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Abstract

:

Understanding the changes in regional droughts is important for promoting overall sustainable development. However, the spatiotemporal dynamics of soil droughts in Guangxi under the background of global warming and regional vegetation restoration have not been studied extensively, and the potential causes are scarcely understood. Here, using TerraClimate soil moisture data, we constructed a monthly standardized soil moisture index (SSMI), analyzed the seasonal and annual spatiotemporal distribution of droughts from the perspective of soil moisture, and studied past soil drought events in Guangxi. Migration methods of drought centroid, trend analysis, and principal component decomposition were used. In the interannual dynamics, the overall SSMI increased, indicating that the soil drought situation was gradually alleviated in Guangxi. Further, the frequency of extreme and severe droughts decreased with time, mainly in autumn and winter. During early drought stages, the migration path was short, which extended as the droughts progressed. Ocean temperature and soil moisture were strongly correlated, indicating that abnormal ocean surface temperature may drive soil moisture. This study provides scientific guidance for the early warning, prevention, and mitigation of losses associated with soil droughts in Guangxi and serves as valuable reference for understanding the impacts of large-scale climate anomalies on soil moisture.
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1. Introduction


Drought is a major natural disaster severely affecting the ecosystem and humans [1,2,3]. It is generally represented by soil water shortage and has long periods, wide range, occurs frequently, and affects large populations [4]. China is largely an agricultural country facing frequent droughts, which cause huge economic losses [5,6,7]. Therefore, strengthening drought monitoring, especially on a large scale with high spatiotemporal continuity, is necessary, and it can facilitate real-time dynamic capturing of drought occurrence and its development process and provide a reference for decision making to undertake timely and effective mitigation measures.



Previously, studies have been conducted on methods to monitor and evaluate droughts objectively, accurately, and quantitatively [1]. Generally, several drought assessment indicators are constructed using observation factors, such as precipitation, temperature, evaporation, and runoff [1,8]. However, these indicators do not consider the hydrological problems of subsurface soil and further divide the integrity of the water cycle to some extent. Soil moisture is a key physical quantity in climate studies [9,10,11]. It not only regulates the balance between material and energy exchange during land–air interactions [12], but it is also the most direct water source for natural ecosystems. Vegetation growth and development is extremely sensitive to changes in soil moisture [13,14], which can change the water–energy balance between land and air by affecting the surface albedo, soil thermal parameters, evaporation, and transpiration [12], and change the structure of the atmospheric boundary layer. Thus, soil moisture can both cause climate change and can be affected by climate change [13]. Soil droughts are mostly caused by a lack of soil moisture. The soil moisture content has a crucial relationship with the drought intensity in any region [15] and has a further direct impact on vegetation growth and agricultural production [14]. Therefore, considering soil moisture during drought monitoring using remote sensing is necessary.



Many direct methods, such as the gravimetric method, are accurate but expensive and are used to estimate soil moisture [15,16]. Additionally, indirect estimates based on microwave [8,17] or near-infrared band remote sensing data are also efficient approaches to estimate soil moisture. Some highly advanced soil moisture remote sensing products, such as Soil Moisture Active Passive [18] and Soil Moisture and Ocean Salinity [19] by the National Aeronautics and Space Administration, and European Space Agency’s Climate Change Initiative Soil Moisture [20] have been developed and widely used globally for drought studies. However, some studies have indicated that the accuracy of soil moisture estimates can be enhanced by combining microwave and optical remote sensing [5].



Currently, TerraClimate, a dataset of high-spatial resolution (~4-km, 1/24°) monthly climatic water balance for regional and global terrestrial surfaces during 1958–2018 [21], provides new types of soil moisture assimilation data, which have been previously applied to monitor soil droughts [22]. Considering the regional and seasonal dependence, the ability of TerraClimate data to capture soil moisture anomalies and their variabilities corresponds to other properties used to characterize the soil conditions [21]. The subsequent results can support TerraClimate as an indicator of soil water status; additionally, it can be used to develop new indicators of soil drought.



The present study was conducted in the Guangxi Zhuang Autonomous Region (hereinafter referred to as Guangxi). The shallow soil layer and its poor water holding capacity in Guangxi results in a complex runoff generation and confluence, thereby causing frequent regional floods and droughts for many years [23]. Studying the characteristics and risks of regional droughts in this region is thus urgently required. To study the impacts of climate change on soil droughts, soil moisture as an indicator of soil drought should be considered. Presently, little research has been conducted on the point-scale measurement of soil moisture; therefore, high-resolution distribution data of soil moisture are required for agriculture management, water management, and drought and flood monitoring in Guangxi.



In this study, we calculated the standardized soil moisture index (SSMI) based on the precipitation and temperature data of Guangxi for 1990–2018 and analyzed its variations, period, frequency, and other characteristics. Later, we analyzed the spatial variation characteristics of two typical droughts. Finally, we discussed the correlation between soil moisture anomaly and ocean temperature, which provides scientific reference for drought monitoring and early warning in Guangxi. The main aims of this study were: (1) to study the long-term trends and seasonal differences in soil droughts in Guangxi, (2) to discuss the spatial variation characteristics of soil droughts, and (3) to preliminarily explore the teleconnection factors affecting soil drought dynamics.




2. Materials and Methods


2.1. Study Area


Guangxi (extending from 20°54′ N–26°24′ N to 104°26′ E–112°04′ E) is located in South China (Figure 1) and to the southeast of the Yunnan–Guizhou Plateau, west of the Guangdong and Guangxi hills, and south of the North Bay. The terrain of this region is flat in the middle and south areas, which are in turn surrounded by mountains and plateaus, and the average altitude of the area is 802 m. An inclining trend is observed in the entire terrain from northwest to southeast. As a typical subtropical monsoon humid area, the annual precipitation in Guangxi is abundant (range 1500~2000 mm), with uneven spatiotemporal distribution, and the average annual temperature is relatively high, between 16~23 °C. Furthermore, karst developed hills and depressions are widely distributed [9]. Due to the special geological environment of karst areas in Guangxi, atmospheric precipitation can easily leak into the deep underground layer and become deeply buried groundwater, forming a pattern of water and soil separation, resulting in drought on the surface due to soil water shortage. At present, the development of rocky desertification in karst areas in Guangxi has become the most serious eco-environmental problem, restricting the sustainable development of Southwest China, and soil humidity is the key factor Therefore, the study of soil moisture in Guangxi has become an important measure for the ecological restoration and reconstruction of the region.




2.2. Soil Moisture Data


Monthly TerraClimate precipitation data from January 1990 to November 2018 were used in this study. The data spatial resolution was 1/24° (~4-km). TerraClimate includes the requisite variables for calculating energy-based reference potential evapotranspiration and a water balance model [21]. TerraClimate uses satellite and climatic data that can be integrated and has the characteristics of high accuracy, a wide detectable range, and high spatiotemporal resolution [21]. In this study, the soil moisture mentioned includes all water below the surface except groundwater, rather than only plant root or surface soil water. Further, soil moisture data were acquired from TerraClimate: Monthly Climate and Climatic Water Balance for Global Terrestrial Surfaces, http://www.climatologylab.org/terraclimate (accessed on 11 August 2019).




2.3. Standardized Soil Drought Index


SSMI is a standardized anomaly of remotely sensed soil moisture data from 1990 to 2018. We used soil moisture data in TerraClimate to calculate the SSMI to characterize agricultural drought.


    SSMI   i , j   =   S  M  i , j   −  S    M j   ¯      ∂ j    .    











Here, i is the observation year from 1990 to 2018, j is the observation month from January to December, and    S    M j   ¯     and    ∂ j    are the average and standard deviation of soil humidity in month j, respectively. A detailed description of the this method can be found in the previous studies [24,25]. SSMI is dimensionless and is used to detect drought. When SSMI is greater than 0, it can be considered that it is wetter than that in the same period of many years; otherwise, it is drier. In this study, the drought situation levels, including slight (SSMI range: −0.5 to 0), moderate (−1 to −0.5), severe (−1.5 to −1), and extreme droughts (−2 to −1.5). If the SSMI value is lower than −1.5 in a certain month from 1990 to 2018, it represents an extreme drought event.




2.4. Drought Frequency


Drought frequency is defined as the number of droughts that exceeds a certain risk threshold per unit time. In this study, the drought frequency was defined as a ratio of the total number of drought months with different grades to the number of the total months of the study period (totally 468 months). For example, from 1990 to 2018, the number of months with SSMI lower than −1.5 for each grid cell was 10, and the frequency of extreme drought was 10/468, or 2.13%. The spatial frequency of droughts with different grades was calculated. Subsequently, the spatial frequency of different drought levels in spring (March–May), summer (June–August), autumn (September–November), and winter (December–February) were calculated to discuss the seasonal dynamics of soil drought frequency.




2.5. Migration Path of Droughts


The center of mass used to study the migration of matter and energy is an important method to study the geographical distribution [26]. In this study, the centroid model was used to study the spatiotemporal migration characteristics of soil dryness, and the distance of centroid movement reflects the spatial difference of the differentiation degree of SSMI change. Further, we used the migration of drought centers to describe the spatiotemporal evolution of soil drought. Initially, we used the statistical analysis box (mean center tool) of ArcGIS 10.0 software to obtain the spatial centroid of the SSMI drought index and plotted the centroid migration of two extreme soil drought events to describe the spatiotemporal evolution of soil drought better. The drought centers were then connected to record the track, path length, direction, and velocity characteristics of the droughts.




2.6. Empirical Orthogonal Function Decomposition


Empirical orthogonal function (EOF) decomposition, also known as eigenvector analysis, is a method to analyze the structural features of matrix data and extract the main data features [27]. Feature vector corresponds to space vector, also known as space feature vector or space mode, which reflects the spatial distribution characteristics of the factor field to a certain extent. The principal component (PC), also known as the time coefficient, corresponds to the time variation, which reflects the weight variation of the corresponding spatial mode with time. To investigate the causes of soil dryness in Guangxi, we further analyzed the correlation between the main variation model of SSMI (EOF-1) and its corresponding principal component (PC-1) and sea surface temperature (SST) from the perspective of remote correlation.





3. Results


3.1. Identification of Variation Characteristics of Soil Drought


Figure 2 shows that, since 1990, drought and flood disasters occurred alternately in Guangxi, with slight or serious droughts and floods occurring almost every year; additionally, the temporal distribution of different types of droughts and floods is evident from the figure. Serious soil drought occurred every five to six years on average in Guangxi, with multiple droughts observed in 1993, 1998, and 2004. In general, Guangxi experienced many soil droughts during 1990–2018, with the drought duration and intensity being generally heavy. After 2000, the soil droughts in arid areas decreased (Figure 2).



Further, the SSMI showed evident seasonal characteristics in Guangxi (Figure 3), with the magnitude of variation being the highest in autumn. Serious soil droughts were observed in the autumns of 1992 and 1998, but none have occurred since 2010. However, the SSMI trends in winter and spring were similar. Overall, the seasonal soil moisture dynamics in Guangxi showed similar changes with the interannual dynamics. After 2012, the observed loss of soil moisture in each season was alleviated.




3.2. Statistics of Drought Frequency


The results of the frequency of slight to extreme drought occurrence (Figure 4) indicated that the frequency of slight droughts in Guangxi was 16.37–34.77%, of which the frequency in central Guangxi was the highest, followed by the southern region. The frequency of slight droughts in most other areas was less than 30%. The frequency of moderate droughts was 10.63–21.84%, while it was less than 18% in most areas. The frequency of severe droughts was less than 5% in most areas, with the lowest frequency being 2.29%. The frequency of extreme droughts was extremely low (0–6%), with the value being less than 2% for most areas. The order of the average frequency of different drought levels (Figure 4) was light drought > (26.84%) > moderate drought (16.15%) > severe drought (6.11%) > extreme drought (2.64%) in Guangxi. Overall, no significant geographical difference was observed in the soil droughts.



Figure 5 shows that slight droughts mostly occurred in autumn and winter, lasting for more than 20 months. During spring, the probability of mild weather in the southwest was higher than that in the southeast. During summer, soil droughts occurred for a smaller number of months. The spatial variation of moderate droughts was similar to that of slight droughts, with soil droughts occurring in autumn and winter. Further, the number of months of severe and extreme droughts was relatively small, and the number of months of sudden droughts in each season was mostly less than five months. The underlying surface in Guangxi is relatively uniform, and the water and heat redistribution of this region do not allow for evident regional drought differences, thereby resulting in no spatial heterogeneity. However, severe and extreme droughts occurred in the least number of months. These trends are significantly important factors that affect crop production and carbon accumulation.




3.3. Spatial Evolution Characteristics of Two Extremely Severe Soil Droughts


Two extreme soil drought events, which occurred in 1998 and 2003, were selected from the period 1990–2018 using the drought migration method (Figure 6). The migration direction of drought cores indicated that the two droughts were mainly concentrated in central Guangxi. The 1998 and 2003 soil drought followed a similar northeast to southwest trajectory. The migration paths of the two soil droughts were longer at the initial stage of formation and later extended with the aggravation of drought duration.




3.4. Correlation between Soil Moisture Anomaly and Ocean Surface Temperature


The soil moisture anomaly is regulated by precipitation, and the main reasons for precipitation differences are caused by anomalies in the ocean temperature [28,29]. Therefore, to understand the importance of atmospheric circulation caused by SST anomaly to soil moisture in Guangxi, we compared the teleconnection between soil moisture and ocean temperature (Figure 7). The spatial variation of the dominant pattern (EOF-1) obtained from EOF analysis was similar to the soil moisture trend during 1990–2018, accounting for 66.9% of the total square covariance of Guangxi. Overall, the PC-1 showed that the soil moisture in Guangxi showed an increasing trend over time. Correlation analysis showed that PC-1 and SST were significantly positively correlated (p < 0.05), suggesting that SST might be an important teleconnection factor affecting soil moisture in Guangxi.





4. Discussion


As soil moisture plays an important role in drought research, an assimilation data product is a useful alternative method in the absence of long-term consistent soil moisture observational data at the national scale [15,30,31]. In this study, TerraClimate soil moisture product was used to construct the SSMI. The soil drought index derived from the data set was ideal to monitor regional droughts, and it accurately describe the spatiotemporal characteristics of regional soil water addition and loss. Using this index, we observed that the drought types in Guangxi are mainly light drought and moderate drought, and the occurrence of severe and extreme drought is relatively low, which is basically once in five years. Spatially, the occurrence frequency is low in the middle and high in the east and west. The majority of the soil droughts in Guangxi evolved from moderate droughts, and the probability of sudden, short, and strong droughts was low. This provides additional time for early warning and prevention from the beginning of droughts to the beginning of abnormal droughts, which further helps to reduce negative implications of droughts.



According to the different disaster seasons, soil droughts can be divided into spring, summer, autumn and winter droughts [15]. The drought pattern in Guangxi differed under the influence of monsoon circulation and tropical cyclone, and the frequency of autumn droughts was the highest, followed by winter droughts, while that of spring and summer droughts was low. Spring droughts refer to the droughts between March and May [32]. During spring, crops bloom, grow, and develop in Guangxi; moreover, it is the sowing and emergence season for spring plants. Spring precipitation in Guangxi is relatively less, and precipitation less than the usual intensity can cause serious droughts that not only affect summer vegetation productivity, but also cause bad spring sowing conditions and affect the growth and harvest of autumn crops and carbon accumulation. Summer affects vegetation productivity and ecosystem operation [33] and is most vulnerable to monsoon. The frequency of droughts in Guangxi in summer was extremely low, possibly due to the location of Guangxi in the monsoon region. In summer, the strong East Asian monsoon brings in a large water mass from the ocean, and the rain-forming clouds over Guangxi lead to abundant regional precipitation, which improves the soil water content. During autumn, autumn harvest plants mature and overwintering plants sprout and are sown. Autumn droughts occur between September and November. They may not only affect the autumn vegetation productivity of the current year, but also the summer vegetation productivity of the next year [34]. Autumn droughts occur almost once every two years in Guangxi, with slight droughts being more common. The frequency of these droughts was higher in the middle-eastern regions than of that in the western regions. Moreover, the frequency of moderate, severe, and extreme droughts in this season was also significantly higher than of that in other seasons. In addition, autumn is generally characterized by water storage, long-term droughts, and less rain. Subsequently, the reductions in runoff cause insufficient water reserves for water conservancy projects, thereby creating difficulties in using water during winter and spring. Winter droughts occur from December to February of the next year. In Guangxi, winter droughts occur once in two years, with slight droughts having a higher frequency in the central and southwest regions than in in the northeast regions. Overall, the frequency of soil droughts in autumn and winter in Guangxi was relatively high. Among these droughts, most were slight and moderate droughts. These findings suggested that the impact of autumn and winter soil droughts should be considered while assessing the impacts of droughts on regional crop production and ecosystem.



From the perspective of temporal characteristics, the two major soil droughts (1998 and 2003) in Guangxi lasted for more than six months. Every natural phenomenon has its own unique process of formation, occurrence, development, and extinction [15]. For example, floods tend to form quickly and can be formed in a few days or even hours [35]. Hurricanes form relatively faster, probably within hours, minutes, or seconds [36]. Contrastingly, the occurrence and development of soil droughts is much slower (several months and several seasons) [15]. Long-term soil water deficit affects the regional crop production and domestic and ecological water demand [13,30]. In addition, regarding the spatial scale, the two major soil droughts in Guangxi occurred extensively. Most areas in Guangxi are affected by the subtropical monsoon humid climate, which reduces the probability of soil droughts. However, once soil droughts occur, the soil moisture in the entire region is relatively reduced. Some studies predict that although Guangxi is a humid region, several measures to deal with soil water deficit under the background of frequent extreme climate events in the future will assist in reducing losses in agricultural production and other associated economic losses [37].



Regarding variability, as soil droughts are temporary phenomena, they are a direct reflection of the persistent anomalies in atmospheric circulation and major weather systems. The time and intensity of monsoon onset and retreat and the duration of monsoon interruption are directly related to soil drought [38]. The atmospheric circulation anomaly refers to the abnormal changes in the development, mutual configuration and interaction, and intensity and location of some atmospheric circulation systems, all of which directly cause large-scale droughts and floods [39,40]. The anomaly of monsoon circulation implies that the time, position, advance and retreat speed, and intensity of monsoon change considerably compare with those of normal years [41,42], which is often the reason for the frequent occurrence of soil droughts in the monsoon region. The abnormal atmospheric or monsoon circulation results in less precipitation in a certain area compared with the normal conditions. When the degree and duration of low precipitation reach a certain degree, meteorological droughts occurs [43]. As precipitation is the main source of water supply, meteorological droughts may induce soil droughts [15]. During the early stage of meteorological droughts, the soil moisture content will not decrease immediately due to the regulation and storage of soil moisture [44]. However, less precipitation is generally accompanied by a temperature increase, which further enhances evapotranspiration and excessive water consumption in the vadose zone. Under other constant conditions, when the meteorological droughts intensify and spread further, the precipitation and runoff may decrease, while the water in the vadose zone will continue to be consumed and not be supplemented, and thus, the soil water condition will further deteriorate [45,46]. Our findings indicated a strong positive correlation between the soil moisture in Guangxi and the ocean temperature in the surrounding sea area, which was in agreement with our assumption that the ocean surface temperature anomaly creates the atmospheric circulation anomaly or monsoon circulation anomaly, and later affects the rainfall and soil moisture anomaly in Guangxi.



This study makes up for the deficiency of previous studies on drought in Guangxi from the perspective of soil moisture, but the analysis results still have some uncertainties and deficiencies. First, this study only selects TerraClimate soil moisture products with high spatial resolution, but the applicability of this data in karst areas has not been fully evaluated. However, comparing the soil moisture products through model and reanalysis, TerraClimate soil moisture, which is more reliable and corrected by remote sensing and models, has been applied to the study of Guangxi for the first time. In addition, there are many factors affecting the dynamics of soil moisture in the driving force analysis. This study uses the most fundamental driving factor—ocean surface temperature, which may not fully explain the long-term evolution characteristics of soil drought in Guangxi.




5. Conclusions


In this study, the SSMI model was constructed using the TerraClimate soil moisture data; additionally, the applicability of SSMI in soil drought monitoring in Guangxi was evaluated. The following conclusions were drawn: (1) The annual autumn and winter soil droughts in Guangxi were moderate from 1990 to 2018, and the probability of moderate and higher-grade drought after 2005 is much lower than that before 2005. (2) The level of soil drought in Guangxi is mainly light drought and moderate drought, and the possibility of severe drought and extreme drought is relatively low. (3) Two severe soil droughts that occurred in 1998 and 2003 exhibited a large disaster-affected area and persisted for a long duration. (4) The principal component variables of ocean surface temperature and soil moisture showed a strong positive correlation, implying that the ocean surface temperature anomaly may be the root driving force of soil moisture variation in Guangxi. These findings provide scientific guidance for the early warning, prevention, and mitigation of social, ecological, and economic losses associated with soil droughts in Guangxi. Moreover, the results serve as a valuable reference for understanding the impacts of large-scale climate anomalies on soil moisture.
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Figure 1. Geographical location of Guangxi. (a) The position of Guangxi in China, the green area in the picture is Guangxi; (b) altitude map; (c) land-use types derived from the European Space Agency. 
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Figure 2. Variation curve of soil moisture in Guangxi. (a) Changes in SSMI monthly time series. (b) Damaged areas affected by soil drought. Damaged area is defined as the ratio between the number of pixels with a certain level of drought and the total number of pixels in this area, and then the ratio is multiplied by the total area of Guangxi to obtain the regional drought damage area. 
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Figure 3. Seasonal variations in SSMI in Guangxi. 
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Figure 4. Frequency of different soil drought levels. (a) Slight droughts, (b) moderate droughts (c) severe droughts, and (d) extreme droughts. 
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Figure 5. Spatial variations in the frequency of drought months in different seasons in Guangxi. (a–d) Frequency of slight droughts in each season ((a–d) represent spring, summer, autumn, and winter, respectively); (e–h) frequency of moderate droughts in each season; (i–l) frequency of severe droughts in each season; (m–p) frequency of extreme droughts in each season. 
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Figure 6. Spatial migration process of soil droughts. The direction of the black arrow indicates the migration direction of droughts in the next month. The green and red circles indicate the comprehensive drought index of the current month. (a) Average SSMI from September 1998 to March 1999, (b) spatial migration of the 1998 soil drought from September 1998 to March 1999, (c) average SSMI value from November 2003 to April 2004, and (d) spatial migration of the 2003 soil drought from November 2003 to April 2004. 
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Figure 7. Relationship between SSMI and sea surface temperature in Guangxi during 1990–2018. (a) Spatial trend of soil moisture, (b) main transformer mode calculated using an empirical orthogonal function (EOF-1), (c) main transformer mode (EOF-1) corresponding to the monthly change in the principal component (PC-1), and (d) correlation between ocean temperature and PC-1 (corresponding to EOF-1). 
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