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Abstract

:

Methods for remote sensing of the underlying surface in the microwave range based on moisture dependence of soil emissivity were successfully used in monitoring droughts and assessing water availability of the studied territories. Soil moisture influence on soil cover emissivity calibrated in units of the radio brightness temperature (TB) was studied. We used values of TB derived from SMOS satellite data. This paper presents the results of a comparative analysis of soil, meteorological conditions and physical characteristics of soils in the test territories of the Kulunda Plain. The experimental data were applied in computing trends of TB and physical temperature (T) described by linear dependencies. Volume fractions of water (W) in soil were calculated based on the satellite sensing data, the results of field studies and laboratory measurements of dielectric characteristics of soils. A map scheme of spatial distribution of W was constructed and the influences of snow cover, precipitation and surface wind velocity on drought were analyzed. The comprehensive analysis of remote, field and laboratory data suggest that the rate of change in the brightness temperature (dTBH/dD—up to 17 K per day), which characterizes the rate of fall in volume humidity of soil (ΔW—up to 0.009 cm3/cm3 per day), can be used as a short-term radio-physical harbinger of drought. An experimental dependence of the rate of change in radio brightness temperature on the rate of change in soil moisture was established.
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1. Introduction


Arid lands, widespread all over the world, cover approximately 40% of the total land surface. Vital activity of billions of people often depends on droughts—dangerous natural events which occur with different frequency and intensity worldwide [1]. Prolonged droughts change the existing relationships between natural systems and cause territory desertification and soil/vegetation degradation. The combined effect of these negative processes contributes to a noticeable drop in crop yields that, in turn, increases costs of crop production and becomes a serious threat to national food security in many countries [2,3].



Droughts, which significantly reduce the volume of agricultural products throughout the world, contributed to the global food crisis of 2007–2008 and a sharp rise in food prices. The resolution of the crisis, which affected more than 850 million people, required urgent effective measures, including the promotion of sustainable farming methods in the context of climate change, the increased public investment in agriculture and the reform of global food aid institutions [4]. In 2021, between 702 and 828 million people suffered from famine [5].



In the last decade, the growing concerns over food security throughout the world and especially in developing countries attracted heightened interest in the problems of mitigating the negative effects of natural hazards (primarily droughts) and anthropogenic factors on the ecological state of agricultural lands. Much attention was also paid to the development of methods for assessing the impact of dominant agro-food systems on the environment [6]. Soil drought, which occurs with the drop in precipitation amount below normal and the decrease in water availability of the territory, is characterized by the regional (often unique) features depending on meteorological conditions, climatic parameters, orography, type, particle-size composition and salinity of soil [7] and atmosphere circulation responsible for transfer of air masses [8].



To date, more than 170 drought indices have been developed, but none of them guarantee an accurate forecast of scale, timing, duration and intensity of droughts [9]. Moreover, the performance of drought indices (already repeatedly tested in different regions of the world) fails under changing climate conditions and increasing anthropogenic impacts on ecosystems [10,11,12,13]. The best methods for assessing droughts are based on the results of ground-based observations. In [10,14,15], a description of some drought indices widely used in recent years is given. The joint analysis of such indices makes it possible to choose a suitable drought index for a specific region.



In 2012, Northern Eurasia was in the grip of the strongest (since the 1960s) soil drought, which affected 16 regions of Russia and neighboring states (Kazakhstan, Kyrgyzstan, northwestern provinces of China and southeastern territories of Ukraine). The worst (for 56 years) drought in the Midwest of the United States also happened in 2012. Soil droughts are especially dangerous for strategically important agricultural regions. The Kulunda Plain, located in the steppe and forest-steppe natural zones in the south of Western Siberia, which according to the administrative-territorial division includes the steppe territories of Altai Krai, Novosibirsk (Russian Federation) and Pavlodar (Republic of Kazakhstan) oblasts, refers to such regions. For the western regions of Altai Krai, situated in the south of Western Siberia, the heat wave and drought of 2012 were unprecedented and became the most severe natural disaster in the history of the region. That drought affected more than 3 million hectares of agricultural crops. To combat it, an emergency regime was introduced.



This paper presents the findings of the comprehensive research on the development of remote microwave harbingers of droughts (Altai Krai as a case study).




2. Materials and Methods


2.1. Brief Analysis of Existing Indices and Methods


The paper [16] gives an overview of existing remote sensing methods for detecting and monitoring the areas exposed to drought. Along with traditional methods, which comprise only meteorological parameters, the combined indices based on meteorological and remote sensing data (including the indices not using ground data) are considered. Special attention is paid to the indices based on the combination of visible, near-infrared and thermal channels under day and night shooting. The advantages of applying some indices in different regions of the world are discussed. Satellite monitoring of such biophysical parameters and their anomalies such as the Soil Water Index (SWI), Normalized Difference Vegetation Index (NDVI), albedo and surface temperature provide reliable information about climatic extremes. These parameters, with the exception of soil moisture, have been regularly computed since 2000 due to satellite observations from MODIS (Medium-Resolution Imaging Spectrometer).



To detect drought and precipitation-induced waterlogging, the Satellite Climatic Extremes Index (SCEI) that is the sum of deviations from the long-term average SWI, NDVI, albedo and surface temperature normalized by the standard deviation has been developed and is used in practice [17,18,19]. The original approach to drought study is described in [20], where soil salinization and drought, as two major factors limiting crop yields, are considered simultaneously. It is expected that with climate change, such stresses will increase and exacerbate the risks of global food security in the future. Therefore, regular monitoring of both drought and salinity is necessary for the separation of their effects on agricultural vegetation growth. Note that different drought indices show different sensitivity to the same environmental parameters. When neglecting this fact, drought and salinization artefacts may appear. Soil salinization radically changes the dependence of brightness characteristics of soil cover on moisture [21,22].



In [23], the Nonlinear Multidimensional Drought Index (NMDI) defined through combining meteorological, hydrological and agricultural variables (precipitation, runoff and soil moisture) is presented. Duration and intensity of drought can be estimated based on NMDI. In [24], it is proposed to use the Agricultural Drought Frequency (ADFC) and Agricultural Drylands Area (ADAC) change in assessing the effects of soil drought calculated by combining the Palmer Drought Severity Index (PDSI) and the Vegetation Health Index (VHI). The results prove that ADFC and ADAC can reflect both spatial-temporal changes in characteristics of agricultural drought and the impact of ongoing drought control measures. These indices can be estimated from microwave sounding data, in particular from SMOS through calculating the areas of soil cover with different moisture content [25].



In [26], the Nonlinear Multidimensional Drought Index (NMDI) constructed by combining meteorological, hydrological and agricultural variables (precipitation, runoff and soil moisture) is discussed. The defined NMDI ensures evaluation of three characteristics of drought (duration, peak and intensity). In [27], the Combined Drought Index (CDI) was found using meteorological, ground-based and remote observations. CDI provides a synthetic and synoptic overview of drought events using a classification scheme derived from various individual indices. The paper [28] describes the recently most widely used drought indices, i.e., NMDI, VCADI, PDI, MPDI and SPDI, as well as the Soil Moisture Deficiency Index (SMDI), Evapotranspiration Deficit Index (ETDI), Evapotranspiration Fraction (EF), Vegetation Drought Temperature Index (TVDI), Vegetation Temperature Conditions Index (VTCI), Water Scarcity Index (WDI), Standard Vegetation Index (SVI) and Soil Moisture Index of Cultivated Lands (CSMI). The joint analysis of these indices provides the choice of an appropriate drought index for a particular region.



In [10], the authors report about the Multidimensional Standardized Drought Index (MSDI) developed due to a combination of the Standardized Precipitation Index (SPI) and the Standardized Soil Moisture Index (SSI) used to characterize drought. The MSDI includes meteorological and agricultural arid conditions for a general drought characteristic. In [15], it is proposed to use the Modified Reconnaissance Drought Index (mRDI) for drought analysis, taking into account both cumulative precipitation and potential evapotranspiration. This index allows to evaluate both current and historical droughts in a single metric. This index gives additional information for studying socio-economic and environmental problems of droughts; it can be applied as an effective indicator in water management and agricultural insuring.



In [29,30], a set of drought indices is used to evaluate the following drought indices: PDSI, SPI, single drought indices, vegetation and temperature conditions (TCI and MODIS), precipitation and soil moisture conditions (SMCI and AMSR-E), as well as combined drought indices, including the Integrated Microwave Drought Index (MIDI), Optimized Vegetation Drought Index (OVDI), Optimized Meteorological Drought Index (OMDI), Scaled Arid Conditions Index (SDCI) and Synthesized Drought Index (SDI). The results show that different drought indices have specific characteristics for different types of land use.



In [31], the improved Temperature-Vegetation-Soil Moisture Index (iTVMDI) was developed for drought monitoring based on remote sensing data in the optical, infrared and microwave ranges, as well as for monitoring temporal and spatial changes in drought conditions. The review article [32] discusses existing and new approaches to drought monitoring using satellite observations in the climatological and ecosystem context. In [33], a review of remote satellite sensor data in the visible and infrared ranges including the developed drought indices for detection of water stress of agricultural crops is presented. The foregoing review of scientific results obtained by various authors indicates that remote drought indices have proven their effectiveness and convenience for determining drought conditions on a regional and global scale. However, most modern drought indices are based on remote sensing data in the visible/near-infrared range, strongly influenced by clouds, water vapor content in the atmosphere and rainfall. Microwave sensors are devoid of these disadvantages, being all-weather sensors. Meanwhile, the use of microwave vegetation drought indices in drought monitoring has not been studied in detail yet. The influence of radio frequency interference, which greatly complicates the interpretation of the results of the Earth covers’ radio wave sounding in the industrial regions such as the United States, Europe and others, is less significant in agricultural regions in the south of West Siberia. Usually, radio frequency interference in the microwave range is localized in areas of large cities, and it is completely insignificant in agricultural fields where there are no active sources of microwave radiation.



In [34], an innovative drought indicator with a wider spatial and temporal coverage is proposed. It is based on the use of the brightness temperature data measured from SMOS, the so-called Standardized Brightness Temperature Index (STBI). Using the example of the 2018 drought that occurred in northern countries, it is shown that STBI provides better spatial and temporal coverage compared to other drought indices.



Various remote sensing methods for monitoring water state in vegetation are considered in [35,36]. The five most commonly used indicators of volume fraction of water in plants are the Normalized Difference Vegetation Index (NDVI) (12.2%), backscattering coefficients (10.8%), spectral reflectivity (8.1%), reflection coefficient (8.1%) and dielectric constant (8.1%). In [37], the possibilities of multisensory remote sensing for studying key phenomena and mechanisms associated with drought, including vegetation response to drought, feedback between the atmosphere and land during drought, drought-induced tree death and fires in ecosystems, recovery after drought, inherited effects, sudden drought and drought trends in the context of climate change, are studied. It is concluded that the use of multisensory remote sensing gives unique advantages for regional and global drought investigations, for instance: (1) identification of complex mechanisms of drought impact on the ecosystem components; (2) provision of continuous long-term drought-related information on a regional and global scale; (3) presentation of drought information in real time with high spatial and temporal resolution; (4) provision of evidence of drought monitoring to improve the reliability of modeling and forecasting; (5) improvement of accuracy of monitoring and assessing droughts. It is emphasized that additional drought studies focused on the use of a combination of sensors and methods (optical, microwave, hyperspectral and lidar) on various spatial and temporal scales are needed.



As shown in [38], optical depth of vegetation (VOD) obtained by microwave radiometry correlates with the total amount of water in plants. Such a correlation additionally suggests a probable relationship between VOD and the aquatic potential of woody vegetation. Accordingly, the microwave sensing data can be used in assessing the ecological state of vegetation. In [39], it is predicted that a number of drought-induced cases of tree death will increase in the future due to climate change. It is hypothesized that a relative water content (RWC) estimated by passive microwave remote sensing via VOD can be used as an empirical indicator of tree mortality.



In [40], the methods of remote microwave sensing in the optical, near-infrared and microwave ranges, as well as multispectral and hyperspectral remote sensing techniques sensitive to changes in moisture considering a type of soil and vegetation, are employed to assess droughts. The paper [41] presents the Microwave Drought Index comprising the data on precipitation, soil moisture and temperature.



In [42], the potential of using several remote sensing tools to quantify and predict drought in Northwest Africa is analyzed. Here, three additional products are considered, i.e., NDV, SWI and Land Surface Temperature (LST). The method is not a forecast; it gives a clear indication of a probable future trend of a hydrological season. The study [43] describes the Microwave Vegetation and Drought Temperature Index (MTVDI) based on the use of TVDI and brightness temperatures (Tb) measured by AMSR-E (Aqua satellite) at frequencies of 18.7 GHz, 23.8 GHz and 89.0 GHz. The developed Microwave Normalized Vegetation Difference Index (MNDVI) (AMSR-E) is also presented.



In [44], various indices are compared by the example of droughts (2011 and 2012): the Vegetation Condition Index (VCI), Temperature Conditions Index (TCI), Drought Index (PDI) and Modified PDI (MPDI) obtained on the basis of MODIS data, as well as Precipitation Condition Index (PCI), Tropical Rainfall Measuring Mission (TRMM) and the Soil Moisture Index (SMCI) obtained from AMSR-E. The following synthesized drought indices Vegetation Health Index (VHI), Vegetation Aridity Temperature Index (TVDI), Scaled Arid Conditions Index (SDCI), Integrated Microwave Drought Index (MIDI), Synthesized Drought Index (SDI), Optimized Meteorological Drought Index (OMDI) and Optimized Vegetation Drought Index (OVDI) are compared. The results suggest that different indices have strengths and weaknesses related to varying climatic conditions.



To monitor short-term drought in the Inner Mongolia region, the Integrated Microwave Drought Index calculated from TRMM and soil moisture/surface temperature data obtained from the Earth observation satellite system EOSPM Aqua is used [45,46].



The analysis of the existing drought indices clearly indicates that a reliable, highly accurate forecast of droughts remains still an unsolved scientific problem. Hence, there is a need to develop more advanced indicators and methods for monitoring droughts [47] able to operate in modern unpredictable conditions of “climate hysteria”.




2.2. Study Area


Field studies were conducted in the Kulunda Plain (an area of about 100 thousand km2) located in the steppe and forest-steppe natural zones in the south of Western Siberia (Figure 1). This strategically important agricultural region, situated in Altai Krai, Novosibirsk (Russian Federation) and Pavlodar (Republic of Kazakhstan) oblasts, is characterized by an arid climate. The amount of annual precipitation is 200–350 mm per year. The territory of the Kulunda Plain is included in the world province of soda salinization [48,49]. In some administrative districts of Altai Krai, Novosibirsk and Pavlodar oblasts, solonetz and solonetz-like complexes occupy more than 50% (and even 70–80% in some sites) of the total area of agricultural lands. The analysis of satellite data is evidence of intensification of siccation processes in the forest-steppe and steppe regions in the south of Western Siberia. A tendency towards the decrease in moisture content of the territory, the gradual increase in aridity and extreme climate, the reduction in the area of drying of highly mineralized and brackish lakes along with the expansion of the total area of salinity is noted [50,51].




2.3. Approach


For the regional monitoring of soil droughts, the satellite measurement data of brightness temperatures in the microwave range, the results of field measurements of physical characteristics of the underlying surface (soil temperature and moisture) and laboratory measurements of dielectric properties of soil samples from test sites were used. The brightness temperature    T B    on horizontal (H) and vertical (V) polarizations of the flat, slightly rough underlying surface can be calculated by the formula [52,53]


   T  B   H V   =  χ  H V    T  e f   ,  








where    χ  H V   ,    T  e f     are the emissivity and effective temperature of the skin layer of the underlying surface in the layer thickness    L  e f   = λ /  (  4 π    | ε |    t g δ  )   ,  λ  is the wavelength,    | ε |  =  ε ′    1 + t  g 2  δ    , tgδ = ε″/ε′ is the tangent of loss angle and ε′, ε″ are the real and imaginary parts of complex permittivity ε of water or soil. Tef is calculated as follows:


   T  e f   =  T 0  +   ∫  0 ∞    d T   d z   exp  [  −   ∫  0 ∞  γ  (   z ′   )    d z  ′   ]  d z ,  








where    T 0    is the surface temperature,   d T / d Z   is the local temperature gradient defined from the ground-based measurements at the test sites and



  γ  ( z )  =   4 π  λ       ε ′  −   sin  2  θ  2   [    1 +    (     ε ″     ε ′  −   sin  2  θ    )   2    − 1  ]      is the linear coefficient of absorption capacity at incidence angle  θ .


   χ  H V   = 1 −  r  H V    








where    r H    and    r V    are the reflection energy coefficients for horizontal and vertical polarizations used to describe the reflective characteristics of a plane electromagnetic wave from the “free space/dielectric” interface:


    r H  =    |    cos θ −   ε −   sin  2  θ     cos θ +   ε −   sin  2  θ      |   2  ,    r V  =    |    ε cos θ −   ε −   sin  2  θ     ε cos θ +   ε −   sin  2  θ      |   2    












2.4. Satellite Sensing Data


2.4.1. SMOS Data


L1C SMOS [54] was employed to measure the brightness temperature of the underlying surface. The product contained values of the brightness temperature obtained at an incidence angle of 42.5° on horizontal and vertical polarization. Here, we used only values of    T B    on horizontal polarization. L1C data were represented as a discrete geodetic grid DGG ISEA 4H9 [55], the fragment of which is given in Figure 1. The linear cell size is 16 km and the cell area is 195 km2. The L1C product is based on the data from a passive microwave 2D radiometer (λ = 0.21 cm) and its longitudinal and transverse resolutions for an incidence angle of 42.5° are 64 and 35 km, respectively. Thus, the value for any cell in the L1C product is generated by the underlying surface area of 1760 km2. SMOS sensors receive radiation from some objects with different emissivity if the underlying surface is spatially inhomogeneous. The value    T B    of the cell that includes Lake Kulundinskoye is formed by the lake season-dependent area, the sensed area (35–44%) and the adjacent steppe (56–65%).




2.4.2. MODIS Data


The brightness temperature of the underlying surface was estimated with the use of daily data from the infrared radiometer MODIS/Terra (product MOD11A1) available in the database LP DAAC (https://lpdaac.usgs.gov (accessed on 1 October 2022)). This product contained values of the surface temperature with a resolution of 1 km, an accuracy of ±1 K and a fixed measurement time. MODIS algorithms were applied for temperature retrieval [56] based on the results of passive scanning of upwelling radiation with a wavelength of 10–12 micrometers. The time difference between MODIS and MIRAS measurements did not exceed 2 h. Resolution of radiometers MIRAS (40 km2) and MODIS (1 km2) varied significantly. The analysis of MODIS data shows minor (2 K) variations in the underlying surface temperature within each SMOS grid cell; therefore, the resolution of the MODIS product can be lowered to the SMOS data level through data smoothing.





2.5. Meteorological Data


For the joint analysis of the satellite information and meteorological parameters of the territory, we used the dataset on soil temperature, snow cover, precipitation, air humidity and surface wind velocity from https://rp5.ru/ (accessed on 1 October 2022). The choice of the listed meteorological parameters is due to the significant influence of these parameters on soil moisture. Snow cover, along with the moisture content of frozen soil, determines the initial moisture amount in the soil cover. The frequency and intensity of summer precipitation affect the spatial and temporal distribution of soil moisture throughout the growing season. The temperature of the surface layer of the soil and the distribution of water vapor in the surface layer of atmosphere depend on the wind speed. In turn, soil moisture, along with the granulometric composition and concentration of water-soluble mineral salts and organic substances, affects the brightness temperature TBH. However, none of the meteorological parameters considered separately are sufficient to predict drought.




2.6. Field Data


The territories falling into the pixel of the MIRAS receiver (cell 4010460 of the DGG ISEA 4H9 geodetic grid) were selected as the main objects of our study, the main landscape of which was represented by plowed fields with agricultural crops. The area of water bodies did not exceed 5%, and settlements less than 1%. The area of woodlands and artificial tree plantations on light- and medium-loamy soils was insignificant. Soil density in the 0–5 cm surface layer changed from p = 1.1 to p = 1.3 g/cm3. Soil temperature in this layer varied depending on the time of day from 18–60 °C, and at a depth of 30–70 cm varied from 20 to 25 °C. Volume fraction of water in the surface layer (0–5 cm) was within 0.05–0.35 cm3/cm3.




2.7. Laboratory Measurements of Dielectric Characteristics of Soils


In order to calibrate the satellite data and to establish the experimental and theoretical dependences χ(W), the dielectric properties of samples from the test sites were measured.



The dielectric parameters of all samples were measured at a temperature of 25 ± 1 °C on the bridge-type laboratory set-up using a phase difference meter FK2-18 (Figure 2). The set-up consisted of the following main elements: G—the high-frequency signal generator G4–78 (1.16–1.78 GHz); DMS—the matched power divider; LPD—the line of variable length; A1, A2 and A3—matching coaxial attenuators; I—the measuring unit FK2-18; K—the coaxial sample container made in the form of a segment of a coaxial line.



We measured attenuation (A) (dB) and phase shift (Δφ) (in degrees) of electromagnetic waves passing through the test sample placed in a 3.7 cm3 coaxial waveguide. The set-up had the following technical characteristics: the range of unambiguous phase and attenuation measurements made up 180 and 0–60 dB, respectively; the error of attenuation and phase measurements was 0.2 dB.



Values of the skin layer L and emissive capacity on horizontal polarization at an incidence angle of 42.5° were calculated using the results of dielectric measurements. With the increase in volume humidity of 0.06–0.45 cm3/cm3, the skin layer values varied from 19–4 cm.



To describe quantitatively the water in the samples, we used volumetric (W = VW/V [cm3/cm3]) and mass (WM = MW/M [g/g]) fractions interrelated as the ratio W = (ρ/ρW) WM, where V, VW—the volumes of a sample and a liquid phase and M = Mdry + MW, Mdry, MW, ρ, ρdry, ρW = 1—the mass and density of wet samples, dry samples and water. To define VW, the samples were weighed by an analytical balance with an accuracy of 0.001 g, then placed in an oven, dried to a constant mass at a temperature of 105 °C and reweighed.



The dielectric properties of soil were measured at a gradual drying of W (0.45–0.006 cm3/cm3). Before measuring, each sample was grinded and thoroughly mixed until the unified condition was reached. Depending on W and packing density in the measuring container, the mass of the study samples made up 7–10 g, ρwet = 1.2 ÷ 1.4 g/cm3 and ρdry = 1.1 ÷ 1.3 g/cm3.





3. Results


3.1. Dependence of χ(W)


Based on the results of laboratory measurements of dielectric characteristics of soils from the test site, the dependence χ(W) (Figure 3) approximated by straight lines with a break point with Wt = 0.12 was calculated as


  χ =  {      A − B ⋅ W ,   0 ≤ W ≤ 0.12 ,       C − D ⋅ W + E ⋅  W 2  ,   0.12 ≤ W ≤ 0.40 ,        



(1)




where empirical coefficients A, B, C, D, E are shown in Table 1.




3.2. Long-Term Seasonal Dynamics of Brightness Temperatures for the Test Site


The long-term seasonal variations in emissivity of the underlying surface carry the objective information about the ongoing hydrological and climatic changes, including phenological shifts. For example, Figure 4 shows the long-term seasonal dynamics of brightness (1) and physical (2) temperatures of the underlying surface of the test area. The calculated dependences T(D) and TBH (D) have the form


TBH = −1963.01724 + 8.93389 × 10−4 × D, σ = 0.002,










T = 1577.96072 − 5.25445 × 10−4 × D, σ = 0.001,








where D is the Julian day number.



As seen from the above ratios, T decreased by 1.86 K, whereas TB increased by 3.68 K over 10 years. According to (1)–(5), TBH depends on T and χ [53], while χ depends on the volume fraction and phase composition of soil moisture (free, bound and crystallization water), which in turn depends on the granulometric composition of soil, mass fractions, and types of mineral salts, chemical compounds and mineral fertilizers, which change dielectric characteristics when interacting with soil moisture.




3.3. Spatial and Temporal Patterns of Brightness Temperature Distribution in the South of Western Siberia


Figure 5 depicts map schemes of spatial distribution of TBH covering the drought period from June–July of 2012. The choice of this period is due to the fact that weather conditions characteristic of drought began to appear in June, peaked at the end of July and affected more than 3 million hectares of crops. On 26 July 2012, a state of emergency was introduced in the Altai Region. The SMOS data analysis was performed during all this time in order to discover the radio-physical harbingers of drought. Soil plots with high TBH corresponding to low W are shown.




3.4. Assessing Meteorological Parameters’ Effect on Brightness Temperatures of Soil Cover


The studied meteorological parameters were represented by solid (snow) and liquid (rain) precipitation, including wind velocity. Figure 6a shows the long-term seasonal changes in snow thickness (2012–2022). It can be seen that in autumn–winter, preceding summer soil droughts (2012, 2018), snow thickness did not exceed 20 cm; some sites did not see snow at all. In 2014 and 2016, this indicator in the absence of soil drought was 20–30 cm and reached 50 cm in the dry year 2020. Therefore, snow accumulation in winter is an important but not a crucial factor for breaking soil drought in summer. Intensive snowmelt causes soil moistening, which in turn leads to TB drop.



Figure 6b shows seasonal dynamics of TBH (1), T (2) and precipitation (3) for the year 2012. Free from rainfall periods are indicated by the number four and the declared emergency by the number five. Rainfalls clearly increased soil moisture and decreased TBH. The amount of precipitation per day was approximately 0 mm during the periods of droughts. In other periods (from March to October), daily values vary from 0 to 19 mm, averaging 0.93 ± 0.17 mm. If we consider only the periods when precipitation is observed, then their daily values vary from 0.2 to 19 mm, averaging 3.07 ± 0.45 mm.



Figure 6c shows seasonal dynamics of TBH (1), T (2) and wind velocity (3) in 2012. Average daily wind speeds (at a height of 10 m) during drought periods vary from 1.63 to 7.13 m/s, amounting to on average 3.15 ± 0.17 m/s, and in other periods (from March to October) they vary from 0.13 to 10.63 m/s, averaging 3.18 ± 0.12 m/s. A strong wind (>10 m/s) preceded a decrease in TBH and T that could be due to cooling of the underlying surface. The distribution of days by wind speed is shown in Figure 7.





4. Discussion


The experimental data analysis points to the parameters changing the moisture content of soil as major meteorological ones, which have a noticeable effect on TBH. Therefore, it is important to establish W dependencies of emissivity of soil cover. The influence of TBH on W has been studied since the mid-1960s [57,58,59,60,61]. When modeling the dielectric and radio-emitting characteristics of soils, many authors have expressed the idea of the need to quantify the influence of bound water, the volume fraction of which depends on the granulometric composition [60,62,63]. To date, a large number of studies of dielectric and radio-emitting characteristics of the Earth’s covers in the microwave range have been summarized in a number of monographs and reviews [64,65,66,67,68,69,70].



The results of laboratory measurements of dielectric characteristics were used for calculation of dependence   W (  χ H   ) (Figure 3):


  W =  {      0.60636 − 0.67946 ⋅  χ H  ,    R 2  = − 0.99 , σ = 0.011 ,   0.30 ≤  χ H  ≤ 0.69 ,       0.51668 − 0.56926 ⋅  χ H  ,  R 2  = − 0.95 ,   σ = 0.015   ,   0.69 ≤  χ H  ≤ 0.92 ,        











Figure 8 shows the seasonal dynamics of TBH (1), T (2) and W (3) in 2012 for the test area. The value of W was calculated on the basis of satellite measurements of TBH and ground-based measurements of T according to Formula (1).



The graphs demonstrate that W < 0.13 cm3/cm3 is observed mostly during a warm season. This value is comparable to the maximum volume fraction of bound water (Wt) in soil, inaccessible to plants. Low values of W are associated with insignificant snow reserves that accumulated during the winter of 2011/2012 and insufficient rainfalls. Since the beginning of the year, there was about 60 mm of precipitation, whereas during the two weeks preceding the introduction of the emergency regime (26 July 2012) there was no precipitation at all. Moistened by rainfalls, soil was soaked to a 3–5 cm depth and dried out within 2–3 days, showing extremely low values of W. Insiccation rates ΔW/ΔD varied from 0.01 to 0.09 cm3/cm3 per day. The corresponding increase rates of dTBH/dD ranged from 3.5–17 K/day. It was found that a rise in TBH by 3.5 K corresponded to drop of W by 0.01 cm3/cm3. The dependence of dTBH/dD on dW/dD has the form


  d  T  B H   / d D = 0.06944 + 249.54619 ⋅ d W / d D ,  R 2  = 0.95 ,   σ = 2.4 .  








.



Using satellite measurements of TBH and dependence W(χ), we constructed maps schemes of the spatial distribution of W (Figure 9).




5. Conclusions


The comprehensive analysis of remote, field and laboratory data suggests that the rate of change in the brightness temperature (dTBH/dD) characterizing the rate of fall of volume humidity of soil can be used as a radio-physical harbinger of drought.



It appeared from the example of the drought of 2012 occurring in Altai Krai, the strongest one since the 1960s, that daily changes in dTBH/dD reached 17 K/day. This corresponded to a change in W by 0.009 cm3/cm3 per day. For example, Wt = 0.13 cm3/cm3 results in soil drying out. For instance, highly moistened soil at W = 0.40 cm3/cm3 (field moisture capacity) loses its moisture in 3 days.



Map schemes of spatial distribution of W(TBH/T) constructed with the use of the data on remote measurements of TBH in the microwave range, T in the infrared range and laboratory dependence   W (  χ H   ) allow to identify the areas of intense drought and to assess the extent of drought.



The long-term dynamics of TBH (JD) and T (JD) in some sites make it possible to identify trends of changes in TBH and T with their further application in prediction of scenarios of climate change.
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Figure 1. A map of the study area with a test site (SMOS pixel). 
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Figure 2. Block diagram of a bridge-type laboratory set-up based on the phase meter ΦK2-18. 
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Figure 3. Dependence of emissivity (χ) on volume fraction of water in soil (W). 
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Figure 4. Dynamics of radio brightness and physical temperatures of the underlying surface in pixel 4,010,460 discrete geodetic grid DGG ISEA 4H9: 1—TBH; 2—T; 3—T(D); 4—TBH(D). 
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Figure 5. Map schemes of spatial distribution of brightness temperatures: (a)—10 June 2012; (b)—11 July 2012; (c)—10 June 2012; (d)—11 July 2012. 
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Figure 6. Seasonal dynamics of TBH, T and meteorological parameters: (a) snow cover, (b) rainfall, (c) wind velocity, 1—brightness temperature TBH, 2—temperature T, 3—meteorological parameters (Hsnow in (a), Precipitation in (b), and Wind speed in (c)), 4—periods without precipitation, 5—period of drought which ended with the declaration of a state of emergency. 
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Figure 7. Distribution of days by wind speed. 
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Figure 8. Seasonal dynamics of TBH, T and W, 1—brightness temperature TBH, 2—temperature T, 3— volume fraction of water in soil W: 4—periods of drought, 5—period of drought which ended with the declaration of a state of emergency. 
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Figure 9. Map schemes of terrain (a) and spatial distribution of TBH (b), T (c) and W (d). 
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Table 1. Empirical coefficients in Formula (1).
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	Polarization
	A
	B
	R2
	σ
	C
	D
	E
	R2
	σ





	Nadir
	0.98594
	1.09117
	−0.995
	0.0097
	1.02285
	1.3898
	0.54841
	0.991
	0.0096



	Vertical
	1.0254
	0.5485
	−0.98
	0.0096
	1.07701
	0.976
	0.80791
	0.971
	0.0087



	Horizontal
	0.88358
	1.43197
	−0.998
	0.0087
	0.90949
	1.73483
	0.73615
	0.985
	0.015







   R 2    is the coefficient of determination,  σ  is the standard deviation.
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