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Abstract

:

The objective of this study was the development and verification of a model of soil moisture decrease during dry spells—SMDS. The analyses were based on diurnal information of the occurrence of atmospheric precipitation and diurnal values of soil moisture under a bare soil surface, covering the period of 2003–2019, from May until October. A decreasing exponential trend was used for the description of the rate of moisture decrease in six layers of the soil profile during dry spells. The least squares method was used to determine, for each dry spell and soil depth, the value of exponent  α , which described the rate of soil moisture decrease. Data from the years 2003–2015 were used for the identification of parameter  α  of the model for each of the layers separately, while data from 2016–2019 were used for model verification. The mean relative error between moisture values measured in 2016–2019 and the calculated values was 3.8%, and accepted as sufficiently accurate. It was found that the error of model fitting decreased with soil layer depth, from 8.1% for the surface layer to 1.0% for the deepest layer, while increasing with the duration of the dry spell at the rate of 0.5%/day. The universality of the model was also confirmed by verification made with the use of the results of soil moisture measurements conducted in the years 2009–2019 at two other independent locations. However, it should be emphasized that in the case of the surface horizon of soil, for which the process of soil drying is a function of factors occurring in the atmosphere, the developed model may have limited application and the obtained results may be affected by greater errors. The adoption of calculated values of coefficient  α  as characteristic for the individual measurement depths allowed calculation of the predicted values of moisture as a function of the duration of a dry spell, relative to the initial moisture level adopted as 100%. The exponential form of the trend of soil moisture changes in time adopted for the analysis also allowed calculation of the duration of a hypothetical dry spell t, after which soil moisture at a given depth drops from the known initial moisture θ0 to the predicted moisture θ. This is an important finding from the perspective of land use.
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1. Introduction


Soil water resources play an important role in the water cycle in the plant-soil-atmosphere system, and particularly in the surface layer of soil [1,2,3,4,5]. This system affects energy flux and supplies water vapor to the atmosphere as a result of the process of evaporation from bare soil, or evapotranspiration from areas covered with vegetation of diverse kinds. This leads to the exhaustion of water resources in soil, while supplying the atmosphere with water vapor, thereby creating the basis for the formation of precipitation, which is the main source of the water supply of the soil profile independently of human influence. The important elements are the amount of precipitation, its intensity, and its distribution in time. The effect of precipitation is particularly visible in the surface layer of soil, where moisture exhibits a significant variation over time and decreases with greater depths [6,7,8,9]. As soil moisture is a key variable in the climate system, it plays a major role in climate change projections [5]. As a consequence of predicted global warming, changes in terrestrial water storage are expected [10,11,12,13]. As reported by Giorgi et al. [14] an increase of the intensity of precipitation and of the duration of non-rainfall periods, with simultaneous limitation of the reach of precipitation and shortening of the duration of wet periods, can have an impact on the time, location, and availability of water. As follows from the study by Huang et al. [15], at a global scale, arid areas could constitute more than 50% of the Earth’s total landmass, the majority of which could be found in developing countries.



According to Grillakis [16], changes to soil water resources in the European region are expected as a consequence of predicted climate change. In this regard, in recent years, the occurrence of increasingly long series of rainless days, lasting for as long as several weeks, have been observed, representing atmospheric anomalies. The direct effect of such events is a disturbed water balance in a given area, caused by rainfall deficit, which leads to the occurrence of the phenomenon of so-called atmospheric drought (also called meteorological drought). Poland is situated in a zone of a moderate climate of the transitional type, and destructive droughts occur within its territory, causing a depletion of water resources and, thus, a major economic, environmental, and societal problem. According to the climate-soil moisture regime described by Budyko (after [2,5]), the region belongs to a transitional climate regime, where soil moisture constrains evapotranspiration variation. Drought occurs in Poland at several-year intervals, and results in serious economic losses.



Agriculture is the most sensitive element of the economy in many countries. Atmospheric drought lasting for several weeks results in the exhaustion of water resources in the soil, which leads to the appearance of a soil drought. In such conditions, the growth of plants is hampered; thus a distinct drop in soil water resources is later reflected in low yields of crop plants [17,18]. The occurrence of soil drought can be accelerated or delayed by individual properties of soil, in particular, its particle size distribution. In the case of heavy soils, in which capillary rise replenishes water resources in the root zone from deeper layers, that process delays the occurrence of soil drought. In light gavel and sandy soils, no such possibilities exist, and soil drought will appear much sooner. Rainfall deficit causes strong crusting of the surface layer of soil, hindering the infiltration of water into deeper soil layers, in which the rate of infiltration is dependent on the moisture status of the soil [19,20,21]. In agriculture, it is difficult to clearly separate soil drought from agricultural drought. In the simplest terms, soil drought is treated as a deficit of soil water for plants, while the effect on plant growth is taken into account in the case of agricultural drought [17].



Droughts are a threat to correct plant growth and development, but studies conducted by the authors of the present paper indicate that the occurrence of non-rainfall periods in certain inter-phase periods of crop plants can have a positive effect in the form of increased yields [22,23,24]. However, droughts represent a primary threat to the water balance of a given area. Among the relevant variables relating to drought impacts, the intensity of atmospheric drought occurrence is the easiest to estimate. Input data used in the calculation of a meteorological drought index are predominantly total precipitation and, less frequently, evaporation. Due to information availability, the most frequently used indicators for the estimation of meteorological drought are the series of non-rainfall days, relative precipitation index (RPI), effective drought index (EDI), climatic water balance (CWB), or standardized climatic water balance (SCWB), and the well-known and commonly used Sielianinov coefficient [25,26,27,28,29,30,31,32]. At the global scale, many indices for the estimation of meteorological drought exist, but the most frequently used is the standardized precipitation index (SPI), based on atmospheric precipitation. This index allows both short- and long-term prediction of the effects of drought and permits comparative analyses of drought intensity in various regions of the world [33,34,35,36,37].



Due to the fact that direct measurements of soil moisture are time and labor consuming, as well as costly, many indirect methods are used for the identification and estimation of the intensity of soil drought. Such indices are formulated on the basis of meteorological factors and soil moisture conditions for various time intervals, and, in the case of crop plants, for the periods between different plant development phases. The most sensitive interphase periods for crop plants are referred to as the critical periods. Indices based on the meteorological elements allow the identification of periods of potential drought threat, which does not always translate directly into soil drought. In turn, indices based on soil moisture require direct measurements, with short time periods, e.g., one day. Such a short time interval requires costly specialized equipment, and, for this reason, the measurements are usually made at the scale of a single measurement point. As reported by Łabędzki and Bąk [27], the most popular indices of this type used globally include the crop drought index (CDI), soil moisture index (SMI), crop yield reduction (CYR), Palmer drought severity index (PDSI), crop moisture index (CMI), Z index, drought severity index (DSI), and soil moisture deficit index (SMDI) [16,38,39,40,41,42,43], amongst many others. Their detailed review, together with description of the required input data and of application limitations, is given in the Word Meteorological Organization (WMO) manual. In spite of such a large number of existing tools, research continues to be undertaken to develop new indices, and into possibilities for their use for the estimation of meteorological drought and the occurrence of soil drought [44,45,46,47]. Independently from that direction of research, complex models have also been developed, allowing the estimation of soil moisture on the basis of a broad spectrum of meteorological elements and soil characteristics [48,49,50,51]. In the search for methods of estimation of the spatial occurrence of soil drought, remote sensing techniques have also been employed [52,53,54,55,56,57,58].



Nonetheless, methods developed and used to date, despite their numerous advantages, have limitations, as they do not provide information on the actual status of soil moisture during dry spells. Such information can only be obtained at the cost of labor-consuming field measurements, as changes in soil moisture relate to the impact of atmospheric conditions and plant cover, and are determined by the retention capacity of soil, which, in turn, is a function of the soil particle size distribution. Twenty-four-hour monitoring of the state of soil moisture under bare soil as a reference surface has been conducted since 2003 at the Institute of Environmental Development and Protection, Wrocław University of Environmental and Life Sciences, Poland. The reference status of this surface results from the fact that the bare surface directly intercepts the effect of atmospheric elements and is the background for assessing the impact of plant cover on soil water balance. Studies on soil moisture under bare soil have been conducted for years in many research centers [59,60,61,62].



Given the above, the objective of the current study was the development and verification of a model of soil moisture decrease during dry spells (SMDS). The analyses were based on diurnal information on the occurrence of atmospheric precipitation and diurnal values of soil moisture under bare soil. These allowed the development of a simple mathematical model describing the rate of moisture decrease in the soil profile at various depths during dry spells. Theoretical mathematical models describing soil moisture, based on a deterministic description of the phenomenon, such as the Richards equation, e.g., [63], are frequently used. The diffusion coefficient in the Richards equation depends on soil characteristics. However, these models require continuous measurement of soil moisture in the surface layer (boundary condition), or the artificial assumption that soil moisture on the surface is constant, invariable over time. In this paper, the authors’ intention was to find an operational model of soil moisture decrease only on the basis of the duration of dry spells, eliminating the need for conducting soil moisture measurements. This type of model is much easier to apply in agricultural practice. The developed model is a methodological contribution for further analysis taking into consideration plant-covered surfaces, e.g., those covered by grass.




2. Materials and Methods


2.1. Site Description


Soil moisture measurements were conducted in the area of the Faculty Agro and Hydrometeorology Observatory, Wrocław University of Environmental and Life Sciences, Poland, during the summer half-year (May until October), in the years 2003–2019. Data from 2003–2015 (13 years) were used to determine the model parameter, while those from 2016–2019 (4 years) were used to verify the model. The observatory is situated in the north-eastern part of the city, and is separated from the urban heat island by a complex of parks, stadiums, meadows, and fields, and the Odra-Widawa Canal (Figure 1). The observatory is situated at an elevation of 120.7 m a.s.l., latitude 51°07′, longitude 17°07′.



In addition, for model verification, the authors used data from soil moisture measurements conducted in the period 2009–2019 (11 years) at two other locations: Jelcz Laskowice (Dolnośląskie Province, ca. 25 km south-east from Wrocław, 51°02′07″ N, 17°20′28″ E) and Baborówko (Wielkopolskie Province, ca. 150 km north from Wrocław, 52°35′09″ N, 16°37′54″ E) (Figure 1). These stations are included in the network of soil moisture measurements within the scope of the Agricultural Drought Monitoring System (ADMS) in Poland, conducted by the Institute of Soil Science and Plant Cultivation—State Research Institute (IUNG-PIB) on behalf of the Ministry of Agriculture and Rural Development.



2.1.1. Soil


In the surface layers, the soils in the area of the observatory are characterized by the occurrence of fine-grain loamy sands, which in deeper layers change to weakly loamy and loose sands with intrusions of mainly loamy sands and sandy loams (Table 1). The sand layer has thickness from 90 to 150 cm overlaying the loam. At the depth of 100–120 cm, the soils are completely saturated with water for several months a year. Periodically, as a result of capillary rise or in periods of intense rainfall, the saturation can reach the level of 50–70 cm below the surface of the ground. Typologically, the soils are proper fluvisols. In the international classification of FAO-WRB [64], these are cultured soils with preserved features of alluvial deposits. Most frequently, they are classified in the group of Phaeozems (Fluvic Gleyic Phaeozems (Anthric, Arenic)). Total porosity of the soils is in the range of 40–45%. Hydraulic conductivity in the sandy layers varies from 2.9 × 103 to 4.6 × 103 cm/s, while in the sandy loam at the depth of 120–150 cm, it attains the lowest value of 1.9 × 103 cm/s. The soils in the area of the observatory are characterized by low retention capacity. The field water capacity in the sandy layers with suction force pF = 2.0 varies from 6.0% to 12.5% [65].




2.1.2. Agroclimate


Characterization of the agrometeorological conditions in the area of the observatory was conducted on the basis of the normative multi-year period of 1971–2000, due to the fact that the currently valid norm recommended by WMO—that is, the 30-year period of 1981–2010—includes the years adopted for the analyses [66]. Figure 2 presents the characteristics of the summer half-years adopted for the analyses. The characteristics include such elements as air temperature, atmospheric precipitation, and the level of the ground water table.



The mean half-year values of air temperature, with the exception of 2018, were characterized by small variation, as they varied from 15.1 °C in 2007 and 2010 to 16.5 °C in 2006. The exception was the mentioned 2018, with an average temperature of 17.6 °C, classified as a very warm period. In a vast majority of cases, deviations from the norm for the multi-year period of 1971–2000 of 14.8 °C [67] were classified as warm periods. Only in the years 2004, 2007, 2009, and 2010 did the values of the deviations not exceed 0.5 °C, and thus corresponded to normal conditions.



The analyzed summer half-years were characterized by notably greater variation of the rainfall conditions, which basically results from the random character of this factor and its large variation year to year. The half-year precipitation totals varied from 259 mm in 2004 and 264 mm in 2015, to 541 mm in 2013, while the mean value for the normative multi-year period is 369 mm. Their interpretation was conducted on the basis of the RPI (relative precipitation index) [27]. As can be seen in Figure 2, the period adopted for the analyses covered years with precipitation totals conforming to the norm, as well as years with either a precipitation deficit or excess. Note should be taken of the outstanding period of 2009–2014, with an accumulation of summer half-years with precipitation totals corresponding to wet and very wet periods, and the period of 2005–2007 with normal precipitation totals.



The depths of the ground water table level were characterized on the basis of the norm proposed by Biniak-Pieróg [59]. From the ground surface, the mean half-year depths of the ground water table level varied from 164 cm in 2008 and 2018 to 100 cm in 2013, and the mean multi-year value was 126 cm. The most frequently observed were half-year periods with ground water levels corresponding to low states (7 cases), followed by medium-high states (5 cases).



The summer half-years of 2016–2019 adopted for verification of the model parameter were characterized by variability of the agrometeorological conditions, in particular, taking into account rainfall conditions (Figure 2). They included both warm periods with excess precipitation and a medium-high groundwater level (2017), or warm periods with normative precipitation but a medium-low groundwater level (2016 and 2019).





2.2. Data


The analyses were based on diurnal values of soil moisture under the bare surface, adopted as the reference surface, and information on the occurrence of atmospheric precipitations. Soil moisture was measured every day, at the time of morning observations, i.e., at 6.00 UTC, in the hydrological summer half-year, lasting 1 May–31 October, in the years 2003–2019, using the TDR (time domain reflectometry) method. This approach is one of the most modern methods of measurement, consisting of the generation of an electromagnetic wave pulse, which, entering the analyzed medium—in this case, soil—is reflected, and recording of the moment of return of the attenuated reflected pulse. The value of attenuation of the reflected wave that is returned depends primarily on the content of water in the soil, in addition to the concentration of electrolytes and the content of clays [68]. The main advantages of the method include its high temporal and spatial resolution; high measurement accuracy, reaching 1–2% of volumetric moisture; minimized calibration requirements; zero risk of radiation, as is the case when using the gammametric or neutron methods; and the possibility of conducting continuous, rapid, and non-destructive measurements with any chosen time interval [69,70]. In the current study, a modern apparatus was used, in the form of TDR/MUX/mpts instruments and data loggers MIDL_GPRS for field installation, the sole manufacturer of which in Poland is the Institute of Agrophysics PAS in Lublin [71]. These instruments allow continuous measurement of soil moisture, temperature, and salinity at the same point. They work together with a set of TDR probes installed at depths of 10, 20, 30, 40, 50, 60, 80, and 100 cm under the bare soil surface (Figure 3), calibrated at the beginning of each measurement season by means of the software provided by the manufacturer [71].



Soil moisture values in the layers of 0–10, 10–20, 20–40, 40–60, 60–80, and 80–100 cm were used for the analyses, for the summer half-years of 2003–2019. Table 1 presents the extreme and mean values of soil moisture from the layers adopted for the analyses. The years in which the lowest values were observed are differentiated in relation to the soil layer. For the surface layers of 0–10 and 10–20 cm, the lowest values of soil moisture were noted in 2004 at 0.019 and 0.035, respectively. This year was classified as very dry, with the ground water table at low states (Figure 2). Whereas, for the layers of 20–40 and 40–60 cm, the lowest values of soil moisture were noted in 2003—a warm and dry year, with a low state of the ground water table at 0.052 and 0.062, respectively. In the case of the deepest layers of 60–80 and 80–100 cm, the lowest values were observed in 2015 and 2016, respectively. In this case, the medium-low and low states of the ground water table were important. Irrespective of the analyzed soil layer, under bare soil, the maximum values were observed in 2013. This was a normal half-year in terms of air temperatures, and with above-norm rainfalls corresponding to a very wet period with a medium state of the ground water table. In addition, in several preceding years, the summer half-years were characterized by above-norm rainfalls and ground water table states, which allowed replenishment of the water resources in the soil profile, and their maintenance (Table 2).



Diurnal information on atmospheric precipitation was acquired by means of the standard Hellmann rain gauge. With regard to the scope of the analyses, the important information was the occurrence or lack of atmospheric precipitation. The number of non-rainfall days varied from 80 in the very wet summer half-year of 2012 to 121 in the dry half-year of 2018. Due to the random character of rainfall and its high variation, the number of days with no rainfall did not correspond with the characteristics of the precipitation conditions. For example, similar numbers of non-rainfall days (approximately 110) were observed in a normal year (2006), a dry year (2015), and a wet year (2011).



The information acquired as described above was the basis for the determination of the start and end points of non-rainfall periods. It was assumed that a series of non-rainfall days was defined as 1 day with rainfall below 1 mm or 2 successive days with combined precipitation total below 1 mm, while one day with precipitation of 1 mm and above was not counted as belonging to such a series [72]. The diurnal values of the moisture of bare soil were referenced to the series of non-rainfall days determined in this way for each of the 6 soil layers from 0–10 to 80–100 cm.




2.3. Exponential Model SMDS


The soil moisture decrease in dry spells can be described by means of various relationships. The adoption of the simplest linear relationship between soil moisture and the duration of a dry spell is equivalent to the hardly acceptable assumption that the decrease of moisture on every day is constant and independent of the initial soil moisture of that day. In addition, when constructing a longer forecast of soil moisture based on the decreasing linear trend, one could obtain negative values of soil moisture. Similar problems are encountered in the case of polynomial and exponential models—lack of physical foundations and lack of monotonicity of solutions for longer time horizons. In addition, the authors wanted to create a model that would not be overly complicated while also being universally applicable, and that would describe the decrease of the moisture of bare soil for various locations with similar soil and atmospheric conditions by means of a single functional relationship with parameters that have subject-matter justification. Such initial assumptions are met by a single-parameter exponential model. It has a substantiated physical basis (Equation (1)), the single parameter of the model has a clear physical interpretation, and the model produces credible monotonic solutions and is universally applicable.



In consideration of these factors, a decreasing exponential trend was applied for the description of the rate of soil moisture decrease during dry spells, for each of the six layers of 0–10, 10–20, 20–40, 40–60, 60–80, and 80–100 cm. The exponential form of the trend results from the prior assumption adopted that the value of the diurnal drop of soil moisture is proportional to the initial moisture of each day, according to the formula:


  θ   t + 1   − θ  t  = k   ·   θ  t  ,  



(1)




where:




	
  θ  t   —volumetric moisture (-),



	
t—time (day), and



	
k—coefficient of proportionality, −1 < k < 0.








Coefficient k is negative because soil moisture decreases during dry spells. Similarly, k > −1 because the decrease of moisture during one day cannot be greater that the moisture at the beginning of this day.



The truth of the assumption of a linear relationship between the moisture drop and the initial moisture according to Equation (1) is substantiated statistically in Section 3.2.



From the assumption of Equation (1), one can infer the exponential form of soil moisture as a function of time:


  θ  t  =  θ 0   e  − α t   ,  



(2)




where    θ 0   —moisture on the initial day of the dry spell, and:


  α = − ln   1 + k   .  



(3)







Coefficient  α  > 0 is a numerical characteristic of the rate of moisture decrease:  α  close to zero means that the rate of moisture decrease is very low,   α = 0   would mean that soil moisture does not decrease at all during a dry spell and is constant. On the other hand, an increase of the value of parameter  α  characterizes a dynamic decrease of soil moisture during a dry spell. Coefficient  α  characterizes the kind of soil, and in this paper, a method is proposed for its determination for each soil layer separately.



For further analysis, only those dry spells were selected that lasted at least 10 days. For each dry spell and for each soil layer separately, the value of  α  was determined with the method of least squares, minimizing the value of the root of the mean square error (RMSE) according to the formula:


   ∂ d   α  =    1 n    ∑   i = 1  n      o b  s d  − c a  l d   α     2    ,  



(4)




where:




	
   ∂ d   α   —RMSE,



	
n—dry spell duration (days),



	
  o b  s d   —moisture measurement at depth d (-), and



	
  c a  l d   α   —moisture at depth d (-) calculated from Equation (2).








Data from the years 2003–2015 were used for the identification of parameter  α  of the model for each soil layer separately, while independent data from 2016 to 2019 were used for model verification.



Additionally, in the following section of this article, a mean absolute percentage error (MAPE) is calculated according to the formula:


  M A P E =  1 n    ∑   i = 1  n      o b  s i  − c a  l i      o b  s i    100 % .  



(5)









3. Results


3.1. Characterization of Dry Spells


In the years 2003–2015, there were 39 series of observations covering dry spells lasting at least 10 days, but their frequency in the individual months of the year was not uniform (Table 3).



The largest number of dry spells was noted in the spring and autumn months (May, September, and October), and the smallest in the summer (June to August). In addition, the duration distribution of individual dry spells was not homogeneous. Notably, the largest number of dry spells lasted for 10–12 days, with the longest lasting for 38 days (Figure 4). The mean duration of dry spells within the analyzed group of dry spells of at least a 10-day duration was 13.67 days.



In each dry spell, soil moisture in the analyzed layers, with a few exceptions, decreased monotonously with the passage of time (Figure 5).



Appendix A presents soil moisture characteristics for the individual dry spells, i.e., soil moisture on the first day of the dry spell (SMb), % decrease of soil moisture in relation to the initial value (SM%), and % decrease of soil moisture per day (SM%/d). The infrequent negative values (in bold) mean that, during a dry spell, the final value of moisture was higher than the initial value. Such a situation occurs sporadically at greater depths, where the effect of changes of the ground water table on soil moisture in the aeration zone becomes observable. Table 4 presents average values and standard deviations of SM% and SM%/d for the soil depths adopted for the analyses.




3.2. Statistical Substantiation of Assumption (Equation (1))


The truth of the assumption of the linear character of Equation (1) was statistically substantiated. For each of the 39 dry spells and for each of the 6 analyzed soil layers, the coefficient of correlation r between the initial moisture of each day   θ  t    and moisture decrease during one day   θ   t + 1   − θ  t    was calculated. The mean values of r for the depths and the statistics of the student’s t-test used for testing the significance of the coefficient of correlation are given in Table 5.



The limit value of the student’s t-test statistic for the mean dry spell duration of 13.67 days at a significance level of 0.05 is 2.15, and at a significance level 0.1, it is 1.76. In the conducted correlation analysis, the mean value of the t-test statistic for all dry spells was 2.21, which, at the significance level 0.05, confirms the significance of the coefficient of correlation, and thus confirms the initial assumption in Equation (1). Only in the case of the layer of 40–60 cm was the assumption of linear correlation not met at a significance level of 0.1.




3.3. Identification of the SMDS Model Parameter


In the next stage of the study, for each dry spell and for each soil layer, in accordance with Equation (4), coefficient  α  in Equation (2) was determined, which describes the rate of moisture decrease. The variation of coefficient  α  for each of the 39 dry spells for the analyzed soil layers is illustrated in Figure 6.



At this point, it is worthwhile to explain the cause of the very high values of coefficient α for dry spells 11 and 12 (see Figure 6a). These were 10-day dry spells, which started on 11 June 2013 and 30 June 2013. On 9 June 2013, a very strong rainfall was noted, amounting to 28.4 mm, which resulted in a high increase of moisture in the surface horizon of the soil. In the case of dry spell 11, this value was 0.0329, and for dry spell 12, 0.0245. In the summer months, the moisture in the soil layer of 0–10 cm usually did not exceed 0.01 at the start of a dry spell. In consequence, the moisture in the soil layer of 0–10 cm decreased during the 10 days of dry spell 11 by 49%, and, in the case of dry spell 12, by 48%. Similarly, high decreases of soil moisture were noted in the layers of 10–20 cm (45% and 43%, respectively, for dry spell 11 and 12), 20–40 cm (41% and 35%, respectively, for dry spell 11 and 12).



The greatest variation of parameter  α  was noted for the layer of 0–10 cm, and the oscillations of coefficient  α  decreased with increasing depth. This supports the decrease of moisture variation with depth. Detailed values are given in Table 6. The third column presents the mean values of coefficient  α , which are adopted in a later analysis of this paper as a characteristic of the particular depths in the soil profile. Table 7 presents the decrease of the values of the correlation coefficient r with increasing depth in the soil profile.



Due to the large variation of parameter  α  obtained for the surface horizon of the soil, in particular the layer of 0–10 cm (Figure 6a), two mean values of this parameter were calculated for that soil layer:   α = 0.0208   for the months of May, September, and October, and for the typically summer months of June–August, the calculated value was   α = 0.0426  .



For each of the 39 dry spells, the correlation coefficient r was also determined, for the correlation between the soil moisture calculated from Equation (2) and the series of measured moisture values, for each soil layer separately. For each soil depth, a significant correlation was obtained between the model and the measured values (r > 0.60), with mean values of r decreasing with depth (Table 7). This indicates that the soil moisture in soil layers down to 60 cm is strongly dependent on moisture conditions on the surface of the ground. At depths from 60 to 100 cm, the meteorological conditions on the ground surface play a lesser role, although they are still statistically significant. At these depths, the effect of the ground water table becomes apparent, but this was not taken into account in the model.



Detailed results of parameter  α  identification and approximation errors are given in Table 8.



It is worth noting that MAPE (Equation (5) did not exceed 10% for any dry spell and any soil layer. It can be assumed, therefore, that the values of parameter  α  given in Table 5 and Table 7 describe the dynamics of moisture decrease during dry spells well.




3.4. Verification of SMDS Model


Model verification was performed following two pathways:




	
With the use of independent moisture measurements, conducted at the same points as the measurements used for the construction of the model, in the area of the Faculty Agro and Hydrometeorology Observatory of the Wrocław University of Environmental and Life Sciences, taken in 2016–2019; and



	
With the use of moisture measurements of bare soil, taken at the two additional measurement locations, i.e., Jelcz Laskowice and Baborówko (Section 2.1), in the years 2009–2019.








3.4.1. Verification Based on Data from Wrocław (Faculty Agro and Hydrometeorology Observatory)


During the 4-year period 2016–2019, 12 dry spells of at least 10 days were identified, according to the adopted methodology. Figure 7 presents the dependences between the measured and calculated values.



Table 9 presents the values of MAPE (%) for each measurement depth separately and the mean value for the entire soil profile, calculated with the use of the data from measurements conducted in the area of the Faculty Agro and Hydrometeorology Observatory.



The MAPE error for all soil layers between moisture values observed in these years and values calculated using Equation (2) was 3.8%. This value was accepted as sufficiently accurate. It was found that the model fitting error decreased with the soil layer depth, from 8.1% for the surface layer to 1.0% for the deepest layer (Table 9). In other words, the accuracy of the exponential model improves with depth in the profile. This results from moisture stabilization at greater soil depths during dry spells. At the same time, the fitting error increased with the duration of the dry spell, at the rate of about 0.5%/day (Figure 8).



The drastic increase of the relative error Re (%) for dry spell 4 between days 10 and 11 of its duration was caused by sporadic errors in the measurement data. In this case, the measuring apparatus recorded a high decrease of the soil moisture between days 10 and 11 of the duration of the dry spell (i.e., between15 and 16 September 2016) only in the layers of 0–10 and 40–60 cm. It is surprising that in the remaining layers, the soil moisture changed only minimally or not at all (Table 10). The authors did not apply any corrections to the doubtful data, nor did they eliminate those data from the data base.




3.4.2. Verification Based on Data from Jelcz Laskowice and Baborówko


Model verification was also performed with the use of the results of soil moisture measurements conducted in the years 2009–2019 at two other locations in Poland, Jelcz Laskowice and Baborówko (Figure 1). As mentioned in Section 2.1, these stations are included in the soil moisture measurement network within the scope of the Agricultural Drought Monitoring System (ADMS) in Poland, conducted by the Institute of Soil Science and Plant Cultivation—State Research Institute (IUNG-PIB). They represent light soils, accounting for nearly 70% of all soils in Poland and in central Europe. From the viewpoint of particle size distribution, they are light loamy sands and light silty sands, and strong loamy sands and strong loams. In terms of susceptibility to droughts, the soils are classified in category II with a particle size distribution of light silty loamy sand [73]. Moisture measurements at these locations were taken by means of the profile probe PR2 Delta-T® at 5 depths in the soil profile: 10, 20, 40, 60, and 100 cm [74].



During the period of 2009–2019, 20 dry spells in Jelcz Laskowice and 35 in Baborówko were identified, in conformance with the adopted method, each lasting at least 10 days. The locality of Baborówko is situated in the Wielkopolskie Province, classified as one of the driest regions in Poland. This was also supported by the more frequent identification of dry spells numbering longer than 20 days at this measurement location. It should be mentioned that the verified model of soil drying during dry spells was created on the basis of dry spells that lasted, in the vast majority, for 10–20 days, which resulted from the duration of dry spells in Wrocław in the 13-year period adopted for the analyses. SMDS model verification performed on the basis of this material also allowed an assessment of the response of the model to dry spells lasting for longer than 20 days.



Figure 9 and Figure 10 present the relationships between the measured and the calculated values of soil moisture for Jelcz Laskowice and Baborówko, respectively.



Table 11, on the other hand, presents the values of MAPE (%) for each of the measurement depths separately, and the mean value for the entire soil profile, calculated with the use of data from both measurement locations that were used for the verification.



Model verification performed with the use of the data from Jelcz Laskowice and Baborówko demonstrated that the model, apart from the surface horizon of the soil, yielded results with errors smaller than 10%, which should be accepted as satisfactory results. This supports the conclusion that the model is a universal one and can be used for other objects characterized by soil conditions similar to those of the Faculty Agro and Hydrometeorology Observatory in Wrocław. In the surface soil horizons, in particular in the layer of 0–10 cm, the errors of verification reached or exceeded 30%. This results from the fact that during dry spells, soil moisture in those layers is also affected by other meteorological factors that influence the dry spell duration not accounted for in the model.





3.5. Prediction


The adoption of the values of the coefficient  α  given in Table 6 and Table 8 as a characteristic for the particular soil layers allows calculation, using Equation (2), of the predicted moisture values in relation to the duration of the dry spell, relative to the initial moisture accepted as 100%. Examples of predicted values are given in Table 12. For example, for a dry spell lasting for 15 days, in the layer of 20–40 cm, the moisture predicted according to the model will decrease to 89% of the initial moisture.



The exponential form of the trend of moisture changes over time adopted for the analyses also allows the calculation, using Equation (2), of the duration of the dry spell t after which soil moisture at a selected depth will decrease from the known value of the initial moisture ϴ0 to moisture ϴ, which is important for the land use of the area:


  t = −  1 α  ln    θ   θ 0      .  



(6)







Obviously, time t depends on the value of the decrease rate coefficient  α  and on the ratio of the expected moisture ϴ and the initial moisture ϴ0. Examples of such lead times are given in Table 13. For example, in the layer of 20–40 cm, characterized by parameter  α  = 0.0077, soil moisture will decrease to 80% of the initial value after a dry spell lasting for 28 days.





4. Discussion


Extreme phenomena—in this case droughts—appear in various regions of the world and many research teams are looking for methods of closer elucidation of those phenomena. However, this research is most frequently conducted with the use of known tools and methods. The simple and non-standard method developed and described in detail herein can help agricultural science and practice, and expand knowledge on the dynamics of drought. The permanent layout of measurement points and round-the-clock monitoring of the state of soil moisture at various depths allow the acquisition of highly valuable information on soil water resources. The innovative approach, i.e., simplicity of the model and departure from the standards, consisting in estimating the amount of soil moisture changes through indirect methods based on various available sets of meteorological elements, can contribute to a certain progress in the development of knowledge on drought as an extreme phenomenon.



The proposed exponential SMDS model of soil moisture decrease in dry spells allows estimation of the reduction of soil water content only on the basis of information on the state of soil moisture on the first day of a dry spell and its duration. In practice, this means that on the basis of available information on the lack of rainfall, obtained in the form of a prediction, it is possible to determine the potential decrease of soil moisture without any need for direct labor-consuming and costly measurements of the state of soil moisture. The developed SMDS model relates to bare soil because it is the standard reference surface and allows spatial comparison of results irrespective of the location of studies. The only significant factor differentiating the analyzed bare surfaces is the particle size composition of the soils. Soil drying occurs and is observably faster in light soils, while in compact soils the process proceeds more slowly and has a smaller range at greater soil thicknesses. This results from the fact that such soils have a potentially greater water folding capacity. An absence of vegetation cover on the soil creates such conditions that its moisture is the sole resultant of the effect of agro and hydrometeorological factors. In the literature, the authors of numerous publications indicate the justifiability of referencing the results obtained to surfaces of this type [75,76,77,78,79].



The process of soil drying is no more than the transfer of moisture from one medium to another (soil–air) [80]. The process begins when there is a demand for moisture in the atmosphere, when there is an influx of radiant energy to the ground surface, and when there is wind, which allows air mass exchange above the area where the process of evaporation takes place. In such a situation, the decrease of soil moisture is a function of factors occurring in the atmosphere. Soil evaporation models have been developed for many years, e.g., [81,82,83]. They are characterized by various degrees of complexity and various numbers of parameters. Wang et al. [81] proposed a normalized soil water index (NSWI) based on the water balance equation. Teng et al. [82] developed an analytical model consisting of three partial differential equations that respectively govern the vapor flow, liquid water flow, and heat transfer. Merlin et al. [83] proposed a model for soil evaporative efficiency (SEE) estimation defined as the ratio of actual to potential soil evaporation. According to Brutsaert [63], the soil drying process can be described as isothermal linear diffusion in a finite depth domain. The soil drying model proposed in this paper is based on the results of detailed long-term monitoring of the state of soil moisture as a function of agrometeorological factors represented by the single coefficient  α .



It is also difficult to confront the results obtained in this study with those of other authors addressing similar subject matter, due to the fact that the estimation of the extent of soil drying is most frequently referenced to the commonly used indicators of meteorological drought [45,46,47]. A similar problem was also addressed by Miler et al. [84]. Their study on the change of volumetric moisture of soil under a forest in non-rainfall periods in the years 2013–2016 demonstrated an average decrease, without taking into account the duration of the dry spells, of approximately 40% at the depth of 85 cm. At greater depths, the observed changes were only slight. The results of the current study for a bare soil surface were different. In the current case, irrespective of the duration of dry spells, the average moisture decrease varied from 3% for 10-day dry spells to 10% for those lasting for 40 days. The most sensitive to the lack of rainfall are bare soil layers with a thickness down to 40 cm. The results of the analyses demonstrated that, after a dry spell lasting for only 10 days, the moisture decrease varied from 7% for the layer of 20–40 cm to 19% and 35%, respectively, for the adopted  α  coefficient for the layer of 0–10 cm, while a 40-day non-rainfall period caused soil moisture to decrease by 27% for the layer of 20–40 cm and 57% and 82%, respectively, for the layer of 0–10 cm (Table 12). According to the research of Flammini et al. [79] on the dynamics of evaporation in bare soil in dry summer periods, the initial soil moisture affects the drying process. Gomboš et al. [85] indicate, on the basis of simulated soil moisture values, that during non-rainfall periods, water retention in soil under vegetation cover largely depends on the value of actual evapotranspiration. The level of limitation of the process in dry spell conditions can be an indicator of the drying of the soil profile. Drying begins when water migration towards plant roots becomes reduced. The results, however, should also be referenced to a bare soil surface, as, depending on the plant species and the active depth of the root zone, the process of water loss in the form of evapotranspiration is strongly diversified in the period of vegetation. In contrast, as mentioned earlier, a bare soil surface, as a result of the process of evaporation, responds primarily to a lack of precipitation water influx. At the same time, surface dynamics are also dependent on the degree of saturation of the atmosphere layer close to soil surface with water vapor, and on the dynamics of the movement of air masses adjacent to the ground surface. This indicates the need for conducting the analyses discussed herein to acquire knowledge about other aspects of soil drought with the use of non-standard tools.



In this study, SMDS model verification was conducted with the use of independent data originating from the measurement point on the basis of which the model was created. This verification demonstrated, for a model based only on a number of consecutive days with no rainfall produced, an error of 8% in the surface horizon of the soil (0–10 cm). Furthermore, only in this zone can the potential effect of other factors (e.g., other meteorological elements, such as air temperature and humidity, wind, soil properties, and soil cultivation treatments) be discussed. In the deeper layers of the soil profile, the developed model produces errors in the range of 1–5%, which shows that potential inclusion of the abovementioned other factors does not have any justifiable significance. This regularity was supported by the results of verification conducted for two other independent locations (Section 3.4.2), with the exception of the surface horizon of the soil, with a depth of 0–10 cm. It should be emphasized that in the case of this layer, for which the process of soil drying is a function of factors occurring in the atmosphere, the developed model may have limited application and the obtained results may be affected by greater errors. The initiation of this process is possible only when the following conditions are met—there is a demand for moisture in the atmosphere (deficit of air humidity), there is an influx radiant energy to the ground surface (solar radiation), and there is wind, which stimulates the dynamics of air mass exchange over the area from which the process of evaporation takes place. It should be assumed that including these elements in the model would certainly improve the quality of the estimated decrease in soil moisture in this layer. On the other hand, the absence of a direct bond between the model and the local meteorological conditions enhances its universal character, at the expense of a small loss of accuracy, especially in the surface horizon of soil. However, from the viewpoint of agricultural cultivations, this layer is of slight importance, yet is nonetheless the most sensitive to the effect of external factors. The results of the verification also confirmed the correct behavior of the model for dry spells of longer duration.



The current authors recognize a number of potential modifications for improving the accuracy of the model, while taking into account the model’s fundamental purpose of being easy to use in operational conditions. Firstly, it is possible to determine the value of parameter  α  separately for every layer and for every month, which will make the model bigger and more complex. One can expect, however, that with such a treatment, the errors will be smaller than those obtained in the presented study, especially in the soil layer of 0–10 cm, which is exposed directly to the effect of meteorological factors. Another solution would be to adopt the assumption that the value of coefficient  α  also depends on the state of soil moisture on the first day of a dry spell. A third variant could take into account soil temperature as a secondary element of energy influx to the soil, with a significant effect on the rate of soil drying, especially at its surface horizon. Such methods of making the model more general could improve its accuracy.



The proposed SMDS model of the dynamics of soil moisture during dry spells, as opposed to dedicated soil drought indicators based on many meteorological elements, water balance, or evapotranspiration appears to be uncomplicated and with high application possibilities. It can be used to impart greater precision to models of water balance with various levels of complexity and is much easier to apply in agricultural practice.




5. Conclusions


The presented analyses, conducted on original and extensive measurement material containing information on non-rainfall periods and water resources of bare soil, permit the formulation of the following conclusions:



	
The analyses of observation materials and the calculations performed indicate that the exponential trend describes well the decrease of soil moisture during dry spells. Its goodness of fit decreases with increasing depth of measurement.



	
The coefficient of the moisture decrease rate  α  decreases with depth. Its greatest variation was noted for the depth of 10 cm, and with increasing depth, smaller oscillations of the coefficient were observed.



	
The developed Equation (6) allows determination of the duration of a dry spell after which the soil moisture will decrease to an expected value.



	
As a result of the analyses performed, satisfactory results were obtained at the stage of verification of the developed SMDS model using data originating from the same station as the data used for the determination of the parameters of the model. The mean relative error was 3.8%. It was found that the error of model fitting decreases with increasing depth, from 8.1% for the surface layer to 1.0% for the deepest soil layer, while increasing with the time of the dry spell duration at the rate of 0.5%/day.



	
The verification performed using the measurement material from Jelcz Laskowice and Baborówko also gave satisfactory results. In the case of the deeper soil horizons, the calculated values of MAPE% were less than 8%, and only in the layer of 0–10 cm did the error exceed the level of 30%. The results obtained support the possibility of using the SMDS model for other locations.



	
The method of estimation of SMDS model parameters developed in this study and described in detail herein can also be applied for other types of soil. The only condition is the availability of a several-year string of observations of diurnal totals of atmospheric precipitation and values of soil moisture at various depths.
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Table A1. Characteristics for each soil moisture drought adopted for analysis at the stage of model parameter determination.






Table A1. Characteristics for each soil moisture drought adopted for analysis at the stage of model parameter determination.





	
Dry Spell (Days)

	
Characteristics

	
Soil Layer (cm)




	
0–10

	
10–20

	
20–40

	
40–60

	
60–80

	
80–100






	
22

	
SMb

	
0.06

	
0.10

	
0.08

	
0.11

	
0.22

	
0.23




	
SM%

	
30.94

	
19.66

	
6.38

	
8.05

	
0.62

	
0.14




	
SM%/d

	
1.41

	
0.89

	
0.29

	
0.37

	
0.03

	
0.01




	
11

	
SMb

	
0.11

	
0.09

	
0.23

	
0.20

	
0.26

	
0.37




	
SM%

	
25.53

	
25.56

	
15.80

	
11.11

	
2.05

	
0.36




	
SM%/d

	
2.32

	
2.32

	
1.44

	
1.01

	
0.19

	
0.03




	
12

	
SMb

	
0.09

	
0.09

	
0.20

	
0.26

	
0.29

	
0.32




	
SM%

	
15.29

	
18.60

	
11.22

	
5.73

	
2.10

	
2.18




	
SM%/d

	
1.27

	
1.55

	
0.94

	
0.48

	
0.17

	
0.18




	
11

	
SMb

	
0.10

	
0.10

	
0.17

	
0.25

	
0.28

	
0.32




	
SM%

	
27.08

	
28.87

	
8.67

	
7.72

	
2.91

	
1.58




	
SM%/d

	
2.46

	
2.62

	
0.79

	
0.70

	
0.26

	
0.14




	
11

	
SMb

	
0.06

	
0.09

	
0.09

	
0.14

	
0.25

	
0.29




	
SM%

	
25.00

	
10.23

	
5.75

	
7.61

	
6.53

	
1.74




	
SM%/d

	
2.27

	
0.93

	
0.52

	
0.69

	
0.59

	
0.16




	
18

	
SMb

	
0.10

	
0.11

	
0.08

	
0.13

	
0.20

	
0.26




	
SM%

	
30.61

	
15.74

	
12.20

	
15.56

	
12.06

	
2.69




	
SM%/d

	
1.70

	
0.87

	
0.68

	
0.86

	
0.67

	
0.15




	
11

	
SMb

	
0.08

	
0.08

	
0.07

	
0.09

	
0.16

	
0.17




	
SM%

	
11.69

	
13.16

	
5.84

	
1.13

	
2.58

	
0.00




	
SM%/d

	
1.06

	
1.20

	
0.53

	
0.10

	
0.23

	
0.00




	
10

	
SMb

	
0.08

	
0.08

	
0.07

	
0.09

	
0.15

	
0.17




	
SM%

	
16.25

	
12.99

	
5.97

	
2.33

	
3.33

	
0.00




	
SM%/d

	
1.63

	
1.30

	
0.60

	
0.23

	
0.33

	
0.00




	
21

	
SMb

	
0.12

	
0.16

	
0.20

	
0.24

	
0.25

	
0.26




	
SM%

	
46.09

	
30.77

	
21.48

	
16.21

	
1.57

	
1.96




	
SM%/d

	
2.19

	
1.47

	
1.02

	
0.77

	
0.07

	
0.09




	
10

	
SMb

	
0.07

	
0.13

	
0.10

	
0.14

	
0.23

	
0.28




	
SM%

	
35.14

	
33.33

	
19.02

	
4.36

	
2.65

	
0.00




	
SM%/d

	
3.51

	
3.33

	
1.90

	
0.44

	
0.27

	
0.00




	
10

	
SMb

	
0.33

	
0.29

	
0.29

	
0.28

	
0.25

	
0.26




	
SM%

	
47.11

	
38.19

	
34.90

	
10.91

	
8.33

	
11.41




	
SM%/d

	
4.71

	
3.82

	
3.49

	
1.09

	
0.83

	
1.14




	
10

	
SMb

	
0.25

	
0.23

	
0.23

	
0.25

	
0.24

	
0.26




	
SM%

	
46.53

	
36.48

	
24.30

	
4.06

	
5.76

	
12.55




	
SM%/d

	
4.65

	
3.65

	
2.43

	
0.41

	
0.58

	
1.25




	
14

	
SMb

	
0.12

	
0.14

	
0.16

	
0.24

	
0.23

	
0.24




	
SM%

	
22.50

	
16.31

	
13.41

	
9.26

	
4.37

	
2.10




	
SM%/d

	
1.61

	
1.17

	
0.96

	
0.66

	
0.31

	
0.15




	
12

	
SMb

	
0.09

	
0.09

	
0.10

	
0.13

	
0.14

	
0.17




	
SM%

	
24.44

	
25.53

	
12.95

	
5.12

	
1.42

	
3.55




	
SM%/d

	
2.04

	
2.13

	
1.08

	
0.43

	
0.12

	
0.30




	
16

	
SMb

	
0.06

	
0.06

	
0.08

	
0.08

	
0.13

	
0.16




	
SM%

	
16.13

	
8.93

	
4.73

	
3.66

	
5.30

	
18.47




	
SM%/d

	
1.01

	
0.56

	
0.30

	
0.23

	
0.33

	
1.15




	
11

	
SMb

	
0.07

	
0.09

	
0.07

	
0.08

	
0.18

	
0.20




	
SM%

	
45.77

	
17.12

	
4.55

	
3.20

	
2.58

	
1.54




	
SM%/d

	
4.16

	
1.56

	
0.41

	
0.29

	
0.23

	
0.14




	
12

	
SMb

	
0.04

	
0.06

	
0.11

	
0.14

	
0.13

	
0.17




	
SM%

	
43.93

	
10.29

	
3.13

	
4.40

	
4.64

	
6.55




	
SM%/d

	
3.66

	
0.86

	
0.26

	
0.37

	
0.39

	
0.55




	
10

	
SMb

	
0.07

	
0.13

	
0.13

	
0.10

	
0.16

	
0.23




	
SM%

	
40.00

	
18.66

	
2.87

	
4.04

	
2.74

	
−0.88




	
SM%/d

	
4.00

	
1.87

	
0.29

	
0.40

	
0.27

	
−0.09




	
11

	
SMb

	
0.10

	
0.06

	
0.13

	
0.14

	
0.16

	
0.17




	
SM%

	
33.00

	
−3.89

	
0.80

	
2.92

	
3.51

	
−1.93




	
SM%/d

	
3.00

	
−0.35

	
0.07

	
0.27

	
0.32

	
−0.18




	
16

	
SMb

	
0.09

	
0.06

	
0.12

	
0.13

	
0.15

	
0.17




	
SM%

	
32.27

	
3.23

	
0.54

	
2.51

	
2.83

	
0.58




	
SM%/d

	
2.02

	
0.20

	
0.03

	
0.16

	
0.18

	
0.04




	
11

	
SMb

	
0.09

	
0.06

	
0.14

	
0.15

	
0.23

	
0.29




	
SM%

	
44.79

	
12.50

	
4.33

	
3.45

	
2.45

	
3.29




	
SM%/d

	
4.07

	
1.14

	
0.39

	
0.31

	
0.22

	
0.30




	
11

	
SMb

	
0.06

	
0.05

	
0.13

	
0.14

	
0.22

	
0.28




	
SM%

	
35.94

	
5.16

	
3.75

	
7.09

	
3.62

	
1.05




	
SM%/d

	
3.27

	
0.47

	
0.34

	
0.64

	
0.33

	
0.10




	
12

	
SMb

	
0.08

	
0.13

	
0.12

	
0.09

	
0.15

	
0.22




	
SM%

	
38.22

	
16.27

	
0.56

	
2.30

	
0.91

	
0.47




	
SM%/d

	
3.19

	
1.36

	
0.05

	
0.19

	
0.08

	
0.04




	
12

	
SMb

	
0.09

	
0.06

	
0.12

	
0.16

	
0.22

	
0.23




	
SM%

	
20.45

	
5.17

	
−1.61

	
−1.27

	
−0.46

	
1.32




	
SM%/d

	
1.70

	
0.43

	
−0.13

	
−0.11

	
−0.04

	
0.11




	
12

	
SMb

	
0.07

	
0.07

	
0.18

	
0.21

	
0.25

	
0.26




	
SM%

	
10.77

	
11.59

	
4.52

	
7.11

	
0.00

	
−1.54




	
SM%/d

	
0.90

	
0.97

	
0.38

	
0.59

	
0.00

	
−0.13




	
11

	
SMb

	
0.06

	
0.06

	
0.17

	
0.19

	
0.25

	
0.26




	
SM%

	
5.17

	
3.39

	
2.98

	
4.15

	
0.00

	
−0.38




	
SM%/d

	
0.47

	
0.31

	
0.27

	
0.38

	
0.00

	
−0.03




	
16

	
SMb

	
0.10

	
0.10

	
0.11

	
0.17

	
0.25

	
0.28




	
SM%

	
13.68

	
9.90

	
6.05

	
7.04

	
6.85

	
0.71




	
SM%/d

	
0.86

	
0.62

	
0.38

	
0.44

	
0.43

	
0.04




	
14

	
SMb

	
0.13

	
0.15

	
0.16

	
0.22

	
0.21

	
0.24




	
SM%

	
20.61

	
17.12

	
10.09

	
4.33

	
2.34

	
0.85




	
SM%/d

	
1.47

	
1.22

	
0.72

	
0.31

	
0.17

	
0.06




	
10

	
SMb

	
0.09

	
0.09

	
0.10

	
0.13

	
0.16

	
0.17




	
SM%

	
12.79

	
15.73

	
4.06

	
3.12

	
2.58

	
2.87




	
SM%/d

	
1.28

	
1.57

	
0.41

	
0.31

	
0.26

	
0.29




	
27

	
SMb

	
0.06

	
0.05

	
0.08

	
0.07

	
0.12

	
0.10




	
SM%

	
8.47

	
8.00

	
3.73

	
1.35

	
3.48

	
6.00




	
SM%/d

	
0.31

	
0.30

	
0.14

	
0.05

	
0.13

	
0.22




	
13

	
SMb

	
0.04

	
0.09

	
0.10

	
0.12

	
0.11

	
0.16




	
SM%

	
34.88

	
11.76

	
−1.68

	
−1.34

	
−2.63

	
19.75




	
SM%/d

	
2.68

	
0.90

	
−0.13

	
−0.10

	
−0.20

	
1.52




	
10

	
SMb

	
0.07

	
0.06

	
0.12

	
0.13

	
0.14

	
0.17




	
SM%

	
13.30

	
2.21

	
0.82

	
0.00

	
0.69

	
−0.60




	
SM%/d

	
1.33

	
0.22

	
0.08

	
0.00

	
0.07

	
−0.06




	
17

	
SMb

	
0.08

	
0.07

	
0.13

	
0.13

	
0.21

	
0.28




	
SM%

	
28.29

	
35.21

	
0.52

	
2.29

	
0.64

	
0.48




	
SM%/d

	
1.66

	
2.07

	
0.03

	
0.13

	
0.04

	
0.03




	
11

	
SMb

	
0.08

	
0.06

	
0.12

	
0.16

	
0.22

	
0.22




	
SM%

	
12.66

	
−5.45

	
−0.81

	
0.64

	
0.46

	
2.27




	
SM%/d

	
1.15

	
−0.50

	
−0.07

	
0.06

	
0.04

	
0.21




	
12

	
SMb

	
0.15

	
0.19

	
0.23

	
0.24

	
0.28

	
0.27




	
SM%

	
35.17

	
28.04

	
18.79

	
5.22

	
−1.08

	
2.58




	
SM%/d

	
2.93

	
2.34

	
1.57

	
0.43

	
−0.09

	
0.22




	
12

	
SMb

	
0.09

	
0.13

	
0.17

	
0.22

	
0.27

	
0.26




	
SM%

	
11.63

	
11.02

	
6.71

	
4.13

	
3.75

	
0.00




	
SM%/d

	
0.97

	
0.92

	
0.56

	
0.34

	
0.31

	
0.00




	
38

	
SMb

	
0.12

	
0.12

	
0.11

	
0.16

	
0.23

	
0.29




	
SM%

	
31.71

	
22.03

	
8.29

	
3.48

	
4.80

	
5.23




	
SM%/d

	
0.83

	
0.58

	
0.22

	
0.09

	
0.13

	
0.14




	
14

	
SMb

	
0.10

	
0.11

	
0.11

	
0.15

	
0.20

	
0.18




	
SM%

	
26.21

	
29.91

	
12.83

	
13.38

	
−14.29

	
4.42




	
SM%/d

	
1.87

	
2.14

	
0.92

	
0.96

	
−1.02

	
0.32




	
11

	
SMb

	
0.06

	
0.05

	
0.08

	
0.07

	
0.11

	
0.10




	
SM%

	
1.82

	
2.13

	
1.27

	
1.35

	
0.89

	
3.09




	
SM%/d

	
0.17

	
0.19

	
0.12

	
0.12

	
0.08

	
0.28




	
Average

	
SM%

	
26.20

	
15.93

	
7.69

	
5.07

	
2.38

	
2.99




	
SM%/d

	
2.10

	
1.26

	
0.62

	
0.39

	
0.19

	
0.23








SMb—soil moisture on the 1st day of dry spell; SM%—% decrease of soil moisture relative to the initial value; SM%/d—% decrease of soil moisture per day.
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Figure 1. Location of the Faculty Agro and Hydrometeorology Observatory, Wrocław University of Environmental and Life Sciences, and stations used for additional verification: Jelcz Laskowice and Baborówko. 
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Figure 2. Agrometeorological characterization (air temperature, tp; precipitation, P; ground water level, Wg) of the summer half-year in the years 2003–2019 in relation to the normative multi-year period of 1971–2000. 
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Figure 3. Measurement of soil moisture with the use of TDR/MUX/mpts and MIDL_GPRS data acquisition loggers at the Faculty Agro and Hydrometeorology Observatory. 
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Figure 4. Histogram of dry spell duration. 
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Figure 5. Decrease of soil moisture on consecutive days and sequential soil layers for an exemplary dry spell lasting 18 days. 
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Figure 6. Fluctuation of coefficient  α  at the adopted soil layers: (a) 0–10, 10–20, 20–40 cm; (b) 40–60, 60–80, 80–100 cm. 
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Figure 7. Dependences between the measured and calculated values of soil moisture for the verified years 2016–2019 for Wrocław. 
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Figure 8. Variability of relative errors   R e =     C a l − O b s     O b s     ·   100 %   with time for verified dry spells for Wrocław. 
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Figure 9. Relationship between measured and calculated values of soil moisture for the verified years 2009–2019 for Jelcz Laskowice. 
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Figure 10. Relationship between measured and calculated values of soil moisture for the verified years 2009–2019 for Baborówko. 
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Table 1. Particle size distribution (PSD) of the soils in the area of the observatory [65].
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Depth

	
Percentage Share of Fraction With Diameter (mm)

	
PSD Group




	
cm

	
>2

	
2.0–1.0

	
1.0–0.5

	
0.5–0.25

	
0.25–0.1

	
0.1–0.05

	
0.05–0.02

	
0.02–0.002

	
<0.002






	
0–28

	
0

	
2

	
8

	
23

	
42

	
8

	
8

	
7

	
2

	
loamy sand




	
28–39

	
0

	
1

	
9

	
24

	
43

	
6

	
10

	
6

	
1

	
loamy sand




	
39–77

	
0

	
2

	
9

	
20

	
48

	
11

	
6

	
3

	
1

	
weakly-loamy sand




	
77–106

	
0

	
2

	
16

	
33

	
43

	
2

	
2

	
1

	
1

	
loose sand




	
106–122

	
2

	
4

	
17

	
23

	
42

	
3

	
1

	
1

	
9

	
loose sand




	
122–150

	
2

	
1

	
5

	
18

	
35

	
7

	
7

	
9

	
18

	
sandy loam
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Table 2. Extreme and average values of soil moisture in summer half-years in the period of 2003–2019.
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Soil Depth (cm)




	
0–10

	
10–20

	
20–40

	
40–60

	
60–80

	
80–100






	
2003

	
min

	
0.022

	
0.045

	
0.052 *

	
0.062 *

	
0.085

	
0.102




	
max

	
0.078

	
0.091

	
0.084

	
0.093

	
0.124

	
0.185




	
average

	
0.047

	
0.063

	
0.066 *

	
0.073 *

	
0.102

	
0.122




	
2004

	
min

	
0.019 *

	
0.035 *

	
0.062

	
0.087

	
0.087

	
0.101




	
max

	
0.080

	
0.083

	
0.116

	
0.164

	
0.169

	
0.209




	
average

	
0.038 *

	
0.053 *

	
0.087

	
0.111

	
0.120

	
0.136




	
2005

	
min

	
0.022

	
0.045

	
0.091

	
0.103

	
0.114

	
0.124




	
max

	
0.134

	
0.101

	
0.133

	
0.157

	
0.171

	
0.215




	
average

	
0.058

	
0.066

	
0.103

	
0.122

	
0.137

	
0.159




	
2006

	
min

	
0.035

	
0.039

	
0.078

	
0.087

	
0.107

	
0.128




	
max

	
0.158

	
0.102

	
0.165

	
0.177

	
0.198

	
0.232




	
average

	
0.065

	
0.061

	
0.102

	
0.115

	
0.141

	
0.171




	
2007

	
min

	
0.033

	
0.070

	
0.096

	
0.092

	
0.104

	
0.126




	
max

	
0.109

	
0.131

	
0.141

	
0.137

	
0.155

	
0.182




	
average

	
0.055

	
0.089

	
0.111

	
0.108

	
0.122

	
0.145




	
2008

	
min

	
0.062

	
0.060

	
0.092

	
0.113

	
0.138

	
0.153




	
max

	
0.116

	
0.101

	
0.152

	
0.190

	
0.214

	
0.235




	
average

	
0.076

	
0.072

	
0.105

	
0.131

	
0.158

	
0.179




	
2009

	
min

	
0.054

	
0.055

	
0.108

	
0.133

	
0.161

	
0.181




	
max

	
0.216

	
0.280

	
0.267

	
0.257

	
0.255

	
0.258




	
average

	
0.086

	
0.090

	
0.142

	
0.167

	
0.187

	
0.202




	
2010

	
min

	
0.057

	
0.074

	
0.110

	
0.132

	
0.158

	
0.176




	
max

	
0.309

	
0.296

	
0.281

	
0.270

	
0.273

	
0.272




	
average

	
0.100

	
0.118

	
0.151

	
0.171

	
0.191

	
0.204




	
2011

	
min

	
0.042

	
0.061

	
0.065

	
0.088

	
0.120

	
0.152




	
max

	
0.183

	
0.197

	
0.315

	
0.296

	
0.299

	
0.299




	
average

	
0.086

	
0.097

	
0.095

	
0.121

	
0.153

	
0.179




	
2012

	
min

	
0.065

	
0.061

	
0.072

	
0.078

	
0.097

	
0.118




	
max

	
0.161

	
0.157

	
0.129

	
0.135

	
0.154

	
0.176




	
average

	
0.080

	
0.078

	
0.083

	
0.087

	
0.107

	
0.133




	
2013

	
min

	
0.070

	
0.072

	
0.083

	
0.091

	
0.129

	
0.154




	
max

	
0.329 *

	
0.309 *

	
0.321 *

	
0.328 *

	
0.310 *

	
0.305 *




	
average

	
0.124 *

	
0.135 *

	
0.152 *

	
0.177*

	
0.187

	
0.197




	
2014

	
min

	
0.066

	
0.068

	
0.076

	
0.089

	
0.101

	
0.111




	
max

	
0.103

	
0.107

	
0.109

	
0.124

	
0.162

	
0.172




	
average

	
0.081

	
0.082

	
0.088

	
0.101

	
0.114

	
0.125




	
2015

	
min

	
0.051

	
0.050

	
0.062

	
0.067

	
0.078

	
0.081 *




	
max

	
0.140

	
0.095

	
0.089

	
0.085

	
0.098

	
0.112




	
average

	
0.066

	
0.063

	
0.070

	
0.073

	
0.087 *

	
0.097 *




	
2016

	
min

	
0.051

	
0.052

	
0.058

	
0.066

	
0.072 *

	
0.108




	
max

	
0.084

	
0.082

	
0.088

	
0.132

	
0.160

	
0.188




	
average

	
0.066

	
0.065

	
0.070

	
0.099

	
0.116

	
0.144




	
2017

	
min

	
0.053

	
0.071

	
0.063

	
0.093

	
0.168

	
0.235




	
max

	
0.102

	
0.122

	
0.100

	
0.161

	
0.249

	
0.275




	
average

	
0.065

	
0.090

	
0.081

	
0.117

	
0.213

	
0.260




	
2018

	
min

	
0.064

	
0.061

	
0.101

	
0.128

	
0.175

	
0.177




	
max

	
0.154

	
0.141

	
0.139

	
0.165

	
0.243

	
0.256




	
average

	
0.085

	
0.093

	
0.108

	
0.141

	
0.202

	
0.221




	
2019

	
min

	
0.076

	
0.076

	
0.089

	
0.139

	
0.193

	
0.204




	
max

	
0.170

	
0.140

	
0.157

	
0.224

	
0.258

	
0.245




	
average

	
0.109

	
0.096

	
0.107

	
0.159

	
0.215 *

	
0.225








* absolute values.
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Table 3. Number of dry spells in particular months of the summer half-year.






Table 3. Number of dry spells in particular months of the summer half-year.





	Months
	V
	VI
	VII
	VIII
	IX
	X





	Number of dry spells
	8
	4
	3
	3
	12
	9
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Table 4. Average values and standard deviations of SM% and SM%/d for the analyzed soil depths.






Table 4. Average values and standard deviations of SM% and SM%/d for the analyzed soil depths.





	Soil Layer (cm)
	0–10
	10–20
	20–40
	40–60
	60–80
	80–100





	SM%
	26.20
	15.93
	7.69
	5.07
	2.38
	2.99



	SM%/d
	2.10
	1.26
	0.62
	0.39
	0.19
	0.23



	St. dev SM%
	12.62
	10.93
	7.77
	4.08
	3.80
	4.78



	St. dev SM%/d
	1.20
	0.99
	0.72
	0.29
	0.28
	0.38
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Table 5. Mean values of r for the adopted soil depths and the statistics of the student’s t-test used for testing the significance of the coefficient of correlation.






Table 5. Mean values of r for the adopted soil depths and the statistics of the student’s t-test used for testing the significance of the coefficient of correlation.





	Soil Layer (cm)
	0–10
	10–20
	20–40
	40–60
	60–80
	80–100
	Average





	Correlation coefficient r
	0.66
	0.48
	0.41
	0.31
	0.41
	0.46
	0.46



	Student’s t-test
	4.22
	2.37
	1.73
	1.21
	1.80
	1.91
	2.21
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Table 6. Values of the coefficient  α  at subsequent measuring depths.






Table 6. Values of the coefficient  α  at subsequent measuring depths.





	
Soil Layer (cm)

	
Variability of Coefficient    α   

	
Mean Values of Coefficient   α  






	
0–10

	
0.02–0.08 (VI–VIII)

	
0.0426




	
<0.03 (V, IX, X)

	
0.0208




	
10–20

	
0.01–0.03 (VI 0.055)

	
0.0159




	
20–40

	
<0.01 (VI 0.055)

	
0.0077




	
40–60

	
<0.01

	
0.0045




	
60–80

	
<0.01

	
0.0027




	
80–100

	
<0.01

	
0.0025
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Table 7. Mean values of correlation coefficient r between the model and the measured values and standard deviations with the adopted soil depth.






Table 7. Mean values of correlation coefficient r between the model and the measured values and standard deviations with the adopted soil depth.





	Soil Layer (cm)
	0–10
	10–20
	20–40
	40–60
	60–80
	80–100





	Correlation coefficient r
	0.89
	0.87
	0.78
	0.81
	0.75
	0.60



	Standard deviation
	0.19
	0.28
	0.32
	0.30
	0.31
	0.33
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Table 8. Detailed results of parameter  α  identification and approximation errors.






Table 8. Detailed results of parameter  α  identification and approximation errors.





	
Soil Layer (cm)

	
0–10

	
10–20

	
20–40

	
40–60

	
60–80

	
80–100






	
  α  

	
0.0208 (V, IX, X)

	
0.0159

	
0.0077

	
0.0045

	
0.0027

	
0.0025




	
0.0426 (VI–VIII)




	
r

	
0.892

	
0.866

	
0.782

	
0.806

	
0.746

	
0.601




	
MAPE (%)

	
2.936

	
1.364

	
0.777

	
0.551

	
0.526

	
0.837




	
RMSE

	
0.003

	
0.002

	
0.001

	
0.001

	
0.001

	
0.002
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Table 9. Variability of MAPE (%) and parameters of regression and correlation with depths for verified dry spells for Wrocław.






Table 9. Variability of MAPE (%) and parameters of regression and correlation with depths for verified dry spells for Wrocław.





	Soil Layer (cm)
	0–10
	10–20
	20–40
	40–60
	60–80
	80–100
	Mean





	MAPE (%)
	8.1
	5.3
	3.7
	3.0
	2.1
	1.0
	3.8



	a
	1.13
	1.09
	1.06
	1.09
	1.09
	1.04
	1.08



	b
	−0.01
	−0.01
	−0.00
	−0.01
	−0.01
	−0.01
	−0.01



	r2
	0.83
	0.93
	0.91
	0.95
	0.98
	0.99
	0.93







a, b—parameters of regression line Cal = a × Obs + b; Cal—calculated moisture; Obs—measured moisture; r2—square of correlation coefficient.
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Table 10. Soil moisture values with depths on the 15th and 16th of September 2016.






Table 10. Soil moisture values with depths on the 15th and 16th of September 2016.





	Day
	0–10 cm
	10–20 cm
	20–40 cm
	40–60 cm
	60–80 cm
	80–100 cm





	15 September 2016
	0.063
	0.056
	0.072
	0.140
	0.146
	0.222



	16 September 2016
	0.051
	0.055
	0.072
	0.124
	0.146
	0.220
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Table 11. Variability of MAPE (%) and parameters of regression and correlation with depths for verified dry spells for Jelcz Laskowice and Baborówko.






Table 11. Variability of MAPE (%) and parameters of regression and correlation with depths for verified dry spells for Jelcz Laskowice and Baborówko.





	Soil Layer (cm)
	0–10
	10–20
	20–40
	40–60
	60–80
	80–100
	Mean





	Laskowice MAPE (%)
	27.7
	7.5
	3.4
	2.6
	-
	2.2
	8.7



	a
	0.89
	0.98
	0.98
	0.97
	-
	0.76
	9.92



	b
	0.02
	0.00
	0.00
	0.00
	-
	0.00
	0.00



	r2
	0.75
	0.93
	0.98
	0.96
	-
	0.74
	0.87



	Baborówko MAPE (%)
	37.5
	16.6
	8.4
	4.2
	-
	3.5
	14.4



	a
	0.85
	0.92
	0.91
	0.92
	-
	0.89
	0.90



	b
	0.03
	0.02
	0.02
	0.02
	-
	0.04
	0.03



	r2
	0.75
	0.78
	0.90
	0.91
	-
	0.84
	0.84







a, b—parameters of regression line; Cal = a × Obs + b; Cal—calculated moisture; Obs—measured moisture; r2—square of correlation coefficient.
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Table 12. Prediction of soil moisture (%) depending on time and soil layer.






Table 12. Prediction of soil moisture (%) depending on time and soil layer.





	
   α   

	
0.0208

	
0.0426

	
0.0159

	
0.0077

	
0.0045

	
0.0027

	
0.0025




	
Time (Day)

	
Soil Layer (cm)




	
0–10

	
0–10

	
10–20

	
20–40

	
40–60

	
60–80

	
80–100






	
0 d

	
100

	
100

	
100

	
100

	
100

	
100

	
100




	
10 d

	
81

	
65

	
85

	
93

	
96

	
97

	
98




	
15 d

	
73

	
53

	
79

	
89

	
93

	
96

	
96




	
20 d

	
66

	
43

	
73

	
86

	
91

	
95

	
95




	
25 d

	
60

	
34

	
67

	
82

	
89

	
94

	
94




	
30 d

	
54

	
28

	
62

	
79

	
87

	
92

	
93




	
35 d

	
48

	
22

	
57

	
76

	
85

	
91

	
92




	
40 d

	
43

	
18

	
53

	
73

	
84

	
90

	
91
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Table 13. Time (days) required to achieve values of soil moisture θ at the adopted soil layers.






Table 13. Time (days) required to achieve values of soil moisture θ at the adopted soil layers.





	
Soil Layer (cm)

	
   α   

	
   θ /  θ 0     (%)




	
90

	
80

	
70

	
60

	
50






	
0–10

	
0.0208

	
5

	
10

	
17

	
24

	
33




	
0–10

	
0.0426

	
2

	
5

	
8

	
11

	
16




	
10–20

	
0.0159

	
6

	
14

	
22

	
32

	
43




	
20–40

	
0.0077

	
13

	
28

	
46

	
66

	
90




	
40–60

	
0.0045

	
23

	
49

	
79

	
113

	
154




	
60–80

	
0.0027

	
39

	
82

	
132

	
189

	
256




	
80–100

	
0.0025

	
42

	
89

	
142

	
204

	
277
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