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Abstract

:

This study was focused on a key aspect of drought monitoring that has not been systematically studied in the literature: evaluation of the capacity of evapotranspiration data retrieved using geostationary meteorological satellites for use as a water stress precursor. The work was methodologically based on comparisons between constructed indexes of vegetation water stress (evapotranspiration drought index (ETDI) and evaporative stress ratio (ESR)) derived from the EUMETSAT LSASAF METREF and DMET satellite products and soil moisture availability (SMA) from a SVAT model. Long-term (2011–2021) data for regions with strong land–atmosphere coupling in Southeastern Europe (Bulgaria) were used. Stochastic graphical analysis and Q–Q (quantile–quantile) analyses were performed to compare water stress metrics and SMA. Analyses confirmed the consistency in the behavior of vegetation water-stress indexes and SMA in terms of their means, spatiotemporal variability at monthly and annual levels, and anomalous distributions. The biophysical aspects of the drought evaluation confirmed the complementary and parallel interaction of potential (METREF) and actual (DMET) evapotranspiration (in view of the Bouchet hypothesis) for the studied region. Anomalies in evapotranspiration stress indexes can provide useful early signals of agricultural/ecological drought, and the results confirm the validity of using their satellite-based versions to characterize SMA in the root zone and drought severity.
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1. Introduction


Drought represents an extended imbalance between water supply and demand. Its physical manifestations are deficits in water storage and reduced fluxes; for example, lack of precipitation in meteorological drought, decreased evapotranspiration (ET) and absence of soil moisture (SM) in agricultural/ecological drought, and reduced stream flow and depletion of surface storage in hydrological drought [1]. Drought can have feedback effects on the atmosphere via biogeophysical and biogeochemical land–atmosphere interactions, potentially affecting the extremes of temperature, precipitation, and other variables [2,3]. Regions where soil moisture impacts the atmosphere most are transitional zones between dry and wet climates [4] recognized as “hotspots” of land–atmosphere coupling. For the present climate, the southern Europe/Mediterranean area has been identified as being such a region in the recent [5] past and upcoming future [6,7]. An increase in drought frequency and severity for the region [8], especially in summer [9,10,11], has been reported.



Drought generally originates as a meteorological phenomenon in which periods of low precipitation may produce water scarcity in various parts of or across the whole hydrological cycle [12,13,14], which in turn affects crops [15], various environmental systems [16], and climate [14]. Precipitation deficit has been viewed as the main factor increasing drought risk under climate change (e.g., [17]) but the drought environment can be further modulated by a number of other processes, such as increased atmospheric evaporative demand [16] and evaporation [18], which amplify the water deficit. Furthermore, biophysical processes can be affected by water deficits [19], and the vegetation response to droughts can also affect water availability through the modulation of evapotranspiration [20]. To assess drought and its impact on ecosystems, it is necessary to define a drought index that can highlight the biological changes in ecosystems in response to the dynamics of drought intensity. Better accounting for vegetation’s feedback on droughts in the Mediterranean context is needed [21] because increasing global warming has an increasing level of influence on terrestrial ecosystems [22,23,24,25,26].



Recent drought-related studies have focused mainly on evapotranspiration (ET) [27] because it is coupled with atmospheric moisture demand and, thus, affects water availability on land surfaces [28]. Vicente-Serrano et al. [29] proposed the Standardized Precipitation-Evapotranspiration Index (SPEI) by incorporating ET estimates into the structure of the Standardized Precipitation Index (SPI) [12] and found more severe drought risks under global warming than indicated by the precipitation deficit alone (with some discrepancy between the Thornthwaite and Penman–Monteinth ET estimates [30,31]). Further analyses have shown better performance for the SPEI compared to SPI [32,33]. A number of drought indexes either based only on the PE (the evaporative demand drought index (EDDI) [1,34]) or accounting for both water supply and demand (reconnaissance drought index (RDI) [35] and demand sensitive drought index (DSDI) [36]) have been developed. However, application of drought indexes that only consider PE is inappropriate in regions with specific soil moisture conditions because a positive PE anomaly does not help determine drought severity [37]. Based on the physical relation between AE and PE, a next generation of indexes, such as the ET deficit index (EDI) [38], the evaporative stress index (ESI) [39], the drought severity index (DSI) [40], the standardized ET deficit index (SEDI) [27,37], and the ET deficit index (ETDI) [41], have been proposed. These drought indexes based on the ET deficit are reliable at regional or global scales of application [37,39,42,43].



Two main issues are of importance in the application of these indexes. First, while PE can be derived from relatively simple T air-based or physically based models [30,37], ET estimates are subject to many sources of uncertainty and remain one of the most poorly understood components of the hydrologic cycle [44]. Second, Hobbins et al. [1] have brought attention to the fact that, depending on whether ET is limited by the availability of energy or of water, PE either plays a role in determining ET or else is reflective of ET. In non-water-limited conditions, PE can be used to estimate the upper limit of (energy-limited) ET, whereas in water-limited conditions, land–atmosphere feedback generated from AE drives PE in the opposite—or complementary—direction.



Evaporation estimation methods that avoid the use of rarely available SM data and are simple enough to be used with routinely available meteorological data are highly desirable. One such method is the complementary relationship (CR) first proposed by Bouchet [45]. In this model, for large homogeneous surfaces with minimal advection of heat and moisture, PE and AE are strongly coupled through land–atmosphere feedback. AE is not an independent forcing function as usually assumed. If moisture at the surface is not limited, AE equals PE; when AE falls below PE as a result of limited moisture availability, an amount of excess energy becomes available for the sensible heat flux, which warms and dries the atmospheric boundary layer, thereby causing PE to increase; similarly, if AE increases because more soil moisture becomes available, less energy is available for the sensible heat flux, causing PE to decrease. The CR extends the Budyko approach [46,47] by allowing regional PE to depend in a complementary manner on regional AE across the entire range of energy and moisture availability. This theory has found wide support in the literature, both from comparisons with other methods that estimate evapotranspiration [48,49] and from analyses based on meteorological observations and/or modeling results [50,51,52,53] aiming to find a more physical foundation for the CR (e.g., [54,55]. In line with this, combining the results for soil moisture availability (SMA) from an SVAT model and satellite-based AE and PE estimates at the regional level in Southeastern Europe (SEE), physical aspects of the complementarity were evaluated in our work.



The availability of remote sensing data has made it possible to simulate spatially continuous ET and to overcome the low temporal and spatial coverage of station-based observation ET data [43,56]. Some of the few available operational products are the ET products [57] from the EUMETSAT Satellite Application Facility on Land Surface Analysis (LSASAF) based on the SEVIRI sensor onboard the Meteosat Second Generation geostationary satellites (MSG/SEVIRI), which provide spatial coverage in near-real time from over the entire European and African continents, as well as parts of South America.



In the scientific literature, droughts (and flash droughts) have primarily been evaluated by one of three groups of variables: soil moisture, evaporative demand, and evaporative stress [58]. Soil moisture is a commonly used variable for drought detection as rapid decreases in soil moisture can indicate drought development, and limited soil water content represents a critical impact [59,60,61]. Increasing evaporative demand concurrently increases evapotranspiration, leading to rapid depletion of SM [1,34,62]. Large values for evaporative stress (low actual evapotranspiration and high potential evapotranspiration) indicate desiccation of the land surface and vegetative impacts, and rapid increases in evaporative stress can indicate development of flash droughts [63,64,65].



This study was focused on two key aspects of the drought problem that have not been systematically studied in the literature: (i) evaluation of the capacity of evapotranspiration data retrieved from remote sensing inputs for use as a precursor of actual water stress over regions with strong land–atmosphere coupling in SEE (Bulgaria); and (ii) exploration of the biophysical aspects of drought in terms of the complementary and parallel interaction of potential and actual evapotranspiration at a regional level (in view of the Bouchet hypothesis [45]) using long-term data records from LSASAF METREF and DMET satellite products on a monthly basis. Taking into account the fact that the current study is the first to use the long time-series of LSASAF products retrieved from geostationary satellite observations to investigate drought occurrence, the specific objectives were:




	
To derive evaporative stress indexes for drought assessment from geostationary meteorological satellite data;



	
To evaluate the consistency of ET-based water stress indexes and soil moisture availability (SMA) in the root zone in a short-term climatic context;



	
To characterize the spatiotemporal variability in and seasonal dynamics of water stress and drought in terms of evapotranspiration according to the Bouchet concept;



	
To use statistical analyses to evaluate the applicability of these indexes as a drought indicator for the SEE region.









2. Materials and Methods


For drought assessment, two expressions of evaporative stress were used in our work: the Evapotranspiration Deficit Index (ETDI [41]) and evaporative stress ratio [38]. In the frame of this approach, satellite-derived drought identification using evaporative stress was compared statistically to reanalysis-based SVAT-model SMA identification (for the long-term period from 2011 to 2021) to examine the temporal and spatial relationships between vegetation water stress and soil moisture deficit.



2.1. Biophysical Indexes


2.1.1. Atmospheric Evaporative Demand (AED)


The Daily Reference Evapotranspiration DMETREF (METREF) product generated by the LSASAF from Meteosat/SEVIRI was used as a measure of atmospheric evaporative demand (AED). Its algorithm is based on the reference evapotranspiration ETo concept and refers to the evaporating demand under optimum soil water conditions and excellent management and environmental conditions that would achieve full production under given climatic conditions. The reference evapotranspiration was computed by using the Penmann–Monteith equation (FAO56 [66], https://landsaf.ipma.pt/en/products/evapotranspiration-energy-flxs/metref-cdr/, accessed on 1 October 2022). The algorithm is based on experimental and theoretical evidence that the main driver of evapotranspiration over an extensive reference surface is global radiation; it is not affected by local effects, such as surface aridity or local advection. It has been shown that the ETo can be computed from the daily net radiation and, since it refers to a well-known and well-watered reference surface, daily net radiation over such a surface can be estimated from short-wave radiation [67].




2.1.2. Actual Evapotranspiration


Evapotranspiration (ET) refers to the flux of water evaporated at the Earth–atmosphere interface (soil + vegetation + water bodies) and transpired by vegetation through stomata in leaves as a consequence of photosynthetic processes. The daily Meteosat evapotranspiration product (DMET) obtained by integrating instantaneous values for the whole day (in mm per day) and generated in the framework of the LSASAF consortium at SEVIRI spatial resolution (3 km at the sub-satellite point) (https://landsaf.ipma.pt/en/products/evapotranspiration-energy-flxs/dailymet/, accessed on 30 November 2020) was used. The methodology adopted for the ET product combined the advantages of geostationary satellite remote sensing with the ability of a soil vegetation atmosphere transfer (SVAT) model to describe physical and physiological process occurring in the vegetation canopy [68,69]. It was based on the physics of the Tiled ECMWF Surface Schemes for Exchange Processes over Land (TESSEL) [70,71] and H-TESSEL [72,73] and was calculated separately for each tile and pixel value [74]. The main sources of uncertainties that might raise problems when using the DMET product are briefly described in [74].





2.2. Drought Metrics


To understand the drought patterns (water availability and moisture stress) in areas with strong land–atmosphere coupling, the developed indexes, which depict cumulative evaporative stress, were applied here. The difference and ratio between the PE and AE values are used in agriculture, ecology, water resource management, and climate studies as indicators of water deficits. AE is a valuable indicator linked to land drought status [38], but by itself it is not a water stress indicator as, in addition to water availability, it is influenced by many other factors, such as wind speed and solar radiation. This is the reason why AE is commonly normalized with the reference or the potential evapotranspiration in order to characterize water stress. Based on satellite information from the Meteosat geostationary satellite, two versions of evaporative stress [41,75,76] were used to characterize surface drought conditions in our study.



2.2.1. Evapotranspiration Deficit Index (ETDI)


The Evapotranspiration Deficit Index (ETDI [41]) is calculated according to Equation (1) on a monthly basis:


  E T D I =      (  P E − A E  )    P E   = 1 −   A E   P E   ,  



(1)




where, for PE, the monthly mean of the daily LSASAF METREF estimates is used; and for AE, the monthly mean actual evapotranspiration is calculated on the basis of the daily LSASAF DMET product dataset from across the target region of Bulgaria.




2.2.2. Evaporation Ratio


The evaporative stress ratio index (ESR index or R-index [75]), defined as the ratio of actual (AE) to potential (PE) evapotranspiration, was used as a measure of plant water stress that is fundamentally linked to canopy–atmosphere coupling, as shown by Equation (2):


  E S R =     A E   P E   ,  



(2)




where AE is the evapotranspiration quantified according to the LSASAF DMET product and PE is the potential evapotranspiration defined by the LSASAF METREF product.




2.2.3. SVAT Model and SMAI


The SVAT_bg model developed at the National Institute of Meteorology and Hydrology (NIMH) of Bulgaria is used for quantification of SMA at the surface and at root-zone soil depths (50, 100 cm) [77,78,79]. To assess regional soil hydrophysical properties, a soil moisture availability index (SMAI) has been introduced as a six-level threshold scheme accounting for moistening conditions in the root zone [78,80], and here it was applied as a reference for identification of terrestrial drought (for more details, see [80]).





2.3. Study Area


The utility of satellite remote sensing for drought detection was examined for the region of Bulgaria in SEE, as it is one of the regions with strong land–atmosphere coupling. The study area was located within the latitude circles of 40.25 N and 45.0 N and meridians of 20.5 N and 29.5 E. The region (Figure 1) more or less falls under Mediterranean climate influences and is characterized by dry summers and mild, wet winters, both with irregular precipitation distributions. The projections of various model experiments on future climate change scenarios strongly agree with regard to the increased frequency and severity of droughts in the Mediterranean basin [21].



Spatial heterogeneities in land cover explain why the underlying surface conditions of Bulgaria are different and significantly affect the drought propagation process. Information about land cover (LC) provided by the ESA-CCI Land Cover Map at a spatial resolution of 300 m (https://www.esa-landcover-cci.org/?q=node/164, accessed on 20 June 2020) was used to illustrate the variability in vegetation, which has a key role in the variations in ET in Bulgaria. The last LC Map edition from 2019 was used, as the main LC types were reclassified for demonstration purposes according to the ET algorithm [81]. This diversity of land cover types also presents an opportunity to explore the utility of drought detection using remote sensing across different ecosystems. Lastly, it is important to note that drought identification was focused on the approximate growing season across Bulgaria between May and October.




2.4. Numerical Analyses


To account for vegetation water stress based on satellite-derived evapotranspiration, a dataset based on daily LSASAF DMET and METREF products for the period of May–October (2011–2021) was constructed. The two versions of the evaporative stress metrics, the ETDI and the AE/PE ratio (see Section 2.2), were calculated. Drought identification based on satellite data was compared to reanalysis-based drought identification using SMA in the root zone (at 50 and 100 cm soil depths) obtained as the SVAT_bg output [78]. The gridded site-scale assessments of mean monthly SMAI values and their anomalies at synoptic stations were compared statistically with corresponding evaporative stress indexes for the territory of Bulgaria. SMA and SMAI were considered as references in these comparative analyses. The overarching purpose of these numerical analyses was to validate evapotranspiration LSASAF products for use in an objective drought monitoring methodology.



A graphical description of the vegetation water stress metrics was produced through the boxplot quartile analyses of the METREF, DMET, and evapotranspiration deficit (the difference between the METREF and DMET). The agreement between vegetation water stress metrics and the SMA was evaluated with stochastic graphical analysis. Evaluation of the spatiotemporal variability and distribution of anomalies on a monthly mean basis was performed. Linear regression modeling and quantile–quantile (Q–Q) analyses were applied. Overlaid graphical analysis was performed for the growing season (May–October 2011–2021). Since the datasets used employed different spatial resolutions, rescaling was undertaken over the grid of the global NWP model of the ECMWF (IFS version O1280, about 9 km spatial resolution) for the Bulgaria domain. R statistics was applied for comparative analyses [82]. A review of the meteorological products utilized for drought monitoring is given in Table 1.





3. Results


3.1. Spatiotemporal Evaluation of Evapotranspiration Process


3.1.1. Boxplot Analyses


Boxplots of monthly (May–October) distributions of PE according to the LSASAF METREF product and, the AE according to the LSASAF DMET product, as well as the difference between them (i.e., the evapotranspiration deficit (ED)), for the landmass of Bulgaria are shown in Figure 2a–c.



Comparing the boxplots in Figure 2a,b, the plots show different aggregations of and variability in PE and AE data by month during the growing season. Comparing the notches, where the green lines show the median and the red and blue lines indicate the 25th and 75th percentile averages of the same statistics for all individual boxplots, monthly differences between PE and AE can be evaluated. The PE median indicates approximately 1 mm/day higher values. The statistical analyses confirmed that evaporative demands in May, July, and August were above the total median for the boxplots, being highest in July (Figure 2a) when both insolation and air temperature are significantly high. In reality, the land–atmosphere system cannot realize the entire PE and this depends on SM, cloudiness, air humidity, etc. In this connection, the actual evapotranspiration (Figure 2b) reaches a maximum in June when the SMA does not disturb the process, and after that it steadily declines due to the lack of precipitation and steadily depletion of SM. The ratio between the total medians of the PE and AE indicates that, on average on a regional scale, 42% of AED is released in actual evapotranspiration. As a result, the ED (Figure 2c) steadily increases, as in May, the mean values were below the total median of the boxplots, but in July and August (the highest), they increased significantly, reaching close to the 75th percentile, which is an indication of drought occurrence and, thus, may serve as an evaporation-based drought monitoring tool. In general, the medians of the total DMET and ED did not much differ by much (Figure 2b,c) due to the fact that approximately half of the evaporative demands in drought conditions (low or exhausted SMA) contributing to the PE could be converted into ET for the target region.




3.1.2. Local Effects on the Temporal Variability in Evapotranspiration


Evapotranspiration and the soil moisture deficit are physical indications of agricultural/ecological drought. The two measures, one ideal (PE) and the other actual (AE), together reflect the full range of evaporative drivers and responses to drought. PE acts as a strong indicator of potential drought conditions, whereas drought evaporative impacts may be better measured by an independent measure of AE [1]. In this context, the interannual (2011–2021) seasonal variability of METREF and DMET were compared. Local-scale assessments for the regions with synoptic stations were performed and here illustrated for selected regions in north Bulgaria (Figure 3a–c) and south Bulgaria (Figure 3d–f). The AEDs differed depending on the specific year and the local microclimate, being highest in 2016 for all regions; the AE varied significantly for some locations; e.g., the AE was even very low close to 0 during the summer months in 2019–2020 (Figure 3a), 2016–2017 (Figure 3b,d,e), and 2011–2013 and 2016–2017 (Figure 3f).



As is indicated in the literature, Mediterranean vegetation is not expected to be negatively affected by increased AED during periods of high precipitation and sufficient SM [83] but, during periods of SM deficits, vegetation would be further stressed by an increased AED [84,85,86]. The negative effect of increased AED can be seen in increased defoliation rates in forests [87]. Over the last few decades, AED has strongly increased [88], which has reduced global vegetation growth [89]. In this context, regional studies and monitoring of the seasonal variability in the evapotranspiration deficit would be beneficial for drought management planning and mitigation of potential drought effects. The variations in the differences between the METREF and DMET seasonal courses from year to year (Figure 3) implicitly underline the need for parallel consideration of atmospheric vapor pressure deficit, AED, and SM deficit.




3.1.3. Seasonal Variability in Evapotranspiration Deficit


To obtain a first impression of the regional vegetation water stress in Bulgaria, the evapotranspiration deficit (ED) and its seasonal variability on a short-term climatic sale (2011–2020) were evaluated. The ED is considered to be a more relevant characteristic than solely considering AE or PE from ecophysiological perspectives [37]. The mean series were built by taking the average of the data for each ECMWF model grid point and then calculating the regional monthly means used to characterize the spatiotemporal distribution of ED (Figure 4). Color-coded maps were constructed and seasonal dynamics (May–October) could be evaluated (here illustrated only for June–September). A decrease (increase) in this variable implied that the PE and AE were moving closer (further part) but did not necessarily mean that these variables had contradictory trends. In June (Figure 4a), the greatest amount of PE was converted into AE, resulting in a predominantly “green” color for the region (with up to 1.5 mm/day evapotranspiration difference). Analyses revealed that the spots with higher evapotranspiration deficit were localized mainly in the southeastern part of the target region; their onsets were in July (Figure 4b) and they intensified in August (Figure 4c) when the greatest amount of PE was not converted into AE due to the SMA deficit, which in turn was reflected by high ED, implying high vegetation water stress in the “red” colored areas.



Regarding agronomic and eco-physiological terrestrial systems, the ED can account not only explicitly for the atmospheric evaporative demand but also for the water transferred to the atmosphere from the soil and vegetation, which physiologically explains the vegetation behavior and activity [22,27,37]. The soil moisture deficits could result in stomatal closure to avoid additional water deprivation. If the deficits become high enough to reduce soil moisture below the wilting point, plants will be under stress and may die as a result of vascular damage [90].




3.1.4. Seasonal Course of Evaporation Ratio


The seasonal dynamics of the evaporation ratio (Equation (2)) were evaluated on the basis of the monthly mean values from the satellite LSASAF (METREF/DMET) products at the ECMWF model grid points. Figure 5 shows a comparison for the May–October dynamics on the basis of 5000 points of downscaling over the northwestern part of Bulgaria after re-gridding the visualization of the product in Figure 4 to a 1 km evaporation ratio. In general, the AT/PE ratio has a value between 0 and 1 as, in the case of soil moisture close to field moisture capacities, AE ≈ PE; for soil moisture at the permanent wilting point, AE ≈ 0. In line with this, during May and June, AE/PE ratios indicated that there was no water stress environment, and the values were above 0.6 and reached up to 0.8 (with some being higher). From August, the values decreased (varying between 0.5 and 0.3), indicating the establishment of persistent water stress. In September, the ratio became very low, dropping down to 0.2 (the red line in Figure 5), and mean values in some grids reached 0.2. The dynamics of the satellite-derived AE/PE ratio described the changes in the vulnerability of vegetation to water stress during the growing season well.





3.2. Parallel and Complementary Interactions of Potential and Actual Evapotranspiration


One way of objective drought monitoring using LSASAF evaporation products is to consider the existence and strength of the complementary relationship between PE and AE. In Figure 6, the concept of AE–PE relations is illustrated based on a comparison of the LSASAF DMET and METREF seasonal courses for two sites in the climate regions of the northern (Pleven site) and southern (Haskovo site) parts of Bulgaria in years with different soil moistening conditions. To analyze water stress using evapotranspiration metrics, the relationship between the PE and AE was evaluated in a common framework with a variety of environmental conditions.



The process of evapotranspiration is mainly controlled by the SM, and it also depends on the air temperature and humidity near the Earth’s surface. The seasonal courses of these evapotranspiration drivers are shown in Figure 7a,b,c. Since the effects of drought in the Mediterranean region are very apparent in July and August, it made sense to conditionally distinguish the years across three categories with regards to the SMA for the vegetation in this period:




	
Wet: SM significantly above the wilting point during July and August (blue curve in Figure 7a);



	
Normal: SMA persistently positive during July and August (green curve in Figure 7a);



	
Dry: SMA persistently negative during July and August (red and black curves in Figure 7a).








In years with periods in which the SM is consistently above the field moisture capacity (e.g., 2014; see Figure 6a), AE and PE show parallel behavior, with a rising trend up to the early summer and then, with the drying of the land surface in August, a shift to a decreasing trend. For the case in which full SM capacity conditions dominate (Figure 6a), the AE and PE curves are very close each other. The same parallel relationship can be observed for normal moisture conditions in 2020 but with a significant difference between the two quantities (Figure 6b) due to the complementary relation existing between PE and AE: with the surface drying, the decrease in AE results in an increase in PE through alterations to air characteristics. In other words, the energy not used for evaporation (as a surface dries out) affects the temperature and humidity of the overlying air, which, in turn, increases the potential evaporation in a prescribed manner, yielding the complementary relationship [91,92].



In years with dry periods in spring and early summer, the SMA of the landscape is limited (e.g., 2012 at the Haskovo site; see Figure 6c), and the opposite trends can clearly be seen for the AE (decreasing) and PE (increasing) in June and July (Figure 6c,d). In August, the METREF showed a decreasing trend because, in the LSASAF algorithm, the net radiation is inferred from the incoming solar radiation. However “surface dryness” affects the actual net radiation, and when the surface is dry, the surface temperature is relatively high compared to reference conditions. This implies an upper limit for the rising METREF values corresponding to a given level of drought, beyond which METREF values do not increase, even though DMET decreases.



Comparing the years with dry conditions shows that 2012 and 2016 (Figure 7a) exhibited similar trends for SMA, including large periods without SMA in the vegetation, but in 2016 there was a stronger decreasing trend in the DMET, and no significant change in METREF values could be observed. Data from meteorological observations from the synoptic stations reveal that the reason for this difference was the significantly higher air temperature (Figure 7b) and, especially, air humidity (Figure 7c) in 2012. Assuming that SMA derived using the SVAT model is the reference for drought conditions, it can be concluded that there was sustained drought in July–August in both 2012 and 2016, but the DMET model from LSASAF overestimated the AE in 2012. Alternatively, the decrease in the DMET could be considered as an indicator of drought, and it could be assumed that the SVAT model underestimated SMA in the case with higher air temperature and humidity in the summer of 2012. Taking into account these results, the model-derived metrics of drought have to be considered carefully and the conclusions verified using independent sources of information.



To underline the parallel courses of the AE (DMET) and PE (METREF), their short-term climate trends in relation to SMA were evaluated (Figure 8). Smoothed spline lines are used for the AE and PE to indicate the statistically confirmed descending slope for the evapotranspiration deficit with the increase in SMA (respectively, the decrease in AE deficit). Since the PE is the upper limit of the evapotranspiration for vegetation in a given climate, if the water supply available is less than the PE requirements, the deficit will be drawn from soil moisture storage until SMA is reduced. Beyond this, the AE will be significantly lower than the PE, until the SM wilting point is reached and evapotranspiration ceases. Depending on the microclimate, the ED (the green line) can vary, as can be seen by comparing Figure 8b,c. Complementary regional PE–AE dependences were confirmed throughout the entire ranges of energy and moisture availability at all other (26) synoptic stations (not presented); specific linear regressions approximated a descending trend for the ED with the increase in SMA.




3.3. Evapotranspiration as a Climatic Drought Indicator


3.3.1. Root-Zone Soil Moisture and Vegetation Water Stress


A climate study with evapotranspiration as the drought indicator was performed through analyses of the relationship between SMA in the root zone and the satellite-derived AE/PE ratio. Daily values for the SMAI and satellite-derived evapotranspiration ratio during the growing season (May–October) were compared for the 2011–2021 period. Calculations were performed for the regions where each synoptic station (n = 26) was located and with the dataset for the whole country. The analyses revealed synchronized seasonal behavior in the two indexes (Figure 9): at high SMAI values (optimal SMA) during May and June, the DMET/METREF ratio ranged between 0.7 and 0.8 and even higher, implying no vegetation water stress. At low SMAI values (indicating low SM content), the evapotranspiration ratio decreased below 0.5, even reaching 0.0 at the end of August and September due to the depleted SMA resulting from high AE, which also led to high vegetation water stress. Correlation analyses revealed good agreement between the two indexes, with high correlation R2 (and adjusted-R2) rankings between 0.88 and 0.54 and high confidence levels (p = 0) for all stations. This implicitly confirmed the spatiotemporal consistency between the evapotranspiration ratio derived from geostationary satellites and the drought (SMA) assessed with SVAT modeling. From another perspective, the high correlation confirmed the utility of LSASAF evapotranspiration products for the characterization of water stress. The only exceptions were stations in the coastal area of the Black Sea and the capital, where urban areas dominate over vegetation. Examples of high positive correlation are shown for the whole of Bulgaria in Figure 9a, north Bulgaria in Figure 9b, and south Bulgaria in Figure 9c. The mean daily values significantly varied at the site scale, ranging from 0.25 to 0.8 at the Lovech site and from 0.25 to 0.55 at the Sliven site.



The reported relationship between the SM and the AE/PE ratio on a regional scale is in conformity with the Budyko curve [93].




3.3.2. Quantile–Quantile (Q–Q) Plots of ETDI and SMAI Probability Distributions


To statistically characterize the relation between the probability distributions of the ETDI and SMAI, quantile–quantile (Q–Q) plots were constructed. Using monthly mean values for both indexes (ETDI and SMAI), Q–Q plots for the regions where each synoptic station was located were constructed. It appears that the Q–Q distributions were linearly related (Figure 10) with a high correlation (R2 between 0.54 and 0.88 for the different microclimates). The red line approximates the linear relation between the ETDI and SMA, visually indicating the deviation from the ideal diagonal (blue) line in addition to the indicated correlation on the plots. The curve pattern indicates that the ETDI increases with a slight delay with the decrease in the SMAI. The high correlation coefficient of the probability plot indicates a high level of agreement for the fitted quantile–quantile correspondence between the SMAI and ET drought indexes in relation to water stress.




3.3.3. Trend Analyses for ESI and SMA Anomalies


Correlation analysis was applied to account for the correspondence between SMA anomalies and ETDI anomalies. Monthly anomaly values (regarding the 2011–2021 period) were calculated for the region where each synoptic station was located using the NIMH operational network during the growing season (May–October). Calculations were performed for soil depths of 50 cm and 100 cm along the root zone. Linear regression showed that a descending trend fit the relation between the anomalies in the SMA and ETDI. This trend was statically confirmed by a Student’s t-test showing a high level of significance, p = 0 (Figure 11).



There was a high degree of association between the dry SMA anomalies (negative values) and the higher evapotranspiration stress characterized by the ETDI positive anomalies. Linear regressions fit all the relations, including for the whole region of Bulgaria (for SMA anomalies at 50 cm and 100 cm root-zone depths) (Figure 11a,b) and in site-scale analyses for the different microclimates of the synoptic stations (e.g., Figure 11c,d). Anomalies in evapotranspiration stress indexes can provide useful early signals of agricultural/ecological drought, and the utility of their satellite-based versions in characterizing SMA in the root zone and drought severity is here illustrated.






4. Discussion


As evaporation of water is an energy-demanding process, increasing ET rates decrease the surface temperature of leaves and ecosystems, which leads to corresponding changes in the energy balance of the vegetated land surface. Thus, evapotranspiration can serve as a measure of the dynamic functional coupling between the energy and water cycles of ecosystems and contribute to identification of the vegetation water stress and SM drought. This approach deserves special attention in regions with Mediterranean climatic influences where water deficit might be a serious problem for vegetation sustainability.



Monitoring land surface drought using evapotranspiration based on satellite observations is a challenge. Basic theories involved in the current use of remote sensing for ET estimates [94] have generally been applied at the regional scale [95] and nowadays provide global coverage. Infrared observations from the IASI instrument on European polar-orbiting meteorological satellites have been used to design a water deficit index and associate it with the rate of evapotranspiration to study the meteorological drought over southern Italy as a result of the 2017 heat wave [96]. LSASAF ET products are beneficial due to the high temporal resolution and near-real time observational information, which are essential for detecting early signals of vegetation water stress. However LSASAF evapotranspiration information (daily DMET and METREF products, as well as an ET product, each 30 min) from geostationary satellites is still rarely used for drought monitoring. The LSASAF ET product has been used for calculation of the AE/PE ratio for Europe [97] during two drought episodes in spring/summer 2007/2011. Synchronized behavior has been reported with the SPI [12] and SPEI [29] meteorological drought indexes.



The current work is the first to use long time-series of LSASAF METREF and DMET data retrieved via geostationary satellite observations to analyze and monitor drought occurrence in a region with strong land–atmosphere coupling in SEE. Two key aspects of the drought problem not systematically reflected upon in the literature are: (i) the evaluation of the consistency between evapotranspiration water stress and the related SMA deficit; (ii) the applicability of Bouchet’s hypothesis regarding these biophysical drivers of drought for SEE. Based on long-term (2011–2021) archive LSASAF data, it was shown that the AE/PE ratio can reflect the climatic demand in relation to the soil water supply: a strong correlation between the AE/PE ratio and SMA at a high significance level (p = 0) was obtained for the regions of all synoptic stations (Figure 9). However, the extent of the variability in the ratio, as a measure of a specific regional vulnerability to drought, depended on the site microclimate. Mean values from all stations (Figure 9a) varied between 0.65 and 0.34; for north Bulgaria (Figure 9b), they were between 0.8 and 0.25, while the seasonal dynamics of south Bulgaria (Figure 9c) ranged between 0.54 and 0.27. The selected regions were used only as examples of the ratio variability, not as typical for different parts of Bulgaria.



The quantile–quantile (Q–Q) plot for the probability distributions of the ETDI and SMAI indicated a linear relation (Figure 10) with a high coefficient of determination R2 (within the range 0.54–0.88 for different microclimates). Linear regression with SMA–ETDI anomalies statistically confirmed a high degree of association between the dry SMA anomalies (negative values at 50 cm and 100 cm root-zone depths derived with the SVAT model) and the higher evapotranspiration stress characterized by the ETDI positive anomalies (Figure 11a,b). Thus, anomalies in evapotranspiration stress indexes can provide useful early signals of agricultural/ecological drought, and the capacity of their satellite-based versions to reflect SMA anomalies in the root zone and drought severity was here illustrated.



In our previous study (Figure 6 [80]), a strong negative linear regression between land surface temperature anomalies (derived on the basis of LSASAF LST long-term datasets) and SMA during drought was reported. Moreover, dry spots represented by negative SMA anomalies appear to be associated with high positive LST anomalies that facilitate increased fire activity [98]. These hotspot locations identified in our prior studies where drought and fire activity were strengthened during separate years coincide (visually) with the regions with high evapotranspiration deficits reported in the current study (Figure 4).



To increase the added value of the current work, further work in support of drought assessment and monitoring using geostationary satellites would be useful. First, the components of the energy and water cycles (evapotranspiration and land surface temperature) as retrieved by Meteosat should be placed in a common framework to quantify land surface dry anomalies. Second, the usefulness of this approach for short-term applications using LST and AE products from the MODIS sensor should be validated. Third, the approach should be adapted to operational mode for the analysis of real drought situations with the scope of providing early warnings.



Evapotranspiration has been central in recent scientific work on global and historical drought assessments, but most of the focus has been on the application of the Penman hypothesis, which depends on precipitation [27]. An alternative approach for developing an evapotranspiration-based index is the Bouchet [45] hypothesis. It has been suggested that ET-based drought indexes based on the Bouchet hypothesis could be better for monitoring agricultural and vegetative droughts in upcoming years [27].



Using satellite observations of the AE and PE at a regional scale, in the current study, direct observational evidence of the complementarity in regional evapotranspiration relations was obtained (Section 3.2), although the region is not a very homogeneous landscape. These results give us a reason to continue our work with the aim of operationally applying fully ET-dependent indexes in drought monitoring for the region of SEE.




5. Conclusions


Based on the remote sensing-driven components of the terrestrial evapotranspiration provided by the EUMETSAT LSASAF products, we comprehensively examined the utility of geostationary satellites for the assessment of terrestrial drought as a natural process and its monitoring in SEE, a region of strong land–atmosphere. The main findings are as follows:




	
To assess and monitor vegetation water stress, the AE/PE ratio and ETDI were constructed on the basis of the LSASAF DMET and METREF datasets; their ability to reflect SMA in the root zone and, in this way, indirectly indicate drought on short-term climatic bases (2011–2021) without the involvement of precipitation was evaluated;



	
The evapotranspiration deficit indexes were correlated with the SMA in a variety of microclimates that mostly covered the territory of Bulgaria and, therefore, were capable of capturing drought;



	
Statistical analyses confirmed the ability of satellite products to detect vegetation water stress. It was shown that regional PE depends in a complementary manner on regional AE across the entire ranges of energy and moisture availability in the target region;



	
Competitive performance was found for the ETDI/ESI and the SMAI. The applicability of satellite-based ETDI and ESI data as independent evapotranspiration drought indexes for regions with strong land–atmosphere coupling (such as the Eastern Mediterranean region) or as alternatives to land surface model-based SMA indexes for assessing agricultural/ecological droughts was confirmed.








It is worth noting that managing drought effectively means recognizing that human influence is as integral to drought as natural climate variability. The multidirectional relationship between the drought process and the role of people is still not fully understood [99], which can implicitly induce uncertainties in local-scale assessments.
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Figure 1. General location of target region against the background of the land cover types from the ESA-CCI Land Cover Map using the 2019 classification. For the purposes of the study, vegetation types were reclassified as considered by the ET algorithm [74]: (a) Europe; (b) Bulgaria, SEE. 
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Figure 2. Boxplots of monthly mean values (2011–2020) during the growing season (May–October) for the region of Bulgaria: (a) LSASAF METREF; (b) LSASAF DMET; (c) difference between METREF and DMET. The boxes represent the interquartile range (25th to 75th percentile, red and blue lines, respectively), whiskers cover 99.3% of the data, and the middle (green) line represents the mean values. 
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Figure 3. Comparison of monthly means (May-October, 2011–2021) for potential evapotranspiration (LSASAF METREF, blue) and actual evapotranspiration (LSASAF DMET, red) for selected synoptic stations in: (a–c) north Bulgaria; (d–f) south Bulgaria. 
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Figure 4. Spatiotemporal distribution of the seasonal evapotranspiration deficit over Bulgaria constructed on the basis of LSASAF METREF and DMET products. Color-coded maps show monthly means (2011–2020) for: (a) June; (b) July; (c) August; (d) September. 
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Figure 5. Comparison of monthly (May–October, 2011–2020) mean AE/PE variations for the northwestern Bulgarian landmass for: (a) May (bright green); (b) June (dark green); (c) July (ocher); (d) August (orange); (e) September (red); (f) October (brown). The first 5000 ECMWF grid-point values are used for illustration. 
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Figure 6. Seasonal (May–October) courses (daily values) of AE (DMET) and PE (METREF) and their trends (described with polynomial functions) under different environmental conditions: (a) moist; (b) normal; (c,d) dry. 
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Figure 7. Seasonal (May–October) courses of evapotranspiration drivers (daily values): (a) SMA under moist (2014, blue), normal (2020, green), and dry (2012, black, and 2016, red) conditions; (b) air temperature; (c) absolute humidity; (d) PE (METREF) under dry conditions for 2012 (black) and 2016 (red). The polynomial trend lines (dashed) are shown. 






Figure 7. Seasonal (May–October) courses of evapotranspiration drivers (daily values): (a) SMA under moist (2014, blue), normal (2020, green), and dry (2012, black, and 2016, red) conditions; (b) air temperature; (c) absolute humidity; (d) PE (METREF) under dry conditions for 2012 (black) and 2016 (red). The polynomial trend lines (dashed) are shown.



[image: Land 12 00240 g007]







[image: Land 12 00240 g008 550] 





Figure 8. The complementary relationship between PE (METREF) and AE (DMET) values and the ED deficit (in the sense of the Bouchet hypothesis [45]) as the drought indicator for: (a) the entire Bulgarian landmass; (b) Rasgrad station in northeastern Bulgaria; (c) Karnobat station in southeastern Bulgaria. (d) Evapotranspiration deficit (green line) approximated using a linear regression model (black line). Mean daily values for May–October 2011–2021 were used for calculation. 
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Figure 9. Comparison of time series (May–October) for the AE/PE ratio (blue line) based on LSASAF DMET/METREF and SMAI using the SVAT model (green line): (a) mean values from 26 synoptic stations in Bulgaria; (b) a station in north Bulgaria; (c) a station in south Bulgaria. Daily mean values for 2011–2020 were used. 
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Figure 10. Q–Q plots comparing the distributions of the monthly mean ETDI and SMAI at 50 cm soil depth (red line): (a) mean values from 26 synoptic stations in Bulgaria; (b) a station in north Bulgaria; (c) a station in south Bulgaria. Mean values for May–October 2011–2020 were used. The blue line indicates the ideal diagonal of the linear distribution. 
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Figure 11. Descending linear regression models of the relationship between satellite-derived ETDI anomalies and SMA anomalies: (a) all 26 synoptic stations in Bulgaria at 50 cm soil depth; (b) all 26 synoptic stations in Bulgaria at 100 cm soil depth; (c) a station in north Bulgaria; (d) a station in south Bulgaria. The monthly mean (2011–2021) was used to calculate the anomalies. 
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Table 1. Characteristics of the data from Meteosat and SVAT_bg.
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	Data
	Temporal Resolution
	Spatial Resolution
	Coverage





	LSASAF DMETREF
	Daily
	SEVIRI, about

5 km over Bulgaria
	MSG disk



	LSASAF DMET
	Daily
	SEVIRI, about

5 km over Bulgaria
	MSG disk



	Soil moisture availability

index (SMAI)
	Daily, 0600 UTC
	NIMH synoptic

station network
	Regional
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