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Abstract

:

Soil moisture (SM) data play an important role in agriculture, hydrology, and climate sciences. In this study, we examined the spatial-temporal variability of soil moisture using Soil Moisture Ocean Salinity (SMOS) satellite measurements for Poland from a five-year period (2010–2014). SMOS L2 v. 551 datasets (latitudinal rectangle 1600 × 840 km, centered in Poland) averaged for quarterly (three months corresponding to winter, spring, summer, and autumn) and yearly values were used. The results were analysed with the use of classical statistics and geostatistics (using semivariograms) to acquire information about the nature of anisotropy and the lengths and directions of spatial dependences. The minimum (close to zero) and maximum soil moisture values covered the 0.5 m3 m−3 range. In particular quarters, average soil moisture did not exceed 0.2 m3 m−3 and did not drop below 0.12 m3 m−3; the corresponding values in the study years were 0.171 m3 m−3 and 0.128 m3 m−3. The highest variability of SM occurred generally in winter (coefficient of variation, CV, up to 40%) and the lowest value was recorded in spring (around 23%). The average CV for all years was 32%. The quarterly maximum (max) soil moisture contents were well positively correlated with the average soil moisture contents (R2 = 0.63). Most of the soil moisture distributions (histograms) were close to normal distribution and asymmetric data were transformed with the square root to facilitate geostatistical analysis. Isotropic and anisotropic empirical semivariograms were constructed and the theoretical exponential models were well fitted (R2 > 0.9). In general, the structural dependence of the semivariance was strong and moderate. The nugget (C0) values slightly deceased with increasing soil moisture while the sills (C0 + C) increased. The effective ranges of spatial dependence (A) were between 1° and 4° (110–440 km of linear distance). Generally, the ranges were greater for drier than moist soils. Anisotropy of the SM distribution exhibited different orientation with predominance from north-west to south-east in winter and spring and changed for from north-east to south-west or from north to south in the other seasons. The fractal dimension values showed that the distribution of the soil moisture pattern was less diverse (smoother) in the winter and spring, compared to that in the summer and autumn. The soil moisture maps showed occurrence of wet areas (soil moisture > 0.25 m3 m−3) in the north-eastern, south-eastern and western parts and dry areas (soil moisture < 0.05 m3 m−3) mainly in the central part (oriented towards the south) of Poland. The spatial distribution of SM was attributed to soil texture patterns and associated with water holding capacity and permeability. The results will help undertake appropriate steps to minimize susceptibility to drought and flooding in different regions of Poland.






Keywords:


soil water; spatial-temporal variability; semivariograms; anisotropy; maps












1. Introduction


Soil moisture (SM) data play an important role in agriculture, hydrology, and climate sciences. In agriculture, soil moisture is a crucial factor for plant growth conditions [1,2], crop water stress [3,4], irrigation scheduling, and soil erosion assessments [5,6]. In hydrology, initial moisture conditions are an important factor in the management of water resources [7] through influence on the splitting (re-distribution) of precipitation into runoff, infiltration, and ground water recharge. These discharges are the most accessible fresh water resources [7]. Almost saturated soil moisture conditions can be a warning of subsequent flooding due to the limited ability of soil to store more water [1,2].



Precise data on soil moisture are a key variable in atmospheric circulation and refining of numerical weather forecasts, whereas improper initial SM results in incorrect climate predictions [8,9]. Knowledge of the exchange of water and energy between the soil and the atmosphere contributes to improving crop growth conditions and hydrological models [7,10] and potential landslide predictions [11]. Moreover, many researchers indicate that SM indirectly influences other significant soil properties, including aeration, mechanical impedance, and temperature that affect numerous soil and plant functions [12,13].



Several evaluations and comparisons of remote SM have been made using observations from in situ measurements [14]. They are fairly accurate for point-based measurements, however inadequate to perform SM evaluation on larger scales [15]. This problem is gradually solved with the development of remote sensing techniques. The most suitable for the retrieval of soil moisture are microwave (satellite) observations from active and passive sensors [16,17,18]. The SMOS (Soil Moisture and Ocean Salinity) satellite mission of the European Space Agency [19] provides soil moisture observations by means of the interferometric radiometry method (1.4 GHz) from the orbit, ranging from regional to global scales and at a temporal resolution of three days. The satellite measurements of SM made by SMOS began on November 2009 [20] and are spatially continuous and fast, thus coherent. It is the first mission particularly designed to obtain SM from space [19].



The main limitation of the remotely SM sensed data is their range of top few centimetres of soil [7,21]. To overcome this limitation, the surface SM products provided by remote sensing are gradually refined to increase their usefulness and applicability. An example can be assessment (integration) of plant available water at 0–50 cm depth from the SMOS surface soil moisture using the Soil Water Index (SWI) as a proxy of the root-zone soil moisture [22]. Moreover, SWI was found to be a suitable and cheap supplementary tool for drought monitoring using the SMOS soil moisture data [23]. In Poland, droughts are determined by means of a Climatic Water Balance (CWB) based on the differences between atmospheric precipitation and potential evapotranspiration (approximating the ability to evaporate water from a well-watered grass) calculated using the Penman method [24]. SMOS data supplements the CWB’s information on soil moisture, which allows the indication of soil moisture conditions suitable for plant growth, and threats of droughts and floods. Comparisons of SMOS data against in-situ SM measurements showed good values of correlation (R > 0.7) [25,26] and relatively low RMSE (i.e., 0.04 m3 m−3) [7,22,26].



The aforementioned studies imply that the SMOS data can be useful for important applications in agriculture and hydrology, although further research on the evaluation of spatial distribution and refining soil moisture data and algorithms, especially for larger scales and longer periods, is required [7,27]. Therefore, in this study, we examined the spatial-temporal variability of soil moisture using SMOS satellite observations in Poland for 2010–2014.




2. Materials and Methods


In this study, the SMOS L2 v. 551 datasets for Central and Eastern Europe (latitudinal rectangle 1600 × 840 km, centered at Poland) were examined. The statistical features of soil moisture distributions of this area were studied for quarterly (three months) averaged SMOS data for 2010–2014. The I, II, III, and IV quarters during the year correspond to winter, spring, summer, and autumn, respectively. The total number of data was about 5000. After pixel regularization, geostatistical methods were applied directly on the Discrete Global Grid (15–km grid) using the Icosahedral Snyder Equal Area (ISEA) map 4H9 projection, on which SMOS data is provided.



Descriptive statistics and characterization of spatial variation were performed by GS+ Version 9 (Gamma Design Software, 2008, Plainwell, MI, USA) including the mean, standard deviation (STDev), maximum, minimum, skewness, kurtosis, and coefficient of variation (CV) [28]. Histograms for the soil moisture content data were inspected for characterization of spatial variation. The datasets were also checked for required normality and root square transformed where needed before calculation of the experimental semivariograms [29]. The semivariograms were calculated from the equation:


γ(h)=12N(h)∑i=1N(h)(z(xi)−z(xi+h))2,



(1)




where γ(h) is the semivariance for interval distance class h; z(xi) is the measured sample value at point xi; z(xi+h) is the measured sample value at point xi+h; and N(h) is the number of distinct data pairs for the lag interval h. The theoretical exponential models were fitted to the experimental semivariograms γ(h) using the weighted nonlinear least square method to minimize the residual sum of squared errors (RSS) between experimental semivariance data and the models by optimizing the model parameters: nugget, sill, and range values.



We used the exponential isotropic and anisotropic models:


γ(h)=C0+C[1−exp(h/A)],



(2)




where, γ(h) is the semivariance for internal distance class h, h is the lag interval, C0 is the nugget variance ≥ 0, C is the structural variance ≥ C0, A = A0 is the range parameter (isotropic). In the case of the exponential isotropic model, the range (or effective range) for the major axis is 3 A0, which is the distance at which the sill (C0 + C) is within 5% of the asymptote (the sill never meets the asymptote in the exponential model):


A=A12[cos2(θ−ϕ)]+A22[sin2(θ−ϕ)],



(3)




(anisotropic), A1 is the range parameter for the major axis (φ). In the case of the exponential anisotropic model, the range (or effective range) for the major axis is 3A1, and A2 is the range parameter for the minor axis (φ + 90). The range in this model for the minor axis is 3A2, φ is the angle of maximum variation, and θ is the angle between pairs. The ratios C0/(C0+C) <0.25, 0.25–0.75, and >0.75 indicate strong, moderate, and weak spatial dependence, respectively [30]. The minimal anisotropy for the chosen azimuth transect was calculated with consideration of the major (lower average semivariance) and minor (90°-offset) directions using the anisotropic semivariogram model.



To characterize the nature of spatial soil moisture variability, we calculated the fractal dimension (D(0)) using the slope (m) of the log–log semivariograms plots from the formula [28,31]:


D(0)=2−m2,



(4)







As we did not assume isotropy for our data, the fractal dimension describes surface variability of soil moisture and varies from 1 to 2.




3. Results


3.1. Descriptive Statistics of Soil Moisture


Table 1 presents annual statistics for 2010–2014 individually and all years combined. The soil moisture averaged for the entire five-year period was 0.151 m3 m−3, with the highest value in 2010 (0.171 m3 m−3), which dropped to 0.128 m3 m−3 in 2012. Year 2010 was the rainiest in Poland in the postwar period [32]. The significant snowfall in 2013 caused an increase in soil moisture by 0.027 m3 m−3. In the subsequent year, the average soil moisture decreased again, but much less than before (in the 2010–2012 period). The CV was similar in all years (26.6–33.3%). The distribution of SM was positive and slightly narrow, as indicated by skewness (0.20–0.57) and kurtosis (0.46–1.79). The minimum (close to zero) and maximum soil moisture values covered the 0.5 m3 m−3 range. Basic quarterly statistics for each year are given in Figure 1. In the particular quarters, the average soil moisture did not exceed the 0.2 m3 m−3 value and did not drop below 0.12 m3 m−3. In general, the lowest values appeared in summer (quarter III) and the highest in winter (quarter I) (Figure 1). As indicated by CV, the highest variability of SM occurred generally in winter (up to 40%) and the lowest value of approx. 23% was noted in spring. The yearly dispersions (standard deviations) varied from 0.04 m3 m−3 to 0.051 m3 m−3. The value was approx. 6.3% in winter and lower (up to ca. two-fold) in the other quarters. Variability expressed by the coefficient of variation was over 33% in each particular year and nearly 40% in the first quarter of 2012 and 2013, with balanced (equalized) and lower variability in the spring and summer and increased again in the autumn. The skewness was in general positive in winter, negative in summer, and positive or close to zero in spring and autumn. The skewness and kurtosis values indicate that the SM distribution was predominantly close to normal. Figure 2 indicates trends between the standard deviation (STDev), CV, maximum soil moisture content (Max), and average soil moisture. The trends were increasing for STDev and Max and slightly decreasing for CV. The trends are moderately strong in case of STDev and Max and weak in case of CV. Histograms of soil moisture distribution with lines of quarterly averaged soil moisture values for 2010–2014 using 2010 as a reference are presented in Figure 3. The concentration of the distribution around the average was greater in spring and summer than in autumn and winter. The asymmetries were negative only in the summers, but mostly positive in the other seasons. To perform further analysis of data using geostatistical methods, the distributions with the highest asymmetry were transformed with square root to obtain normal distribution. The negative asymmetry in the summer periods (with the predominance of lower soil moisture values) indicated an increase in dry areas. This is related to the fact that soils rich in sand fraction dominate in the central part of Poland. Lack of precipitation, already developed vegetation, and higher temperatures may have even further reduced the moisture in the surface layer of soil. Negative skewness was sometimes noted in the spring, when the rainfall amount was low and the temperatures were high.




3.2. Semivariograms


Most of the measured soil moisture distributions were close to normal distribution (Figure 3) and thus met the primary condition of geostatistics, which facilitated further analysis of spatial variability using semivariograms and fractal dimension.



The isotropic semivariograms, anisotropic semivariograms, and geostatistical parameters of soil moisture for quarters I, II, III, and IV in 2010–2014 are presented in Figure 4 and Figure 5, and Table 2, respectively. For every quarter, empirical semivariances were determined and the theoretical models adjusted to them. The fitting was in good agreement with the coefficients of determinations (R2 > 0.9) and small residual sums of square errors (RSS < 1.5 × 10−7). In all the examined quarters, the nature of the spatial changes in the studied distributions of soil moisture was described by an exponential model of semivariance. The structural dependence of the semivariance was in general strong in all quarters during the first two study years (C0/(C0 + C) < 0.25). It was strong in the winter-spring period (I and II quarters) and moderate during the summer and autumn (III and IV quarters) in the last three examined years (C0/(C0 + C) < 0.75) according to [30]. The nugget (C0) values slightly declined with the increasing soil moisture, while the sills (C0 + C) increased. The sill values were generally the highest in the winter periods and significantly reduced (up to more than three times) in the other quarters (Figure 3, Table 2). The greatest variations of soil moisture were observed during winters (Figure 1a and Figure 3). The effective ranges of spatial dependence (A) were between 1° and 4°, which corresponds to approximately 110–440 km of linear distance (Table 2). Comparison of the results indicates that, generally, smaller ranges were noted for moist soils (e.g., range 0.999° in Table 2 and Figure 4 for the moist quarter I in 2010 in Figure 1; Figure 3) and increased for drier soils (e.g., range 4.083 in Table 2 and Figure 4 for the dry quarter IV in 2013 in Figure 1 and Figure 3).



The parameters of anisotropy for semivariance and related maps of anisotropic semivariograms with the lines of minimal anisotropies are shown in Table 2 and Figure 5, respectively. They show different orientation of the minimum values of surface semivariation of soil moisture in the individual quarters and years (Figure 5). At relatively high soil moisture contents, which occur mainly in winter and spring (Figure 1; Figure 3), the direction of semivariation from north-west to south-east is dominant. As soil moisture decreases in the other quarters, the orientation changes from north-east to south-west or from the north to the south (Figure 5). Such distribution of the minimum semivariations for soil moisture is determined mainly by the nature and size of precipitation. In the winter, early spring, and late autumn, at relatively high soil moisture contents, the frontal precipitation from the north-west direction prevails, whereas point precipitations dominate in summer [33] and then the soil moisture distribution is largely influenced by soil texture [34,35]. These orientations of minimum semivariations of soil moisture were reflected in the orientation of the minimum semivariance of sand and silt from west to east and clay, which does not show a clear direction and is close to isotropic distribution.




3.3. Fractal Dimension


Fractal dimension was determined with a good agreement (coefficients of determinations >0.85, standard error <0.15). As can be seen from Figure 6, the obtained values of fractal dimensions ranged from about 1.7 to over 1.95. Lower values of the fractal dimension were observed during the winter and spring, indicating smoother (less diverse) distribution of repeated patterns of soil moisture at the time (Figure 7). From winter to autumn, the fractal dimensions did not change substantially in the first two examined years (2010–2011). In the following years, a decrease in the fractal dimension in the winter-spring period and a significant increase in the summer-autumn period were observed. The increase in the fractal dimension indicated that the number of areas differing in soil moisture content increased (Figure 7) with the increasing share of sites with lower soil moisture (white spots). The least diversified soil moisture was noted in spring 2013 (fractal dimension approximately 1.70) and the highest diversity was reported in autumn 2012 (fractal dimension approx. 1.95).




3.4. Soil Moisture Maps


The maps of soil moisture in Poland and parts or whole areas of neighbouring countries in quarters in 2010–2014 are presented in Figure 7. The maps show that the averaged values of soil moisture in general ranged from 0.05 m3 m−3 to 0.25 m3 m−3, including single data below or above this range (Figure 3). Values below 0.05 are marked in light colour and those above 0.25 m3 m−3 are dark (Figure 7). It is worth noting that the areas in the north-eastern, south-eastern, and western parts of Poland are relatively wet throughout the periods in all the study years. However, less wet areas (lightened) occur mainly in central Poland and are oriented towards the South. The maps indicate that the entire year 2010 was moist across Poland, whereas in 2011 only the northern part of Poland was moist in winter (1st quarter), in contrast to the much less moist southern Poland. A decrease in soil moisture was then observed, which persisted until the winter of 2013, followed by an increase in spring and again a slow decrease until the end of 2014 (Figure 1, Figure 3, Figure 5 and Figure 7). Recognizing and understanding the causes of the low soil moisture in these regions would enable appropriate steps to be taken to minimize drought.



To show the reliability of maps in Figure 7, time series of precipitation obtained from the Polish meteorological stations [32] were compared with soil moisture from chosen SMOS pixels in different parts of Poland (Figure 8). Those time series show moderately good compatibility of trends; in particular, one may observe increase in soil moisture after rainfall. However, this phenomenon is not always proportional to the amount of precipitation due to surface runoff, drainage, intensive evaporation, presence of vegetation, different soil textures, etc.





4. Discussion


The results show that the temporal variations and spatial distribution of soil moisture were related to precipitation [32], soil texture (i.e., fraction of sand, silt, and clay), and hydrophysical characteristics, including water holding capacity presented in the databases for Polish arable mineral soils [36,37]. The largest average SM observed in most years in the first quarter (winter) (except 2012 and 2013) was mainly related to the recharge of precipitation as well as low temperature and evapotranspiration [38]. This recharge was further reflected in higher soil moisture in spring than in summer, except 2013 due to the long persistence of snow until the end of April. The spatial distribution of soil moisture along with the orientation of the minimum semivariance values was largely related to the soil texture pattern, as indicated by the orientation of the minimum semivariance of sand and silt from West to East and clay that did not show a clear direction and was close to isotropic distribution [35]. The lowest soil moistures (<0.05 m3 m−3) observed in Central Poland can be related to the presence of permeable soils with relatively coarse texture [34], poor water holding capacity, and deep ground water level [36,37]. Therefore, the soils can barely be supplied with water following rainy seasons. Furthermore, the SM data indicate that the soils in Central Poland are susceptible to an agricultural drought risk [23]. Susceptibility to drought of this part of Poland was also indicated by other drought indices based on national Climatic Water Balance (CWB) determined from precipitation and potential evapotranspiration data [24]. The low soil moisture and spatial-temporal variability in this region can further be enhanced by intensive agricultural activity with diverse crop rotation, generally without irrigation (rain-fed agriculture). However, the higher soil moisture in some other regions e.g., the north-western, north-eastern and south-eastern parts of Poland, can be a result of predominance of relatively finely textured mineral soils and/or peat soils with high water holding capacity [36,37]. The results imply that different soil (agricultural) management practices should be applied to improve soil water relations depending on the local SM conditions. In relatively dry areas covered by coarse-textured soils, the use of water-saving or lower water-requirement crop types or varieties [39,40,41] along with low planting density can alleviate water shortage. In a longer time span, application of exogenous organic materials including biochar or conservation tillage systems with the use of intercrops can be a relevant solution [42].



It is worth noting that the relations between SM from SMOS and soil texture are of particular value, as the latter does not vary over time. The suitability of soil texture can be enhanced since SMOS is particularly efficient at monitoring SM over sparse vegetation [7].



The evaluation of the SMOS SM long-term (2010–2014) datasets in the country scale made in this study can be a useful contribution to various applications, including examination of climate change trends, flood analysis, and/or drought monitoring at smaller scales including e.g., the commune. The value and applicability of SMOS surface soil moisture data at the coarse spatial resolution can be enhanced by new developments. Some approaches allow disaggregation of soil moisture (from large pixels) to provide soil moisture data in the scales from several kilometres to several meters. They are based on the synergy of passive microwaves with ancillary optical visible/infrared (VIS/IR) [43,44] or active data [45]. Another approach allows assessment of plant available water at the 0–50 cm depth from the SMOS surface soil moisture based on the Soil Water Index (SWI) as a proxy of the root-zone soil moisture [22]. The SWI is also used as a proxy of drought [23].



The usefulness of the SMOS data can be further enhanced by the significant linear relationship between the current SM and maximum soil moisture derived from SMOS data (Figure 2, R2 = 0.63) in the present study. The increased maximum soil moisture content with the increasing current SMOS SM content can be largely associated with the greater clay content and soil aggregation containing big structural inter-aggregate pores in soil matrix [46]. These pores accelerate the flux of water, i.e., preferential flow, under ponded (saturated) conditions [12]. Preferential flow is a key component of water movement in many soils, especially in fine textured soils. It allows alleviating the risk of soil surface runoff and erosion on the one hand [11] and permits solutes to bypass parts of the soil, thereby leading to faster transport from soil surface to groundwater on the other hand [47,48]. Moreover, a large contribution of these pores in saturated soil can raise the quantity of water that is not available for plants due to insufficient aeration. However, under non-ponded conditions, the big pores (macropores) filled with air will increase gas diffusion and improve soil aeration [49].




5. Summary and Conclusions


Spatial distributions and variability of soil moisture obtained from SMOS data for Poland was analysed and evaluated for the years 2010–2014. The soil moisture values in the seasons (quarters) varied from close to zero to 0.5 m3 m−3 and average values from 0.128 to 0.171 m3 m−3. The highest variability of soil moisture generally occurred in winter (coefficient of variation, CV, up to 40%) and the lowest values were noted in spring (CV around 23%). A positive correlation between the quarterly maximum (Max) soil moisture contents and the average soil moisture contents (R2 = 0.63) was established.



The isotropic and anisotropic empirical semivariograms showed that the structural dependence of the semivariance was strong and moderate. The ranges of the spatial dependencies from 1° and 4° (110–440 km of linear distance) were in general greater for dry than moist soils. The nugget (C0) values slightly decreased with the increasing soil moisture, while the sills (C0 + C) increased. The soil moisture distribution showed anisotropy with different orientation mostly from north-west to south-east in winter and spring and altered for north-east to south-west or from north to south in the other seasons.



The distribution patterns of soil moisture were less varied (smoother) in the winter and spring than in the summer and autumn. The soil moisture maps allowed delineating wet areas (soil moisture >0.25 m3 m−3) in the north-eastern, south-eastern and western parts and dry areas (soil moisture <0.05 m3 m−3) in central Poland with orientation towards the south. The statistical and geostatistical results will be useful in soil management to alleviate drought and flooding events in different regions of Poland.
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Figure 1. Statistical parameters of soil moisture for the investigated period. Left panel: Average, Max = maximum soil moisture, CV = coefficient of variation. Right panel: Skewness and Kurtosis. Bars represent standard deviation. I, II, III, and IV = winter, spring, summer, and autumn, respectively. 
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Figure 2. Standard deviation, (STDev) (left), coefficient of variation (CV) (centre), and maximum soil moisture (max) (right) versus quarterly average soil moisture for the years 2010–2014. 
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Figure 3. Histograms of soil moisture in quarters I, II, III, and IV (winter, spring, summer, and autumn, respectively) for the years 2010–2014 with marked lines of the average value for 2010 as a reference for the other years. 
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Figure 4. Isotropic semivariograms of the measured soil moisture in quarters I, II, III, and IV for the years 2010–2014 with marked vertical lines of effective ranges (A) for 2010 as a reference for the other years. 
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Figure 5. Surface semivariograms of the measured soil moisture in quarters I, II, III, and IV with the direction lines of minimal anisotropy for 2010–2014. Semivariance in (m3 m−3)2. 
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Figure 6. Fractal dimension D(0) of the measured soil moisture in quarters I, II, III, and IV for the years 2010–2014 (successively from the left in each quarter). 
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Figure 7. Maps of the soil moisture in quarters I, II, III, and IV for the years 2010–2014. The black areas are no-data surfaces (which may be caused by e.g., interferences, presence of water bodies or high elevation). 
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Figure 8. Time series of precipitation compared with SMOS soil moisture for four parts of Poland. 
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Table 1. Statistical parameters of soil moisture (m3 m−3) in the years 2010–2014 (STDev = standard deviation, CV = coefficient of variation).
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	Years
	2010
	2011
	2012
	2013
	2014
	All Years





	Average
	0.171
	0.147
	0.128
	0.155
	0.151
	0.151



	STDev
	0.051
	0.049
	0.041
	0.047
	0.040
	0.048



	CV (%)
	29.6
	33.3
	31.9
	30.5
	26.6
	31.8



	Skewness
	0.546
	0.567
	0.354
	0.201
	0.303
	0.470



	Kurtosis
	1.766
	1.086
	0.459
	1.792
	0.679
	1.343



	Minimal
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0



	Maximal
	0.504
	0.430
	0.313
	0.471
	0.343
	0.504
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Table 2. Parameters of the semivariogram models for quarters I, II, III, and IV in the years 2010–2014.
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	Year
	Quarter
	Model
	C0
	C0+C
	C0/(C0+C)
	A0
	A
	R2
	RSS
	Azimuth
	Anis:min





	2010
	I
	Exp.
	0.000010
	0.00335
	0.003
	0.333
	0.999
	0.987
	1.66 × 10−7
	105
	0.00314



	
	II
	Exp.
	0.000001
	0.00176
	0.001
	0.539
	1.617
	0.995
	2.49 × 10−8
	58
	0.00147



	
	III
	Exp.
	0.000029
	0.00168
	0.017
	0.514
	1.542
	0.989
	5.12 × 10−8
	66
	0.00137



	
	IV
	Exp.
	0.000129
	0.00205
	0.063
	0.627
	1.881
	0.994
	3.79 × 10−8
	116
	0.00189



	2011
	I
	Exp.
	0.000976
	0.00327
	0.298
	0.911
	2.733
	0.985
	1.51 × 10−7
	97
	0.00253



	
	II
	Exp.
	0.000068
	0.00114
	0.060
	0.576
	1.728
	0.989
	2.10 × 10−8
	124
	0.00106



	
	III
	Exp.
	0.000002
	0.00131
	0.002
	0.568
	1.704
	0.990
	3.10 × 10−8
	41
	0.00124



	
	IV
	Exp.
	0.000134
	0.00119
	0.113
	0.798
	2.394
	0.972
	5.73 × 10−8
	58
	0.00118



	2012
	I
	Exp.
	0.000777
	0.00371
	0.209
	0.678
	2.034
	0.985
	2.29 × 10−7
	58
	0.00343



	
	II
	Exp.
	0.000114
	0.00108
	0.106
	0.542
	1.626
	0.984
	2.46 × 10−8
	154
	0.00099



	
	III
	Exp.
	0.000912
	0.00142
	0.644
	0.910
	2.731
	0.941
	3.92 × 10−8
	0
	0.00126



	
	IV
	Exp.
	0.000924
	0.00135
	0.683
	1.284
	3.853
	0.985
	8.77 × 10−9
	170
	0.00111



	2013
	I
	Exp.
	0.000473
	0.00290
	0.163
	0.603
	1.809
	0.978
	2.25 × 10−7
	131
	0.00265



	
	II
	Exp.
	0.000001
	0.00222
	0.000
	0.700
	2.100
	0.993
	6.34 × 10−8
	146
	0.00207



	
	III
	Exp.
	0.000565
	0.00091
	0.621
	0.622
	1.867
	0.912
	1.96 × 10−8
	1
	0.00066



	
	IV
	Exp.
	0.000878
	0.00154
	0.569
	1.361
	4.083
	0.997
	2.67 × 10−9
	172
	0.00118



	2014
	I
	Exp.
	0.000001
	0.00127
	0.001
	0.497
	1.491
	0.982
	4.50 × 10−8
	86
	0.00123



	
	II
	Exp.
	0.000001
	0.00095
	0.001
	0.531
	1.593
	0.991
	1.26 × 10−8
	145
	0.00083



	
	III
	Exp.
	0.000780
	0.00120
	0.652
	0.848
	2.543
	0.988
	5.93 × 10−9
	65
	0.00113



	
	IV
	Exp.
	0.000916
	0.00184
	0.503
	0.575
	1.725
	0.977
	5.60 × 10−8
	145
	0.00182







Explanation: C0 = nugget (m3 m−3)2, C0+C = sill (m3 m−3)2, A0 = range (°), A = effective range (°), R2 = determination coefficient, RSS = residual sum of squared errors, Azimuth (°), Anis:min = the minimal anisotropy for the chosen azimuth transect, Exp. = Exponential model.
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