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Abstract

:

This observational study mainly examines the impact of rainfall on Indian soil moisture (SM) variability in four homogeneous rainfall zones (i.e., central India (CI), northwest India (NWI), south peninsula India (SPIN), and northeast India (NEI)) as defined by India Meteorological Department (IMD) during strong, weak, and normal Indian summer monsoons (ISMs), which are determined regionally for each homogeneous rainfall zone separately. This study uses the daily gridded (0.25° × 0.25°) rainfall data set provided by IMD and the daily gridded (0.25° × 0.25°) SM combined product version 06.1 from European Space Agency Climate Change Initiative (ESA CCI) over the period 1992–2020. Results reveal that monthly and seasonal mean SM in NWI, CI, and SPIN are overall higher during strong than during weak ISMs. The daily SM and its dependence on rainfall appear to be region-locked in space and phase-locked in time: Strong correlation and large response to rainfall generally occur in most parts of SPIN and NWI during June (June–July) of strong (weak) ISMs where SM values are relatively small; Weak correlation and small response generally occur in CI and NEI in July-September (August–September) of strong (weak) ISMs where SM values are relatively large. The phase-locked feature is associated with the features of ISMs. The region-locked feature is presumably associated with the local features, such as soil and vegetation types and/or environmental conditions. Both region-locked and phase-locked features cause regional distinct features in SM persistence.
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1. Introduction


Soil moisture (SM) is essential for local agriculture, particularly for India which feeds the large population [1] and makes up a large fraction of the Indian economy [2]. India’s rain-fed agriculture is largely dependent on soil types and available SM. SM in India is generally controlled by Indian monsoon rainfall, evapotranspiration, and horizontal and downward transport of water provided by the water balance equation:


ΔSM = R − ET − TR



(1)




where ΔSM, R, ET, and TR represent changes in SM, rainfall, evapotranspiration, and horizontal and downward transport of water, respectively. Rainfall is the primary source of SM, TR can be source or sink, and ET is a sink according to the water balance equation. Approximately 16% of India’s geographic area is drought-prone, mostly arid, or semiarid [3] and SM variations in time and space are critically important for crop sustenance and subsequent crop yield, particularly during active and weak phases of ISM seasons (i.e., June through September). The wide-range shortage of SM (i.e., major drought events) in India is primarily caused by the large-scale negative rainfall anomalies [4].



However, the high spatial coverage and high temporal-spatial sampling rate of SM were not readily available until the advent of spaceborne measurements. Historical records of direct measurements of the dryness and wetness of the ground (e.g., SM content) are sparse in both time and space [5], which significantly limited our studies related to the variability of SM in time and space. Additionally, the cost of direct observations of SM is extremely high and they represent single-point observations alone in space. On the other hand, remote sensing techniques offer an alternative and economical way to estimate the SM over a large area. The retrievals from individual soil moisture platforms using remote sensing techniques are combined using statistical techniques to a reference land model, yielding a model-like soil moisture product [6]. For example, the European Space Agency Climate Change Initiative (ESA CCI) provides modeled estimated SM products by combining the retrievals to land a reference model: The “active product” (derived from scatterometers), the “passive product” (derived from radiometers), and the “combined product” (derived from the “active” and “passive” products) [7]. These products will allow us to study the variability of SM in space and time with far greater detail than would be possible with in situ observations. However, a relatively minor weakness is that the satellite observations apply to the time of a satellite overpass (or the average of these times), whereas the in situ system may apply to a specific time of day. The difference in measurement depth as well as the difference in timing between in situ and satellite observations could be responsible for considerable differences on a day-to-day comparison, but otherwise, does not adversely impact the use of satellite data. For example, Sathyanadh et al. [8] revealed good agreement in SM between in situ observations and ESA CCI SM product with respect to several statistical estimates, such as bias, unbiased root-mean-squared difference, and normalized standard deviations.



Several studies have focused on the Indian SM features as well as the association of SM with the Indian summer monsoon rainfall (ISMR). For example, Liu et al. [9] found a positive statistical correlation between SM and precipitation in India on seasonal and interannual timescales, but they did not explain what causes this relationship. Shrivastava et al. [10] examined the SM features in central India with ESA CCI SM product over the period 2002–2011 and showed that SM in central India is very well correlated with the observed gridded rainfall during dry spells of 10 ISM periods (i.e., June through September, or JJAS in short). Pangaluru et al. [11] examined SM variability in India and found a good relationship with precipitation based on monthly mean fields. Singh et al. [12] studied the monthly and seasonal variations of SM in India using Indian Remote Sensing satellite data, suggesting strong geographic monthly and seasonal variations.



Sathyanadh et al. [8], a study most relevant to the present study, examined the spatial and temporal characteristics of SM and its association with monsoon rainfall during a weak (2002) and a strong 2007 ISM using MERRA-land global reanalysis SM dataset and the IMD daily gridded rainfall data. They found that large intraseasonal variations of SM contribute to interannual variations of SM and SM variations on intraseasonal and interannual timescales follow the rainfall pattern. Moreover, they observed that the dominant modes (at timescales of 2–10 days, 20–30 days, and above) of SM are dependent on geographic location, monsoon duration, intraseasonal rainfall variations, and SM persistence. The present study differs from the recent three studies [8,10,12]; at least in three aspects: (1) This study examines the distinct dependence of SM on monsoon rainfall based on the rainfall strengths on regional scales during the period 1992–2020, which differs from the study by Sathyanadh et al. [8] which was based on a single weak (2002) and a single strong ISM (2007) only and also differs from the study by Shrivastava et al. [10] which was based on specified dry spells of ISM; (2) this study also examines the dependence of SM on rainfall using daily values and not on seasonal and interannual timescales as Singh et al. [12] did using monthly data, and further illustrates how the dependence changes for different strengths of ISMs, which has not yet been explored, and (3) this study is focused on the analysis of observed SM features and its dependence on rainfall on regional scales. Based on the coherent rainfall on regional scales, the IMD defined four so-called homogeneous regions: Northwest India (NWI), northeast India (NEI), central India (CI), and south peninsula India (SPIN), as shown in Figure 1 [13,14,15,16]. These four regions, which were used in previous studies, were selected based on meteorological records showing that the variation in rainfall in each of the meteorological subdivisions comprising the region is positively and significantly correlated with the area-weighted rainfall variation over the region as a whole. Hereafter, we referred to these regions as the IMD regions. In brief, this study will primarily examine the distinctive features of SM in the four IMD regions and how the SM in each IMD region is dependent on the rainfall based on daily values during strong, weak, and normal ISMs using the ESA CCI SM product, which provides improved daily SM data at very high resolution (0.25° × 0.25°) in space. While SM depends on many other factors as described in the water balance equation, here we study to what extent the rainfall alone impacts the SM.




2. Data and Methods


2.1. Daily Rainfall Data and ESA CCI Daily SM Combined Product


This study mainly uses the latest 0.25° × 0.25° gridded daily rainfall product for Indian subcontinent over the period 1951–2020 [17], prepared and extended to the latest year by the IMD (the rainfall time series can be found at https://cdsp.imdpune.gov.in/home_gridded_data.php#griddedRainfall (accessed on 7 August 2022). The IMD 0.25° × 0.25° gridded daily rainfall is used in correlation and linear regression analysis for better spatial features across India. The rainfall products, hereafter referred to as the IMD rainfall, are believed to be of high quality and well suited to the purpose of this study.



The latest ESA CCI 0.25° × 0.25° gridded daily SM combined product version 06.1 is used in this study to display distinct features of SM in the IMD regions as well as the dependence of daily SM on daily rainfall during strong, weak, and normal ISMs. This combined SM product is generated by merging all active (5 August 1991–31 December 2020) and passive (1 November 1978–31 December 2020) L2 products. The theoretical and algorithmic basis of the product is described in the Algorithm Theoretical Basis Document [18]. The blending approach from original active and passive products to the final combined SM product and some known limitations can be found in Gruber et al. [19] and Dorigo et al. [20]. The SM values in this product represent the SM averaged in the top 10 cm of the soil. More details about ESA CCI SM v06.1 can be found on the CCI Soil Moisture project website (http://www.esa-soilmoisture-cci.org, accessed on 7 August 2022). Since the active product started on 5 August 1991, to cover the pre-monsoon and summer monsoon seasons (i.e., May through September), we selected the combined SM product over the period 1992–2020 for analysis. It should be noted that the 24-h period for ESA CCI SM is not the same for the IMD rainfall since the IMD daily rainfall is the 24-h accumulated rainfall starting from the previous day 8:31 a.m. IST to the present day 8:30 a.m. IST, while ESA CCI SM is from the previous day 5:31 a.m. IST to the present day 5:30 a.m. IST (i.e., following 0:00 UTC ± 12 h rule). Notably, observations due to this 3-h difference may affect the results with respect to the analysis of SM–rainfall relationship on short timescales in this study.




2.2. Definition of the Strength of ISMs over the IMD Regions


In this study, the classification of strong/weak ISMs was performed on regional scales owing to spatial variability in Indian rainfall. Therefore, the strength of Indian summer monsoon rainfall over an IMD region is measured by the magnitude of ISMR, which is computed as the sum of the IMD’s gridded daily rainfall area-averaged over this IMD region from 1 June through 30 September, hereafter referred to as JJAS rainfall. A strong (weak) ISM over an IMD region is when the ISMR is 10% more (less) of the JJAS rainfall climatology computed in this region over 1951–2020. This definition is consistent with the IMD-defined category “excess” (“deficient”) of Indian summer monsoon rainfall on an all-India scale (https://vajiramias.com/current-affairs/long-period-average-lpa/5cb5800c1d5def05e9b747c8/, accessed on 7 August 2022). Figure 2 illustrates the JJAS rainfall in four IMD regions during 1992–2020, with strong and weak ISMs identified according to the above definition. The years of strong, weak, and normal ISMs for each IMD region are listed in Table 1 based on Figure 2.




2.3. Summary of Methods


Observed features of SM during strong and weak ISM years are captured using a composite approach. The composite approach is generally useful for identifying the dominant features that have the potential to behave similarly and are likely governed by the same mechanisms. To examine the relation between daily SM and rainfall at each grid point, we conducted a linear correlation analysis between daily SM and daily rainfall to capture the spatial pattern of correlation across India for strong, weak, and normal rainfall over the IMD regions. A statistical significance test at a 95% confidence level for all linear correlation analysis will be conducted to examine whether the correlation is significantly different from zero. To further reduce the possible effect of runoff (i.e., TR in Equation (1)), a linear correlation is applied to daily SM and daily rainfall averaged over each IMD region for months from May through September to capture the association of daily SM with daily rainfall (Section 3.2.1). A linear regression method is used to obtain the explained variance of daily SM by daily rainfall averaged over each IMD region for each month from May through September (Section 3.2.2). We further use a linear regression method to identify how daily SM responds to the daily rainfall across India (Section 3.2.3). Autocorrelation analysis for daily SM was conducted to examine the persistence of daily SM on short timescales in each month from May through September over each IMD region during strong, weak, and normal ISM years (Section 3.2.4).





3. Results


3.1. Distinctive Features of SM between Strong and Weak ISMs


3.1.1. Spatial Distribution of Indian SM and Rainfall


Initially, we examine the spatial distribution of monthly mean (May through September) and JJAS-mean SM across the IMD regions and its association with the different strengths of rainfall. Figure 3 and Figure 4 demonstrate the monthly mean and JJAS-mean SM and rainfall between strong and weak ISMs and their differences (strong minus weak ISMs), respectively. Note that the monthly mean and JJAS-mean rainfall and SM for strong and weak ISMs were first computed for each IMD region based on the years of strong and weak ISMs for each IMD region (Table 1), then the spatial distribution of four IMD regions is combined as one map.



There are several common features for both strong and weak ISMs. First, there is no significant amount of rainfall in most of the area of India in May before the onset of ISMs except for the NEI region, thus there is little SM concurrently, with the least SM in NWI and CI. Second, in June, the onset of ISMs provides a limited amount of rainfall in SPIN and CI, which causes SM to increase gradually, mostly in SPIN and CI. Third, during the mature phase of ISMs (July and August), frequent and heavy rainfall causes SM to increase and even get saturated in some regions (mostly in CI and NEI). However, in July and August, SPIN and the west of NWI do not receive significant rainfall when monsoon rainfall is mostly located in CI and NEI due to the northward propagation of monsoonal rainband, thus, SM in west of NWI and SPIN is small compared to CI and NEI. Finally, during the withdrawal phase, the rainfall and SM become weak across India, including CI and NEI.



The differences in monthly mean SM across India are clear between strong and weak ISMs. Monthly rainfall differences in large parts of India between strong and weak ISMs are not statistically significant at a 95% confidence level (row 3 in Figure 3). As seen in the subsequent section (Section 3.1.2), the discrepancy in the evolution of daily rainfall between strong and weak ISMs is clear. We hypothesize that it is the discrepancy of short-term rainfall variation that causes the difference in daily SM between strong and weak ISMs, as will be confirmed in Section 3.2.




3.1.2. Temporal Distribution of Indian SM and Rainfall


Figure 5 displays the evolution of daily SM (left) and daily rainfall (right) averaged over the four IMD regions from May through September composited from strong, weak, normal ISM years and all years, respectively. It is evident that SM in the four IMD regions is overall larger (smaller) than the daily climatology over June through September during strong (weak) ISM years. SM values in May (pre-monsoon) and early June are expected to be small prior to the onset of monsoon. Figure 5e–h is the same as Figure 5a–d except for the daily rainfall. The evolution of daily SM in each IMD region is almost synchronous with the evolution of daily rainfall in the same region during strong and weak ISMs. However, the magnitude in SM change is not always consistent with the rainfall intensity. For example, large variations of SM in May in NEI occur without strong rainfall intensity. Small variations in July and August occur when rainfall is large. These results suggest that the relationship between SM and rainfall is complex and other factors also play a role as will be discussed in Section 4.





3.2. SM Dependence on Rainfall Associated with the Strength of ISMs


3.2.1. Spatial Distribution of Correlation between Daily SM and Daily Rainfall


Since rainfall is one of the primary sources for a change in SM, the SM content is expected to be strongly dependent on the strength of rainfall in India. It should be noted that SM content is also closely related to the soil and vegetation types, wind, and temperature conditions that determine evapotranspiration and runoff. Evapotranspiration is the primary sink (it reduces SM, but less significantly in areas with vegetation), and runoff can be sink or source for SM and is dependent on rain rate and pre-existing SM. Herein, we focus on the dependence of SM on rainfall alone, assuming that rainfall is an independent field to other factors, such as evapotranspiration, wind speed, surface and air temperature, surface water vapor, and air water vapor on these timescales. Therefore, simple linear analysis between daily SM and rainfall is appropriate.



Figure 6 shows the spatial distribution of correlation coefficient between daily SM and daily rainfall during May, June, July, August, September, and JJAS for strong, weak, and normal ISMs and only shows those which are significant at a 95% confidence level. The correlation at a location is computed only when rainfall and SM data are available at this location since rainfall is not likely to occur everywhere for all days, and since SM data at a specific location may be missing due to gaps in satellite coverage. The association of daily SM with daily rainfall depends on geographic locations for each month, consistent with the study by Sathyanadh et al. (2016) [8]. Strong correlation mostly occurs in SPIN and NWI for all months where the daily SM value is small (Figure 4), while weak correlation mostly occurs in CI and NEI for all months where the daily SM value is large (Figure 4). Moreover, it shows that the correlation is overall weak during strong ISMs than during weak ISMs, suggesting that the relationship between daily SM and daily rainfall depends on the strength of ISMs. Correlation in most of the area of NEI during July through September is generally weak for strong, weak, and normal ISMs due to its large SM during these months. Note that the above spatial pattern of correlation between daily SM and daily rainfall might be contaminated due to the 3-h time difference of defined daily values between IMD daily rainfall and ESA CCI daily SM products, as previously indicated in Section 2.1.



Some spatial averaging may help reduce the influence of runoff on SM. Therefore, to reduce the effect of runoff on the SM dependence on rainfall, we focus on the SM dependence on rainfall based on SM and rainfall spatially averaged over the IMD regions. For this purpose, we further compute the correlation between daily SM and daily rainfall averaged over the four IMD regions. Table 2 lists the summary of results. Except for NEI during May, July–August of strong ISMs, the correlation based on regionally averaged data is mostly statistically significant at a 95% confidence level regardless of the rainfall strength, suggesting the strong dependence of daily SM on daily rainfall at regional scales.




3.2.2. Explained Variance of Daily SM by Daily Rainfall


The contribution of daily rainfall to daily SM variance at each grid is measured by the explained variance of daily SM by daily rainfall using R-squared values from linear regression analysis. The spatial distribution of the explained variance during each month of May through September among strong, weak, and normal ISMs is exhibited in Figure 7. The explained variance of daily SM by daily rainfall in May is also shown here for the pre-monsoon period. Figure 7 interprets how much of daily SM variance at a location can be explained by daily rainfall at this location. The rainfall-explained variance in May is large (particularly in SPIN) but appears more scattered in space than other months. It represents the impact of scattered rainfall during the pre-monsoon period. After the onset of ISMs in June, the daily rainfall makes large contributions (up to ~70%) to daily SM variance in most of the area of India, with the largest contribution over NWI. Note that the explained variance in SPIN is relatively small in June than in May. During weak ISMs, the rainfall-explained variance in NWI and SPIN is still large in July, although smaller than in June. During strong ISMs, the rainfall-explained variance in July reduces significantly relative to June, particularly in most of CI and NWI. During the mature and withdrawal phases (July–September), NWI, CI, and SPIN have more area of greater rain-explained variance during weak ISMs than during strong ISMs. As a result, in these areas, rainfall makes a larger contribution to daily SM variance during weak ISMs than during strong ISMs for the JJAS period. The discrepancies in explained variance for each month between the IMD regions are presumably associated with the monthly mean SM value for each month between the IMD regions, as shown in Figure 4.



Figure 8 exhibits the explained variance when daily SM and daily rainfall are spatially averaged over each IMD region. In SPIN, the largest explained variance is in May during weak ISMs. In CI and NWI, the largest explained variance by rainfall occurs in June regardless of the ISM strength. In NEI, the largest explained variance occurs during June of normal ISMs and the explained variance is significantly smaller for all months during strong ISMs compared to weak and normal ISMs. When spatially averaged, among the four IMD regions, CI has the largest explained variance (~53%) during June. This suggests that the total contribution from other factors, such as soil and vegetable types, influence of runoff as well as evapotranspiration processes by environmental conditions (i.e., air temperature, wind speed, etc.) can explain about 50% of daily SM variance. Therefore, other factors also play an important role in daily SM variance, which are not addressed in this study.



Nevertheless, Figure 7 and Figure 8 imply our hypothesis that factors other than rainfall, such as evapotranspiration and runoff processes also play a role in determining the SM, which should not be ignored to fully understand the causes of SM variability on small scales. This analysis is beyond the scope of this study and would be complicated by the temporal sampling (e.g., only early in the day, only late in day, perhaps two times a day from satellites), which could make a substantial contribution to the unexplained variance.




3.2.3. Spatial Variations in Response of Daily SM to Daily Rainfall


To examine how daily SM responds to daily rainfall, the daily SM (a dependent variable) is regressed onto the daily rainfall (as an independent variable) over each month and the entire monsoon season during strong, weak, and normal ISMs, respectively. Figure 9 displays the spatial distribution of slope of linear regression at each grid across India and highlights the slope which is statistically significant at a 95% confidence level using the two-tailed student-t test. The dependence of daily SM on daily rainfall in May is strong in some portions of India (i.e., SPIN, east of CI, and some portions of NWI and NEI). This is due to the fact that there is very little moisture (Figure 4) in the soil before the onset of ISMs, in addition to the infrequent and scattered rainfall in May (Figure 3), and SM change is very sensitive to rainfall although it occurs infrequently (Figure 3). This high dependence continues and expands in a very large portion of India during June. This occurs since there is still little moisture in the soil in June (Figure 4), but with more frequent rainfall after the onset of ISMs (Figure 3). The dependence of daily SM on daily rainfall after June tends to be weak, and the strong response is located only in relatively small portions of India (west of NWI and some part of SPIN) where SM is still relatively small (Figure 4).



The small response of daily SM to daily rainfall after June is partly due to the fact that SM is large and/or saturated or near saturated in some portions of India (Figure 4), and it cannot vary significantly although more frequent and heavy rainfall occurs. Particularly, the response of daily SM to daily rainfall is weak and not significant in most of CI and NEI since daily SM is already large (Figure 3). Due to varied climatic conditions, India has different types of soils varying from Alluvial soils to mountain soils. Similarly, India has a wide range of natural vegetation as well, varying from tropical evergreen forests to mangroves. In addition, different crops are grown depending upon the season and soil types. Therefore, the above spatial variations in linear response can be affected by local soil, landscape, and vegetation types as well as environmental conditions (wind speed, surface temperature, and air temperature above surface, etc.), which is beyond the scope of this study. At the same locations, it is also evident that there are overall stronger responses of daily SM to daily rainfall during weak ISMs than during strong ISMs. The responses during normal ISMs seem to be in-between the responses for the extremes. The strongest responses occur in June (June–July) for strong (weak) ISMs in large parts of India during which the daily SM variance is highly explained by daily rainfall (Figure 7 and Figure 8) and the regions of strong responses are relatively smaller in other months. The different responses between months as well as between strong, weak, and normal ISMs represent the impact of daily rainfall on daily SM on the daily basis and factors other than rainfall come to play a role in daily SM. Compared to Figure 4, we find that the locations of strong responses are overall the locations where SM is small (e.g., SPIN, NWI), while the locations of weak responses are overall the locations where SM is large (e.g., CI, NEI), suggesting the importance of the prior state of daily SM value to its dependence on daily rainfall. However, whether daily SM can reduce quickly or not is closely tied to SM persistence, which can be controlled by the rainfall and other factors, such as soil and vegetation types, winds, surface and air temperature, air water vapor, etc. The persistence of SM in the four IMD regions is discussed in Section 3.2.4.




3.2.4. Persistence in Daily SM


The SM state at one location can be less changed between adjacent days due to its strong persistency, which can be caused by rainfall input or factors other than rainfall, such as meteorological and environmental conditions. Figure 10 shows the lag autocorrelation of daily SM averaged over the four IMD regions for each month from May through September and JJAS period and they are compared among strong, weak, and normal ISMs. The lag at which the correlation value falls below the 95% confidence level reflects the SM persistence. The results represent the SM persistence on short timescales rather than on intraseasonal and seasonal timescales if the lags are several days only.



The SM persistence is closely related to the prior magnitude of SM value and subsequent short-term rainfall fluctuations: Small SM tends to have a weak persistence with small rainfall fluctuations and large SM tends to have a strong persistence with small variations of strong rainfall. For example, SM in May in NWI, usually small (Figure 4) with small rainfall fluctuations (Figure 5), tends to have a short persistence (around 1–2 days) during weak ISMs. SM in CI in June tends to have a long persistence partly since there is a trend of increase in rainfall. However, SM in July and August is usually large (Figure 4 and Figure 5), but it tends to have a short persistence. This happens probably due to large short-term rainfall fluctuations (Figure 5) and/or other factors than rainfall play an important role. SM in NEI is large but has weaker persistence during strong ISMs than weak ISMs (Figure 10d) probably also due to stronger rainfall fluctuations (Figure 5h), particularly in May. When computed over the entire ISM period (i.e., JJAS), except in NEI, normal ISMs generally have the strongest daily SM persistence, weak ISMs have the weakest daily SM persistence, and daily SM persistence during strong ISMs is in-between. Note that other factors, such as runoff and agricultural use of water (e.g., irrigation) also affect daily SM persistence on small spatial scales. However, the effect of runoff on SM daily persistence can be greatly reduced when spatially averaged over the entire India and four IMD regions. Therefore, the stronger spatially averaged SM daily persistence during strong ISMs relative to weak ISMs shown in Figure 10 may not be primarily due to runoff. How the agriculture uses of water, such as irrigation can affect daily SM persistence at national and regional levels is unknown and beyond the scope of this study. Nevertheless, Figure 10 does show that daily rainfall fluctuations at short-time scales play a role in short-term daily SM persistence.






4. Discussion


It is well known that in addition to rainfall, SM is affected by other factors, such as runoff, environmental, and meteorological conditions (soil and vegetation types, surface air temperature, water vapor mixing ratio, wind speed, etc.) influencing the evapotranspiration process, which are not investigated in this study. Some of these factors have been investigated by other studies. For example, Pangaluru et al. (2019) [11] suggested that SM variability is associated with surface air temperature. Other atmosphere fields, such as water vapor mixing ratio and wind speed can affect SM variability through influencing the evapotranspiration processes. Agricultural use of water, such as irrigation can also influence SM in India at some spatial scales, particularly in the regions experiencing droughts. Note that the dependence of SM on rainfall can be reduced by the strong SM persistence, particularly when SM is close to near saturation or saturation and SM persistence is also closely tied to soil and vegetation types, runoff, and meteorological conditions. Therefore, the dependence of SM on rainfall during the ISM years found in this study should be justified by taking these mixed factors into account. To rule out some of these effects, we have investigated the characteristics of SM persistence in the four IMD regions in each month for strong, weak, and normal ISMs based on daily SM. We also reduced the potential effects of runoff on SM by performing spatial averaging over each of the four IMD regions.



The SM conditions in pre-monsoon periods affect SM content during early ISM seasons, which is attributed to SM persistence and may affect SM content over the entire ISM seasons since pre-monsoon SM conditions influence the ISM onset and precipitation [21]. Nevertheless, the short-term SM fluctuations in NWI, CI, and SPIN are overall dependent on the short-term rainfall variations in June of strong and in June–July of weak ISMs. Since strong SM persistence plays an important role in modulating the dependence of SM on rainfall on short timescales, the discrepancies in SM persistence between strong and weak ISMs (Figure 10) partly explain the distinct dependencies of SM on rainfall at regional scales. Another intriguing question is concerning the SM persistence if the SM averaged from root zone to surface was computed. Since the ESA CCI SM product used in this study represents the SM averaged in the top 10 cm only, shallower than the root zone, it cannot be used to directly address the above question. However, since the SM persistence is generally increased with soil depth [22], the SM persistence averaged from root zone to surface is expected to be stronger than what we find in this study. Despite the different strengths of ISMs, the SM features are truly affected at least by rainfall features for each region.



Note that the results in this study are obtained by assuming that other factors are independent parameters to rainfall in affecting SM variability from the perspective of statistics and mathematics. Since rainfall is the primary source of SM, it is reasonable to assume that the dependence of SM on rainfall is strong. The results found in this study based on the assumption are reasonable.




5. Conclusions


In this study, the variability of SM and its dependence on rainfall in the four Indian homogeneous rainfall zones during strong, weak, and normal ISMs are examined using the ESA CCI v06.1 gridded SM combined product and the IMD’s daily 0.25° gridded rainfall product over the period 1992–2020.



The three major results found show that:




	(1)

	
Monthly and seasonally mean SM values in NWI, CI, and SPIN at the same locations are generally higher during strong ISMs than during weak ISMs. The regional distinct SM features between the IMD regions are not only associated with the strength of rainfall, but presumably associated with other factors, such as local soil and vegetable types and environmental conditions (winds, surface and air temperature, air water vapor, etc.) which influence the capability of holding the SM values locally. Nevertheless, the distinct SM features at the same location between the different strengths of ISMs are associated with daily rainfall magnitude and its short-term fluctuations.




	(2)

	
The daily SM and its dependence on daily rainfall appear to be region-locked in space and phase-locked in time: Strong correlation and large response generally occur in most parts of SPIN and NWI during June (June–July) of strong (weak) ISMs where SM values are relatively small; Weak correlation and weak response generally occur in CI and NEI in July-September (August–September) of strong (weak) ISMs where SM values are relatively large. The region-locked feature is presumably associated with the local soil and vegetation types and/or environmental conditions. The phase-locked feature is associated with the features of ISMs.




	(3)

	
Daily SM persistence in each IMD region is not only controlled by the strength of ISMs and short-term rainfall fluctuations in each IMD region, but is strongly associated with previous SM values, which are presumably tied with the local features, such as soil and vegetation types and/or environmental conditions.









As mentioned earlier, a complete understanding of SM change mechanisms needs to consider the impacts of other factors, such as soil and vegetation types, runoff, agricultural use of water (e.g., irrigation), and meteorological conditions, which requires a detailed water balance study. The influences of these factors are interwoven, linking with the strength of ISMs and local soil and vegetation types. For example, the proportion of surface runoff is high due to less infiltration and percolation when the rainfall is strong during this season. The proportion of surface runoff is closely determined by the local soil and vegetation types, as well. These factors may strongly influence the SM dependence on rainfall at small scales.
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Figure 1. Map of the four Indian homogeneous rainfall zones projected on 0.25° × 0.25° daily rainfall grids used in this study. NWI, CI, SPIN, and NEI are shown in yellow, tan, orange, and purple, respectively. The borders between each IMD region are shown in blue. 






Figure 1. Map of the four Indian homogeneous rainfall zones projected on 0.25° × 0.25° daily rainfall grids used in this study. NWI, CI, SPIN, and NEI are shown in yellow, tan, orange, and purple, respectively. The borders between each IMD region are shown in blue.



[image: Water 14 02788 g001]







[image: Water 14 02788 g002 550] 





Figure 2. Evolution of JJAS Indian rainfall (in mm) over (a) SPIN, (b) CI, (c) NWI, and (d) NEI for the period 1992–2020 derived from the daily 0.25° gridded rainfall product provided by IMD. Strong (red bars), weak (blue bars), and normal (gray bars) ISMs are identified by the departure of JJAS rainfall of each year from the JJAS rainfall climatology computed over each IMD region for the period 1951–2020, whose departure values are larger than +10%, smaller than −10%, and within −10% and +10% of the seasonal climatology, respectively. The red (blue) dashed line denotes a value of 110% (90%) of seasonal climatology (i.e., the JJAS rainfall climatology for SPIN, CI, NWI, and NEI are 776.4, 979.3, 545.5, and 1397 mm, respectively). 
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Figure 3. Spatial variations in monthly mean rainfall for May through September and JJAS-mean rainfall for strong ISMs (top row, (a–f)), weak ISMs (second row, (g–l)), and its difference (strong ISMs minus weak ISMs) (bottom row, (m–r)). The difference is shown only when it is statistically significant at a 95% confidence level. The monthly and JJAS-mean rainfall was computed based on the IMD 0.25° daily gridded rainfall. The horizontal color bar on the top and bottom denotes the mean and difference, respectively. The unit for daily rainfall is mm. The borders between the IMD regions are shown in white. 
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Figure 4. Spatial variations in monthly mean soil moisture for May through September and JJAS-mean rainfall for strong ISMs (top row, (a–f)), weak ISMs (second row, (g–l)), and its difference (strong ISMs minus weak ISMs) (bottom row, (m–r)). The difference is shown only when it is statistically significant at a 95% confidence level. The unit for daily volumetric soil moisture is m3 m−3. The borders between the IMD regions are shown in white. 






Figure 4. Spatial variations in monthly mean soil moisture for May through September and JJAS-mean rainfall for strong ISMs (top row, (a–f)), weak ISMs (second row, (g–l)), and its difference (strong ISMs minus weak ISMs) (bottom row, (m–r)). The difference is shown only when it is statistically significant at a 95% confidence level. The unit for daily volumetric soil moisture is m3 m−3. The borders between the IMD regions are shown in white.



[image: Water 14 02788 g004]







[image: Water 14 02788 g005 550] 





Figure 5. The evolution of daily surface soil moisture (left) area averaged over (a) SPIN, (b) CI, (c) NWI, and (d) NEI and the evolution of daily rainfall (right) area averaged over (e) SPIN, (f) CI, (g) NWI, and (h) NEI from May through September for strong (red curve), weak (blue curve), normal (cyan curve) ISM years and all years (black curve). Soil moisture and rainfall daily climatology were computed based on the period 1992–2020. The unit for daily volumetric soil moisture (daily rainfall) is m3 m−3 (mm). 
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Figure 6. Spatial distribution of correlation coefficient between daily SM and daily rainfall in India for May through September and JJAS during strong ISMs (top row, (a–f)), weak ISMs (second row, (g–l)), and normal ISMs (bottom row, (m–r)). The correlation was computed based on soil moisture grids using the IMD 0.25° grids daily rainfall and 0.25° grids daily SM. The correlation coefficient is shown only when it is significant at a 95% confidence level. The borders between the IMD regions are shown in white. 
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Figure 7. Spatial distribution of explained variance in India based on a linear regression analysis for daily SM regressed on daily rainfall for May through September and JJAS during strong ISMs (top row, (a–f)), weak ISMs (second row, (g–l)), and normal ISMs (bottom row, (m–r)). The linear regression was computed based on the IMD 0.25° daily rainfall grids. The period for analysis is 1992–2020. The borders between the IMD regions are shown in white. 
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Figure 8. Explained variance based on a linear regression for spatially averaged daily SM regressed on spatially averaged daily rainfall during May, June, July, August, September, and June-September (JJAS, denoted by T in x-axis) of strong (red), weak (blue), and normal (black) ISMs over (a) SPIN, (b) CI, (c) NWI, and (d) NEI. 
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Figure 9. Spatial distribution of slope in India based on a linear regression analysis for daily SM regressed on daily rainfall for May through September and JJAS during strong ISMs (top row, (a–f)), weak ISMs (second row, (g–l)), and normal ISMs (bottom row, (m–r)). The slope at each grid is computed based on the linear regression analysis (i.e., SM = slope × rainfall + intercept). The slope is shown only when it is statistically significant at the 95% confidence level. Note that slope values have been multiplied by 100. 
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Figure 10. Lag autocorrelation for soil moisture averaged over (a) SPIN, (b) CI, (c) NWI, and (d) NEI for May, June, July, August, September, and JJAS during strong, weak, and normal ISMs. Red, blue, and black curves represent the lag auto correlation of daily mean soil moisture for strong, weak, and normal ISMs, respectively. The day of strong SM persistence is defined as the number of lag days when the auto-correlation coefficient first falls below the critical values (dashed lines) at the 95% confidence level. 
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Table 1. A list of years with strong, weak, and normal rainfall over SPIN, CI, NWI, and NEI for the period 1992–2020. The method to define the strength of JJAS rainfall over the IMD regions is described in Section 2.2.
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Location

	
ISM Strength

	
Years






	
SPIN

	
Strong

	
98, 07, 10, 11, 13, 19, 20




	
Weak

	
93, 99, 01, 02, 03, 04, 15




	
Normal

	
92, 94, 95, 96, 97, 00, 05, 06, 08, 09, 12, 14, 16, 17, 18




	
CI

	
Strong

	
94, 03, 06, 07, 11, 13, 19, 20




	
Weak

	
95, 00, 02, 09, 15, 18




	
Normal

	
92, 93, 96, 97, 98, 99, 01, 04, 05, 08, 10, 12, 14, 16, 17




	
NWI

	
Strong

	
94, 95, 96, 03, 10, 11, 13




	
Weak

	
98, 99, 02, 04, 09, 14, 15




	
Normal

	
92, 93, 97, 00, 01, 05, 06, 07, 08, 12, 16, 17, 18, 19, 20




	
NEI

	
Strong

	
93, 95, 98, 17, 20




	
Weak

	
92, 94, 96, 01, 05, 06, 09, 11, 12, 13,18




	
Normal

	
97, 99, 00, 02, 03, 04, 07, 08, 10, 14, 15, 16, 19
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Table 2. Correlation coefficients between daily soil moisture and daily rainfall averaged over SPIN, CI, NWI, and NEI during strong, weak, and normal ISMs. Correlation coefficient in bold font is significantly different from zero at a 95% confidence level using a two-tailed Student-t test.
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Location

	
ISM Strengths

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
JJAS






	
SPIN

	
Strong

	
0.57

	
0.58

	
0.51

	
0.52

	
0.63

	
0.50




	
Weak

	
0.68

	
0.55

	
0.51

	
0.57

	
0.61

	
0.47




	
Normal

	
0.64

	
0.53

	
0.50

	
0.38

	
0.41

	
0.42




	
CI

	
Strong

	
0.53

	
0.73

	
0.51

	
0.49

	
0.55

	
0.55




	
Weak

	
0.53

	
0.69

	
0.68

	
0.53

	
0.52

	
0.60




	
Normal

	
0.43

	
0.73

	
0.54

	
0.45

	
0.39

	
0.54




	
NWI

	
Strong

	
0.31

	
0.69

	
0.40

	
0.23

	
0.39

	
0.51




	
Weak

	
0.46

	
0.70

	
0.67

	
0.45

	
0.55

	
0.63




	
Normal

	
0.36

	
0.71

	
0.40

	
0.36

	
0.45

	
0.53




	
NEI

	
Strong

	
0.10

	
0.17

	
0.14

	
0.13

	
0.23

	
0.18




	
Weak

	
0.24

	
0.34

	
0.30

	
0.19

	
0.24

	
0.32




	
Normal

	
0.27

	
0.45

	
0.30

	
0.20

	
0.30

	
0.36
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