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Abstract

:

The problem of droughts is acute due to climate change. The study aims to assess the temporal and spatial drought patterns in Lithuanian lowland rivers in the past and to project these phenomena according to climate scenarios and models. Drought analysis was based on Standardized Precipitation Index (SPI), Reconnaissance Drought Index (RDI) and Streamflow Drought Index (SDI). To evaluate the past patterns, the hydrometeorological data of 17 rivers were used from 1961–2020. Future drought changes were analyzed in 2021–2100 according to the selected RCPs (Representative Concentration Pathways) using the hydrological model HBV. There were different patterns of droughts in three hydrological regions of Lithuania (Western, Central and Southeastern). The Southeastern region was more prone to extreme summer hydrological droughts, and they had a shorter accumulation period compared to the other two regions. SPI and RDI indices showed that the number of dry months and the minimum value of the index increased, extending the accumulation period. The highest correlation was recorded between RDI-12/SPI-12 and SDI-12. The amplitude between extremely wet and dry values of river runoff will increase according to RCP8.5. The projections indicated that hydrological drought intensity in the Central region is expected to increase under both analyzed RCPs.
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1. Introduction


Drought is a recurring phenomenon that has plagued civilization throughout history [1]. Droughts are among the costliest natural hazards that influence various economic sectors and ecosystems in many different ways. This slowly moving hazard can affect virtually all climatic regimes [2]. It can occur in any part of Europe, in both high and low rainfall areas, and at any time of the year. In recent decades the most severe drought in Europe in 2003 was followed by droughts in 2007, 2011, 2013, 2015, 2017, and 2018 that affected large parts of Southern, Western and even Northern Europe [3]. Pan-European studies [4] show a statistically significant tendency towards less frequent and severe drought events over North-Eastern Europe, especially in winter and spring, and a moderate or more remarkable opposite tendency over Southern and Eastern Europe, especially in summer. The rise of compound warm-season droughts in Europe is a dynamic, developing phenomenon [5]. The most comprehensive climate change analysis in the Sixth Assessment Report published by the IPCC (Intergovernmental Panel on Climate Change) [6] warns that there will be an increasing occurrence of some extreme events unprecedented in the observational record with additional global warming. It means that this phenomenon may intensify further. Many scientists and decision-makers are concerned about the diversity and complexity of drought impacts and the low level of preparedness for future events [7]. U.S. researchers [8] projected that under the most pessimistic scenario, at the end of the 21st century, 43% of the world’s land area would suffer from increased drought. According to Naumann et al. [9], in the absence of climate action (4 °C in 2100 and no adaptation), the combined annual drought losses in the European Union and the United Kingdom are projected to rise to more than €65 billion per year compared with €9 billion per year currently.



There is a growing need to understand the potential impact of this extreme weather-related hydrological phenomenon to reduce or mitigate its threats. According to Encyclopedia Britannica, drought is generally defined as a lack or insufficiency of rain for an extended period that causes a considerable hydrologic (water) imbalance and, consequently, water shortages, crop damage, streamflow reduction, and depletion of groundwater and soil moisture. The drought type generally reflects the compartment of the hydrological cycle or sector of human activity that is affected; deficits typically propagate through the hydrological cycle, affecting different ecosystems and human activities accordingly [10]. The following types/categories/phases of drought can be found in the literature: meteorological, soil moisture/agricultural/vegetation, hydrological, groundwater, environmental and socio-economic drought. Drought indicators or indices are often used to help track droughts, and these tools vary depending on the region and the season [11,12]. Indicators are variables or parameters used to describe drought conditions (e.g., precipitation, temperature, streamflow, groundwater level and soil moisture). Indices are typically computed numerical representations of drought severity, assessed using climatic or/and hydrometeorological inputs, including the indicators listed above. They combine meteorological and hydrological parameters into a single numerical value or formula and provide a comprehensive decision-making picture [13,14,15,16,17]. Among the most frequently used drought indices are the Palmer Drought Severity Index (PDSI) [18], Rainfall Deciles [19], Crop Moisture Index (CMI) [20], Surface Water Supply Index (SWSI) [21], Standardized Precipitation Index (SPI) [22], Reconnaissance Drought Index (RDI) [23] and Drought Frequency Index (DFI) [24]. The National Meteorological and Hydrological Services worldwide are encouraged to use the SPI to describe meteorological drought; however, scientists seem to agree that there is still no “best” hydrological and agricultural drought index, so further discussion is needed on this topic [2]. Each index currently in use is appropriate to meet the expectations of a particular type of drought, while pre-knowledge about each case is crucial. However, the aim should be to develop a composite drought index to integrate all relevant data and drought definitions regarding the dominant types of monthly droughts in time and space, along with climate change scenarios [25].



Even though Lithuania belongs to the humid climate zone and is rich in rivers and lakes, drought is not uncommon. As evidence of climate change increases, research into drought events in this Baltic country intensifies. However, the analysis of dryness dynamics in the Baltic Sea region discovered a decline, shown by the increase in SPI values over the last fifty years in most studied areas [26]. The dynamics of meteorological and hydrological droughts in Lithuania did not reveal clear signs that extreme droughts have also increased. Still, in some sub-basins of the Nemunas River (which basin covers almost 72% of the Lithuanian territory), a statistically significant rise in SPI values was observed [27]. Whereas, at the end of the century, the climate changes are likely to lead to more intense and possibly more frequent meteorological droughts (especially in June–August), and the meteorological conditions will significantly impact river runoff [28,29]. Besides the SPI, for drought investigation, [30] used Hydro-thermal Coefficient of Selyaninov, HTC; [27] applied the Streamflow Drought Index, SDI. Rimkus et al. [31] used the normalized difference vegetation index (NDVI) and Vegetation Condition Index (VCI) to determine drought effect on vegetation. Rimkus et al. [32] analyzed widely used drought detection indices: Standardized Precipitation Evapotranspiration Index, SPEI; Effective Drought Index, EDI; Percent of Normal Precipitation, PNP; Aridity Index, AI. These scientists proposed a new Temperature-Precipitation Index (TPI) to identify agricultural drought in Lithuania. Kugytė and Valiuškevičius [33] analyzed hydrological droughts and suggested a new hydrological drought index SWLI (Standardized Water Level Index) to identify drought in Lithuanian rivers. Research over the last decades has provided important information on drought detection, dynamics, recent trends and projections in Lithuania. So far, however, the main focus of Lithuanian scientists has been on meteorological and agricultural droughts. Less attention was paid to the study of hydrological droughts. There is no research in Lithuania and the Baltic States related to forecasting hydrological droughts in future.



The main objective of our research is to assess the temporal and spatial patterns of hydrological droughts in Lithuanian rivers using multiannual hydrometeorological data, to study how meteorological and hydrological droughts are related and project these phenomena according to new regional climate models. Drought analysis will be based on the Standardized Precipitation Index (SPI), Reconnaissance Drought Index (RDI) and Streamflow Drought Index (SDI).




2. Materials and Methods


2.1. Study Area and Data


This study focuses on the entire territory of Lithuania, the area of which is 65,200 km2. The whole territory of the country belongs entirely to the plains, with the highest point 294 m above sea level. Lithuania belongs to the humid zone, with annual precipitation in the Western hydrological region (W-LT) 735–810 mm, in the Central hydrological region (C-LT) 600–680 mm and in the Southeastern hydrological region (SE-LT) 600–670 mm [34]. There are about 22,000 rivers in Lithuania with a total length of more than 37,000 km. All Lithuanian rivers belong to the Baltic Sea River Basin. Depending on climatic conditions and types of river feeding, Lithuania is divided into three hydrological regions: the Western, Central and Southeastern regions. During the driest 30-day summer period, the runoff of the rivers in the Western region of Lithuania is 0.4–2.5·10−3 m3/s·km2, in the Center region—0.1–1.7 × 10−3 m3/s·km2 and in the Southeastern region—1.7–4.7 × 10−3 m3/s·km2 [35]. In the Western hydrological region, the main feeding source is precipitation. In the Central hydrological region, there is no dominant type of river feeding; runoff is formed mainly from snowmelt and rainfall. Groundwater generates runoff in the Southeastern hydrological region [36].



The long-term hydrological and meteorological data sets for this study were obtained from the Lithuanian Hydrometeorological Service. Meteorological data from 12 meteorological stations (MS) from 1961 to 2020 were used. Hydrological data from 17 water gauging stations (WGS) with observation data covering at least 59 years from 1961 to 2020 were applied (Table 1). The selected WGSs are located in different hydrological regions: four WGSs in the Western, six WGSs in the Central and seven WGSs in the Southeastern hydrological region. All hydrological stations describe typically small and medium-sized rivers (catchment area varies from 162 km2 to 5440 km2). The location of the studied basins, WGSs and MSs are shown in Figure 1, and additional information is provided in Table 1.



Three rivers were selected for modeling of hydrological drought index SDI in future. These rivers are located in different hydrological regions of Lithuania: the Minija River in the Western, the Venta in the Central and the Šventoji in the Southeastern hydrological region. Hydrological data from water measurement stations (WMS) and meteorological stations (MS) on these rivers were used for calibration and validation to create hydrological models and project water discharges in future.



Since the network of meteorological stations in Lithuania is sparse, the point data from the meteorological stations were transformed into averages for each basin, using the weighted coefficients of the influence of approximate stations on a given basin. The weighted coefficients were calculated using Thiessen polygons. Polygons were created in ArcGIS 10.8 software using the Create Thiessen Polygons tool. First, all entry points (meteorological stations) were used to create a triangulated irregular network according to Delaunay criteria. The perpendicular bisectors for each triangle edge were generated to form the edges of the Thiessen polygons. The points of bisectors intersection determine the location of the vertices of the future polygons, which are connected around each meteorological station using ArcGIS Pro help archive. The Thiessen polygons method has already been successfully used to calculate climatic parameters [37,38,39]. Further calculation of the percentage of the river basins area belonging to each meteorological station and the creation of maps also took place in ArcGIS 10.8.




2.2. Methodology


Research of past and future droughts was carried out in the following steps:




	
Estimating past changes in meteorological and hydrological drought indices (SPI, RDI and SDI) using statistical analysis methods (Section 3.1 and Section 3.2).



	
Preparation of data (T, P and Q) for future drought index calculations (in the 21st century) in three Lithuanian river basins according to the selected climate models and scenarios:




	(a)

	
preparation of daily air temperature and precipitation series based on the database (Section 3.3);




	(b)

	
projection of the daily discharges of three selected rivers according to the selected climate models and scenarios using the HBV hydrological model (Section 3.3).









	
Projection of meteorological and hydrological drought indices (SPI, RDI and SDI) and their analysis in the three selected river catchments in the 21st century.








2.2.1. Calculation of Drought Indices


One hydrological (Streamflow Drought Index) and two meteorological indices (Standardized Precipitation Index and Reconnaissance Drought Index) were chosen to identify and characterize droughts in Lithuania. The indices were selected considering their widespread use, the simplicity of the calculations, the availability of the necessary meteorological and hydrological data, and the possibility of the regional analysis. All drought indices were calculated for five different time series, i.e., 1, 3, 6, 9, and 12 months in each river basin.



DrinC software (Drought Indices Calculator) developed by the Center for the Assessment of Natural Hazards and Proactive Planning and the Laboratory of Reclamation Works and Water Resources Management of the National Technical University of Athens was used to calculate the indices [40]. In recent years, this tool was successfully applied to drought analysis [41,42].



Standardized Precipitation Index (SPI) was developed and introduced by McKee et al. [22]. It is now widely used to detect and describe meteorological drought and recommended by World Meteorological Organization (WMO) as the standard drought index [43]. SPI determines precipitation anomalies by comparing the observed total precipitation amounts over the accumulation period of interest (e.g., 1, 6, 12 months) with the long-term historical rainfall record, which is fitted to a probability distribution using the gamma function [44]. Precipitation is transformed into normalized numerical values. The SPI is the number of standard deviations by which the observed precipitation deviates from the long-term mean of a normally distributed random variable [45].



SPI is calculated as follows:


  SPI =    x i  −  x ¯   σ  ,  



(1)




where xi is the precipitation of the selected period during the year i,   x ¯   is long term mean precipitation, and σ is the standard deviation for the selected period. Further details on the SPI index calculation can be found in the work of McKee et al. [22].



The obtained positive SPI index values reflect wet conditions when the total precipitation over a specific period is greater than the median. The negative SPI values describe dry conditions when the total precipitation over a specific period is lower than the median precipitation. The classification of drought conditions according to SPI index values is described in [46,47,48]. Moderately dry drought conditions will be when −1.49 < SPI < −1.0; severely dry conditions—−1.99 < SPI < −1.5; and extremely dry conditions — SPI < −2.0.



The widespread use of the SPI index can be explained by advantages such as the ability to use it in any geographic location and any number of time scales, the possibility of regional analysis and the need for only one input parameter (precipitation accumulation). However, this index does not consider other important meteorological parameters, such as the effect of high temperature and evaporation [44,45]; therefore, for more accurate identification of meteorological droughts in Lithuania, another meteorological index was additionally calculated.



According to McKee et al. [22], at least 30 years of precipitation data without gaps are required to calculate the SPI. Guttman [49] and Wu et al. [50] argue that a data series should be 40–60 years for stable distribution in the central part. A 70–80 year record is needed for stability in tails. It should be noted that for gamma distribution these periods can be longer [50]. In this article, 60 years of data records were used.



Reconnaissance Drought Index (RDI) was presented by Tsakiris and Vangelis [23] and successfully used by many scientists [47,51,52,53]. RDI involves two main parameters such as precipitation (P) and potential evapotranspiration (PET). PET is calculated from temperature data using the Thornthwaite method [54]. RDI can be expressed in three formulas. The first expression, the initial value (α0), is usually calculated for the year i on an annual basis as follows [23]:


   α n   ( i )    =     ∑   j = 1   12    P  ij       ∑   j = 1   12     PET   ij     ,    i  = 1    to   N  ,    and   j  = 1    to    12  



(2)




in which    P  ij     and     PET   ij     are precipitation and potential evapotranspiration of the month j of the year i, starting usually from October as it is customary for Mediterranean countries, N is the total number of years of the available data.



The second expression, the Normalized RDI (RDIn), is computed using the following equation for each year, in which the parameter   α ¯  0 is the arithmetic mean of α0 values calculated for the N years of data.


    RDI  n   ( i )    =    a 0   ( i )        α ¯  0    − 1  



(3)







The standardized form of the index (RDIst) is calculated as:


    RDI   st    ( i )    =    y   ( i )    −  y ¯       σ ^   y     



(4)




in which yi is the   ln  (   α 0   ( 1 )     )   ,   y ¯   is its arithmetic mean and     a ^  y    is its standard deviation.



In this study, the standardized form of the index (RDIst) was used. The calculation of the RDIst was performed by fitting the gamma probability density function (pdf) to the given frequency distribution of the αk, as in most cases, the gamma distribution is more successful than lognormal [55]. The RDI values were classified similarly to the SPI index values.



Streamflow Drought Index (SDI) was developed by Nalbantis and Tsakiris [56] and is based on the concept of the SPI index. The SDI index is a simple and effective index to monitor hydrological droughts using cumulative streamflow discharge [57,58]. The cumulative streamflow discharge Vi,k for the i-th hydrological year and the k-th reference period can be calculated using the following equation:


   V  i , k   =   ∑   j = 1   3 k    Q  i , j        i  = 1 ,   2 , …      j  = 1 ,   2 , … , 12      k  = 1 ,   2 ,   3 ,   4  



(5)




where    V  i , k     is the cumulative streamflow volume for the i-th hydrological year and the k-th reference period, k = 1 for October–December, k = 2 for October–March, k = 3 for October–June, and k = 4 for October–September.



Then, the SDI is defined for each reference period k of the i-th hydrological year by the following equation:


    SDI   i , k   =    V  i , k   −   V ¯  k     s k         i  = 1 ,   2 , …      j  = 1 ,   2 , … , 12      k  = 1 ,   2 ,   3 ,   4  



(6)




where     V ¯  k    and    s k    are the mean and standard deviation of the cumulative streamflow volumes of the reference period k, respectively.



Like to SPI and RDI, the streamflow probability distribution was normalized using a gamma distribution. An SDI value below zero indicates hydrological drought [48]. Moderate droughts will be when −1.49 < SDI < −1.0; severe droughts—−1.99 < SDI < −1.5; and extreme droughts — SDI < −2.0.




2.2.2. Selection and Preparation of Models


For projection of drought changes in the future, 13 regional climate models were considered that would have data for the two most commonly used RCP scenarios (RCP4.5 and RCP8.5). Monthly temperature and precipitation changes of observed historical data and historical simulated data were analyzed and compared. The correlation method was used for the statistical comparison of simulated and observed data. Additionally, the Wilcoxon test (for data with non-normal distribution) and the Pared t-test (for data with normal distribution) were used to determine whether the simulated data of each specific regional climate models (RCMs) differed from the observation data in a statistically significant manner. The whole analysis was based on data comparison for three meteorological stations (one from each hydrological region): Panevėžys, Vilnius and Telšiai. As a result, three regional climate models were selected: CNRM-CERFACS-CNRM-CM5, ICHEC-EC-EARTH and MPI-M-MPI-ESM-LR.



Daily air temperature (T, °C) and precipitation (P, mm) data of regional climate models were extracted from the EURO-CORDEX database (www.euro-cordex.net (accessed on 14 March 2021)). To adapt mentioned data to the Lithuanian conditions, the quantile mapping method was used [59,60]:


    St   Obs   = h  (    St    CM   RP     )  =   ECDF   Obs − 1    (    ECDF    CM   RP     (    St    CM   Fut     )   )   



(7)




where StObs—observed meteorological parameter, S CM RP—climate model output for the reference period, ECDFObs—empirical cumulative distribution function for the observation period, ECDFCM RP– empirical cumulative distribution function for climate model reference period, and SCM Fut—meteorological parameter, which is modelled by climate model for the future period. All estimated results were compared with the values of the reference period (1986–2005).




2.2.3. Discharge Projections in the Selected River Catchments Using HBV Hydrological Model


The drought projections in the 21st were calculated for three rivers from the different hydrological regions of Lithuania using the HBV model. HBV is a technique of rainfall-runoff modelling used to calculate the total water balance in a catchment. HBV is based on the water balance equation [61]:


  P − E − Q =  d  dt    [  SP + SM + UZ + LZ + V  ]   



(8)




where P—precipitation, E—evaporation, Q—discharge, SM—soil moisture SP—snow pack, UZ—upper groundwater zone, LZ—lower groundwater zone, and V—lake or dam volume.



Model computations were performed in three steps: 1. Estimation of precipitation amount that falls to the ground; 2. Estimation of the slope runoff; 3. Evaluation of runoff in watercourse and runoff transformation. A considerable amount of geographical information is necessary to create hydrological models (Table 2).



Calibration of developed hydrological models was performed using 16 main parameters. The correlation coefficients r between measured and calculated water discharges varied from 0.68 to 0.88 in calibration and validation periods (Table 3). High r values enabled to use hydrological models to project selected rivers runoff in climate change conditions. More information on the application of the HBV model to project Lithuanian river runoff is presented in our previous research [36,62].






3. Results


Seventeen rivers with the complete data set (1961–2020) were selected for the temporal and spatial analysis of meteorological and hydrological droughts. In addition, one river (in total, three rivers) from each hydrological region was selected for more detailed analysis and drought projections in the near (2021–2060) and far future (2061–2100) periods.



3.1. Variation of Precipitation and Runoff in the River Catchments in the Past


As already mentioned in the methodology, the value of meteorological indicators (precipitation and temperature) was calculated for each catchment area, considering their affiliation with a particular meteorological station. This section analyzed the annual indicators (sum of annual precipitation and average annual runoff) from 1961 to 2020. Based on the calculated annual averages, the average values for the entire observation period were calculated, and the years with the highest average and lowest average were selected.



The average annual precipitation in the studied catchments from the Southeastern hydrological region (SE-LT) ranged from 599 mm to 665 mm per year. The Central hydrological region (C-LT) had a wider range of the average annual values, from 598 mm to 762 mm. While the Western hydrological region (W-LT) was characterized by the highest precipitation and minor fluctuations in the mean annual values between the catchment areas, ranging from 744 mm to 798 mm.



The presented data of the annual amount of precipitation in the WGS catchments indicate a significant spatial variation within the territory of Lithuania. At the same time, most catchment areas within one hydrological region had the same years with the highest and lowest rainfall. For example, in six out of seven catchments within the SE-LT, the highest amount of precipitation was observed in 2010 and 2017, and the lowest in 1964 and 1971. The catchments of the C-LT did not have pronounced coincidences of years with minimum and maximum values, which may reflect the transitional position of this region between the other two hydrological regions. For the W-LT, 1981 had the highest precipitation amount in all catchments.



In addition to the average annual discharge for each catchment over the studied period (1961–2020), extreme values of the average annual data were calculated. It should be noted that the years with the maximum and minimum annual precipitation in a particular catchment practically did not coincide with the years of maximum and minimum average annual runoff in this catchment. According to precipitation and water discharge, only six catchments out of 17 had the same wettest year. For only one river, the Mūša, the years with the lowest and highest annual precipitation coincided with the years with minimum and maximum values of water discharge. The small number of coincidences of dry years can be explained by the significant impact of groundwater supply and direct human impact.



In addition, three representative rivers were selected (one from each hydrological region) to calculate the deviations of annual precipitation and average annual runoff from the average values for the entire study period. The results are presented in Figure 2.



The amount of precipitation in the C-LT was similar to the amount of precipitation in the W-CL and had the same trends. The SE-LT differed significantly in the amount of precipitation from the other two regions and sometimes had opposite trends (as an example, a slight increase compared to the average in the SE-LT with a decrease in precipitation in the other two regions (1962, 1992, 2000 and some other years)). Despite the similarities in precipitation, the C-LT and W-LT had significant differences in river runoff. The peak values of both graphs had some differences. Such a situation indicates the dependence of river runoff on precipitation; however, the critical minimum and maximum discharges are due to other factors.




3.2. Analysis of the Dry Periods Using the Drought Indices


Hydrological and meteorological droughts (or dry periods) were analyzed by the SPI, RDI and SDI indices. The two main parameters, the number of dry months and index minimum value, were calculated for the 1, 3, 6, 9 and 12-month accumulation periods and presented in Appendix A. The distribution of the parameter values by hydrological regions for each index was shown using box plots (Figure 3).



As shown in the tables (Appendix A, Table A1, Table A2 and Table A3), dry periods are those when the index value is ≤−1. The analysis of the obtained SPI parameters showed that, in most cases, the number of dry months and the minimum value of the index increased with the extension of the accumulation period. In addition, during the 12-month accumulation period, the difference in the number of dry months between hydrological regions was more pronounced (125–131 in the SE-LT, 118–130 in the C-LT and 115–126 in the W-LT). At the same time, there were no significant differences in the minimum values of the index between the hydrological regions. As an example, for a 6-month accumulation period, the following distributions were estimated: −3.33 –(−2.99) for the SE-LT, −3.39–(−3.00) for the C-LT and −3.38–(−3.27) for the W-LT (Figure 3b).



The values of the RDI parameters also increased with a longer accumulation period (9 and 12 months). It should be noted that the number of dry months with RDI values ≤ −1 for almost all rivers and periods of accumulation was less than the number of dry months with SPI values ≤ −1. At the same time, with longer periods of accumulation, the difference in the number of dry months between the indices practically disappeared. The difference in minimum values between the RDI and SPI indices was not as evident as in the number of dry months. In addition, no patterns in the distribution of minimum values of meteorological indices according to the different hydrological regions were noted. For example, the lowest values of SPI-1 (−5.29) and RDI-1 (−5.16) were recorded in the W-LT, SPI-3 (−3.83) and RDI-3 (−3.84) in the SE-LT, SPI-6 (−3.39) and RDI-6 (−3.36) in the C-LT, SPI-9 (−3.50) and RDI-9 (−3.43) in the C-LT, and SPI-12 (−3.30) in the W-LT and RDI-12 (−3.07) in the SE-LT and W-LT.



As with meteorological indices, the number of dry months with SDI values ≤ −1 was higher for longer accumulation periods; however, the minimum values of SDI, as opposed to SPI and RDI, did not increase. Therefore, the minimum SDI values for the 3, 6, 9 and 12-month accumulation periods reflected the difference between hydrological regions. The SE-LT was characterized by a wider range (the largest range was noted for SDI-9 from −3.01 to −2.06) and higher minimum values of the SDI index. The W-LT had the lowest average minimum SDI values for the accumulation periods of 3, 6, 9 and 12 months (Figure 3f).




3.3. Distribution of Index Values According to Drought Condition Classes


Table 4 shows the percentage distribution of all months (60 observation years) according to drought condition classes of three indices in the three Lithuanian rivers, each of which represents one of the hydrological regions. The percentage of Extremely Dry months for meteorological indices decreased with the extension of the accumulation period, while the percentage of Moderately Dry and Severely Dry months increased. This might indicate the presence of short but extremely strong dry periods, which became less pronounced as the accumulation period lengthened. According to the hydrological index, the percentage of Moderately Dry months decreased in the rivers from the Central region (Venta) and the Western region (Minija) with an extension of the accumulation period. While in the Šventoji River (SE-LT), there were no regularities for this class. According to the hydrological index, the percentage of Severely Dry and Extremely Dry months increased as the accumulation period lengthened. The increase in the number of extremely dry periods for SDI might be due to the synergistic effect of less significant deviations from normal conditions, which could not be noticed in the smaller accumulation periods. According to meteorological and hydrological indices, the percentage of Extremely Dry and Moderated Dry months had opposite trends with an extension of the accumulation period. The explanation for this may be the different nature of the two processes, namely precipitation, which is not constant and may have significant interruptions, and the runoff formation process, which depends not only on precipitation but also on many different factors.




3.4. Relations between Meteorological and Hydrological Droughts


Pearson’s correlation was used to investigate the relationships between meteorological and hydrological droughts in more detail. Six months of the warm season (May–October) were taken for correlation analysis, as the presented work concentrates on summer droughts. The example of the results of the correlation analysis is presented in Appendix B (Table A4 and Table A5). Only two (Verknė and Strėva) of the seventeen rivers had no strong (≥0.7) correlation between meteorological and hydrological indices for any accumulation period.



The correlation analysis between SPI and RDI indices with different lengths of accumulation periods (SPI-1 vs. RDI-1, SPI-3 vs. RDI-3, etc.) showed high correlation coefficients, which often approached 1. In most cases, the correlation between SDI and RDI was stronger than between SDI and SPI. Therefore, it was decided to present only the RDI index, as its differences from the SPI were insignificant, and the correlation of RDI with SDI was more pronounced. The general correlation matrix is shown in Figure 4.



The highest number of strong correlations was estimated between RDI-12 and SDI-12, RDI-12 and SDI-9, SPI-12 and SDI-12. For almost all rivers (15 out of 17), a strong correlation was determined between RDI-12 and SDI-9 in May; the correlation coefficient (r) ranged from 0.70 to 0.91, except for the rivers Verknė (r = 0.66) and Strėva (r = 0.52). The strongest correlation was found for the Venta River between the RDI-12 and SDI-12 indices for May (0.907). The highest number of strong correlations (r ≥ 0.7) was in October, followed by September and May (Figure 4).



It is also extremely important to analyze the distribution of correlations in the matrices. The highest number of cases of a strong correlation between the hydrological index with short accumulation periods (one and three months) and the meteorological index with different accumulation periods was determined in October and September. At that time, with long accumulation periods (9 and 12 months) of the hydrological index, most cases of strong correlations were found in May and June. Such a distribution indicates a significant impact on the river runoff of meteorological phenomena that occurred in the winter or summer–autumn period of the year before observation. In addition, a considerable number of strong correlations estimated in September and October indicate the decisive effects of meteorological phenomena on hydrological drought, as the relationship was present not only between short accumulation periods, but also between short accumulation periods of the hydrological index and long accumulation periods of the meteorological index (as an example of RDI-12 and SDI-1).



Figure 4 shows the highest correlations between meteorological and hydrological indices with 12 month accumulation periods. Three rivers from different hydrological regions were selected for a detailed analysis of the relationship between RDI and SDI indices (Figure 5). On average, hydrological drought followed the meteorological drought with a delay of three months, but this period may vary depending on the conditions preceding these events.



As seen in Figure 5, there was no significant difference between trends in the hydrological and meteorological indices. The Minija and Venta had almost identical plots of index values and a greater dependence on meteorological conditions, since variations in the hydrological index practically repeated the meteorological index. The Šventoji River had a larger difference between the values of hydrological and meteorological indices, but the trends were almost identical. The dry period in the Minija and Venta rivers dated from the end of 1964 to the second half of 1977, with peaks observed in 1969, 1972 and 1976–1977. The Šventoji had a similar dry period, but the extreme values were concentrated at the end of the dry period with peaks in 1972, 1974 and 1976–1977. No significant droughts were observed between 1977 and 1996 in the Minija and Venta rivers, and from 1977 to 2003 in the Šventoji River. In 1996, there was an extreme drought in the Minija, a moderated drought in the Venta and no drought in the Šventoji. There was also a difference in the wettest months: in the Minija and Venta rivers they were in 1981, and in the Šventoji river—in 2017–2018, also in some rivers of the Southeastern hydrological region in 1994 (Figure 6). From 1996 to 2006 in the Minija and Venta rivers, and from 2003 to 2009 in the Šventoji River there were a number of droughts with the extreme in 2006, especially in the rivers of the Central hydrological region (Figure 6). Further, by the end of 2018, the wet periods with short and moderated droughts predominated, and from 2019, droughts appeared throughout Lithuania, with a slight delay in the Southeastern hydrological region (Figure 5 and Figure 6). The values of the indices remained negative until the end of 2020, except for four months in the Bartuva River (Figure 6).




3.5. Analysis of the Hydrological Drought Duration


Duration is one of the main characteristics of droughts. The drought period was considered the period from the month when the SDI value was ≤−1. The duration of the maximum drought increased with the extension of the accumulation period (Figure 7). On average, the duration of hydrological droughts in the W-LT was shorter compared to the SE-LT and C-LT. The maximum duration of the drought was recorded for a 12-month accumulation period in the SE-LT (the Šventoji catchment). The drought lasted 42 months from 05.1971 to 10.1974. The extreme values of SDI-12 for this river (−2.46) were also observed in this period (10.1972). The maximum duration of drought in the C-LT was noted with a 12-month accumulation period in the Nemunėlis River—27 months from 12.1975 to 02.1978. The W-LT had the shortest maximum drought duration among regions based on SDI-12—23 months. This duration was recorded in two rivers of the region: the Akmena and Minija from 12.1975 to 10.1977. Most of the longest droughts were estimated in 1963–1977, which was the driest in the entire analyzed period [34]; almost all extreme droughts were from this period.




3.6. Distribution of Droughts by Summer Months and Their Number


When analyzing the months with the highest number of droughts (Figure 8), it was concluded that there was no clear distribution pattern of rivers related to the driest months in Lithuania. SDI-1 was characterized by the greatest similarity between rivers in terms of the driest months. In most cases with a 1-month accumulation period, most drought events occurred in the first two months of the warm season (May and June). Still, there were also three rivers in northwestern Lithuania, where the greatest number of drought events occurred in October. For SDI-3, the dominance of droughts in the first half of the warm period continued. No patterns were distinguished for SDI-6 and SDI-9. SDI-12 also did not have a clear distribution related to dry months, but there was an increase in the number of droughts in the second half of the warm season.



For comparative analysis, it was decided to calculate the total number of Severely Dry and Extremely Dry months during the warm periods.



According to SDI-1 (Figure 9), the Western hydrological region had the lowest number of Severely Dry and Extremely Dry months, while the Southeastern hydrological region had the highest number. SDI-3 showed similar but less pronounced differences between regions. The analysis of SDI-6 revealed no significant differences between regions. According to SDI-9 and SDI-12, prolonged droughts were more prevalent in the W-LT and C-LT, while the catchments from the SE-LT had fewer dry months. From the above, it can be concluded that the SE-LT is more prone to the extreme summer droughts, which have a shorter period compared to the C-LT and W-LT. However, with a longer accumulation period, the runoff deficit decreased in the SE-LT due to its leveling by wet months. While in the W-LT and C-LT, longer periods with runoff deficit led to more prolonged droughts.




3.7. Analysis of Trends in Future Droughts


It was decided to use a 12-month accumulation period to analyze the projected data, as it sufficiently shows the trends in the occurrence of droughts. Moreover, due to the “smoothing”, it is possible to obtain data closer to the real ones and eliminate extraordinary values.



Meteorological and hydrological indices were calculated for the period from 2021 to 2100 (in total, 80 years). The comparison was made separately for the first subperiod (the near future or the first 50% of the calculated index values) and the second subperiod (the far future or the last 50% of the calculated index values).



3.7.1. Analysis of Future Meteorological Droughts


Meteorological indices (SPI and RDI) were calculated according to two scenarios RCP 4.5 and RCP 8.5. The distribution of the SPI index values obtained based on RCP 4.5 is similar to the historical distribution of SPI index values (Figure 10a–c). In all catchments, the number of months with normal conditions decreases in the far future (Table 5). The prognosed percentage of extremely dry months (SPI-12 < −2 according to the RCP 4.5 scenario) increases in the Šventoji and Venta rivers compared to the historical period (most are concentrated in the far future), and opposite trends are observed in the Minija (Table 5).



The distribution of the SPI index values according to RCP 8.5 had more significant deviations than the historical distribution. (Figure 10d–f). As in the case of the RCP 4.5 scenario, all catchments were characterized by increasing deviations from the historical values in the far future (Table 6). Under scenario RCP 8.5, more droughts are expected in the near future, while more wet events are expected to occur in the far future.



The distribution of RDI index values in both RCP 4.5 and RCP 8.5 scenarios was close to the historical distribution of the data (Figure 11). The percentage of extreme droughts (RDI < −2 according to the RCP 4.5 scenario) is projected to increase compared to the historical period in all rivers (Table 7). Most months with extreme droughts are expected in the distant future.



According to the RDI index calculated under scenario RCP 8.5, an increase in extremely wet months and a decrease in extremely dry months are expected in the Šventoji, and Minija catchments, with most extreme months concentrated in the near future (Table 8).



As can be seen from Figure 10 and Figure 11, the SPI and RDI meteorological indices had significant differences in data distribution, especially under the RCP 8.5 scenario. Such differences may be due to the data used to calculate these indices. In general, historical modelled precipitation data significantly differed from real observation data, while the temperature was more accurate for forecasting. Despite the quantile mapping method, these differences remained. Thus, the SPI index based solely on precipitation gave much more significant differences in data distribution. The RDI index eliminated significant precipitation deviations due to evaporation data (calculated from the temperature) and gave a more even distribution of values.




3.7.2. Analysis of Future Hydrological Droughts


According to the SDI index, calculated using the RCP 4.5 scenario, the percentage of severely and extremely dry months are projected to remain similar to the historical period in the Venta, decrease in the Šventoji and increase in the Minija (Table 9 and Figure 12a–c). In general, the number of dry months is expected to be higher in the far future. Basically, the percentage of extremely wet months should decrease in the future, compared to historical data, with the exception of the Minija (Table 9).



SDI index values calculated using RCP 8.5 scenario showed similar trends as for scenario RCP 4.5 (Figure 12). An increase in the percentage of extremely wet months compared to the historical period was estimated in the far future, while the percentage of severely and extremely dry months decreased (Table 10). It should be noted that most dry months according to the hydrological index are projected at the end of the century.




3.7.3. Comparison of Rivers, According to Meteorological and Hydrological Drought Indices in Future


As noted in Section 3.7.2, most hydrological droughts are expected in the far future period. Depending on the climate scenario, each river has its unique characteristics. For example, the SDI index in the Šventoji is characterized by more extreme droughts under the RCP 4.5 scenario, as well as more extreme wet events under the RCP 8.5 scenario (Figure 13). The SDI index, based on the RCP 4.5 scenario, in the Šventoji is characterized by a higher number of severe and extreme dry months. In addition, the opposite extreme values are changing sharper too. While the RCP 8.5 scenario gives a much smaller amplitude of fluctuations most of the time.



The Venta is characterized by similar amplitudes of the hydrological index values of both climate scenarios (Figure 14). According to both climate scenarios, the number of hydrological droughts and the amplitude of the values will increase in the far future. As in the Šventoji, there will be more extreme droughts under the RCP 4.5 scenario.



The Minija is characterized by considerable changes in the extreme values of the hydrological index under both climate scenarios, which can be explained by the significant impact of precipitation (Figure 15). The amplitude of the values is expected to increase in the far future period. While for other rivers, under the RCP 4.5 scenario, more severe and extremely dry months are projected. In the Minija, under different scenarios, there is no significant difference in the amplitudes of the values of the hydrological index.



In general, in the near future under both climate scenarios, the Minija is more prone to droughts compared to the Venta and Šventoji, while the Šventoji is characterized by stronger wet events (Figure 16). The Šventoji will have more dry events in the far future than the Minija and Venta. An increase in the percentage of extreme droughts is projected in all rivers at the end of the century.



Comparison of the projection results with historical data (Figure 5) showed that spatial differentiation of hydrological regions will be maintained in the future. The Minija and Venta are expected to remain similar in terms of meteorological and hydrological indices. The delay of hydrological droughts from the beginning of meteorological disappears in the future or lasts no more than three months in the Minija and Venta and up to six months in the Šventoji. The wettest month SDI values for the Šventoji and Venta rivers will decrease under the RCP 4.5 climate scenario and the driest month values will become even more critical, and the opposite trend will occur for the Minija River. The amplitude between the extremely wet and dry values projections based on the RCP 8.5 climate scenario will increase compared to the historical period. According to the climate scenario RCP 8.5, the SDI values of the wettest month are expected to increase in the Šventoji River, and the values of the driest month will become less extreme. No significant changes are projected for the Minija River, except for expanding the range of maximum and minimum values. The Venta River will distinguish by a decrease in the value of the wettest month and an increase in the value of the driest month.



The RCP 4.5 scenario shows an increase in drought intensity for the rivers of the Central and Southeastern hydrological regions. The RCP 8.5 scenario projects a slight decrease in drought intensity for the rivers of the Southeastern hydrological region and an increase for the Western and Central hydrological regions.






4. Discussion


The study aimed to explore the hydrological drought phenomenon in Lithuanian lowland rivers. The problem of droughts has accompanied humanity since time immemorial. Because of the changing climate, droughts tend to get more severe and make life for humans and ecosystems even more complicated [6,63]. Research is changing the view that drought can only be described as a lack of rainfall and shows that there are still many gaps and uncertainties in our knowledge of hydrological droughts [64,65,66,67]. Every new finding and knowledge gained might help better understand the occurrence, spread, and changes of this complex phenomenon over time.



The present study revealed that the Lithuanian lowland river catchments distinguish by considerable differences in precipitation and river runoff as well as drought formation. The diversity of catchment physico-geographical features and climate variability, which mainly depends on the distance of the river catchments from the Baltic Sea, define the origin of runoff formation and make the basis for the regionalization of Lithuanian rivers. In general, the following three distinct hydrological regions: the Western, Central and Southeastern, are used in hydrological studies [68]. The present study shows that the Western region is the wettest, while the Central and Southeastern regions have almost the same amount of precipitation, with a slight predominance in the second one. Considering the river discharge, the driest years in the Western hydrological region are observed in the first half of the study period. In contrast, in the Central and Southeastern hydrological regions, in most catchments, the driest year were observed in the 21st century.



It was found that the SE-LT region is more prone to extreme summer hydrological droughts, and they have a shorter formation period compared to the C-LT and W-LT regions. However, with a longer accumulation period, the discharge deficit is reduced in the SE-LT region due to its leveling by wet months and the maintenance of a more stable water level through groundwater supply. Whereas, in the catchments of the W-LT and C-LT hydrological regions, long periods with discharge deficit lead to more prolonged droughts, as these regions are more dependent on precipitation.



These findings broadly support the results of other studies, suggesting that the identified specifics of river catchments from different hydrological regions and climatic conditions help analyze and project extreme hydrological phenomena in the conditions of changing aridity [28,29,34,69,70]. SPI and RDI parameters showed that in most cases, the number of dry months and the minimum value of the index increased with an extension of the accumulation period. These results reflect those of Kubiak-Wójcicka et al. [71], which, based on the meteorological (SPI) and hydrological (SRI) indices, revealed a weaker response to the precipitation over short time scales (1 and 3 months) and a stronger response over more extended accumulation periods (6, 9 and 12 months). The study of Minea et al. [72] also noticed that the established connection between meteorological and hydrological drought tends to be closer when longer periods (for 6 and 12-month time-scale) are considered.



The analysis on drought in a Slovakian river catchment [71] established high correlations between the SPI and SRI in more extended accumulation periods (6 to 12 months). In the present study, the highest number of strong correlations was estimated between RDI-12 and SDI-12, RDI-12 and SDI-9, SPI-12 and SDI-12. Comparing our results with [71], it was discovered that, with some exceptions, hydrological drought followed the meteorological drought with a 3-month delay. In contrast, studies of the Nemunas River basin [27] found a relatively weak correlation between the droughts (based on the SPI and SDI). Barker et al. [10] determined that catchments underlain by aquifers tended to show more delay in the propagation of drought from meteorological to hydrological drought.



For May and June, a stronger relationship was estimated between long accumulation periods (9 and 12 months). For September and October, there was a stronger relationship when the hydrological index was calculated for shorter accumulation periods (1 and 3 months) and meteorological indices with longer accumulation periods of (6, 9 and 12 months). In Kubiak-Wójcicka et al. [71] study, some high correlations were also recorded in shorter accumulation periods (1 and 3 months) in the summer (VI–VIII) and autumn (X–XI) months.



The present investigation found that the SPI index based on precipitation alone provides much more significant differences in data distribution, while the RDI index eliminates significant precipitation deviations due to evaporation data (calculated from temperature) and gives a more even distribution of values. These results are in line with those of previous studies [73,74,75]. This is especially true for the projection data, as precipitation is almost impossible to model correctly.



The modelling of future drought conditions showed that spatial variation between hydrological regions will be maintained in the future. The amplitude between the extremely wet and dry values of river runoff based on the RCP 8.5 will increase compared to the historical period. The projections revealed that hydrological drought intensity in the Central hydrological region is expected to increase even more under both analyzed RCP scenarios. This tendency is identified in the past and future due to specific conditions of river feeding sources (the smallest amount of precipitation and groundwater feeding in the C-LT region). This could be the reason why almost all Lithuanian intermittent rivers are located in this region [69]. In the future, the hydrological droughts are expected to be more extreme in the C-LT region, and the number of intermittent rivers may even increase. The findings from other studies suggest that, under an ongoing process of warming, the spatial aridity patterns of continentality and oceanicity are not expected to change significantly [76].



The estimated dependence of river runoff on precipitation does not necessarily indicate that there are no other important factors for runoff formation. Critical runoff values are likely to be due to other factors such as land use, water abstraction, changes in river channel morphology, reservoir regulation. Lack of information on human impact is considered an important challenge in modeling and projecting droughts [67,77].




5. Conclusions


In of this study, drought indices were calculated for 17 rivers from three hydrological regions for the period of 1961–2020. The analysis results revealed differences between hydrological regions in terms of the maximum duration of dry months for each accumulation period, extreme values of indices and the distribution of summer severe and extreme droughts by the duration of accumulation periods. A delay of 1 to 3 months was estimated between meteorological and hydrological droughts. The most extreme hydrological droughts were concentrated in the dry periods of 1961–1977, 2000–2007 and 2018–2020.



Correlation analysis showed more cases of a stronger correlation between SDI and RDI than between SDI and SPI. The largest number of significant correlations between rivers was estimated between the indices RDI-12 and SDI-9 in May, but the strongest correlation was found between the indices RDI-12 and SDI-12 (r = 0.907) in the same month.



Three rivers were selected to project droughts in the near (2021–2060) and far future (2061–2100) periods. The findings revealed that most droughts (meteorological and hydrological) would be observed at the end of the century. Under both climate scenarios, the amplitude between the extreme maximum and minimum values will increase. In the Venta River, there an increase in droughts is projected under both climate scenarios. In the Šventoji and Minija, the trends differ depending on the climate scenario.
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Table A1. SPI parameters which present the lowest value for each catchment.






Table A1. SPI parameters which present the lowest value for each catchment.





	
No

	
River-WGS

	
Parameters

	
SPI-1

	
SPI-3

	
SPI-6

	
SPI-9

	
SPI-12






	
South-eastern hydrological region




	
1.

	
Merkys-Puvočiai

	
Number of dry months

	
111/720

	
116//718

	
116/715

	
122/712

	
131/709




	
Index minimum value (month)

	
−3.99

	
−3.83

	
−3.05

	
−2.95

	
−2.84




	
2.

	
Ūla-Zervynos

	
Number of dry months

	
110/720

	
116/718

	
118/715

	
121/712

	
131/709




	
Index minimum value (month)

	
−4.04

	
−3.83

	
−3.06

	
−2.94

	
−2.84




	
3.

	
Verknė-Verbyliškės

	
Number of dry months

	
109/720

	
112/718

	
124/715

	
122/712

	
130/709




	
Index minimum value (month)

	
−4.00

	
−3.73

	
−2.99

	
−3.10

	
−2.61




	
4.

	
Strėva-Semeliškės

	
Number of dry months

	
110/720

	
116/718

	
118/715

	
121/712

	
131/709




	
Index minimum value (month)

	
−4.04

	
−3.83

	
−3.06

	
−2.94

	
−2.84




	
5.

	
Žeimena-Pabradė

	
Number of dry months

	
112/720

	
113/718

	
121/715

	
121/712

	
125/709




	
Index minimum value (month)

	
−4.16

	
−3.24

	
−3.07

	
−2.74

	
−2.58




	
6.

	
Šventoji-Anykščiai

	
Number of dry months

	
115/720

	
114/718

	
120/715

	
119/712

	
126/709




	
Index minimum value (month)

	
−4.14

	
−3.28

	
−3.06

	
−2.78

	
−2.63




	
7.

	
Šventoji-Ukmergė

	
Number of dry months

	
113/720

	
121/718

	
113/715

	
125/712

	
128/709




	
Index minimum value (month)

	
−3.75

	
−3.56

	
−3.33

	
−3.31

	
−3.03




	
Central hydrological region




	
8.

	
Nevėžis-Panevėžys

	
Number of dry months

	
113/720

	
123/718

	
109/715

	
124/712

	
118/709




	
Index minimum value (month)

	
−3.80

	
−2.89

	
−3.31

	
−3.50

	
−3.24




	
9.

	
Šušvė-Šiaulėnai

	
Number of dry months

	
106/720

	
112/718

	
115/715

	
123/712

	
127/709




	
Index minimum value (month)

	
−4.24

	
−3.06

	
−3.09

	
−2.62

	
−2.73




	
10.

	
Nemunėlis-Tabokinė

	
Number of dry months

	
113/720

	
120/718

	
122/715

	
116/712

	
130/709




	
Index minimum value (month)

	
−4.37

	
−2.96

	
−3.00

	
−2.78

	
−2.54




	
11.

	
Mūša-Ustukiai

	
Number of dry months

	
105/720

	
114/718

	
119/715

	
124/712

	
129/709




	
Index minimum value (month)

	
−3.61

	
−3.14

	
−3.07

	
−2.54

	
−2.69




	
12.

	
Venta-Papilė

	
Number of dry months

	
107/720

	
106/718

	
103/715

	
123/712

	
124/709




	
Index minimum value (month)

	
−4.40

	
−3.24

	
−3.27

	
−2.73

	
−2.66




	
13.

	
Venta-Leckava

	
Number of dry months

	
108/720

	
99/718

	
112/715

	
118/712

	
127/709




	
Index minimum value (month)

	
−4.73

	
−3.51

	
−3.39

	
−2.77

	
−2.66




	
Western hydrological region




	
14.

	
Jūra-Tauragė

	
Number of dry months

	
114/720

	
115/718

	
121/715

	
123/712

	
115/709




	
Index minimum value (month)

	
−4.54

	
−3.15

	
−3.27

	
−2.84

	
−3.30




	
15.

	
Akmena-Paakmenis

	
Number of dry months

	
114/720

	
115/718

	
121/715

	
123/712

	
115/709




	
Index minimum value (month)

	
−4.54

	
−3.15

	
−3.27

	
−2.84

	
−3.30




	
16.

	
Minija-Kartena

	
Number of dry months

	
102/720

	
104/718

	
117/715

	
118/712

	
126/709




	
Index minimum value (month)

	
−5.29

	
−3.46

	
−3.38

	
−2.71

	
−2.63




	
17.

	
Bartuva-Skuodas

	
Number of dry months

	
109/720

	
106/718

	
113/715

	
121/712

	
126/709




	
Index minimum value (month)

	
−3.31

	
−3.45

	
−3.38

	
−2.81

	
−2.53
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Table A2. RDI parameters which present the lowest value for each catchment.
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No

	
River-WGS

	
Parameters

	
RDI-1

	
RDI-3

	
RDI-6

	
RDI-9

	
RDI-12






	
South-eastern hydrological region




	
1.

	
Merkys-Puvočiai

	
Number of dry months

	
77/561

	
94/667

	
123/715

	
118/712

	
118/709




	
Index minimum value (month)

	
−3.67

	
−2.63

	
−2.87

	
−2.73

	
−3.07




	
2.

	
Ūla-Zervynos

	
Number of dry months

	
71/545

	
91/656

	
121/715

	
122/712

	
122/709




	
Index minimum value (month)

	
−3.92

	
−3.84

	
−2.92

	
−2.78

	
−3.01




	
3.

	
Verknė-Verbyliškės

	
Number of dry months

	
77/545

	
95/656

	
118/715

	
116/712

	
118/709




	
Index minimum value (month)

	
−3.88

	
−3.61

	
−2.83

	
−2.90

	
−2.79




	
4.

	
Strėva-Semeliškės

	
Number of dry months

	
71/545

	
91/656

	
121/715

	
122/712

	
122/709




	
Index minimum value (month)

	
−3.92

	
−3.84

	
−2.92

	
−2.78

	
−3.01




	
5.

	
Žeimena-Pabradė

	
Number of dry months

	
78/523

	
98/637

	
124/715

	
117/712

	
126/709




	
Index minimum value (month)

	
−3.85

	
−3.37

	
−3.14

	
−2.84

	
−2.51




	
6.

	
Šventoji-Anykščiai

	
Number of dry months

	
72/527

	
94/640

	
122/715

	
117/712

	
124/709




	
Index minimum value (month)

	
−3.74

	
−3.41

	
−3.10

	
−2.85

	
−2.51




	
7.

	
Šventoji-Ukmergė

	
Number of dry months

	
80/537

	
100/648

	
109/715

	
113/712

	
119/709




	
Index minimum value (month)

	
−3.13

	
−3.69

	
−2.88

	
−3.29

	
−2.85




	
Central hydrological region




	
8.

	
Nevėžis-Panevėžys

	
Number of dry months

	
72/543

	
94/653

	
104/715

	
121/712

	
116/709




	
Index minimum value (month)

	
−3.29

	
−2.56

	
−2.96

	
−3.43

	
−3.01




	
9.

	
Šušvė-Šiaulėnai

	
Number of dry months

	
65/545

	
98/653

	
121/715

	
120/712

	
120/709




	
Index minimum value (month)

	
−4.18

	
−3.03

	
−2.91

	
−2.58

	
−2.80




	
10.

	
Nemunėlis-Tabokinė

	
Number of dry months

	
79/529

	
100/642

	
115/715

	
115/712

	
118/709




	
Index minimum value (month)

	
−3.60

	
−3.02

	
−3.04

	
−2.82

	
−2.68




	
11.

	
Mūša-Ustukiai

	
Number of dry months

	
67/546

	
103/655

	
118/715

	
134/712

	
129/709




	
Index minimum value (month)

	
−3.61

	
−3.07

	
−2.72

	
−2.66

	
−2.75




	
12.

	
Venta-Papilė

	
Number of dry months

	
67/545

	
94/653

	
108/715

	
119/712

	
116/709




	
Index minimum value (month)

	
−4.34

	
−3.16

	
−3.02

	
−2.77

	
−2.86




	
13.

	
Venta-Leckava

	
Number of dry months

	
76/546

	
92/654

	
111/715

	
114/712

	
115/709




	
Index minimum value (month)

	
−4.63

	
−3.21

	
−3.36

	
−3.00

	
−2.82




	
Western hydrological region




	
14.

	
Jūra-Tauragė

	
Number of dry months

	
82/532

	
98/646

	
121/715

	
116/712

	
115/709




	
Index minimum value (month)

	
−4.37

	
−3.04

	
−3.20

	
−2.77

	
−3.07




	
15.

	
Akmena-Paakmenis

	
Number of dry months

	
82/532

	
98/646

	
121/715

	
116/712

	
115/709




	
Index minimum value (month)

	
−4.37

	
−3.04

	
−3.20

	
−2.77

	
−3.07




	
16.

	
Minija-Kartena

	
Number of dry months

	
74/561

	
81/666

	
111/715

	
114/712

	
120/709




	
Index minimum value (month)

	
−5.16

	
−3.13

	
−3.30

	
−2.86

	
−2.91




	
17.

	
Bartuva-Skuodas

	
Number of dry months

	
77/565

	
81/669

	
104/715

	
112/712

	
116/709




	
Index minimum value (month)

	
−3.30

	
−3.11

	
−3.29

	
−2.89

	
−2.83
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Table A3. SDI parameters which present the lowest value for each catchment.
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No

	
River-WGS

	
Parameters

	
SDI-1

	
SDI-3

	
SDI-6

	
SDI-9

	
SDI-12






	
South-eastern hydrological region




	
1.

	
Merkys-Puvočiai

	
Number of dry months

	
112/720

	
112/718

	
121/715

	
124/712

	
124/709




	
Index minimum value (month)

	
−2.34

	
−2.76

	
−2.87

	
−3.01

	
−2.69




	
2.

	
Ūla-Zervynos

	
Number of dry months

	
108/720

	
112/718

	
114/715

	
118/712

	
120/709




	
Index minimum value (month)

	
−2.29

	
−2.57

	
−2.71

	
−2.79

	
−2.84




	
3.

	
Verknė-Verbyliškės

	
Number of dry months

	
84/720

	
89/718

	
89/715

	
104/712

	
99/709




	
Index minimum value (month)

	
−2.05

	
−2.24

	
−2.14

	
−1.99

	
−2.03




	
4.

	
Strėva-Semeliškės

	
Number of dry months

	
111/719

	
109/717

	
125/714

	
136/711

	
126/708




	
Index minimum value (month)

	
−2.60

	
−2.43

	
−2.03

	
−2.06

	
−2.11




	
5.

	
Žeimena-Pabradė

	
Number of dry months

	
103/720

	
108/718

	
117/715

	
117/712

	
128/709




	
Index minimum value (month)

	
−2.28

	
−2.24

	
−2.41

	
−2.28

	
−2.24




	
6.

	
Šventoji-Anykščiai

	
Number of dry months

	
94/715

	
98/709

	
113/700

	
122/691

	
114/682




	
Index minimum value (month)

	
−2.08

	
−2.26

	
−2.27

	
−2.10

	
−2.39




	
7.

	
Šventoji-Ukmergė

	
Number of dry months

	
106/716

	
105/710

	
111/701

	
125/692

	
125/683




	
Index minimum value (month)

	
−2.06

	
−2.56

	
−2.56

	
−2.53

	
−2.46




	
Central hydrological region




	
8.

	
Nevėžis-Panevėžys

	
Number of dry months

	
125/720

	
118/718

	
109/715

	
111/712

	
110/709




	
Index minimum value (month)

	
−2.59

	
−2.78

	
−3.11

	
−3.16

	
−3.05




	
9.

	
Šušvė-Šiaulėnai

	
Number of dry months

	
110/720

	
110/718

	
121/715

	
134/712

	
143/709




	
Index minimum value (month)

	
−2.54

	
−2.69

	
−2.72

	
−2.80

	
−2.74




	
10.

	
Nemunėlis-Tabokinė

	
Number of dry months

	
112/720

	
115/718

	
116/715

	
121/712

	
124/709




	
Index minimum value (month)

	
−2.43

	
−2.25

	
−2.18

	
−2.34

	
−2.45




	
11.

	
Mūša-Ustukiai

	
Number of dry months

	
107/720

	
112/718

	
124/715

	
130/712

	
130/709




	
Index minimum value (month)

	
−2.17

	
−2.44

	
−2.44

	
−2.33

	
−2.72




	
12.

	
Venta-Papilė

	
Number of dry months

	
99/720

	
110/718

	
119/715

	
125/712

	
127/709




	
Index minimum value (month)

	
−2.21

	
−2.64

	
−2.48

	
−2.47

	
−2.51




	
13.

	
Venta-Leckava

	
Number of dry months

	
109/720

	
119/718

	
118/718

	
114/712

	
107/709




	
Index minimum value (month)

	
−2.32

	
−2.86

	
−2.74

	
−2.60

	
−2.43




	
Western hydrological region




	
14.

	
Jūra-Tauragė

	
Number of dry months

	
101/720

	
119/718

	
129/715

	
122/712

	
121/709




	
Index minimum value (month)

	
−2.21

	
−2.76

	
−3.05

	
−3.05

	
−2.91




	
15.

	
Akmena-Paakmenis

	
Number of dry months

	
114/720

	
126/718

	
134/715

	
128/712

	
119/709




	
Index minimum value (month)

	
−2.30

	
−2.68

	
−2.61

	
−2.65

	
−2.81




	
16.

	
Minija-Kartena

	
Number of dry months

	
114/720

	
125/718

	
127/715

	
119/712

	
123/709




	
Index minimum value (month)

	
−2.33

	
−2.70

	
−2.66

	
−2.70

	
−2.68




	
17.

	
Bartuva-Skuodas

	
Number of dry months

	
109/708

	
117/704

	
119/698

	
117/692

	
113/686




	
Index minimum value (month)

	
−2.27

	
−3.11

	
−2.83

	
−2.63

	
−2.54
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Table A4. Correlation matrix between SPI and SDI indices for the Venta river.
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	Venta (Leckava)
	V
	VI
	VII
	VII
	IX
	X





	SPI_1m-SDI_1m
	0.438566
	0.52179
	0.522196
	0.432577
	0.511287
	0.517274



	SPI_3m-SDI_1m
	0.439635
	0.677741
	0.729274
	0.733918
	0.74253
	0.739166



	SPI_6m-SDI_1m
	0.113354
	0.494797
	0.601909
	0.748575
	0.757464
	0.847492



	SPI_9m-SDI_1m
	0.081331
	0.405502
	0.6076
	0.578648
	0.634412
	0.770859



	SPI_12m-SDI_1m
	0.081105
	0.268421
	0.460981
	0.507884
	0.516487
	0.722681



	SPI_1m-SDI_3m
	0.035133
	−0.0408
	0.171667
	0.155903
	0.393833
	0.286132



	SPI_3m-SDI_3m
	0.46934
	0.283162
	0.48995
	0.610626
	0.724616
	0.686152



	SPI_6m-SDI_3m
	0.300222
	0.00152
	0.490719
	0.718403
	0.776125
	0.826458



	SPI_9m-SDI_3m
	0.304656
	−0.10348
	0.410175
	0.636726
	0.671734
	0.739972



	SPI_12m-SDI_3m
	0.360282
	0.01429
	0.262677
	0.551994
	0.594173
	0.69634



	SPI_1m-SDI_6m
	0.032039
	0.221978
	0.026692
	0.035433
	0.372737
	0.263181



	SPI_3m-SDI_6m
	0.431848
	0.315926
	0.27886
	0.170803
	0.356854
	0.579309



	SPI_6m-SDI_6m
	0.699706
	0.69863
	0.57025
	0.433641
	0.501551
	0.75319



	SPI_9m-SDI_6m
	0.793667
	0.694251
	0.60626
	0.390036
	0.33608
	0.711345



	SPI_12m-SDI_6m
	0.828129
	0.724013
	0.560023
	0.373205
	0.22315
	0.66654



	SPI_1m-SDI_9m
	−0.04632
	0.145703
	0.100638
	−0.05173
	0.253752
	0.216767



	SPI_3m-SDI_9m
	0.232695
	0.136184
	0.251505
	0.211968
	0.270961
	0.420208



	SPI_6m-SDI_9m
	0.457959
	0.429043
	0.423859
	0.457612
	0.418885
	0.565521



	SPI_9m-SDI_9m
	0.758522
	0.682662
	0.661398
	0.694014
	0.674152
	0.673338



	SPI_12m-SDI_9m
	0.882964
	0.856286
	0.804855
	0.748443
	0.699335
	0.718789



	SPI_1m-SDI_12m
	−0.04585
	0.132035
	0.103784
	−0.03116
	0.147464
	0.170617



	SPI_3m-SDI_12m
	0.228471
	0.109841
	0.203879
	0.186348
	0.219857
	0.304002



	SPI_6m-SDI_12m
	0.438818
	0.381528
	0.339196
	0.321838
	0.279446
	0.435852



	SPI_9m-SDI_12m
	0.736912
	0.624787
	0.562608
	0.500811
	0.469398
	0.509169



	SPI_12m-SDI_12m
	0.883212
	0.852088
	0.783614
	0.718392
	0.682026
	0.692041
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Table A5. Correlation matrix between RDI and SDI indices for the Venta river.






Table A5. Correlation matrix between RDI and SDI indices for the Venta river.





	Venta (Leckava)
	V
	VI
	VII
	VII
	IX
	X





	SPI_1m-SDI_1m
	0.422751
	0.538263
	0.527077
	0.453273
	0.533017
	0.455596



	SPI_3m-SDI_1m
	0.582746
	0.681573
	0.75476
	0.756971
	0.776756
	0.743278



	SPI_6m-SDI_1m
	0.370211
	0.606282
	0.672286
	0.8092
	0.805992
	0.881525



	SPI_9m-SDI_1m
	0.285118
	0.498874
	0.69302
	0.680835
	0.73178
	0.829062



	SPI_12m-SDI_1m
	0.225049
	0.349344
	0.535786
	0.618231
	0.626306
	0.795132



	SPI_1m-SDI_3m
	0.011056
	−0.0291
	0.180125
	0.172375
	0.402495
	0.232847



	SPI_3m-SDI_3m
	0.506038
	0.429392
	0.425472
	0.126592
	−0.05476
	−0.09243



	SPI_6m-SDI_3m
	0.44694
	0.151508
	0.598191
	0.780142
	0.820816
	0.870169



	SPI_9m-SDI_3m
	0.403485
	0.036881
	0.530402
	0.737399
	0.758702
	0.81402



	SPI_12m-SDI_3m
	0.477185
	0.17955
	0.363737
	0.655712
	0.69666
	0.785597



	SPI_1m-SDI_6m
	0.001228
	0.224248
	0.056605
	0.05283
	0.38707
	0.229194



	SPI_3m-SDI_6m
	0.297243
	0.39832
	0.462469
	0.465396
	0.313494
	0.130515



	SPI_6m-SDI_6m
	0.621902
	0.677149
	0.628834
	0.497074
	0.242101
	0.270968



	SPI_9m-SDI_6m
	0.703749
	0.652796
	0.667311
	0.50781
	0.471564
	0.798675



	SPI_12m-SDI_6m
	0.812572
	0.713131
	0.616483
	0.490953
	0.370681
	0.768149



	SPI_1m-SDI_9m
	−0.08721
	0.151522
	0.10543
	−0.03842
	0.246979
	0.178806



	SPI_3m-SDI_9m
	0.128766
	0.15413
	0.164223
	0.288418
	0.333946
	0.30909



	SPI_6m-SDI_9m
	0.398717
	0.440392
	0.497524
	0.639634
	0.652861
	0.532271



	SPI_9m-SDI_9m
	0.708252
	0.737927
	0.733605
	0.706605
	0.624919
	0.488545



	SPI_12m-SDI_9m
	0.900809
	0.870797
	0.828021
	0.758949
	0.723791
	0.7894



	SPI_1m-SDI_12m
	−0.09215
	0.137399
	0.105944
	−0.01863
	0.13692
	0.141561



	SPI_3m-SDI_12m
	0.128035
	0.143992
	0.132195
	0.133378
	0.126168
	0.105677



	SPI_6m-SDI_12m
	0.384629
	0.403476
	0.41951
	0.429169
	0.44735
	0.463396



	SPI_9m-SDI_12m
	0.69338
	0.706672
	0.707485
	0.719752
	0.713447
	0.671286



	SPI_12m-SDI_12m
	0.906566
	0.907277
	0.896123
	0.888607
	0.860717
	0.781048
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Figure 1. Location of hydrological regions and selected WGSs and MSs. 
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Figure 2. (a) Deviations from the average amount of precipitation (in mm); (b) Deviations from the average amount of discharge (in %). 
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Figure 3. Distribution of drought values in the different hydrological regions (the accumulation period increases from left to right: 1, 3, 6, 9 and 12, respectively): (a) number of dry months for SPI-index; (b) distribution of minimum values by region for SPI-index; (c) number of dry months for RDI-index; (d) distribution of minimum values by region for RDI-index; (e) number of dry months for SDI-index; (f) distribution of minimum values by region for SDI-index. 
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Figure 4. The number of strong correlations among all rivers for each summer month (numbers indicate the number of rivers that had a strong correlation in a particular month, color displays data in ascending order from red (1) to green (15), months without any strong correlation are not colored). 
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Figure 5. Values of meteorological (SPI-12) and hydrological (SDI-12) indices during the period from 1961 to 2020, in: (a) Minija-Kartena; (b) Venta-Leckava; (c) Šventoji-Ukmergė. 
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Figure 6. Graphical representation of the SDI-12 index calculation results in 1961–2020, where green indicates wet months and red indicates dry months, white—no data, the magnitude of the events depends on the brightness of the color. 
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Figure 7. Box plot based on hydrological drought duration in months (the accumulation period increases from left to right: 1, 3, 6, 9 and 12, respectively). 
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Figure 8. Distribution of rivers according to the driest months in the warm period: (a) SDI index with 1-month accumulation period; (b) SDI index with 12-month accumulation period. 
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Figure 9. Distribution of rivers according to the number of driest months in the warm period for: (a) SDI index with 1-month accumulation period; (b) SDI index with 12-month accumulation period. 
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Figure 10. Deviation of SPI index with 12-month accumulation period in: (a) Šventoji—Ukmergė under RCP 4.5; (b) Venta—under RCP 4.5; (c) Minija—Kartena under RCP 4.5; (d) Šventoji—Ukmergė under RCP 8.5; (e) Venta—Leckava under RCP 8.5; (f) Minija—Kartena under RCP 8.5. 
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Figure 11. Deviation of RDI index with 12-month accumulation period: (a) Šventoji—Ukmergė under RCP 4.5; (b) Venta—Leckava under RCP 4.5; (c) Minija—Kartena RCP under 4.5; (d) Šventoji—Ukmergė RCP under 8.5; (e) Venta—Leckava under RCP 8.5; (f) Minija—Kartena under RCP 8.5. 
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Figure 12. Deviation of SDI index with 12-month accumulation period: (a) Šventoji—Ukmergė under RCP 4.5; (b) Venta—Leckava under RCP 4.5; (c) Minija—Kartena under RCP 4.5; (d) Šventoji—Ukmergė under RCP 8.5; (e) Venta—Leckava under RCP 8.5; (f) Minija—Kartena under RCP 8.5. 
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Figure 13. The Šventoji River, accumulation period 12 months: (a) RCP 4.5; (b) RCP 8.5. 
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Figure 14. The Venta River, accumulation period 12 months: (a) RCP 4.5; (b) RCP 8.5. 
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Figure 15. The Minija River, accumulation period 12 months: (a) RCP 4.5; (b) RCP 8.5. 
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Figure 16. SDI index with 12-month accumulation period: (a) RCP 4.5 near future; (b) RCP 8.5 near future; (c) RCP 4.5 far future; (d) RCP 8.5 far future. 
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Table 1. List of the studied gauging station catchments with the main characteristics (observation period 1961–2020).
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No

	
River

	
WGS

	
A, km2

	
Qaverage, m3/s

	
Qmax, m3·s−1 (Year)

	
Qmin, m3·s−1 (Year)






	
Southeastern hydrological region




	
1.

	
Merkys

	
Puvočiai

	
4300

	
31.6

	
43.3 (1994)

	
20.9 (2020)




	
2.

	
Ūla

	
Zervynos

	
679

	
4.82

	
6.95 (1994)

	
2.84 (2020)




	
3.

	
Verknė

	
Verbyliškės

	
694

	
5.00

	
8.33 (1994)

	
3.27 (1969)




	
4.

	
Strėva

	
Semeliškės

	
234

	
1.64

	
2.43 (1994)

	
1.16 (2003)




	
5.

	
Žeimena

	
Pabradė

	
2580

	
20.3

	
31.1 (1990)

	
14.1 (2003)




	
6.

	
Šventoji

	
Anykščiai

	
3600

	
26.5

	
50.9 (2017)

	
14.9 (1971)




	
7.

	
Šventoji

	
Ukmergė

	
5440

	
38.9

	
73.0 (2017)

	
20.2 (1976)




	
Central hydrological region




	
8.

	
Nevėžis

	
Panevėžys

	
1090

	
7.25

	
19.7 (1972)

	
2.11 (2003)




	
9.

	
Šušvė

	
Šiaulėnai

	
162

	
1.18

	
2.11 (1980)

	
0.43 (2020)




	
10.

	
Nemunėlis

	
Tabokinė

	
2690

	
19.5

	
37.1 (1962)

	
9.19 (2006)




	
11.

	
Mūša

	
Ustukiai

	
2280

	
10.2

	
19.7 (1998)

	
2.89 (1976)




	
12.

	
Venta

	
Papilė

	
1570

	
9.66

	
18.8 (1980)

	
3.88 (1976)




	
13.

	
Venta

	
Leckava

	
4060

	
29.5

	
60.8 (1980)

	
13.8 (1963)




	
Western hydrological region




	
14.

	
Jūra

	
Tauragė

	
1690

	
21.9

	
37.7 (1974)

	
10.6 (1964)




	
15.

	
Akmena

	
Paakmenis

	
314

	
4.26

	
6.87 (1998)

	
1.96 (1964)




	
16.

	
Minija

	
Kartena

	
1230

	
16.5

	
26.3 (2007)

	
7.47 (1969)




	
17.

	
Bartuva

	
Skuodas

	
612

	
7.50

	
13.6 (1981)

	
3.17 (1969)
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Table 2. Main characteristics of the selected river catchments.
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River-WGS

	
Hydrological Characteristic

	
Geographical Characteristic




	
Average Discharge, m3 s−1

	
Basin Area, km2

	
Lakes,

%

	
Wetland, %

	
Woods, %






	
Šventoji-Ukmergė

	
38.9

	
5440

	
3.8

	
9.0

	
12.0




	
Minija-Kartena

	
16.5

	
1230

	
1.4

	
8.0

	
20.0




	
Venta-Leckava

	
29.5

	
4060

	
1.0

	
9.0

	
22.0
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Table 3. Results of calibration and validation of hydrological models (where NSE is Nash–Sutcliffe model efficiency coefficient: RE is a difference between observed and modeled runoff in %).
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River-WGS

	
Calibration

	
Validation




	
r

	
NSE

	
RE, %

	
r

	
NSE

	
RE, %






	
Šventoji-Ukmergė

	
0.75

	
0.64

	
2.6

	
0.68

	
0.64

	
12.9




	
Minija-Kartena

	
0.88

	
0.77

	
3.8

	
0.83

	
0.70

	
−1.1




	
Venta-Leckava

	
0.88

	
0.77

	
−2.6

	
0.81

	
0.75

	
3.5
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Table 4. Percentage distribution of index values by drought condition classes.
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Index

	
Extremely Wet Index > 2.0

	
Severely Wet 2.0 > Index > 1.5

	
Moderately Wet 1.5 > Index > 1.0

	
Normal 1.0 > Index > −1.0

	
Moderately Dry −1.0 < Index < −1.5

	
Severely Dry −1.5 > Index > −2.0

	
Extremely Dry Index < −2.0






	
Šventoji–Ukmergė




	
SPI-1

	
1.39

	
3.33

	
9.45

	
70.14

	
7.64

	
3.61

	
4.44




	
SPI-3

	
1.11

	
5.85

	
9.75

	
66.44

	
9.61

	
4.04

	
3.20




	
SPI-6

	
1.82

	
5.17

	
9.23

	
67.97

	
9.37

	
4.20

	
2.24




	
SPI-9

	
1.69

	
5.34

	
8.71

	
66.71

	
10.81

	
4.77

	
1.97




	
SPI-12

	
2.40

	
4.65

	
8.60

	
66.29

	
11.43

	
5.08

	
1.55




	
RDI-1

	
2.79

	
2.61

	
8.38

	
71.32

	
8.38

	
3.73

	
2.79




	
RDI-3

	
2.47

	
5.56

	
7.25

	
69.29

	
10.03

	
3.24

	
2.16




	
RDI-6

	
2.10

	
6.29

	
8.39

	
67.97

	
8.81

	
4.62

	
1.82




	
RDI-9

	
2.11

	
5.34

	
9.55

	
67.13

	
9.27

	
4.63

	
1.97




	
RDI-12

	
1.83

	
4.8

	
10.72

	
65.87

	
9.59

	
5.22

	
1.97




	
SDI-1

	
4.19

	
3.49

	
7.54

	
69.97

	
10.90

	
3.77

	
0.14




	
SDI-3

	
3.66

	
3.66

	
9.02

	
68.87

	
9.44

	
4.79

	
0.56




	
SDI-6

	
2.42

	
4.28

	
9.70

	
67.76

	
9.42

	
5.28

	
1.14




	
SDI-9

	
1.73

	
5.78

	
8.81

	
65.61

	
11.13

	
5.35

	
1.59




	
SDI-12

	
1.32

	
6.00

	
10.1

	
64.28

	
10.98

	
4.83

	
2.49




	
Venta–Leckava




	
SPI-1

	
1.11

	
4.03

	
9.03

	
70.83

	
7.22

	
4.31

	
3.41




	
SPI-3

	
1.67

	
4.46

	
8.63

	
71.45

	
6.13

	
4.60

	
3.06




	
SPI-6

	
1.82

	
5.31

	
9.23

	
67.97

	
9.09

	
3.92

	
2.66




	
SPI-9

	
1.97

	
4.35

	
10.25

	
66.85

	
8.57

	
5.48

	
2.53




	
SPI-12

	
1.13

	
4.94

	
11.14

	
64.88

	
9.87

	
5.92

	
2.12




	
RDI-1

	
1.65

	
3.30

	
9.16

	
71.98

	
7.87

	
3.84

	
2.20




	
RDI-3

	
2.60

	
3.06

	
9.48

	
70.80

	
7.49

	
4.43

	
2.14




	
RDI-6

	
2.38

	
3.50

	
10.91

	
67.69

	
8.81

	
4.75

	
1.96




	
RDI-9

	
1.55

	
4.49

	
10.67

	
67.28

	
7.44

	
6.04

	
2.53




	
RDI-12

	
1.83

	
3.25

	
11.28

	
67.42

	
7.62

	
7.19

	
1.41




	
SDI-1

	
3.47

	
3.75

	
9.31

	
68.33

	
11.11

	
3.61

	
0.42




	
SDI-3

	
2.65

	
4.87

	
8.64

	
67.27

	
11.42

	
4.04

	
1.11




	
SDI-6

	
2.52

	
4.19

	
8.39

	
68.39

	
10.21

	
4.06

	
2.24




	
SDI-9

	
1.68

	
4.92

	
7.86

	
69.52

	
8.57

	
5.34

	
2.11




	
SDI-12

	
1.83

	
4.09

	
9.45

	
69.53

	
6.35

	
6.77

	
1.97




	
Minija–Kartena




	
SPI-1

	
0.97

	
3.89

	
9.44

	
71.53

	
6.53

	
3.61

	
4.03




	
SPI-3

	
1.67

	
4.32

	
8.50

	
71.03

	
6.96

	
4.04

	
3.48




	
SPI-6

	
1.82

	
5.03

	
9.93

	
66.85

	
9.37

	
4.34

	
2.66




	
SPI-9

	
1.54

	
5.06

	
10.53

	
66.29

	
8.57

	
5.06

	
2.95




	
SPI-12

	
1.27

	
5.50

	
10.16

	
65.30

	
9.59

	
6.35

	
1.83




	
RDI-1

	
1.78

	
4.10

	
9.09

	
71.84

	
7.67

	
2.85

	
2.67




	
RDI-3

	
2.55

	
3.00

	
8.56

	
73.73

	
6.31

	
3.90

	
1.95




	
RDI-6

	
2.38

	
3.91

	
10.35

	
67.83

	
9.51

	
3.64

	
2.38




	
RDI-9

	
1.69

	
4.35

	
11.10

	
66.85

	
8.99

	
4.49

	
2.53




	
RDI-12

	
2.26

	
2.40

	
13.12

	
65.30

	
9.45

	
5.78

	
1.69




	
SDI-1

	
3.33

	
4.03

	
8.89

	
67.92

	
10.97

	
3.89

	
0.97




	
SDI-3

	
2.23

	
3.90

	
10.58

	
65.88

	
11.56

	
3.48

	
2.37




	
SDI-6

	
1.12

	
4.19

	
10.91

	
66.01

	
9.79

	
4.90

	
3.08




	
SDI-9

	
0.28

	
4.36

	
11.80

	
66.85

	
7.02

	
6.18

	
3.51




	
SDI-12

	
0.99

	
3.53

	
11.14

	
66.99

	
7.19

	
6.63

	
3.53
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Table 5. Changes of SPI (x in Table) according to RCP 4.5.
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Condition Classes

	
Šventoji–Ukmergė

	
Venta–Leckava

	
Minija–Kartena




	
Historical Data

(1961–2020)

	
Near Future

(2021–2060)

	
Far Future

(2061–2100)

	
Historical Data

(1961–2020)

	
Near Future

(2021–2060)

	
Far Future

(2061–2100)

	
Historical Data

(1961–2020)

	
Near Future

(2021–2060)

	
Far Future

(2061–2100)






	
x > 2.0

	
2.40

	
1.15

	
1.25

	
1.13

	
0.10

	
1.67

	
1.27

	
0.10

	
1.56




	
1.5 < x ˂ 2.0

	
4.65

	
1.15

	
1.88

	
4.94

	
1.25

	
2.40

	
5.50

	
1.04

	
3.75




	
1.0 < x ˂ 1.5

	
8.60

	
4.69

	
6.67

	
11.14

	
3.02

	
7.50

	
10.16

	
3.44

	
6.67




	
−1.0 < x ˂ 1.0

	
66.29

	
33.54

	
32.08

	
64.88

	
35.94

	
31.14

	
65.30

	
35.42

	
31.04




	
−1.0 > x > −1.5

	
11.43

	
5.41

	
4.69

	
9.87

	
6.15

	
4.06

	
9.59

	
6.77

	
3.96




	
−1.5 > x > −2.0

	
5.08

	
3.12

	
2.08

	
5.92

	
2.60

	
1.77

	
6.35

	
2.19

	
2.50




	
x < −2.0

	
1.55

	
0.94

	
1.35

	
2.12

	
0.94

	
1.46

	
1.83

	
1.04

	
0.52




	
SUM

	
100

	
50

	
50

	
100

	
50

	
50

	
100

	
50

	
50
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Table 6. Changes of SPI (x in Table) according to RCP 8.5.






Table 6. Changes of SPI (x in Table) according to RCP 8.5.





	
Condition Classes

	
Šventoji–Ukmergė

	
Venta–Leckava

	
Minija–Kartena




	
Historical Data

(1961–2020)

	
Near Future

(2021–2060)

	
Far Future

(2061–2100)

	
Historical Data

(1961–2020)

	
Near Future

(2021–2060)

	
Far Future

(2061–2100)

	
Historical Data

(1961–2020)

	
Near Future

(2021–2060)

	
Far Future

(2061–2100)






	
x > 2.0

	
2.40

	
0.31

	
1.98

	
1.13

	
0.00

	
2.71

	
1.27

	
0.00

	
3.23




	
1.5 < x ˂2.0

	
4.65

	
0.83

	
2.50

	
4.94

	
0.52

	
5.31

	
5.50

	
0.31

	
4.58




	
1.0 < x ˂ 1.5

	
8.60

	
1.46

	
9.38

	
11.14

	
1.88

	
6.88

	
10.16

	
2.29

	
7.39




	
−1.0 < x ˂ 1.0

	
66.29

	
35.1

	
31.77

	
64.88

	
35.10

	
32.60

	
65.30

	
34.90

	
31.88




	
−1.0 > x > −1.5

	
11.43

	
6.67

	
3.54

	
9.87

	
8.75

	
1.77

	
9.59

	
8.65

	
2.50




	
−1.5 > x > −2.0

	
5.08

	
3.65

	
0.73

	
5.92

	
2.29

	
0.42

	
6.35

	
2.81

	
0.42




	
x < −2.0

	
1.55

	
1.98

	
0.10

	
2.12

	
1.46

	
0.31

	
1.83

	
1.04

	
0.00




	
SUM

	
100

	
50

	
50

	
100

	
50

	
50

	
100

	
50

	
50
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Table 7. Changes of RDI (x in Table) according to RCP 4.5.






Table 7. Changes of RDI (x in Table) according to RCP 4.5.





	
Condition Classes

	
Šventoji–Ukmergė

	
Venta–Leckava

	
Minija–Kartena




	
Historical Data

(1961–2020)

	
Near Future

(2021–2060)

	
Far Future

(2061–2100)

	
Historical Data

(1961–2020)

	
Near Future

(2021–2060)

	
Far Future

(2061–2100)

	
Historical Data

(1961–2020)

	
Near Future

(2021–2060)

	
Far Future

(2061–2100)






	
x > 2.0

	
1.83

	
1.25

	
0.42

	
1.83

	
0.41

	
1.67

	
2.26

	
0.42

	
1.77




	
1.5 < x ˂ 2.0

	
4.80

	
2.71

	
2.71

	
3.25

	
1.56

	
0.83

	
2.40

	
1.67

	
1.04




	
1.0 < x ˂ 1.5

	
10.72

	
5.00

	
4.58

	
11.28

	
5.21

	
6.35

	
13.12

	
5.21

	
6.56




	
−1.0 < x ˂ 1.0

	
65.87

	
34.16

	
33.13

	
67.42

	
36.04

	
31.98

	
62.30

	
35.62

	
31.56




	
−1.0 > x > −1.5

	
9.59

	
4.27

	
4.06

	
7.62

	
4.17

	
4.28

	
9.45

	
4.06

	
5.42




	
−1.5 > x > −2.0

	
5.22

	
2.40

	
2.81

	
7.19

	
1.88

	
2.92

	
5.78

	
1.98

	
2.50




	
x < −2.0

	
1.97

	
0.21

	
2.29

	
1.41

	
0.73

	
1.67

	
1.69

	
1.04

	
1.15




	
SUM

	
100

	
50

	
50

	
100

	
50

	
50

	
100

	
50

	
50
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Table 8. Changes of RDI (x in Table) according to RCP 8.5 for three rivers.






Table 8. Changes of RDI (x in Table) according to RCP 8.5 for three rivers.





	
Condition Classes

	
Šventoji–Ukmergė

	
Venta–Leckava

	
Minija–Kartena




	
Historical Data

(1961–2020)

	
Near Future

(2021–2060)

	
Far Future

(2061–2100)

	
Historical Data

(1961–2020)

	
Near Future

(2021–2060)

	
Far Future

(2061–2100)

	
Historical Data

(1961–2020)

	
Near Future

(2021–2060)

	
Far Future

(2061–2100)






	
x > 2.0

	
1.83

	
1.35

	
2.29

	
1.83

	
0.63

	
1.25

	
2.26

	
0.52

	
1.77




	
1.5 < x ˂ 2.0

	
4.80

	
1.46

	
1.36

	
3.25

	
2.40

	
4.58

	
2.40

	
2.61

	
3.75




	
1.0 < x ˂ 1.5

	
10.72

	
4.89

	
3.33

	
11.28

	
4.58

	
4.37

	
13.12

	
4.58

	
5.00




	
−1.0 < x ˂ 1.0

	
65.87

	
35.42

	
35.1

	
67.42

	
33.85

	
31.88

	
62.30

	
33.54

	
31.46




	
−1.0 > x > −1.5

	
9.59

	
4.17

	
5.00

	
7.62

	
5.73

	
6.15

	
9.45

	
5.73

	
6.25




	
−1.5 > x > −2.0

	
5.22

	
1.67

	
2.29

	
7.19

	
1.46

	
1.15

	
5.78

	
1.98

	
1.56




	
x < −2.0

	
1.97

	
1.04

	
0.63

	
1.41

	
1.35

	
0.62

	
1.69

	
1.04

	
0.21




	
SUM

	
100

	
50

	
50

	
100

	
50

	
50

	
100

	
50

	
50
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Table 9. Changes of SDI (x in Table) according to RCP 4.5.






Table 9. Changes of SDI (x in Table) according to RCP 4.5.





	
Condition Classes

	
Šventoji–Ukmergė

	
Venta–Leckava

	
Minija–Kartena




	
Historical Data

(1961–2020)

	
Near Future

(2021–2060)

	
Far Future

(2061–2100)

	
Historical Data

(1961–2020)

	
Near Future

(2021–2060)

	
Far Future

(2061–2100)

	
Historical Data

(1961–2020)

	
Near Future

(2021–2060)

	
Far Future

(2061–2100)






	
x > 2.0

	
1.32

	
0.94

	
0.21

	
1.83

	
0.00

	
0.63

	
0.99

	
0.00

	
1.35




	
1.5 < x ˂ 2.0

	
6.00

	
3.75

	
2.08

	
4.09

	
3.23

	
2.60

	
3.53

	
2.40

	
2.29




	
1.0 < x ˂ 1.5

	
10.10

	
7.08

	
3.75

	
9.45

	
5.21

	
3.54

	
11.14

	
5.31

	
4.69




	
−1.0 < x ˂ 1.0

	
64.28

	
31.46

	
34.27

	
69.53

	
34.58

	
31.88

	
66.99

	
34.27

	
31.04




	
−1.0 > x > −1.5

	
10.98

	
4.38

	
5.52

	
6.35

	
4.48

	
5.10

	
7.19

	
4.27

	
5.42




	
−1.5 > x > −2.0

	
4.83

	
1.56

	
2.61

	
6.77

	
2.29

	
4.27

	
6.63

	
2.71

	
4.06




	
x < −2.0

	
2.49

	
0.83

	
1.56

	
1.97

	
0.21

	
1.98

	
3.53

	
1.04

	
1.15




	
SUM

	
100

	
50

	
50

	
100

	
50

	
50

	
100

	
50

	
50
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Table 10. Changes of SDI (x in Table) according to RCP 8.5.






Table 10. Changes of SDI (x in Table) according to RCP 8.5.





	
Condition Classes

	
Šventoji–Ukmergė

	
Venta–Leckava

	
Minija–Kartena




	
Historical Data

(1961–2020)

	
Near Future

(2021–2060)

	
Far Future

(2061–2100)

	
Historical Data

(1961–2020)

	
Near Future

(2021–2060)

	
Far Future

(2061–2100)

	
Historical Data

(1961–2020)

	
Near Future

(2021–2060)

	
Far Future

(2061–2100)






	
x > 2.0

	
1.32

	
1.35

	
2.08

	
1.83

	
0.94

	
1.99

	
0.99

	
0.10

	
1.98




	
1.5 < x ˂ 2.0

	
6.00

	
2.08

	
0.83

	
4.09

	
2.81

	
3.23

	
3.53

	
2.08

	
6.04




	
1.0 < x ˂ 1.5

	
10.10

	
5.00

	
2.50

	
9.45

	
3.86

	
6.04

	
11.14

	
3.44

	
4.69




	
−1.0 < x ˂ 1.0

	
64.28

	
35.63

	
34.79

	
69.53

	
38.02

	
27.50

	
66.99

	
37.08

	
28.33




	
−1.0 > x > −1.5

	
10.98

	
5.21

	
5.94

	
6.35

	
3.85

	
6.98

	
7.19

	
5.73

	
6.46




	
−1.5 > x > −2.0

	
4.83

	
0.73

	
3.13

	
6.77

	
0.52

	
3.44

	
6.63

	
1.46

	
1.56




	
x < −2.0

	
2.49

	
0.00

	
0.73

	
1.97

	
0.00

	
0.83

	
3.53

	
0.11

	
0.94




	
SUM

	
100

	
50

	
50

	
100

	
50

	
50

	
100

	
50

	
50
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