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In recent decades, there has been increasing interest in studying the variability in soil water properties and, specifically, the spatiotemporal variability in the soil water content. This is motivated by the notable theoretical and applied research interests in soil moisture dynamics and their implications for many natural processes. This study aimed to study whether there are variations in the spatial pattern of the temporal stability of soil moisture over time and to analyze the possible influences of certain hydroclimatic (soil water content, precipitation, and evapotranspiration) and soil factors (texture, bulk density, and organic matter content) on these variations. This study was conducted within the Soil Moisture Measurement Stations Network of the University of Salamanca (REMEDHUS, Spain) under Mediterranean conditions, with daily surface moisture data (0–5 cm depth) obtained from 20 stations for the 2006-2023 period. The results showed differences between the average pattern obtained with the 18-year data series and that obtained with the data series for each year. In more than half of the years studied, the representative station differed from that derived from the average pattern. The mean annual precipitation and summer precipitation characteristics seem to be the main factors influencing the variability in the spatial pattern of the temporal stability of soil moisture.
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INTRODUCTION
Soil moisture is a key status variable for understanding many hydrological processes that, in turn, are involved in a large variety of natural processes (geomorphological, climatic, ecological, etc.) that act at different spatio-temporal scales (Entin et al., 2000). Soil moisture is involved in the partitioning of net radiation into sensible and latent heat (Jones and Brunsell, 2009); it determines the amount of water available for evotranspiration (Kim et al., 2023), and it controls subsurface flow and the migration of chemicals towards aquifers (Su et al., 2022). Antecedent soil moisture is a key factor in hydrological and erosional modeling (Moragoda et al., 2022). Soil water content information is of special value for evaluating crop status (Sepulcre-Canto et al., 2012; Martínez-Fernández et al., 2016) and agricultural yield (Gaona et al., 2023). Knowledge of soil moisture processes and their spatial distribution provides essential information for climatic and hydrologic models (Martínez-Fernández et al., 2023). Finally, soil moisture is a good indicator of soil health and, therefore, for addressing such important issues as to achieving Sustainable Development Goals (Lal et al., 2021).
Interest in the study of the variability in soil water properties has persisted and has increased for several decades (Nielsen et al., 1973), as variability is a very relevant attribute from many perspectives (Singh et al., 2013; Castellini et al., 2019; Dari et al., 2019). Since the concept of the temporal stability of soil moisture was formalized in the 1980s (Vachaud et al., 1985) and understood as an expression of the temporal persistence of soil moisture, there has been much theoretical and applied research on this topic.
This interest was formalized, above all, from the assumption of the mean of the relative difference as a standard analysis metric for this parameter (Kachanoski and de Jong, 1988). Subsequently, many related works have been published from different perspectives (Martínez-Fernández and Ceballos, 2003; Wagner et al., 2008; Penna et al., 2013). This analysis has been applied in fields as diverse as hydrological modeling (Hao et al., 2020), remote sensing (Loew and Schlenz, 2011; Basu et al., 2024) and agriculture (Guber et al., 2008). Most of these works are based on studies with short or very short observation periods, from measurement campaigns (Gao et al., 2015; Dari et al., 2019; He et al., 2019) to multimonth series (Cosh et al., 2004; Burns et al., 2016) or a few years of measurements (Yee et al., 2016; Wang et al., 2017), at best.
Typically, in these studies, it is assumed that the resulting pattern of the temporal stability of soil moisture remains unchanged. Therefore, it is usually considered that those locations that characterize the wet or dry domain of an area always remain the same, that this pattern does not vary, and that the position considered representative of the average state of the entire spatial domain (Martínez-Fernández and Ceballos, 2005) does not change.
However, very few studies have focused on directly or indirectly analyzing the persistence of temporal stability patterns over time (Coopersmith et al., 2021). This could be related to the fact that the available series of soil moisture observations are short in many cases, in addition to the difficulty in establishing long-term measurement networks and databases. Fortunately, the situation is currently changing, and it is possible to identify cases (González-Zamora et al., 2019; Dorigo et al., 2021) in which the data series length allows us to address the persistence of temporal stability patterns.
The objectives of this work were to study whether there are variations in the spatial pattern of the temporal stability over time and to analyze the possible influences of certain hydroclimatic (soil water content, precipitation, and evapotranspiration) and soil factors (texture, bulk density, and organic matter) on the variations in spatiotemporal patterns. This approach was implemented using the databases of the Soil Moisture Measurement Station Network of the University of Salamanca (REMEDHUS) in Spain, with daily surface soil moisture (0–5 cm depth) series from 20 stations and an observation period of 18 years (2006–2023).
MATERIALS AND METHODS
Study Area and Databases
This study was conducted using the databases of the REMEDHUS network (Figure 1) of the University of Salamanca (Spain). The REMEDHUS network covers an area of approximately 1,300 km2 in the central sector of the Duero Basin (41.1°-41.5°N and 5.1°-5.7°W) under semiarid Mediterranean climatic conditions and predominantly agricultural land use (Table 1). The main crops are rainfed cereals and, to a lesser extent, irrigated crops and vineyards. Scattered forestland and pasture areas are also present. This area is nearly flat (less than a 10% slope), and the altitude ranges from 700 to 900 m above sea level. The network comprises 20 automated soil moisture measurement stations (Table 1) equipped with Hydra probes (Stevens Water Monitoring System, Inc.) located at a depth of 5 cm, which record hourly soil moisture measurements. Hydra probe uses coaxial impedance dielectric reflectometry to provide accurate soil moisture data. The REMEDHUS network has been widely used in satellite soil moisture product validation studies and other applications (Sánchez et al., 2010; 2012; Sánchez-Ruiz et al., 2014; González-Zamora et al., 2015; 2016; 2019) and has been part of the International Soil Moisture Network (ISMN) (Dorigo et al., 2021) since its inception.
[image: Figure 1]FIGURE 1 | Location map of the REMEDHUS network.
TABLE 1 | Characteristics of the soils and mean soil moisture at the REMEDHUS stations.
[image: Table 1]Average daily soil moisture data from each of the 20 stations during the period from 1 January 2006 to 31 December 2023 were used. In analyzing the influence of climatic variables, average daily precipitation and potential evapotranspiration (PET) data recorded at four automated meteorological stations (Figure 1) located in the REMEDHUS area were used. PET was calculated following the Penman–Monteith methodology (Allen et al., 1998).
Similarly, the network supports a database of soil characteristics (Ceballos et al., 2002; Gumuzzio et al., 2016) that were determined when the network was established, and correspond to each of the soil moisture measurement points. Sand, silt and clay content, bulk density and organic matter content data were obtained from this database (Table 1). These soil properties were assumed to be permanent, as the soil use of each soil moisture station did not change over the observation period. Even for a variable as organic matter of agricultural soils, there are studies that demonstrated that organic matter contents approached a steady-state at sites where agricultural management and crop rotation have remained relatively constant during decades (Gubler et al., 2019). These variables were used to analyze the role of soil properties in determining the variability in the temporal stability of soil moisture patterns.
Temporal Stability Analysis
The temporal stability of soil moisture pattern was determined via a parametric test of relative differences (Vachaud et al., 1985), which allows us to highlight differences, in terms of constancy in the temporal stability, between sampling points. The relative difference (δij) can be calculated as:
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where
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 and
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Sij is the moisture content at point i on day j, and N is the number of sampling points. Therefore, the average relative difference at each point can be defined as follows:
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where m is the number of sampling days.
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The standard deviation of the mean relative difference σ(δi) at each point can be calculated as an estimator of the temporal variability
As such, temporally stable measurement points can be defined as those with a low value of σ(δi).
Variability in the Temporal Stability Pattern Vs. Hydroclimatic and Soil Factors
To determine whether there were differences in the pattern of temporal stability of soil moisture over time, the mean relative difference (MRD) at each sampling point or soil moisture station was calculated for the full 18-year data series and for the individual data series of each year.
Moreover, the correlation coefficient R (Spearman) was calculated between the average pattern of the entire data series and that of the data series of each year. In this way, the mean and yearly patterns are more similar when R approaches one and vice versa. Such MRD and correlation analysis was also performed for each month instead of each year, with the goal of investigating whether the monthly patterns differed from the mean pattern.
With the aim of determining whether soil properties (permanent factors) influence the observed differences in temporal stability patterns, the MRD values of each year were correlated with those of the considered variables at each sampling point. Similarly, the R values resulting from this analysis were correlated with the values of the variables that define the hydroclimatic conditions (soil moisture, precipitation, and PET) in that area, both seasonally and annually. The aim was to study whether the influence of soil factors could be modulated by environmental conditions.
Similarly, it was studied whether hydroclimatic conditions (nonpermanent factors) influence the observed differences in temporal stability patterns, the R values resulting from the comparison of the annual MRD values with the average MRD values of the entire period were correlated with those of the considered variables (soil moisture, precipitation, and PET), both seasonally and annually.
Finally, with the goal of determining the general pattern that expresses the relationship between the soil moisture content and spatial variability, a comparative analysis was performed on a daily scale between the mean soil moisture and variance in the REMEDHUS network during the 18-year data period. This methodology has been widely employed (Owe et al., 1982; Famiglietti et al., 1998) to characterize this relationship.
RESULTS AND DISCUSSION
The calculation of REMEDHUS MRD values for the entire series (2006–2023) revealed the average soil moisture stability pattern (Figure 2). In this pattern, the set of stations that represent the wet conditions of the network (positive values) and the set of stations that represent the dry state (negative values) could be observed. The first group included soils with a finer texture and a higher organic matter content (Table 1). In contrast, the soils in the second group exhibited a largely sandy texture. The determining roles of factors such as texture and organic matter in soil water behavior (Martínez-Fernández et al., 2021) and, specifically, in determining the temporal stability pattern of soil moisture have long been acknowledged (Martínez-Fernández and Ceballos, 2003; Vanderlinden et al., 2012). The results of MRD for the entire series oscillates between more than 150% (J12 station), on the wet side, and −77.5% (K4 station) on the dry side (Figure 2). This range of MRD is wider than the ones obtained in other studies under Mediterranean conditions (Gómez-Plaza et al., 2000; Brocca et al., 2012), but in the present study the textural range is wider, and the period of observations is much longer.
[image: Figure 2]FIGURE 2 | Mean relative differences (MRD) for each REMEDHUS measurement station for the 2006-2023 period. The bars indicate the standard deviation.
When comparing the pattern of the entire series with that of each year (Figure 3), it was observed that although the R values were almost always higher than 0.9, there were differences between some years. As an example, one can observe the case of the year with the lowest R value (2007). During that year, the stations of the dry side had a mean MRD of −53.4%, and 76.5% for those of the wet side, whereas the means for the entire series were −46.9% and 67.7%, respectively. Additionally, in 2007 the MRD of three stations (E10, H13 and K9) changed their sign regarding the mean pattern.
[image: Figure 3]FIGURE 3 | Spearman’s correlation coefficient between the mean relative difference (MRD) values obtained for the entire period (2006–2023) and those obtained for each year in the series.
Furthermore, the station representing the average state of the entire spatial domain (Martínez-Fernández and Ceballos, 2005), i.e., with an MRD closest to zero, varied from 1 year to another. According to the pattern of the complete series (Figure 2), this station was M5, but after analyzing the annual patterns, station M5 was identified as representing the average value of the network in only 8 of the 18 measurement years. However, this does not necessarily suggest that M5 was not a suitable representative sampling point for the entire observation period. But it is also relevant to point out that, although it is the station that shows the MRD value closest to zero in most years, this does not occur even in 50% of the years. Martínez-Fernández and Ceballos (2005) determined that approximately 1 year of measurements was required to determine the representative point of the average soil moisture under the environmental conditions of REMEDHUS. The results of this study indicated that this attribute could change annually.
Throughout the 18-year observation period, there were measurement stations with soil moisture status changes in some years. At some points, three stations changed from wet to dry (H13, M9, and VIL), with four stations changing from dry to wet (E10, J14, K9, and M5). Obviously, the MRD values at these stations were close to zero. For this reason, M5, although representative of the average soil water content in the area, also exhibited the most state changes.
The monthly-scale correlation analysis results (Figure 4A) showed hardly any differences between the different months, and no pattern could be observed throughout the year. However, when the average values of the standard deviation of each month were analyzed (Figure 4B), there were clear differences between the different months. The standard deviation of the MRD indicated a yearly pattern that was the opposite to that typically observed for the aridity index (AI) under Mediterranean conditions (Salvati et al., 2015). Arid months (AI > 0.2), which are summer months, exhibited the highest standard deviation values. Thus, the sampling points remained less temporally stable in summer.
[image: Figure 4]FIGURE 4 | Spearman’s correlation coefficient between the average mean relative differences (MRD) pattern and that corresponding to each month of the year (A). Distribution of the monthly mean standard deviation of the MRD (B).
In a study using seven soil moisture measurement networks in the U.S., Coopersmith et al. (2021) analyzed temporal stability patterns from year to year and correlated them with the average pattern. Although they found that the general pattern was maintained overall, they observed differences, as the number of stations representative of wet and dry states also varied from year to year. The correlation coefficient of the comparison in their study was, in most cases, greater than 0.85, with notable variability, similar to the observations in the present study (Figure 3). However, their results can hardly be compared with those of the present study because, in their work, neither the same number nor the same stations were used every year in their data series.
With the aim of investigating the factors driving the variability depicted in Figure 3, the MRD values for each year and each measuring station were correlated with the associated soil factors (Figure 5). Although slight variations were observed over time, the leading role of texture and organic matter was maintained annually. With the aim of studying whether these variations could be related to hydroclimatic conditions, the R values were correlated with the mean values of precipitation, PET and soil moisture at the annual and seasonal scales. The analysis results did not reveal significant R values at either the annual or seasonal scale (Tables 2, 3, respectively). Although no R value was significant, the highest R values at the annual scale were observed for precipitation, and the highest R values at the seasonal scale were obtained in summer. Moreover, the relationship between precipitation and sand content occurred very close to the significance threshold (p < 0.05). Although these results were inconclusive, they indicated that summer precipitation may impose an accentuating effect on the already decisive role fulfilled by textural fractions in the study area, as was observed in previous works (Ceballos et al., 2002; Gumuzzio et al., 2016; Martínez-Fernández et al., 2021).
[image: Figure 5]FIGURE 5 | Evolution of the annual Spearman’s correlation coefficient between the mean relative differences (MRD) and soil factors (sand, silt, clay, bulk density (BD), and organic matter (OM)). All the R values are significant (p < 0.01) except for those for BD.
TABLE 2 | Spearman’s correlation coefficient between the R values of the mean relative differences (MRD) of each year and soil factors [texture, bulk density (BD), and organic matter content (OM)], annual mean precipitation (P), potential evapotranspiration (PET) and soil moisture (SM).
[image: Table 2]TABLE 3 | Spearman’s correlation coefficient between the R values of the mean relative differences (MRD) of each year and soil factors [texture, bulk density (BD), and organic matter content (OM)], seasonal mean precipitation (P), potential evapotranspiration (PET) and soil moisture (SM).
[image: Table 3]Similarly, we investigated whether the differences shown in Figure 3 could be related to the hydroclimatic conditions in the study area and their dynamics. For this purpose, the R values of the comparisons between the MRD values of the complete data series and the data series of each year were correlated with the mean values of precipitation, PET, and soil moisture, both at the annual and seasonal scales (Table 4). The results showed that, only in the case of the annual precipitation was a statistically significant R value obtained. Neither the mean soil moisture nor PET was related to the annual variations in the temporal stability pattern.
TABLE 4 | Spearman’s correlation coefficient between the R values (mean relative difference of each year vs. entire series) and hydroclimatic factors (precipitation, P; potential evapotranspiration, PET; and soil moisture, SM) at the annual and seasonal scales.
[image: Table 4]Although there is a certain degree of scatter, this relationship with the average annual precipitation is clearly shown in Figure 6. This indicated that, in general, as the years become drier, the annual pattern becomes more similar to the average pattern. Conversely, as the annual precipitation increases, the two patterns become more distinct. This finding is consistent with the spatial variability pattern observed when comparing the mean soil moisture content with the variance in the study area. The comparative analysis was conducted on a daily scale in the REMEDHUS network for the entire 18-year data series (Figure 7). The relationship obtained is a direct one, and the spatial variability increases with increasing soil water content. This type of relationship is well known and occurs in soils in water-limited areas (Famiglietti et al., 1998; Gómez-Plaza et al., 2000). This pattern differs from that observed in humid environments and is bimodal in nature, with a direct relationship occurring when the soil water content is low and an inverse relationship occurring above a certain threshold, indicating the presence of high soil moisture contents (Brocca et al., 2012; Scaife et al., 2021).
[image: Figure 6]FIGURE 6 | Relationship between the annual precipitation and Spearman’s correlation coefficient between the mean relative differences (MRD) obtained for the entire period (2006–2023) and that obtained for each year in the series.
[image: Figure 7]FIGURE 7 | Relationship between the daily mean soil moisture and variance in the REMEDHUS area (2006–2023).
However, in view of the above relationship, Figure 6 shows that the driest year in the series is not the year with the highest R value. This year is 2017, an exceptional year in which only 240 mm of precipitation was recorded. Moreover, in the same year, although winter (−35%), spring (−59%) and autumn (−67%) clearly exhibited below-average rainfall levels, as expected, in summer, rainfall was exceptionally high, 53% higher than the summer season average. This led to the study of the variability in the soil water content in summer as a function of the magnitude of precipitation. To this end, the relationship between soil moisture and variance was analyzed, distinguishing between dry and rainy summers.
The analysis results showed that in cases with below-average precipitation (Figure 8A), the variability pattern coincided with the standard of the area, i.e., the higher the soil water content was, the greater the variability. However, when summer precipitation was higher than the average value (as was the case in 2017), the behavior was anomalous (Figure 8B), without a defined pattern. The high spatial variability in summer rainfall episodes, combined with the very low soil water content during this season, led to a notable change in the spatial distribution pattern of soil moisture. When the spatial variability in rainfall in the study area was analyzed, the distinct characteristics of summer could be highlighted. Figure 9 shows the daily average coefficient of variation (CV) of the daily rainfall for each season obtained from the four weather stations located in the REMEDHUS area. The CV values were high all year, as is characteristic of Mediterranean regions (Goldreich, 1995; Markonis et al., 2017), but summer stood out, with an average value above 100%. These results conform with previous works also reporting higher spatial variability in rainfall in summer under Mediterranean conditions (Cortesi et al., 2014). Even though the number of years used in this study was not large enough to obtain definitive conclusions, all of the findings indicated that rainfall in summer, when water conditions are poor, has relevant importance in altering temporal stability patterns.
[image: Figure 8]FIGURE 8 | Relationship between the average daily mean soil moisture and variance in the summer months (JJA) when precipitation is lower (A) or above the average (B).
[image: Figure 9]FIGURE 9 | Seasonal distribution of the coefficient of variation of the daily precipitation at the four weather stations located in the REMEDHUS area.
Summer rainfall in arid, semiarid and dry regions, such as the Mediterranean, is usually characterized by irregularities in both time and space, with highly localized episodes of high intensity often predominating (Llasat, 2009). Recent studies have shown the occurrence of a positive trend in the generation of convective episodes in regions with a Mediterranean climate (Llasat et al., 2021), which are the most frequent in summer, and in the intensity and spatiotemporal variability in precipitation (Serrano-Notivoli et al., 2018). Additionally, in some areas, specifically in Spain, the summer duration has increased in recent decades, and it is expected to increase in the near future (Lorenzo and Álvarez, 2022). All of these factors could contribute to an increase in the variability in the spatial distribution patterns of soil moisture.
CONCLUSION
In this study carried out in REMEDHUS, annual variations in the temporal stability pattern were observed when compared to the pattern of the complete data series. In fact, in more than half of the years studied, the representative station differed from that obtained from the average pattern. Additionally, a clear pattern of the standard deviation of the mean relative differences was observed in the summer months when the sampling points were less temporally stable.
Although the detected variations were not extremely notable, the validity of the assumption of a permanent nature attributed to the pattern of the temporal stability of soil moisture should be assessed.
The influence of soil characteristics on the maintenance of temporal stability was also analyzed. The results showed that this influence was maintained over time with slight variations. It was also observed that the hydroclimatic conditions did not significantly affect this relationship. However, the maximum correlation was obtained with the amount of summer rainfall and the sand fraction, which could indicate an accentuating effect of the decisive role played by the soil texture.
The analysis of the direct influence of hydroclimatic conditions on the variations in the soil moisture stability pattern revealed a clear relationship only in the case of the annual precipitation. The rainier the year is, the more pronounced the difference. Moreover, summer rainfall conditions, specifically the type and amount of precipitation, could influence the change in the temporal stability pattern of soil moisture. In the case study, under water-limited conditions, all the information indicated the determining role of precipitation and, specifically, the behavior in summer. However, this study covered a limited number of years of observations. For this reason, it would be advisable to perform similar analyses with longer-duration soil moisture data series and under different hydroclimatic conditions.
These types of investigations have attracted much interest because their findings have clear implications for research in fields such as hydrological modeling, remote sensing, or precision agriculture. These investigations can be very useful for addressing relevant research issues, such as calibration and validation methodologies, coupling between land and atmosphere systems, memory of hydrological systems and many more.
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Name station ~ Landuse  Sand (%)  Silt(%)  Clay(%)  Bulk density (om®)  Organic matter (%)  Mean soil moisture (cm®/cm’)

E10 crops 761 16.4 85 1.68 0.34 0.080
F6 crops 67.2 137 19.1 1.82 0.69 0.170
F11 crops 81.6 120 65 1.67 0.87 0.069
H7 crops 85.1 96 53 151 0.36 0.044
HY pasture 19.8 450 36.2 1.18 5.84 0.298
H13 crops 65.1 226 123 1.67 0.66 0.136
16 crops 89.8 59 43 1.69 0.29 0.028
J3 crops 85.0 13 37 1.59 0.31 0.034
Ji2 crops 60.9 169 222 1.32 1.62 0.288
J14 crops 66.8 210 12.2 129 0.86 0.095
K4 crops 87.1 93 36 164 027 0.031
K9 pasture 744 150 10.6 0.91 0.68 0.124
K10 crops 91.2 57 31 1.60 027 0.049
L3 crops 82.3 6.4 1.3 1.51 0.34 0.075
L7 crops 468 208 324 1.38 331 0.209
M5 crops 81.6 83 10.1 1.67 0.40 0.119
M9 crops 498 249 253 1.38 1.42 0175
N9 crops 62.4 16.8 208 1.14 0.95 0.199
o7 crops 58.2 121 297 1.15 0.96 0.086

VIL pasture 47.0 281 249 1.30 254 0.162
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