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Abstract: Hydrological drought poses a major global challenge, exacerbated by climate change and
increasing water demand, leading to water scarcity, environmental degradation, and socioeconomic
impacts. Thereby, there is a need for comprehensive methods to assess and predict hydrologi-
cal droughts. The methodology part was based on the calculation of hydrological drought risk
components—hazard and vulnerability—according to the equal weight scale of each variable. The
spatial distribution of point values was performed by the inverse distance weighting interpolation
method. To calculate indices, the spatial layer overlapping of variables was performed using the
Raster Calculator tool. Statistical tools were used to estimate drought risk in river catchments. As a
result, three main maps were prepared: The hydrological drought hazard index, the hydrological
drought vulnerability index, and the hydrological drought risk. These maps highlight regional
variations in drought hazards, vulnerability, and risk. Hazard and risk index values are higher in the
northern part of Lithuania and lower in the south. The central region exhibits the highest percentage
of areas at high and very high risk; the western region shows less risk due to a maritime climate;
and the Southeastern region demonstrates the lowest susceptibility to hydrological drought due to
physical-geographical factors.

Keywords: hydrological drought; low land rivers; risk assessment; hazards; vulnerability;
geospatial analysis

1. Introduction

Drought is a pressing issue in the modern world. This phenomenon is widely known
because it can occur in any climate region worldwide [1-4]. Climate change, which is
largely induced by humans, contributes to an increase in the frequency and severity of
extreme weather events, including droughts [4-7]. Due to population growth, the water
demand and deficit have been considerably increasing [7,8], and even though the drought
has been with humanity for a long time, there is still a lack of necessary methods for
assessing and predicting droughts [3].

Generally, four types of droughts are distinguished: Meteorological, agricultural,
hydrological, and socioeconomic. The first three types of droughts generally have a
cascading effect, as the lack of precipitation leads to decreased soil moisture, followed by
decreased runoff [9]. In recent years, there has been a growing interest in developing and
applying various methods and techniques for drought assessment, ranging from statistical
analyses to sophisticated modeling approaches. Some of these techniques are created for
specific types of drought (such as the soil moisture deficit index [10] used for agricultural
drought or the standardized streamflow index [11] used for hydrologic drought). Some of
them are universal (such as the standardized precipitation index (SPI) [12] or the Palmer
drought severity index [13]).

However, it is very important not only to be able to identify drought events but also to
understand their causes and the vulnerability of areas to drought in order to minimize the
impact of droughts in the future. Ignoring the problem of drought in strategic development
plans can have devastating consequences, leading to water scarcity, food insecurity, and
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economic losses. The economic losses due to a single drought can reach several billion
euros [14].

Unlike other natural hazards, droughts do not occur suddenly (often called a “creeping
phenomenon”) and can cover large areas for an extended period of time. Therefore, this
slow onset and growth give a huge opportunity to prepare to withstand the pressure
of drought events [3,15]. Mitigating the direct and indirect social, environmental, and
economic impacts of drought through targeted risk reduction and adaptation becomes a
global priority [16]. According to the United Nations Secretariat of the International Strategy
for Disaster Reduction [17], drought risk is the combination of the natural hazard and the
human, social, economic, and environmental vulnerability of a community or country, and
managing risk requires understanding these two components and related factors in space
and time. The drought hazard component usually consists of evaluating past droughts
that have occurred in the studied area and may include indices such as SPI, streamflow
drought index (SDI), vegetation condition indices, or an analysis of drought based on
certain criteria [18-20]. The drought vulnerability component is relatively subjective and
shows the degree of impact of a specific event on the system [21]. Drought vulnerability
may include an analysis of total gross domestic product (GDP), irrigated lands, agricultural
lands, livestock density, population density, proximity to infrastructure, municipal water,
and other factors (depending on the goals of the study and the research area) [18-20,22].
Changes in both the climate system and socioeconomic processes are essential drivers of
the core components (vulnerability, exposure, and hazards) that constitute risk [23].

Overall, the development and application of various methods and techniques are criti-
cal for improving the understanding of droughts and their impacts on water resources, as
well as for developing effective drought management and adaptation strategies. However,
adaptation or increasing resilience to drought should be based on a prior analysis of the
territory’s vulnerability [18].

A systematic literature review of existing drought risk assessments made by [16]
discovered that most studies applied quantitative or mixed-methods approaches, while
qualitative approaches were relatively rare. The same review revealed that, in terms of
assessment methodology, more than half of the studies applied index-based approaches.
The choice of approach depends on the scale and scope of the assessment.

The creation of a global drought risk map by Carrao et al. [24], covering multiple
regions, population groups and economic sectors, was one of the first such attempts to iden-
tify where local risk assessments should be conducted to improve drought preparedness
and strengthen appropriate drought management policies. This global assessment revealed
lower drought risk in remote regions (such as tundras and tropical forests) and higher risk
in populated areas extensively exploited for crop production and livestock farming, such
as South-Central Asia, the Southeast of South America, Central Europe and the Southeast
of the United States. The study at the pan-European scale found that, in general, southeast-
ern Europe and northern Europe (Iceland, Norway, and Finland) are under low drought
risk in comparison to the other European regions, whereas parts of maritime Europe and
the western Mediterranean show increasing drought risk [25]. Meanwhile, smaller-scale
studies identify drought risk zones in regions of individual countries. For example, an
analysis conducted in Turkey revealed seven administrative provinces at moderate to high
risk of drought out of 81 [20]. The most exposed province was characterized by extensive
agricultural and irrigated land. The assessment in Iran also highlighted the unique role of
land use in mitigating drought risk and the close relationship between the two [26]. The
created risk map indicated that Iran’s central part, northeast, southeast and western areas
fall into the high-risk drought class and that the drought risk decreases from the center
of Iran to the southwest and northwest. The temporal and spatial patterns of drought
risk indicators for the regions of Peninsular Malaysia revealed two districts at moderate
drought risk and 35 districts at low hydrological drought risk out of 42, as well as the trend
towards dry conditions [19]. Often, the assessments of drought risk are directed to the
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selected study regions in a single country [27-29] or in multiple countries [18] or selected
river basins (especially in the case of hydrological drought; [30,31]).

Although there has been an increase in the number of studies devoted to droughts
in Lithuania recently [32-36], not a single study has been conducted to assess the risk
of droughts and susceptibility to hydrological drought. This work aims to make a risk
assessment of hydrological drought using an index-based approach by creating a map based
on an integrated assessment of hydrological drought hazards and vulnerabilities. The work
focuses entirely on Lithuanian river catchments and will help shape more drought-resistant
systems in the future.

2. Materials and Methods
2.1. Study Area and Data

The total study area is 65,200 km?, which corresponds to the entire territory of Lithua-
nia. The area belongs to the plain and includes only four main forms of relief: two highlands
(Zemaitiai highland and Baltic highland) and two lowlands (Pajtris lowland and Middle
Lithuania lowland). The maximum height above sea level reaches 294 m. The territory of
Lithuania belongs to a temperate continental climate with the influence of the Baltic Sea
on the coastal areas, which forms a strip of maritime climate. Precipitation ranges from
572 mm/y to 856 mm/y. These physiographic conditions form three main hydrological
regions in Lithuania (Figure 1): western (W-LT), central (C-LT), and southeastern (SE-LT).

100 150 200

Kilometers
Le gen d Relief
. . ; . [m]
A Water gauging stations [ Main basins 2o
@ Meteorological stations ™", Hydrological regions
Main rivers [ Lithuanian border o

Figure 1. Map of Lithuania (hydrological regions, main basins, WGS and MS).

Despite the small size of Lithuania, it has more than 22,000 rivers with a total length
of over 37,000 km identified within its borders. River flow in the summer period ranges
from 0.1 x 1073 m3/s-km? in the C-LT region to 4.7 x 1073 m3/s-km? in the SE-LT region.
River-feeding sources vary from predominant rainfall in the W-LT region to groundwater
in the SE-LT region.



Water 2023, 15, 2830

40f18

For the study, hydrological data from 24 water gauging stations (WGS) were used for
the period from 1961 to 2020. Data from 38 meteorological stations that operated during the
study period were used to investigate the distribution of precipitation in Lithuania. Daily
hydrological and meteorological datasets were obtained from the Lithuanian Hydrome-
teorological Service. For the overall analysis of Lithuania, 1059 catchments from 19 main
Lithuanian basins (Table 1) were taken; two of them were joined due to the small area of
one of them (Prieglius river basin connected to Sesupé river basin). SRTM raster with a res-
olution of 1 arc-second was downloaded from the website: https:/ /earthexplorer.usgs.gov/
(accessed on 21 April 2023). Information about land cover, soils, and lakes was taken from
https:/ /www.geoportal.lt/geoportal/ (accessed on 22 April 2023).

Table 1. Characteristics and abbreviation of river basins.

No. Basin Abbreviation A, km?

Nemunas river district
The small tributaries of the Nemunas river

1 (with the Nemunas river) SNM 9294.3
2. Merkys river basin MER 3781.0
3 The small tributaries Qf the Neris river (with SNR 43786
the Neris river)
4, Zeimena river basin ZEI 2792.7
5. Sventoji river basin SVE 6800.7
6. NevézZis river basin NEV 6143.8
7. Dubysa river basin DUB 1972.6
8. Jara river basin JUR 3996.6
9. Minija river basin MIN 2970.9
10. Coastal rivers basin COR 1100.0
11. éeéupé river basin SSpP 4899.0
12. Prieglius river basin PRG 88.4
Lielupe river district
13. Miiga river basin MUS 5296.7
14. Nemunélis river basin NML 1892.0
15. The small tributaries of the Lielupe river SLE 1749.6
Venta river district

16. Venta river basin VEN 5140.4
17. Bartuva river basin BAR 747.7
18. éventoji river basin SVT 398.0

Dauguva river district
19. Dauguva river basin DUG 1857.0

Note: Small Prieglius river basin was joined to Sedupé river basin for calculation. Basins that merge are highlighted
in color.

2.2. Methods
2.2.1. Data Preparation

As mentioned above, daily water discharge data from 24 WGSs were used for analysis,
but two data sets had missing values for measurements. These gaps did not exceed 2%
of the total data series length, so it was decided to restore the missing data using two
approaches.
If there was another hydrological station on the river, the following equation was used
to restore daily discharge data:
o= B x Ag

7y M

where « is the unknown discharge at the gauging station, 8 is the known discharge at
the adjacent station on the respective river, and A is the catchment area for each water
gauging station.
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If there was no second station on the river, it was decided to select a catchment area
similar in size and physiographic characteristics. The next step was to compare the two
data sets and use the equation of determination to fill in the missing data.

2.2.2. Drought Risk Calculation

The analysis of hydrological drought risk (HDR) includes two components: Drought
hazard and drought vulnerability. This work focused only on water bodies; therefore,
socio-economic indicators were not included in the consideration. The general calculation
process is depicted in Figure 2.

) AR
Define variables s d::)};d;otk]?glzc:: d
for HDHI = < &
> 2 index
— 5 A J
= ::'.: Hydrological
g 7 drought risk
( ) 1) < .
k7 e Hydrological
Define variables § &~ drought
for HDVI 5 vulnerability index
— A J

Figure 2. Scheme of the general process of hydrological drought risk calculation.

Thus, the hydrological drought hazard index (HDHI) included four variables for
assessing hydrological drought and its dependence on climate:

Number of hydrological droughts lasting 5-16 days—WSD;
Number of hydrological droughts lasting more than 16 days—WLD;
Average precipitation—R;

Dependence of river runoff on rainfall—RD.

The hydrological drought vulnerability index (HDVI) consisted of the following
physico-geographical variables affecting river runoff:
Slope—S;
Land use/land cover type—LULC;
Morphological composition of soils—SL;
Lake density—L.

The general equation for calculating hydrological drought risk was as follows:

DR = ((WSD + WLD + R+ RD)/4+ (S+ LULC+SL+L)/4)/2, 2

where the first part (WSD + WLD + R + RD) /4 represents the drought hazard index and
the second part (S + LULC + SL + L)/4 represents the drought vulnerability index.

2.2.3. Spatial Analysis

Spatial analysis of variables was performed using ArcGIS 10.5 software (ESRI, Red-
lands, CA, USA, distributed in Lithuania by HNIT-BALTIC). The values of the hydrological
drought hazard component indexes were interpolated from the study points across the
entire territory of Lithuania using the IDW (inverse distance weighted interpolation) tool.
The spatial layers of the drought vulnerability component were also analyzed and reclassi-
fied using the Raster Calculator tool in the ArcGIS software. The average value for each
catchment was calculated with the Zonal Statistics as Table tool.
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Maps of the hydrological drought risk, hazard, and vulnerability were created using
the Calculate Field tool based on Equation (2). Further analysis of the catchment areas and
calculations of potentially hazardous areas were also carried out using GIS tools.

All classes of HDHI, HDVI and HDR were defined according to the natural breaks
(Jenks) method of classification.

2.2.4. Index Calculation Method
Hydrological Drought Hazard Component Indices

e  The number of droughts lasting 5-16 days and more than 16 days.

The threshold method was used to calculate these variables. The Q30 index was used
as the threshold value and calculated as the average of the smallest 30-day continuous
discharge value from May to October for the study period. The next step was to determine
the hydrological drought by comparing the daily discharge values with the threshold value.
Minimum and maximum thresholds were calculated from the probability curve of drought
duration. Daily discharge values less than the threshold (with a duration of 1-4 days) were
not considered as they were too short. The threshold between short-term and long-term
hydrological droughts was equal to nearly 20% of the probability (16 days). The received
results for 24 WGSs during the 60-year period were interpolated and displayed on maps
(Figure 3a,b).

N N

A A

Number of short drought events

s

-

Number of long drought events
0 30 60 120 180 240 s 0 30 60 120 180 240
| = Kilometers : - Kilometers

. 2T
(a) (b)
Figure 3. Map of: (a) number of short drought events; (b) number of long drought events.

e  Average precipitation.

The annual precipitation data of 38 meteorological stations were used to analyze
average precipitation values. A separate raster of interpolated precipitation values for the
territory of Lithuania was constructed for each year. The last step was to use the raster
calculator to compute the average value over a 60-year period. The final map is shown in
Figure 4a.
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e  The impact of rainfall regime.

The dependence on the rainfall regime was evaluated by distributing the annual runoff
hydrographs into three types of river feeding. A detailed description of the calculation
of the rainfall contribution to the total river runoff is presented in one of the previous
articles [37]. The map of the river runoff dependence on rainfall feeding is shown in
Figure 4b. Extreme values 0 and 1, as well as those close to them, were not used because
there are no rivers in Lithuania entirely dependent or entirely independent on rainfall.

N N

A A

Precipitation (mm/y) Dependence on rainfall
— 0 30 60 120 180 240 063 0 30 60 120 180 240
72 e —— w— Kilometers . o - Kilometers
. sse B o
(@) (b)

Figure 4. Map of: (a) average precipitation; (b) river runoff dependence on rainfall-type feeding.

Hydrological Drought Vulnerability Component Indices

Raster layers were used to estimate slope, land cover type, soil morphology, and lake
density. For each variable, a raster with an already assigned score was created or loaded
and then rescaled to a 0-1 scale based on the minimum and maximum values. In the case
of the lake density in the catchment, the scale change occurred already after determining
the percentage of the lake area for each catchment. The resulting spatial layers for the
vulnerability index from the websites Earth Explorer and Geoportal were transformed and
displayed on the maps in Figure 5.
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LULC
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Figure 5. Map of: (a) slope; (b) land use and land cover; (¢) dominant soils; (d) lakes.

2.2.5. Rescaling Sets of Variables

Since all variables at the first stage of analysis had different scales and values, we
could not combine them without preliminary processing (Table 2). Thus, it was decided to
change the evaluation scales to the same type. Each variable was rescaled according to one

of the following two equations:
Y = (ﬂ) n ©)

Xrange
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Y= <Xm”x_X)n, 4)

Xnmge

where Y is the adjusted variable, X is the original variable, X,,;, is the minimum observed
value of the original variable, Xyag. is the difference between the maximum and minimum
potential scores of the original variable and 7 is the upper limit of the rescaled variable.
Equation (4) was used when inverse scaling was necessary (e.g., rainfall, where lower
rainfall rates corresponded to higher risk).

Table 2. Primary limits of variables.

Variable

Limits of the Values Scale Description

Number of droughts lasting 5-16

days

16-75 events Rescaled before use in GIS

Number of droughts lasting more

than 16 days

27-55 events Rescaled before use in GIS

Average rainfall

The minimum and maximum annual values in

572-856 mm/yr Lithuania were taken as limits for rescaling

In Lithuania, the maximum value of the river

Dependence of river runoff on rainfall 0-1 runoff dependence on the rainfall-type feeding is
0.63, and the minimum value is 0.19
Slope 0422 Calculated from SRTM,; calculated as an average
for a catchment
Water—0
Forest—1

Land use/land cover type

Semi-natural area—2

Pasture/grassland—3 Calculated as an average for a catchment

Agricultural lands—4
Urban—5
Given that clayey soils are associated with larger
Sand—1 sur.face runoff and a Cel'té.lil’l dep.enden.ce of these
Morphological ition of soil ! soils on the presence of intermittent rivers was
orphological composition of soils

revealed in previous work, it was decided to
assign them the maximum vulnerability score;
calculated as an average for a catchment

Heavy clay—10

Lake density

Lake density of 30% percent was taken as 0, as
having the least impact on drought vulnerability
in the region

0-30%

After rescaling, all variables received the same weight (0-1). Only one exception was
made for the variable “Dependence of river runoff on rainfall”, since there is no river in
Lithuania that is completely dependent or independent of rainfall, so the minimum and
maximum values of this variable do not reach 0 and 1, respectively.

3. Results
3.1. Hydrological Drought Hazard, Vulnerability and Risk at the Lithuanian Scale

After the final merging of the layers, three main maps were obtained: The hydrological
drought hazard index (Figure 6a), the hydrological drought vulnerability index (Figure 6b),
and the hydrological drought risk (Figure 6¢). From the distribution map of the HDHI,
it can be seen that two poles are forming: The highest hazard score is observed in the
north, while the lowest is in the south. The HDHI map shows similarities with the relief of
Lithuania and the location of hydrological regions. The HDVI map reflects slightly different
tendencies and does not clearly express significant clusters with the same vulnerability
level. Only the northern part of the central hydrological region can be identified as the
most homogeneous zone with high vulnerability indicators.
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Hydrological Drought Hazard Index Hydrological Drought Vulnerability Index
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Figure 6. Hydrological drought hazard index (a); hydrological drought vulnerability index (b);
hydrological drought risk map (c).

The HDR map shows a more pronounced cluster formation with very high values
in the north and an elongated cluster with weak to moderate risk values in the southeast,
which basically corresponds to the location of the southeastern hydrological region of
Lithuania. These values in the south and east can be explained by the presence of more
lakes and forests and the influence of the terrain in that area. On the contrary, the high
drought risk values in the north can be attributed to the absence of lakes and forests,
low precipitation and, to some extent, the influence of soils. Clayey soils, for example,
contribute to lower subsurface flow, which could provide a more constant base flow in
dry periods.
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From the graph in Figure 7, it is evident that a significant part of Lithuania falls into
the categories of high and very high risk (49.8%), while only about 24.4% fall into the
categories of low and moderate risk. Another notable observation is the difference in the
percentage composition of the HDHI and HDVI classes, which may be related to different
variables. In the case of HDHI, the variables have a wider spatial distribution and are less
directly influenced by human activity. In contrast, the HDVI variables are less spatially
constant and more affected by human activities in both temporal and spatial dimensions,
resulting in a less uniform or smooth distribution of variables.

Lithuania
100%
T E—
80%
60%
40%
20%
v, I [
HDHI HDVI HDR

B Low Moderate =~ Average " High M Very high

Figure 7. The composition of the territory in percentages according to hydrological drought haz-
ard index (HDHI); hydrological drought vulnerability index (HDVI); hydrological drought risk
index (HDR).

3.2. Hydrological Drought Hazard, Vulnerability and Risk at the Hydrological Regions Scale

Analysis of the HDHI, HDVI, and HDR within the hydrological regions reveals
significant heterogeneity among the hydrological regions of Lithuania (Figure 8). The
central hydrological region (Figure 8b) has the highest percentage of areas at high and
very high risk, accounting for 65.1% for HDHI, 88.6% for HDVI, and 72.7% for HDR. In
comparison, the percentage of the region in the low and moderate-risk classes is 12.2% for
HDHI, 1.5% for HDVI (with a complete absence of the low-risk class), and 6.0% for HDR.

The western hydrological region (Figure 8a) has less area at high and very high
risk: 36.2% for HDHI, 77.0% for HDVI, and 61.1% for HDR. The smaller risk is primarily
associated with the influence of a maritime climate and precipitation, which create less
favorable conditions for drought occurrence. However, the low and moderate-risk classes
are also nearly absent, with only 4.2% for HDHI (with a complete absence of the low-risk
class), 4.6% for HDVI, and 5.7% for HDR.

In contrast to the other two hydrological regions, the southeastern hydrological region
has the lowest susceptibility to hydrological drought (Figure 8c). For example, the area of
low and moderate-risk classes accounts for 83.3% for HDHI, 18.6% for HDVI, and 61.3%
for HDR. At the same time, the percentage of high and very high-risk classes is 2.7% for
HDHI (with a complete absence of the very high-risk class), 52.5% for HDVI, and 10.4%
for HDR. Such index values can be explained by the greater dependence of this region on
groundwater resources, as well as a higher percentage of forest cover and the presence of
lakes, which enable a more resilient response to the risks of hydrological drought.
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(c)
Figure 8. Distribution of HDHI, HDVI and HDR classes in hydrological regions of Lithuania:
western (a); central (b); southeastern (c).
3.3. Hydrological Drought Hazard, Vulnerability and Risk at the Basins Scale

According to the drought hazard index within the main basins of Lithuania (Figure 9a),
four basins can be identified in the north where a significant percentage of catchments
belong to the category of a very high hazard: The Lielupe (100% of the territory), Musa
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(72.9% of the territory), Nemunelis (45.1% of the territory), and Venta (17.6% of the territory)
river basins. In the southeast, there are also four basins with catchments classified as having
a low probability of hydrological drought hazard: The Merkys (83.8% of the territory, with
16.2% in the moderate class), the small tributaries of the Nemunas River basin (30.4%—
catchments located in the eastern part of the basin), the Zeimena (13.9% of the territory,
with the remaining 86.1% classified as moderate), and the Neris (8.3% of the territory) river
basins. In the central and western hydrological regions, the dominant catchments fall into
the moderate category (the Venta and Minija river basins have over 50% of their territory
in this class) and the high hazard category (the Jura, Dubysa, Nevezis, Bartuva, Sventoji

rivers, and coastal river basins have over 50% of their territory in this class).

h

Hydrological Drought Hazard Index

Hydrological Drought Vulnerability Index
0 3

240
Kilometers

0 30 60 120 180 240 0 60 120 180
I o [ High [ Kilometers I cow [ High [
I Moderate [ Very high I Moderate B Very high
Average Average
(@) (b)
Hydrological Drought Risk Index
Lo 0 30 el 120 180 240
High - Kilometers
I Moderate [ Very high
Average
(©)

Figure 9. Distribution of the area of each class in percent for basins, according to: hydrological
drought hazard index (a); hydrological drought vulnerability index (b); hydrological drought risk

map (c).
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Contrary to the drought hazard index, the drought vulnerability index is less optimistic
(Figure 9b). Out of the 18 basins, only two have a percentage of catchments exceeding 30%
in the low and moderate vulnerability classes, namely the Zeimena (42.2% of the territory)
and Dauguva (32% of the territory) river basins. Three other basins have a relatively high
proportion of catchments in the low and moderate vulnerability classes: The Merkys (19.6%
of the territory), the Nemunas (13.9% of the territory), and the coastal (13.9% of the territory)
river basins. All basins in the western and central hydrological regions of Lithuania consist
of catchments, with over 60% belonging to the high and very high vulnerability classes for
hydrological drought. The basins with the highest percentage in the high and very high
classes include the Bartuva (100% of the territory), Dubysa (93.2% of the territory), and Jura
(86% of the territory) river basins.

Analyzing the drought risk index (Figure 9c), it can be observed that the highest
risk of hydrological drought occurrence is concentrated in the northern part of the central
hydrological region, specifically in the basins of the Lielupe River (89.2% of the territory
belongs to the class of very high risk and 10.8% to high risk) and the Musa River (38.7% of
the territory belongs to the category of very high risk and 50.6% to high risk). Significant
percentages with high-risk values are also found in the basins of the Bartuva, Venta,
Nemunelis, Nevezis, Dubysa, Jura, Minija rivers, and coastal rivers. The basins with the
lowest risk of hydrological drought are the Merkys (98.1% of the territory belongs to the
low and moderate risk classes) and Zeimena (95% of the territory belongs to the low and
moderate risk classes) river basins. Overall, there is a significant proportion of catchments
with low and moderate risk classes in the southeastern region of Lithuania, with a slight
increase in the basins located near the sea. For example, in the basin of the coastal rivers,
catchments in the low- and moderate-risk classes account for 13.9% of the total territory.

4. Discussion

Many studies reveal the ineffectiveness of the traditional crisis management approach
to the drought phenomenon and the need to move to a drought risk reduction approach
instead. It is generally agreed that the costs of proactive drought risk management are
lower than the costs of inaction [38]. This is why high-risk areas must be determined to
implement risk mitigation measures [39]. The current study was intended to identify for
the first time the territories with the highest risk of hydrological drought in Lithuania,
down to the catchment scale.

The created methodology for hydrological drought risk assessment in lowland rivers
of Lithuania included indices of natural hazards such as the number of short- and long-
term hydrological droughts, average precipitation and river runoff dependence on rainfall
feeding. This selection of indices was based on the methodologies used in other studies
where, regardless of physical-geographical conditions, drought hazard is often assessed
using drought indices (SPI, SDI, multivariate standardized drought index, etc.) that in
one way or another describe the precipitation deficit or streamflow regime [18,20,26,29].
In the western and central hydrological regions, many river catchments fell into hazard-
prone areas, likely due to their dependence on precipitation. Meanwhile, the rivers of
the southeastern region get a considerable part (more than half) of their runoff from
groundwater, so their annual runoff is more evenly distributed. A small number of long-
term drought events and a higher number of catchments assigned to the average hazard
index class in the W-LT region (compared with the C-LT) might result from more humid
conditions and higher precipitation because of the proximity to the Baltic Sea. The previous
studies [37,40] dedicated to the delineation of hydrological regions revealed that the amount
of precipitation and the proportional contribution of river-feeding sources are the main
factors that determine the particularities of Lithuanian river runoff formation.

According to the physical-geographical factors (watercourse slope, land use/land
cover, soils, and lake density) that were expected to affect the susceptibility of Lithuanian
river catchments, the SE-LT region emerged as having the lowest index values. A higher
abundance of lakes and semi-natural and forested areas might have contributed to a more
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consistent and stable runoff in the catchments located in this region. In comparison, the C-LT
region was distinguished by many areas used for agriculture due to the highest productivity
of soils, thus having a higher water demand for irrigation needs. The C-LT and W-LT
regions also have more urbanized areas and fewer semi-natural and forested lands than the
SE-LT. Unlike [21,26], our study was unable to demonstrate that the region (SE-LT), having
a terrain with high slopes (higher than the rest of the country), was more susceptible to
drought. In contrast to most studies [21,41,42], in this work, the influence of sandy soils on
hydrological drought vulnerability was estimated to be the smallest. The prevailing lighter
soils contribute to faster infiltration and retention of subsurface flow in the groundwater
layer. The more groundwater recharges, the more resilient rivers become [43,44]. One of
the drawbacks of our study is that the selection of variables for vulnerability analysis was
limited since it was based mainly on data availability. Such indicators as domestic water
supply, population density or groundwater level could give a more accurate assessment of
the susceptibility to the impacts of hydrological drought hazards.

According to previous work [36], drought vulnerability indexes on a regional scale
are very closely related to drought severity calculated by the SDI index. For both works,
the western region can be identified as the most vulnerable region with the most extreme
drought values. On the other hand, the SE-LT region has lower severity values compared
to other regions, which can be related to fewer catchments with very high vulnerability.
In general, hydrological drought hazard and risk indexes also present SE-LT with a lower
percentage of very high values.

Unfortunately, we could not find any studies of such scale and detail that reveal the
results of similar spatial analyses concerning regional differences in adverse environmental
or socio-economic consequences of drought. Only the related outcomes of a few studies
concerning agricultural drought were discovered. According to agricultural drought indices
(hydrothermal coefficient and temperature—precipitation index), droughts are recorded
more often in the western and central parts of Lithuania and less frequently in the southeast
and east [45,46].

The catchment-based analysis identified a cluster of high-risk values in the northern
part of the C-LT region, specifically in the catchments of the Mi$a and Lielupé rivers. This
cluster represents the most hazardous area with the highest risk of hydrological drought
occurrence in Lithuania. The findings also support previous research [47], which revealed
the presence of five intermittent rivers in this most drought-prone area. The study by [48]
discovered the highest recurrence of non-precipitation periods of different durations during
the warm period in the Middle Lithuanian lowland as well. Considering the scale of the
drought assessment, Hasan et al. [19] pointed out that drought characteristics should be
evaluated at the catchment level to get better results.

It is worth mentioning the basin of the small tributaries of the Nemunas River sep-
arately. This elongated basin spans all three hydrological regions of Lithuania. Its shape
provides valuable insights into the variation of drought risk indices from east to west.
Consequently, the upper part of the basin exhibits one of the lowest drought risk indices.
However, as it approaches the river mouth, the situation changes due to the inflow of
tributaries from potentially drier areas of Lithuania. As a result, the middle part of the
basin predominantly consists of catchments with high drought risk, while only near the
river mouth, several catchments with low and moderate hydrological drought risk become
noticeable. This trend is observed for all three indices.

This study covered all river catchments (over a thousand) in Lithuania, making it
unique because previous hydrological drought investigations were based only on the
selected sets of catchments [35,36,49]. Even though only physical-geographical aspects
were analyzed, such a detailed assessment proved that Lithuanian rivers of different
hydrological regimes assigned to separate regions have different drought risks. On the other
hand, land use indirectly indicates water deficit and demands related to anthropogenic
activities. Therefore, including urbanized and agricultural areas in the assessment indirectly
represents socio-economic drivers. According to UNISDR [17], unlike meteorological
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drought, a natural phenomenon resulting from climatic causes that vary from region to
region, hydrological drought highly depends on human and social aspects. Many studies
demonstrate the decisive influence of an anthropogenic, not a climate, factor in drought
risk studies since this phenomenon can occur in any type of climate [5,44,50].

5. Conclusions

The present study evaluated the hydrological drought risk in Lithuanian river catch-
ments. The methodology integrating selected hazard and vulnerability indices was created
and proposed as appropriate to be applied to lowland river catchments. The findings indi-
cated that the distribution of catchments according to the drought hazard index generally
corresponded well to the hydrological regions of Lithuania. The findings revealed that, in
total, over 70% of Lithuania’s territory falls into the categories of high and very high vulner-
ability, whereas almost half of the country is in high and very high-risk categories (49.8%).

The accomplished research highlights the need for future revisions in territorial plan-
ning in the identified most vulnerable catchments in the central and western parts of
Lithuania to establish more drought-resistant ecosystems. Future studies should involve
assessing socio-economic indicators, such as domestic water supply or population density,
to determine water resource consumption. This would help in fully identifying regions
with inadequate water resource provisions.

To obtain more reliable results, not only additional drought-sensitive indicators should
be included in the assessment of hydrological drought risk, but also a transboundary ap-
proach should be applied. River catchments seldom coincide with political borders; there-
fore, the entire cross-border catchments should be included to obtain a more comprehensive
view of the hydrological drought risk problem in Lithuania.

The obtained results are important for understanding how sensitive and vulnerable
lowland river systems are becoming in a rapidly changing environment.
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