastern Pacific is abnormally warmer, and the abnormal SST center is generated from the east to the west during the developing autumn to the decaying spring (Figure 4a). On the other hand, the situation in the La Niña events is mainly the opposite: the SST is abnormally colder over the equatorial eastern Pacific (Figure 4b). Meanwhile, we also note that the SST anomalies move westwards in the La Niña events. The summation of the El Niño and La Niña SST anomalies can highlight their nonlinearities [34]. Therefore, Figure 4c shows a relatively warmer and colder SST over the tropical eastern and central Pacific, respectively. This indicates that the SST anomalies in El Niño are relatively stronger over the eastern Pacific, while the ones in La Niña are stronger over the central Pacific from the developing autumn to decaying spring. This indicates a westward shift of the SST anomalies during the La Niña events compared to El Niño.




5. Asymmetries in the ENSO-induced Atmospheric Circulation Anomalies


The westward shift of the La Niña SST anomalies hints that the abnormal atmospheric circulation responses may move westwards in the decaying spring of La Niña. To verify such an assumption, the stream function and rotational wind anomalies at 850 hPa in different cases are shown in Figure 5. For the El Niño decaying spring, the rotational wind field exhibits an obvious anomalous low-level anticyclone over the western North Pacific, with an abnormal stream function center to the east of the Philippine islands (Figure 5a). South China is on the edge of the abnormal southwesterly wind field. On the contrary, there is a strong anomalous low-level cyclone over the western North Pacific during the La Niña decaying spring (Figure 5b). More importantly, the abnormal stream function center shifts westwards, crossing the Philippine islands, and the abnormal wind field extends westwards accordingly. Under such conditions, South China is affected by a strong abnormal northeasterly wind.



As we mentioned before, the low-level circulation anomaly plays a decisive role in the air moisture transport. In the decaying spring of the El Niño events, the abnormally stronger southwesterly wind brings excessive moisture from the South China Sea to southeastern China (Figure 6a). Along with the abnormal water vapor flux, there is evident moisture convergence over the East China Sea to eastern China. For the South China region, the significant abnormal moisture convergence only covers the eastern part, i.e., Guangdong province, which would favor local spring precipitation. On the other hand, in the decaying spring of the La Niña events, the abnormal northeasterly wind hampers the water vapor transporting to South China (Figure 6b). In this case, the abnormal water vapor flux field exhibits a westward shift compared with the El Niño events. Correspondingly, the abnormal moisture divergence region also moves westwards, and the significant moisture divergence only covers the western part of South China, i.e., Guangxi province, which would lead to a deficit in local spring precipitation.




6. Asymmetric Responses of the South China Spring Precipitation to ENSO


The above findings exhibit obvious asymmetries in the two types of ENSO SST anomaly phases and their atmospheric circulation responses in the decaying spring. The ENSO-induced atmospheric circulation anomalies suggest that El Niño potentially affects spring precipitation over Guangdong province, while La Niña potentially exerts an effect on spring precipitation over Guangxi province. As shown in Figure 7, the relationship between the South China spring precipitation and the ENSO SST anomalies exhibits evident asymmetries. For the years with ONI > 0, i.e., the positive ENSO phases, the winter ONI only bears a strong positive correlation with the decaying spring precipitation over Guangdong province (Figure 7a). However, during the years with ONI < 0, i.e., the negative ENSO phases, such a strong positive correlation shifts westwards to Guangxi province (Figure 7b), while it is much weaker over the Guangdong province. This implies that the effect of ENSO on the decaying spring precipitation over South China moves westwards in La Niña compared to El Niño.



To clarify the asymmetric responses of the decaying spring precipitation to the ENSO SST anomalies, we further calculated the regional averaged spring precipitation anomalies over Guangdong (111.5–117° E, 21.5–25.5° N) and Guangxi (106.5–111° E, 21.5–25.5° N) provinces along with the preceding winter ONI, respectively (Figure 8). As shown in Figure 8a, the correlation coefficient of the preceding winter ONI with spring precipitation anomalies reaches 0.40 over Guangdong province during the positive ENSO phases, which is statistically significant with p < 0.05. Meanwhile, the correlation coefficient is only −0.03 during the negative ENSO phases. This indicates that Guangdong province usually has a precipitation surplus in the spring following an El Niño event, while the local spring precipitation barely changes when associated with La Niña events. For Guangxi province, the situation is quite the opposite: the local spring precipitation is closely associated with the ENSO SST anomalies during the negative ENSO phases. This is reflected by a significant (p < 0.05) correlation coefficient of 0.36 between the spring precipitation anomaly and the preceding winter ONI (Figure 8b). Moreover, there is little spring precipitation change over Guangxi province with the ENSO SST anomalies during the positive ENSO phases (the correlation coefficient is −0.04). In other words, Guangxi province usually exhibits a strong precipitation deficit in the spring following a La Niña event, while the effect of El Niño on local spring precipitation is much weaker. The results here also confirm a strong asymmetric effect of ENSO on the decaying spring precipitation over South China: the effect of La Niña shifts westwards from Guangdong province to Guangxi province compared with that of El Niño.




7. Summary and Discussion


In the densely populated and agriculture-based South China region, spring precipitation anomalies are vitally important to the local people’s livelihood and socio-economy. Hence, this study focuses on the South China spring precipitation and its asymmetric responses to ENSO. Generally speaking, South China is one of the most moisture-rich regions in China with a relatively stronger precipitation in spring. The water vapor comes from the South China Sea and the Indochinese Peninsula, accompanied by the southwesterly wind prevailing over the southern part of China during springtime. ENSO is closely related to the atmospheric circulation during its decaying spring. For example, the warm ENSO SST anomalies (i.e., the El Niño events) motivate an anomalous low-level anticyclone over the western North Pacific in the decaying spring, enhancing the southwesterly wind, and vice versa. Thus, ENSO exerts evident impacts on spring precipitation over South China.



However, there are asymmetries in the ENSO events, which would cause asymmetric effects on the atmosphere. Normally, the abnormal warm SST in the El Niño events exists in the tropical eastern Pacific during the developing to decaying phases. There, an anomalous low-level anticyclone forms over the western North Pacific to the east of the Philippine islands in the decaying spring. The enhanced southwesterly wind brings excessive moisture across South China, leading to an abnormal moisture convergence in Guangdong province. In contrast, the abnormal cold SST in the La Niña events slightly extends westwards. Particularly in the decaying spring, the SST anomaly center evidently exhibits a westward shift. This results in a westward movement of the anomalous low-level cyclone over the western North Pacific. The resultant abnormal northeasterly wind field moves westward correspondingly, which causes an abnormal moisture divergence over Guangxi province in spring. The tropical Pacific SST anomaly pattern is very important for regional climate variabilities [44], simulations [45,46], and projections [47,48]. As a result, the spring precipitation anomaly, in response to the negative ENSO phases, exhibits a westward shift. To be specific, in the El Niño decaying spring, Guangdong province will have a precipitation surplus, while Guangxi province usually experiences a precipitation deficit during the La Niña decaying spring. Our analyses further confirm that the responses of spring precipitation over South China to ENSO exhibit obvious asymmetries. A strong positive correlation between the spring precipitation and the preceding winter ONI only exists over Guangdong province in the years with positive ENSO SST anomalies (i.e., El Niño). For the years with negative ENSO SST anomalies (i.e., La Niña), such a strong positive correlation shifts westwards to Guangxi province.



In this study, we highlight the asymmetric effects of ENSO on the South China spring precipitation and, in particular, El Niño, which mainly affects the decaying spring precipitation over Guangdong province, while the effect of La Niña usually exists in Guangxi province. Such a distinct discrepancy in spring precipitation responses to the warm and cold ENSO SST anomalies is crucial to the seasonal predications over South China. Our findings can improve the East Asian climate predictions, benefiting numerous people living in South China.
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Figure 1. (a) Total precipitation (units: mm) in spring (March, April, and May) for the period 1958–2019. The red box denotes the South China area. (b) Standard deviation of spring precipitation (units: mm) during 1958–2019. (c) Proportion (units: %) of the standard deviation of precipitation in total precipitation in spring during 1958–2019. (d) Mean water vapor flux (arrows; units: kg m−1 s−1) integrated from 300 to 1000 hPa and its divergence (colors; units: 1e5 kg m−2 s−1) in spring during 1958–2019. 
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Figure 2. (a) Correlation coefficients of velocity potential (contours; the colored areas are significant with p < 0.1) and divergent wind (arrows; only arrows significant with p < 0.1 are shown) anomalies in spring at 200 hPa with the preceding winter Oceanic Niño Index (ONI) during 1958–2019. (b) Same as in (a), but for the spring stream function (contours; the colored areas are significant with p < 0.1) and rotational wind (arrows; only arrows significant with p < 0.1 are shown) anomalies at 850 hPa. 
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Figure 3. Composite anomalies of the decaying spring sea surface temperature (SST) (contours and colors; units: °C) for the (a) El Niño cases and (b) La Niña cases. All data are linearly detrended. 
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Figure 4. Composite monthly evolutions of SST anomalies (contours and colors; units: °C) averaged over 2°S–2°N from developing autumn (SEP) to decaying spring (MAY) in the (a) El Niño cases and (b) La Niña cases. (c) The summation of (a) and (b). All data are linearly detrended. 
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Figure 5. Composite anomalies of the decaying spring stream function (contours; units: m2 s−1; the colored areas are significant with p < 0.1) and rotational wind (arrows; units: m s−1; only arrows significant with p < 0.1 are shown) at 850 hPa for the (a) El Niño cases and (b) La Niña cases. All data are linearly detrended. The red boxes denote the South China region. 
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Figure 6. Composite anomalies of spring water vapor flux (arrows; units: kg m−1 s−1; only arrows significant with p < 0.1 are shown) integrated from 300 to 1000 hPa and its divergence (colors; units: 1 e5 kg m−2 s−1; the areas within white lines are significant with p < 0.1) in the (a) El Niño cases and (b) La Niña cases. All data are linearly detrended. The red boxes denote the South China region. 
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Figure 7. Correlation coefficients between the spring precipitation anomalies and the preceding winter ONI for the years with (a) ONI > 0 and (b) ONI < 0. The dotted areas are significant with p < 0.1. All data are linearly detrended. The red boxes in (a) and (b) denote the Guangdong province and Guangxi province regions, respectively. 
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Figure 8. Relationships of spring precipitation anomalies over the (a) Guangdong province and (b) Guangxi province with the preceding winter ONI for the period of 1958–2019. The blue and red colors are for the years with ONI < 0 (31 years) and ONI > 0 (28 years), respectively. The r is the correlation coefficient between spring precipitation anomalies and the preceding winter ONI. Precipitation data are linearly detrended and standardized. 
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Table 1. List of the El Niño and La Niña decaying years during 1958–2019 used in the composite analysis.
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El Niño

	
1958

	
1964

	
1966

	
1973

	
1983




	
1987

	
1992

	
1998

	
2010

	
2016




	
La Niña

	
1971

	
1974

	
1976

	
1985

	
1989




	
1996

	
1999

	
2000

	
2008

	
2011
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