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1.  INTRODUCTION

Rivers in different regions have their own hydrological regime!?, but it always
includes two components, a flood and a low flow. Another important river
peculiarity is hydrological drought, which is a natural phenomenon and refers to a
lack of water in the river®4, Despite the fact that hydrological drought and low flow
reflect the lowest flow of the river in a certain period, they may not coincide in
time3®, Each river has its personal indicator (threshold) of low flow and period of
hydrological drought.

One of the main drivers of the river runoff formation is the climate
(precipitation and temperature)*®, and recent studies signal that climate is changing”
° which affects low flow® and hydrological droughts®'®* patterns. The changes in
the occurrence of low flow events and hydrological droughts in the catchments are a
growing concern>%1213 particularly in the context of climate change. Variability of
low flow parameters significantly affects water availability, ecological balance, and
human activities dependent on water resources®%81012 Understanding the patterns of
low flow in the modern world and assessing the associated hydrological drought risk
is crucial for effective water resources management and adaptation strategies. Thus,
the main research problem is the change in the rivers’ low flow (as a response to
climate change) and the spread of hydrological drought in Lithuania.

In light of climate change, it is essential to comprehensively investigate
hydrological drought and low flow phenomena, considering their existence at
different levels: local*671214 regional*>?!, and global*®!11322-26 While the patterns
of hydrological drought and low flow are typically well-studied at the regional and
global levels, there are often gaps in understanding of these phenomena at the local
level (lack of research or their irrelevance to the current time). This is especially
important for forecasting of hydrological drought. Conducting a risk assessment of
hydrological drought for each country becomes extremely important in this regard.

The forecasting of runoff and hydrological drought is equally important.
Currently, there is a significant number of streamflow prediction models, but only
several works are focused on low flow, typically orienting towards the general flow.
Streamflow forecasting in rivers can occur through various models and software, for
example: the HBV model?”, TOPMODEL?, VIC model?®, MIKE SHE model*,
SWAT model®, and others. In the context of modelling low flow in Central and
Northern Europe?#22 including Lithuania®*, the HBV model stands out due to its
popularity. This model already showcased its effectiveness in precisely simulating
low flow®2, but it has not yet been implemented within Lithuania.

Low flow periods, often associated with reduced precipitation and increased
evapotranspiration®4%% can lead to water scarcity, ecological stress, and
disruptions in various water-dependent activities®2*%¢, Particularly in regions like
Lithuania, where river systems play a crucial role in supporting various sectors of
the economy®*8 understanding the patterns of low flow and assessing the
associated hydrological drought risks has become essential. In the case of Lithuania,
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a country located in North-Eastern Europe, studies focusing on hydrological drought
are relatively limited, and there are no studies specifically addressing hydrological
drought risk assessment at all. However, given the anticipated effects of climate
change on regional hydrology, there is a pressing need to investigate these aspects
within the Lithuanian catchments.

Moreover, hydrological drought risk assessment provides a valuable tool for
guantifying and evaluating the potential impacts of drought events on water
resources and associated socio-economic systems®¥4°, Such assessments enable the
development of proactive strategies for water allocation, conservation measures, and
the implementation of effective drought management plans*®-2,

The relevance of this work lies in addressing several research gaps, namely:
the absence of scientific studies that would identify or investigate intermittent rivers
in Lithuania; the analysis of changes in low flow in response to climate change; a
comprehensive assessment of hydrological drought in Lithuania; and the lack of
hydrological drought risk analysis for Lithuania. The results of this study provide a
comprehensive overview of low flow, the phenomenon of river intermittency as an
extreme part of low flow, and hydrological drought. The availability of such data
will provide valuable insights for policymakers, water resource managers, and
stakeholders involved in the sustainable management of Lithuanian rivers. The
findings will help decision-making processes, enable the identification of vulnerable
regions, and guide the development of adaptation strategies to mitigate the adverse
impacts of low flow and hydrological drought events.

1.1. The aim, objectives and scientific novelty

Aim of dissertation

The aim of the dissertation is to investigate the patterns of low flow and
hydrological droughts, to evaluate their dependence on climate change, and to
perform drought risk assessment for the Lithuanian rivers in the past and future.

Objectives:

1. To investigate the variability of the river intermittence, as extreme part
of the river’s low flow, within Lithuania.

2. To analyse the spatial and temporal distribution of low flow indicators of
rivers in the past.

3. To investigate the phenomenon of hydrological drought according to
historical data.

4. To forecast the frequency and severity of hydrological drought in the
near and far future.

5. To develop the hydrological drought risk maps and to identify the most
vulnerable regions in Lithuania.

Thesis statements:

1. The river intermittency is becoming increasingly widespread in
Lithuania, especially this problem is particularly acute in the central hydrological
region.
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2. The low flow analysis in Lithuanian rivers shows significant changes in
trends of the minimal water discharge according to new climate challenges.
3. Climate changes lead to an increase in the frequency and severity of
hydrological droughts in Lithuania.
4. Hydrological drought risk analysis is a fundamental tool for addressing
environmental, social, and economic problems in the future.
5. Standardised Water Level Index (SWLI) is suitable for the operational
assessment of Lithuanian rivers.
Scientific novelty
> River intermittency is a poorly studied topic for the northern
countries. In Lithuania, as in other humid countries, there are missing studies
related to the river intermittency. During the course of the work, the intermittent
rivers of Lithuania were investigated for the first time. Intermittency events were
studied based on their occurrence date, duration, and frequency. Factors influencing
these characteristics were also identified and can be used for investigation in other
similar countries.
> There is a lack of recent studies on the low flow of Lithuanian rivers.
A methodology for assessing changes in low flow in Lithuania has been developed.
Changes in low flow based on the 30Q, 30Q95, and 30Q80 indices were studied for
a 60-year period and a thirty-year moving average was used to analyse trends in low
flow changes during 1961-2020. Low flow indices were employed to calculate
hydrological drought, and an analysis of the frequency and duration of droughts was
conducted for three Lithuanian hydrological regions.
> Analysis of trends in the development of hydrological droughts will
give an impetus to reducing the costs of eliminating the consequences of an
extreme phenomenon. A comprehensive study of hydrological drought was
conducted in the past and future using different climate scenarios. A new
Standardised Water Level Index (SWLI) was developed and tested for an
operational response to hydrological drought.
> Unfortunately, no hydrological drought risk map was found for
Lithuania, as for the nearest countries. The need for drought risk maps is an
essential tool in identifying the most vulnerable areas. In this research, hydrological
drought hazard, vulnerability, and risk maps were created for the entire territory of
Lithuania on a catchment scale. It allows early action to increase the resilience of
ecosystems to further climate change and human-induced challenges. Creating a
hydrological drought risk map for Lithuania opens up a new issue of vulnerable
watersheds in climate zones of the Baltic region. It also contributes to the
development of similar research in neighbouring countries.
Practical value
The study’s findings offer valuable insights into effective water resource
management in Lithuania. Understanding low flow patterns and hydrological
drought risks is crucial for optimising water allocation, ensuring sustainable water
supply, and implementing water conservation strategies. Knowledge about
hydrological drought distribution is essential for warning about potential adverse
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impacts on human industrial and energy-generation activities, developing different
plans of measures to minimise or eliminate extreme consequences and preventing
river intermittency in permanent rivers.

Moreover, the research aids in identifying vulnerable regions and predicting
future changes, enabling authorities to devise adaptive measures to mitigate climate
change adverse effects on water resources. The assessment of hydrological drought
risk contributes to disaster risk reduction efforts, allowing development of early
warning systems and contingency plans to minimise drought impacts on ecosystems,
agriculture, energy production, and other vulnerable sectors. This research bridges
crucial gaps for resilient water management and informed policies. Policymakers
can utilise the study outcomes to design robust water management policies,
addressing challenges presented by changing hydrological conditions.

Research result approbation.

Five scientific articles were published on the topic of this dissertation. All of
them were published in ISI Web of Science DB-referred journals with an average
IF/ATF of > 0.25. The research results were presented at 9 conferences, including 5
international conferences.

The content and scope of the dissertation.

The doctoral dissertation was prepared based on scientific publications and
was done in the English language. The work consists of a list of tables, a list of
figures, a list of abbreviations and definitions, an introduction, a review of the
articles submitted for defence, conclusions, a list of references, a summary written in
Lithuanian, a list of articles, a list of conferences, and copies of scientific articles on
which the dissertation is based. The dissertation is 93 pages long, with 20 figures, 8
tables, and 131 references.

1.2. Papers and co-authors’ contributions to papers
The thesis is based on 5 scientific articles:

1. SARAUSKIENE, Diana, AKSTINAS, Vytautas, NAZARENKO, Serhii,
KRIAUCIUNIENE, Jiraté and JURGELENAITE, Aldona. Impact of
physico-geographical factors and climate variability on flow intermittency in the
rivers of water surplus zone. Hydrological Processes. 2020. Vol. 34, no. 24,

p. 4727-4739. DOI 10.1002/hyp.13912

Contribution of authors:

Sarauskien¢ D.: conceptualisation, methodology, formal analysis,
investigation, writing — original draft preparation, writing — review and editing,

Akstinas V.: methodology, formal analysis, data curation, writing — original
draft preparation, writing — review and editing, visualisation.

Nazarenko S.: methodology, data curation and analysis, writing — original
draft preparation.

Kriaucitiniené J.: conceptualisation, writing — review and editing, supervision.

Jurgelénaité A.: investigation, data curation.
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2. NAZARENKO, Serhii, MEILUTYTE-LUKAUSKIENE, Diana,
SARAUSKIENE, Diana and KRIAUCIUNIENE, Jdraté. Spatial and temporal
patterns of low flow changes in lowland rivers. Water. 2022. Vol. 14, no. 5, p. 801.
DOI 10.3390/w14050801

Contribution of authors:

Nazarenko S.: conceptualisation, methodology, software, formal analysis,
writing — original draft preparation, visualisation.

Meilutyté-Lukauskiené D.: methodology, formal analysis, data curation,
writing — original draft preparation.

Sarauskien¢ D.: formal analysis, investigation, writing — original draft
preparation, writing — review and editing.

Kriau¢itniené J.: conceptualisation, formal analysis, writing — review and
editing.

3. NAZARENKO, Serhii, KRIAUCIONIENE, Jaraté, SARAUSKIENE,
Diana and JAKIMAVICIUS, Darius. Patterns of past and future droughts in
permanent  lowland rivers. Water. 2022.  Vol. 14, no. 1, p. 71.
DOI 10.3390/w14010071

Contribution of authors:
Nazarenko S.: conceptualisation, methodology, software, formal analysis,
investigation, data curation, writing — original draft preparation, visualisation.
Kriau¢itiniené J.: conceptualisation, methodology.
Sarauskiené D.: investigation, writing — review and editing.
Jakimavicius D.: software, validation.

4. NAZARENKO, Serhii, KRIAUCIUNIENE, Juraté, SARAUSKIENE,
Diana and POVILAITIS, Arvydas. The development of a hydrological drought
index for Lithuania. Water. 2023. Vol. 15, no. 8, p. 1512. DOI 10.3390/w15081512

Contribution of authors:

Nazarenko S.: conceptualisation, methodology, software, modelling, data
curation, writing — original draft preparation, visualisation.

Kriauc¢itiniené J.: conceptualisation, investigation, writing — review and
editing.

Sarauskien¢ D.: methodology, formal analysis, writing — original draft
preparation.

Povilaitis A.: methodology, formal analysis, writing — review and editing.

5. NAZARENKO, Serhii, SARAUSKIENE, Diana, PUTRENKO, Viktor
and KRIAUCIUNIENE, Jiraté. Evaluating hydrological drought risk in Lithuania.
Water. 2023. Vol. 15, no. 15, p. 2830. DOI 10.3390/w15152830

Contribution of authors:
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Nazarenko S.: conceptualisation, methodology, software, formal analysis,
investigation, writing — original draft preparation, visualisation.

Sarauskiené D.: investigation, writing — original draft preparation, writing —
review and editing.

Putrenko V.: methodology, data curation, supervision.

Kriauc¢itiniené J.: conceptualisation, data curation, supervision.

Inter-relation of articles

Comprehending the impact of physical geographical factors and climate
variability on flow intermittency is crucial to understanding the development of
drought events in lowland rivers. Analysing past and future drought occurrences,
along with studying spatial and temporal patterns of low flow changes, can help
identify patterns of flow changes in Lithuanian rivers, which are essential in
assessing hydrological drought risk. These interconnected topics collectively
contribute to a comprehensive understanding of drought risk assessment and
management within water deficit zones in lowland river systems. The demonstrable
and step-by-step relationship connections of the work are shown in Fig. 1.

Articles Ne 3 and 4: —
Historical analysisof | (~  Forecasting the
drought using SDI, probability and
SWILI, SPI, and RDI. ity of
River runoff / severl yAO
forecasting across HBV V h‘/d rologlcal
software and potential N drought J

drought analysis.

of hydrological
drought in

™

Historical analysis |

| Lithuanianrivers | '
AN A

Article Ne 5:
Selection of geospatial
variables for preparing

hydrological drought

t Problem overview,
methodology

development and
data collection

hydrological
drought risk
assessment map y

hazard and vulnerability

maps using GIS, followed
by overlapping to

calculate a hydrological
drought risk map.

K ™
Preparation of

Y Y
Investigation the Historical analysis
variability of river _ of low flow in

intermittency Lithuanian rivers

~ -~

Article Ne 1: Article Ne 2:

Identification of intermittent rivers in
Lithuania and analysis of physico-geographical
factors influencing intermittency.

Analysis of low flow in rivers using indices:
30q, 30995, 30g80. Overview of trends in low
flow changes.

Fig. 1. General concept of work

Overall, the dissertation consists of five articles aimed at a gradual
investigation of low flow, its dependence on the physical-geographical
characteristics of the territory, and hydrological drought both in the past and the
future.

The first article covers objective one and explores the prevalence of river
intermittency (the event when the river runoff is equal to 0) cases in Lithuania, their
correlation with physical-geographical factors of the territory. The results obtained
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from this article were also used for modelling river runoff with the HBV software
and identifying the most important criteria for hydrological drought risk analysis.

The second article addresses objectives two and investigates changes in low
flow over 60 years (1961-2020) in both temporal and spatial dimensions. Similar to
the second and fourth articles, it also reflects the most drought-prone periods;
however, it employs a different approach based on threshold values (operational
indices of the Lithuanian Hydrometeorological Service (30Q, 30Q95, 30Q80) were
used as threshold values). The findings of this study were used to determine the
threshold value of hydrological drought in the fifth article.

The third and fourth articles cover objectives three and four. Within the article,
a study of past hydrological drought events and their local distribution within
Lithuania was conducted, allowing for a comparison of the obtained results with the
hydrological drought risk map. The third article utilised an accumulation period of
1/3/6/9/12 months for drought indices, while the fourth article employed a ten-day
accumulation period. The relationship between meteorological drought indices
(standardised precipitation index — SPI and reconnaissance drought index — RDI)
and hydrological drought index (streamflow drought index — SDI) was also
considered in the third article. In the fourth article, the ability to replace the
hydrological drought index based on discharge (SDI) with an index based on river
water levels (standardized water level index — SWLI) was analysed. SWLI can
replace any other hydrological index based on river discharge since it is capable of
using raw input data from the water gauging station (WGS). This approach
significantly reduces the time for detecting hydrological drought. Special attention is
given to future forecasting, which reveals potential dependencies associated with
climate change in the near and far future, considering two climate scenarios —
RCP4.5 and RCP8.5. Overall, forecasting models for six rivers in different
hydrological regions of Lithuania were developed in two articles.

The fifth article covers objective five. In this article, the results of the previous
four articles were used to identify areas with the highest risk of hydrological drought
occurrence. The article examines the hazard and vulnerability components of all
Lithuanian catchments. The first hydrological drought risk assessment map for
Lithuania was created.

Overall, each article is a part of a comprehensive study of minimal flow in
Lithuania rivers. The research begins by investigating the intermittency phenomenon
as an extreme boundary condition of low flow in rivers. Additionally, it involves
low flow analysis and an understanding of its variability under climate change, as
well as the study of hydrological drought, which represents a condition characterised
by a significant decrease in river flow. The study culminates in the hydrological
drought risk assessment map, which summarises and complements the previous
research.

1.3. Brief review of scientific literature

Low flow, river intermittency, and hydrological drought are phenomena that
are not identical but are interconnected as they all describe the river’s minimum flow
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(or its absence). Therefore, only a comprehensive analysis of all three components
will allow an understanding of the territory’s resilience to climate change and
developing effective spatial planning.

River intermittency

Intermittency is the most extreme component of low flow and is characterised
by zero flow or a value very close to it. Intermittent rivers have emerged as a
relatively new topic in scientific research, considering that studies have traditionally
focused on permanent rivers. However, the interest in understanding intermittent
rivers has been increasing in recent years, driven by climate change effects, rising
water scarcity concerns, and the recognition of their prominence in river
networks*47,

Remarkably, existing studies indicate that intermittent rivers make up over half
of the total river length worldwide and dominate arid, semi-arid, Mediterranean, and
dry-subhumid regions*®*°, Intermittent rivers are often underestimated in their
environmental and societal impact®%2, Despite their significance, many countries
neglect their resources®, and with climate change, the number of intermittent rivers
is expected to increase at the expense of permanent rivers®?5,

During the last decade, the research area of intermittent rivers has increased
significantly, but some regions are still ignored. The main focus has been on regions
historically belonging to warm or semi-arid regions®, with fewer studies observed in
temperate or relatively cooler regions: global scale®8, Europe — Mediterranean
region>®®!, Europe — alpine region®*®® Europe — central region%, Australia®,
USA®. Only a few articles have been found that discuss intermittent rivers in the
Baltic countries®™®’, It is important to note that these articles are associated with the
SMIRES initiative, and one of them was published in 2020 and examines some
rivers in Lithuania®®.

Current studies in this field can be categorised into various directions,
including the impact of intermittent rivers on ecosystem services*°2% management
of intermittent rivers®2°7-606168 theijr role as habitats for specific plant and animal
species*®505863-65  acosystem effects of intermittent rivers®65°°  their use in
agriculture®, classification of intermittent rivers®?, flow intermittency modelling®?
and more.

In Lithuania, which is considered to have relatively abundant water resources,
recent extremely warm and dry summers have highlighted the rising problem of
water scarcity. A similar situation persists for other Baltic States. Climate change is
significantly altering river runoff dynamics, leading to hydrological droughts.
However, the challenges related to hydrological droughts have not been adequately
addressed.

Low flow

Low flow is a crucial aspect of hydrological studies, representing the
minimum discharge of water in a river over a specific period®>’"*. Formation of low
flow typically occurs through groundwater inflow, lakes, swamps, and sometimes
glaciers®’. It occurs due to reduced rainfall or snow precipitation, with summer and
winter low flows being the most common in Lithuania. However, in other regions,
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the observation period may differ depending on environmental conditions,
precipitation and research tasks>’273, Unlike the phenomenon of river intermittency,
low flow has been better researched.

Understanding low flow dynamics is crucial for ecological integrity, water
quality, and supply in river systems’27475 Under extreme low flow conditions,
aquatic ecosystems face habitat reduction, altered food resources, deterioration of
water quality, and disrupted species interactions™®’1581 Moreover, water scarcity
poses a threat to communities and economies, demanding sustainable water
management solutions’®75:8082,

The identification and analysis of low flow events are essential for
understanding the vulnerability of water resources to hydrological droughts,
particularly under climate change’, moreover, low flow index can be used as a
threshold to identify hydrological droughts’>’3, Today, there are various approaches
for measuring and assessing river low flow depending on the country and the
purpose of the calculation, the main ones are:

1. The limit of low flow can be determined through Mean Annual
Runoff (MAR), Mean Daily Flow (MDF), Median Flow (MF), as well as Absolute
Minimum Flow (AMF)5708L,

2. Low flow detection is also possible across the Flow Duration Curve
(FDC), where it is determined by the percentage of probability, in different countries
this percentage can vary, for example, 75%, 80%, 90%, 95%>73808384 EDC is also
quite flexible and different time intervals can be used as input data, such as daily
average values or averages for 3, 7, 9, 10, 30 days®. Another similar method for
calculating low flow can be used Low flow Frequency Curve (LFFC), where
averaged data are used for a certain period over a year or a number of years (for
studies, depending on the requirements, the period from 1 day to 1 year can be taken
to average consecutive data)®. Unlike the previous approach, here the number of
years with a low flow is directly determined®.

3. Often, more stable indices are used to determine low flows, such as the
detection with clear time limits. For example, there is a practice of using the 7Q10 or
7Q2 indices in the US, which consider an average of minimum 7-day values series
for 10 and 2 years, respectively®® The MAM7 index (Mean Annual 7-day
Minimum flow) or similar is also often used, which describes the average value of a
series of data based on the smallest average seven-day flow for the year®7>798386,
For Lithuania, a similar calculation is also used and is defined as the average value
from a data series of the smallest yearly consecutive thirty-day flows (Q30)8'-5,

4.  Since base flow reflects the contribution of groundwater to the total river
flow, sometimes it can be used to determine low flow® 7%,

However, climate change further impacts low flows, altering the seasonal flow
regime through shifts in precipitation patterns and temperature’°-%3, In addition to
climate factors, low flow is influenced by geographical and anthropogenic
factors®>®, especially with increasing human pressure on the environment.

Recent studies across Europe and the US revealed varying trends in low flows,
with some regions experiencing increases while others faced declines® 7583891
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Despite its importance and frequent use of low flow indexes®®, research on low
flow in Lithuania has been limited recently. Only a few papers about complex
analysis of low flow changes were published in 2007 (analysis was done for data
from 1922/1941/1961 till 2003)8"% and in 2014 with a limited number of stations
(analysis was done for data from 1960 till 2009)%. However, these studies can
provide important information about changes in river flow and offer a
comprehensive analysis of what to expect with further climate change.

Hydrological drought

Drought is a recurring natural hazard with significant impact on various
economic sectors and ecosystems worldwide®*"%, The formation of a drought is
associated with a long-term lack of precipitation*®. It affects different climatic
regions, occurring in both high and low rainfall areas, and can manifest at any time
of the year. In recent decades, the frequency of droughts has significantly
increased®. Studies show varying trends in drought frequency and severity across
Europe'®, and the world®. At the same time, in the Europe region, scientists notice
increasing drought numbers in the warm period of the year'®:. Climate change
projections indicate a potential increase in extreme events, including droughts, with
additional global warming®®2. Consequently, there is growing concern among
scientists and decision-makers about the complexity and impacts of droughts and the
need for preparedness to mitigate their effects'®,

Droughts can be classified into various types based on their impacts and
hydro-climatological context. The four commonly recognised types include®.1%4;
meteorological drought, which is directly formed by insufficient precipitation;
agricultural or soil drought, due to lack of water in the soil; hydrological drought,
caused by a water shortage in the rivers; socio-economic droughts, which is a
consequence of previous droughts on ecosystems and human life. In this study, the
main emphasis is on hydrological droughts, which directly impact river discharge
levels and low flow during the warm period of the year.

Nowadays, there are various indices and indicators that help to detect, track
and analyse hydrological drought, using variables such as precipitation, temperature,
streamflow, groundwater levels, and soil moisture!®1%, Three approaches are most
often used to detect hydrological drought:

1. Detecting across meteorological indices. Some meteorological indices
can be used as identifiers of hydrological drought, they include: Standardised
Precipitation Index (SP1)1%-1%7; Deciles!®®1%  SPI calculated over a long-term
accumulation period (for example, 12 months) can show changes in rivers,
reservoirs, and groundwater levels'®,

2. Hydrological drought indices directly. Such indices include: Palmer
Hydrological Drought Index (PHDI)**1%; Standardised Reservoir Supply
Index (SRSI)!%; Standardised Streamflow Index (SSFI)*1%; Standardised Water-
level Index (SWI1)!%; Streamflow Drought Index (SD1)*1%1%; Surface Water Supply
Index (SWSI)*1%110: Aggregate Dryness Index (ADI)'%; Standardised Snowmelt
and Rain Index (SMRI)%; Standardised Runoff Index (SR1)*!,
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3. Threshold Level Method:

3.1  Determining drought due to flow duration curve (FDC). A
smoothed monthly threshold with some percentage of FDC (for example 80%) can
be used to identify periods, which can be identified as hydrological drought®.

3.2 Determining drought due to low flow. As already mentioned, low
flow is a recurring phenomenon every year, however, the average values of small
runoff for a certain period of time can be used as a threshold value for identifying a
hydrological drought.

In Lithuania drought events are not uncommon, even though the country
belongs to a humid climate zone with abundant rivers and lakes. Over the past three
years (2018-2020), due to hot and dry summers, hydrological droughts were
declared each year for Lithuania. Based on recent studies, the frequency and
intensity of droughts are expected to increase further. There is a need for a
comprehensive analysis of hydrological droughts in Lithuania using multiannual
hydrometeorological data and used climate models to forecast potential changes in
the future.

Hydrological drought risk assessment

Hydrological Drought Risk Assessment is a critical undertaking in the face of
the pressing issue of drought, which is a widespread phenomenon occurring in
various climate regions globally°112116 \With climate change induced by human
activities, the frequency and severity of extreme weather events, including droughts,
are on the rise!0211"-11%  Concurrently, population growth has led to increased water
demand and deficits!611°12° making droughts an even more concerning challenge.
Despite being a longstanding issue, the lack of comprehensive methods for assessing
and predicting droughts persists!*,

The importance of identifying territory under hydrological drought risk goes
beyond simply recognising them, such actions are the first crucial step to mitigating
future impacts. The purpose of hydrological drought risk assessment is to detect the
most vulnerable areas, in which the highest pressure on water resources, ecosystems,
and human activities under hydrological drought are expected. Neglecting drought in
strategic development plans can result in severe consequences, such as water
scarcity, food insecurity, and economic losses. Unlike sudden natural hazards,
droughts have a slow onset and can persist for extended periods, allowing for ample
preparation to withstand their pressure!*?!, Minimising the direct and indirect
social, environmental, and economic impacts of droughts becomes a global priority,
necessitating targeted risk reduction and adaptation efforts!?2.

Basically, hydrological drought risk assessment, as well as any other risk
analysis, includes two components: hazard and vulnerability. The hazard component
involves examining past droughts across drought indices or low flow indices*>123124,
The vulnerability component assesses various factors such as GDP, agricultural
lands, land cover, population density, etc*2123-125,

Prior research has predominantly applied quantitative or mixed-methods
approaches to drought risk assessments, with index-based approaches being
commonly used'??. Several studies have attempted global'?® and regional!?*127128
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assessments of drought risk, revealing regions with higher vulnerability due to
human activities and exploitation for agriculture and livestock farming. Also, it is
worth noting that depending on the research objectives, the variables of both
components may vary, which, in turn, complicates the comparison of results
between different countries or research areas.

While there has been an increase in drought-related studies in Lithuania, the
specific assessment of hydrological drought risk and vulnerability has not been
conducted. It is worth mentioning that at the moment, there are some local studies
describe hydrological drought risk assessment in the frame of local problems:
impact of drought on the saltwater intrusion into rivers'®, drought forecasting®¢12°
drought assessment in the past®*#!, paleohydrology and drought assessment in the
past (low flow index (LFI) and flow duration curves were used)®*°. Only several
studies related to the comprehensive assessment of hydrological drought risk:
hydrological drought risk assessment in the past and future for South Korea®,
hydrological drought risk assessment in Malaysia“®.

The author input on the topic

The author provides a deeper understanding of how river intermittency
phenomena depend on physical geographical factors in Lithuania. Especially, this
topic is relevant for countries with a temperate/humid continental climate and
lowland rivers, where river intermittency is poorly studied.

Despite the widespread use of low flow indices in Lithuania, there remains a
significant gap in research that considers changes during the first two decades of
21st century. As a result, a comprehensive analysis of low flow and its trends in
Lithuanian rivers was performed.

The presented research covers the gap in knowledge by specifically addressing
hydrological drought risk in Lithuania. This includes the consideration of the longest
and most extreme drought events, identification of the most vulnerable regions,
spatial and temporal dynamics of hydrological drought, and forecasts for the future
based on two widely used RCP scenarios: RCP4.5 and RCP8.5.

The forecasting was carried out for six rivers from different hydrological
regions of Lithuania using the HBV software for the period from 2021 to 2100.
During the forecasting process, emphasis was placed on parameters that have the
greatest impact on the accuracy of low flow prediction during the warm period of
the year. In contrast to other studies, this approach allowed for a better exploration
of potential hydrological drought risks in the future.

In collaboration with colleagues, a hydrological drought index based on water
levels, known as the Standardised Water Level Index (SWLI), was developed and
tested. For rapid hydrological drought identification, an Excel application was
prepared, and a 10-day accumulation period was proposed for use as an operational
period.

A methodology for calculating hydrological drought risk assessment in
Lithuania has been developed, which concentrates mainly on water objects and
includes both components of hazard and vulnerability. This work is the first
comprehensive evaluation of hydrological drought risk in Lithuania and is among
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the first globally, with potential applications for other lowland regions. As a result of
this study, a detailed map has been generated, depicting the degrees of hazard,
vulnerability, and risk for each catchment.
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2. DATA AND METHODS

2.1. Input data for the dissertation work

Lithuania is situated on the eastern coastline of the Baltic Sea and covers
65,200 square kilometres. The country primarily features flat terrain, with its highest
point rising to 294 meters above sea level. Lithuania has a network of more than
22,000 rivers and streams, with a combined length exceeding 77,000 kilometres.

Typically, Lithuanian rivers exhibit an annual hydrograph characterised by a
peak discharge during early spring, a result of the substantial water flow caused by
spring snowmelt. However, for the most part, river discharges remain relatively low
during the warmer months.

To perform all calculations, a database comprising more than 150 WGSs and
38 meteorological stations, which did measurements in the past and currently active
within Lithuania’s territory, was analysed. For each specific task, the most suitable
stations were selected, considering the characteristics of river flow and the duration
of the observation period. The main stations are shown in Figure 2. Primary data
were obtained from the Lithuanian Hydrometeorological Service in the daily data
series format.

Input data for modelling

To investigate hydrological drought, six forecasting models were developed.
Three runoff models (for the Sventoji, Venta, and Minija rivers) were prepared to
analyse hydrological droughts according to SDI-12. The another three forecasting
models, encompassing the Nemunas River, along with Zeimena and Se$uvis, were
prepared to analyse hydrological droughts according to SWLI.

For successful river discharge forecasting, multiple datasets are essential,
including historical hydrological and meteorological data, land cover data, and data
from regional climate models (RCMs). Historical data from the period 1986-2005
encompassed daily discharge data, as well as daily temperature and precipitation
data retrieved from nearby meteorological stations. Physical-geographical data from
the CORINE database were collected for each river. The three RCMs (Table 1) used
for the 2021-2100 period were obtained from the EURO-CORDEX database
(www.euro-cordex.net, accessed on 21 October 2022).

Table 1. Key details of the selected RCMs

Ne Driving Model RCM Institute | Resolution | Ensemble
1 CNRM-CERFACS-CNRM-CM5 RCA4 SMHI

2 ICHEC-EC-EARTH RACMO22E KNMI 0.11° rlilpl
3 MPI-M-MPI-ESM-LR REMO2009 | MPI-CSC
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Fig. 2. Location of the main hydrological and meteorological stations

To adapt the RCM data, the quantile mapping method was employed, as per
the following equation:

StObszh(StCM RP)=ECDFOb%1(ECDFCM RP(StCM Fut)); (2)

Where St° represents the observed meteorological parameter, St *° stands
for the climate model output during the reference period, ECDF°™ refers to the
empirical cumulative distribution function for the observation period, ECDFM **
indicates the empirical cumulative distribution function for the climate model’s
reference period, and St“™ ™ represents the meteorological parameter projected for
the future period by the climate model.
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Input data for hydrological drought risk assessment

As already mentioned, daily hydrological and meteorological datasets were
taken from the Lithuanian Hydrometeorological Service. 1059 catchments from 19
main Lithuanian basins were taken for extensive analysis of Lithuania. Additionally,
SRTM raster data was used with 1 arc-second resolution from the following website:
https://earthexplorer.usgs.gov/ (accessed on April 21, 2023). Land cover, soil, and
lake data were sourced from https://www.geoportal.lt/geoportal/ (accessed on April
22, 2023).

2.2. Methods of the dissertation work

This dissertation work integrates the methodologies of 5 articles and is
presented in the form of 5 subsections corresponding to the objectives. According to
that, a distinct methodology was used to achieve each of the objectives. General
methodology was presented in Figure 3.
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According to Figure 3, the overall process of the research methodology can be
divided into several main blocks:

1. Study of the river intermittency phenomenon and intermittent rivers in
Lithuania (steps 1 and 2).

2. Study of low flow in Lithuanian rivers (steps 3 and 4)

3.  Investigation of historical hydrological drought and its dependency on
meteorological drought (steps 5-9).

4.  River runoff modelling and forecasting hydrological drought in the near
and far future (steps 10-14).

5. Creation of a hydrological drought risk assessment map (step 15-18).

According to the presented scheme, steps 2, 4, 7, 14, and 18 allow for the
synthesis of the work into a final result, namely: the identification of territories and
catchments in Lithuania at risk of hydrological drought.

2.2.1. Detail overview of block 1 (river intermittency)

The study focused on Lithuanian rivers and their flow intermittency during the
warm period of the year (May — September). To identify intermittent events, a
discharge threshold of 0.001 m®/s was implemented. The analysis included data from
16 water gauging stations (WGSs) with a duration of intermittent events of at least
three days. The hydrological data for these rivers encompass varying observation
periods, ranging from 13 to 63 years in length.

Key indices, such as the mean number of zero-flow days (mDUR), the
maximum number of zero-flow days (maxDUR), the mean annual frequency of
zero-flow periods (FREQ, %), mean flow during the warm period (Qp, m?s), and
timing of zero-flows (To), were calculated to analyse the intermittent patterns.

Correlation analysis was employed to examine the relationship between flow
intermittency indices and geographical factors. Catchment characteristics such as
area, slope, land use and soil types were considered.

2.2.2. Detail overview of block 2 (low flow indexes)

Low flow indices were assessed over three time periods: 1961-2020, 1961
1990, and 1991-2020. The 30Q index was calculated as the average of annual
consecutive minimum thirty-day flows. Additional low flow indices, namely 30Q95
and 30Q80, were derived from the frequency curve using yearly minimum
consecutive thirty-day average flows datasets with 95% and 80% thresholds
respectively (Fig. 4). These indices were used to establish thresholds for low flow
duration, maximum deviation, and deficit volume. For cross-scale comparisons,
specific low flow g values (30g, 30995, and 30g80) were calculated as g =
Q/A-1000 (Q: low flow discharge; A: catchment area), in I/s-km?,
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Fig. 4. Principal scheme of low flow index identification (example of the Sventoji at
Ukmergé WGS in 1973)

Using the FDC tool (Flow Duration Curves) in the HydroOffice software
package (version 2.1), 30Q95 and 30Q80 were computed, while the TLM tool
(Threshold Level or Sequence Peak Algorithm Methods) evaluated extreme flow
conditions, providing data on drought periods, maximum deviation, and deficit
volume. Maps of low flow indices were generated using Kriging interpolation in
ArcGIS 10.5 software, based on the assumption that spatial correlation between
sample points explains surface variation.

The TREND software (V.1.0.2.) facilitated statistical trend testing in
hydrological time series data, utilising the Mann-Kendall (MK) and Spearman’s Rho
(SR) nonparametric tests. MK detects linear or non-linear trends, while SR identifies
trend absence. Trends in 30Q data series were tested at significance levels a = 0.1 or
0.05 for both positive/negative or significant positive/negative outcomes.

2.2.3. Detail overview of block 3 (hydrological indexes)

One of the main indices for identifying hydrological droughts is the
Streamflow Drought Index (SDI), which is based on the same principles as the
Standardised Precipitation Index (SPI) index. The SDI index proves to be a
straightforward and efficient measure for tracking hydrological droughts by utilising
cumulative streamflow discharge data. In addition to the SDI, it is proposed to use
an index based on water levels, known as the Standardised Water Level Index
(SWLI). This approach would enable a faster response to the occurrence of
hydrological droughts. Mention drought indices were calculated according to
Equation 1.

| = (Xi-Xmean)/0; 1)

Where | — drought index;
Xi— is the variable of the selected period during the year i;
Xmean — 1S the long term mean data of the variable;
o — is the standard deviation for the selected period.
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As variables, precipitation, river discharge and water levels were used in
Equation 1. Also, all indices were calculated for a period of no less than 30 years, in
line with the necessary requirements.

To evaluate hydrological drought at different timescales, several accumulation
periods were used: 10 days, 1 month, 3 months, 6 months, 9 months, and 12 months.
The assessment of indices is carried out using the scale presented in Table 2.

Table 2. Original drought classes according to drought indices*

Drought class Index
Non-drought / wet period X>0.0
Mild drought / near normal conditions -1.0<X<0.0
Moderate drought -1.5<X<-1.0
Severe drought -2.0<X<-1.5
Extreme drought X<-2.0

Calculations with accumulation periods lasting more than 1 month were
performed using the software tool DrinC (Drought Indices Calculator). For the
calculation of ten-day accumulation periods, a custom Excel spreadsheet with
formulas based on Equation 1 was used, prepared personally.

In theory, there should be a linear (1:1) relationship between SWLI and SDI
values. But in practice, there are deviations from this relationship could stem from
various processes occurring in the riverbed, such as the growth of aquatic vegetation
or changes in the river bed. To assess the extent of variability in the correlation
curves between SWLI and SDI, calculations were conducted by inputting an x-value
(SDI coefficient) of -1.5 into the determination equation. This x-value represents the
threshold for severe drought in the SDI index and is theoretically expected to be the
same for the SWLI index. Using this approach, new severe drought threshold values
(SDTV) were determined for SWLI through the application of determination
equations in each river.

2.2.4. Detail overview of block 4 (river discharge forecasting)

One effective tool for river runoff forecasting is the Hydrologiska Byrans
Vattenbalansavdelning (HBV) software. Developed by the Swedish Meteorological
and Hydrological Institute (SMHI), this software provides a sophisticated platform
for simulating and predicting hydrological processes. By integrating hydrological
data, precipitation, temperature, and other relevant variables, the HBV software
empowers researchers and hydrologists to model and anticipate future hydrological
drought events. The water balance equation forms the basis of this software:

P—E-Q=d/dt[SP+SM+UZ+LZ+V]; 3

Where P represents precipitation, E stands for evaporation, Q denotes
discharge, SM indicates soil moisture, SP refers to snow pack, UZ represents the
upper groundwater zone, LZ signifies the lower groundwater zone, and V
corresponds to the volume of a lake or dam.
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The calibration of the developed hydrological models involved adjusting 16 to
19 main parameters, depending on the specific model. In both the calibration and
validation periods, the correlation coefficients (r) between the observed and
computed water discharges ranged from 0.68 to 0.88. These correlation values
highlight the hydrological models’ ability to predict runoff under changing climatic
conditions. To better investigate low flow conditions, the primary focus was on
parameters that directly influence warm-season runoff. This includes parameters
such as maximum soil moisture storage (fc), percolation capacity (perc), and the
recession of summer and autumn discharges (khq, k4), among others.

2.2.5. Detail overview of block 5 (hydrological drought risk assessment)

The assessment of hydrological drought risk (HDR) comprises two main
elements: drought hazard (HDHI) and drought vulnerability (HDVI). The overall
calculation procedure is illustrated in Fig. 5.
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Fig. 5. Overall procedure for calculating HDR
The primary equation was applied to calculate hydrological drought risk:
HDR=((WSD+WLD+R+RD)/4+(S+LULC+SL+L)/4)/2; 4)

Where WSD represents hydrological droughts with a duration of 5-16 days,
WLD stands for hydrological droughts lasting more than 16 days, R signifies average
precipitation, RD indicates the dependency of river runoff on rainfall, S represents
slope, LULC represents land use/land cover, SL refers to soil morphological
composition, and L denotes lake density. The first four variables represent the
drought hazard component, while the last four represent the drought vulnerability
component. The primary data for each variable (Table 3) were reclassified on a scale
of 0-1. An exception was only made for the variable “River runoff dependence on
rainfall” as there is no river in Lithuania that is entirely dependent or entirely
independent of rainfall.
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Table 3. Calculations and primary data of variables

Primary data limits

Variable . Description
before rescaling
WSD 16—75 events Q30 was used as a threshold for the identification of
WLD 2755 events drought events. Rescaled before use in GIS
The minimum and maximum annual values in Lithuania
R 572856 mm/yr were taken as limits for rescaling
RD 0-1 The maximum recorded value of river runoff dependence
on rainfall in Lithuania is 0.63, the minimum is 0.19.
S 0.0-42.2 Calculated from SRTM
Water — 0
Forest — 1
LULC Semi-natural area— 2 | Classification based on the analysis of consolidated data
Pasture/grassland — 3 scales in similar articles.
Agricultural lands — 4
Urban — 5
Given that clayey soils are associated with higher surface
Sand — 1 runoff, while sandy soils contribute to groundwater
SL ! formation, it was decided to assign the highest
Heavy clay — 10 vulnerability score to clayey soils, which are less
conducive to groundwater feeding source formation.
L 0—30% A lake density of 30% percent was taken as 0

Consequently, the minimum and maximum values for this variable do not
extend to 0 and 1, respectively. For spatial analysis, ArcGIS 10.5 software was used
to address specific tasks, including analysis of spatial patterns, interpolation, raster

processing, and raster calculations.
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3. OUTCOMES OF THE RESEARCH

Comprehensive research on the low flow of Lithuanian rivers is not possible
without considering its individual parameters or components. Therefore, only
multidimensional research can provide a comprehensive overview of the issue and
identify the most vulnerable areas. All components of the study (intermittency, low
flow, hydrological drought) are focused on examining the river flow, which is
smaller than the annual average flow, and describing how it changes due to climate
change. The relationship between the components of this work is presented in
Figure 6. The first four articles fully cover the analysis of the intermittency, low
flow, hydrological drought, while the fifth is overarching and reflects the catchments
in Lithuania that face the highest hydrological drought risk due to climate change.
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Fig. 6. Interconnections between intermittency (m%/s), low flow (m?/s) and
hydrological drought (SDI) for Svyla river at 2002

3.1. The variability investigation of the river intermittence, as an extreme part of the
river low flow, within Lithuania.

Climate change is causing widespread and inevitable alterations to the
hydrological patterns of water bodies around the globe. These same drivers are also
leading to changes in the prevalence and intensity of river intermittency. Since
intermittency is quite common, especially in small catchments, these events play a
vital role in ecosystems. Uncontrolled changes can cause irreparable damage to both
natural and anthropogenic environments. Accordingly, investigating their dynamics
and the factors influencing them is crucial.

Article 1: SARAUSKIENE, Diana, AKSTINAS, Vytautas, NAZARENKO,
Serhii, KRIAUCIONIENE, Jarat¢é and JURGELENAITE, Aldona. Impact of
physico-geographical factors and climate variability on flow intermittency in the
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rivers of water surplus zone. Hydrological Processes. 2020. Vol. 34, no. 24, p.
4727-4739. DOI 10.1002/hyp.13912

Chapter place in the thesis work: This chapter provides a brief review of
Article 1, which addresses Objective 1 and describes the most extreme aspects of
low flow and hydrological drought in general. Intermittent rivers are still relatively
understudied in Lithuania, despite their significant importance for ecosystems.
Consequently, this section aims to investigate this scientific gap.

Variability of river intermittency:

Except for one river (Daugyvené with an area of 487 km?), all the investigated
rivers range in size from 10.1 km? to 206 km?, and the average annual discharge
does not exceed 2.56 m%/s (Akmena river), with a 2-4 times reduction in average
summer discharge (Table 4). Notably, the key indicators of flow intermittency,
including zero-flow duration and frequency, revealed considerable variation among
the selected rivers. Among the studied rivers, the Agluona, Svyla, and Akmena
displayed the shortest mean flow intermittency durations (less than a day), along
with a more consistent flow throughout the year. This unique feature was observed
in the South-Eastern hydrological region and Western hydrological region of
Lithuania.

Table 4. Characteristics of river intermittency during the May — September period

River WGS Qr mDUR | maxDUR | FREQ To
Sesuva Kalnénai 0.475 3.00 24 14.3 195
Dotnuvélé Dotnuva 0.232 1.26 23 13.0 231
Smilga Pasmilgys 0.318 15.2 100 25.9 190
Sugvé Siaulénai 0.536 1.70 54 3.17 221
Alsa Paalsys 0.129 7.68 81 28.9 208
Pedamé Antkalniai 0.032 77.1 152 90.5 156
Imsré Jakaiciai 0.024 85.4 151 92.9 144
Pilvé Papilvis 0.274 19.9 79 50.0 206
Milupé Stoskai 0.050 53.6 129 88.9 157
Swyla Guntauninkai 0.396 0.11 6 1.89 241
Agluona Dirvonakiai 0.159 0.73 29 2.50 242
Daugyvené Rimgoniali 0.671 4.15 30 154 244
Yslykis Kyburiai 0.095 33.6 116 58.3 181
Platonis Vaineikiai 0.113 18.2 122 23.1 182
Sidabra Sarkiai 0.083 10.9 142 7.69 133
Akmena Tubausiai 0.842 0.26 11 2.33 174

The Pedamé and Imsré (the smallest rivers) showed highly intermittent
behaviour, an average of 77 to 85 days of zero-flow per year, respectively, during
the observation period. The Pedamé (152 zero-flow days) and Imsré (151 zero-flow
days) also showed the maximum recorded durations of flow cessation. Moreover,
the mean annual frequency of zero-flow occurrences pointed to regular flow
interruptions in the Pedamé, Imsré, and Milupé, spanning 89-93% of the
observation years. This characteristic classified these rivers as extremely
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intermittent. At the same time, six rivers had only a few instances of intermittency
(these include Svyla, Agluona, Akmena, Sugve, Sidabra, and geéuva).

Examining the observation period, the onset of flow cessation varied, from the
beginning of May (as seen in the Pedamé, Imsré, and Smilga) to the first part of
September (observed in the Daugyvené and Smilga). Analysis of available data
revealed that the highest frequency of zero-flow events occurred towards the end of
the warm season, particularly in August and September.

Assessing historical trends of stream intermittency in the studied rivers proves
challenging due to the absence of a unified observation framework. It is noteworthy,
however, that within the last two decades (2000-2018), the highest number of zero-
flow days were documented in 2006, 2015, and 2018.

River intermittency dependence on physical-geographical factors:

Physical-geographical factors, or catchment characteristics, included the
following indicators: catchment area (A), slope of the watercourse (S), forested areas
(For), agricultural lands (Agr), and various soil types (sandy loam (SL), light clay
loam (LCL), medium and heavy clay loam (MHCL), and peat (P)). These catchment
characteristics were correlated with indices of river intermittency to identify
interconnections between them. The analysis assessed the strength of relationships
between variables, focusing on moderate (0.50 to 0.70 or -0.50 to -0.70), high (0.70
to 0.90 or -0.70 to -0.90), and very high (0.90 to 1.00 or -0.90 to -1.00) correlation
coefficients.

Linear correlation analysis demonstrated that the mean discharge during the
warm period has a high correlation with the catchment area (Fig. 7). In addition to
its influence on river discharge, the catchment area also had a moderate negative
impact on the mean and maximum duration of zero-flow days, frequency, and a
positive correlation with the timing of intermittency indices (Table 5).
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Fig. 7. Relationships between variables

Watercourse slope emerged as the most influential factor in this analysis,
highlighting its impact on flow intermittency indices. The frequency and maximum
duration of intermittent events showed a moderate positive correlation with the
watercourse slope (r = 0.63 and r = 0.65 respectively), while the relation with the
index of mean duration had a high positive correlation (r = 0.77). Also, the timing of
zero-flow events exhibited a moderate negative relation (r = -0.68). In essence, a
steeper watercourse slope corresponds to earlier, more frequent, and longer-lasting
zero-flow events.

Indices of river intermittency did not significantly correlate with forest or
agricultural land percentages.

Table 5. Linear correlation coefficients between variables

. ) Soils, %
Indices A, km* | S, m/km | For,% | Agr, % SL CL | MHCL P
QP 0.74 -0.42 0.23 -0.29 0.18 -0.13 -0.42 0.43
mDUR -0.52 0.77 0.14 -0.07 -0.49 -0.14 0.64 -0.44
maxDUR | -0.53 0.65 -0.09 0.12 -0.53 0.20 0.49 -0.44
FREQ -0.50 0.63 0.10 -0.02 -0.36 -0.14 0.56 -0.47
T0 0.53 -0.68 -0.07 0.04 0.70 -0.27 -0.46 0.52
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The indices of zero-flow events are ambiguously correlated with different soil
types (Table 2). Sandy loam showed a strong positive relation with the timing of the
intermittent period (r = 0.70) (Fig. 3c). According to Table 2, one can observe the
difference between trends for different soil types (specifically SL and MHCL). From
this, we can conclude that the permeability of predominant soils in the river
catchment significantly influences groundwater storage and river supply during low
flow periods.

In general, intermittent rivers can occur in water surplus zones, and Lithuania
is no exception to this phenomenon. The majority of the identified intermittent rivers
are located in the Central hydrological region, where physical geographical factors
are the most suitable for their formation. The intermittency of rivers in Lithuania is
primarily influenced by factors such as the catchment area, slope, and soil type.

3.2. The spatial and temporal analyses of rivers’ low flow indicators in the past.

Low flow, a fundamental aspect of river flow regimes, emerges as a result of
reduced rainfall. Unlike river intermittency, low flow is a constant phenomenon and
is divided into winter and summer. Usually, summer low flow is more pronounced
and pernicious, and this study primarily focuses on it.

Article 2: NAZARENKO, Serhii, MEILUTYTE-LUKAUSKIENE, Diana,
SARAUSKIENE, Diana and KRIAUCIUNIENE, Jdraté. Spatial and temporal
patterns of low-flow changes in lowland rivers. Water. 2022. Vol. 14, no. 5, p. 801.
DOI 10.3390/w14050801

Chapter place in the thesis work: This chapter provides a brief review of
Avrticle 2, which addresses Objective 2 and describes the variability of low flow
indexes in Lithuania. Prolonged low flow situations lead to habitat deterioration,
issues with species dispersion, endanger ecosystems and communities and, in some
cases, contributes to river intermittency. Escalating global temperatures exacerbate
the concern, and this research aims to enhance our understanding of low flow
behaviour in lowland river catchments.

Variability of low flow indices: spatial and temporal analysis:

To assess regional low flow patterns, specific flow indices (30q, 30q95, and
30qg80) were employed for the selected periods (1961-1990, and 1991-2020) for
three hydrological regions of Lithuania (Table 6). The Southeastern hydrological
region (SE-LT) exhibited a rise in lower values across all indices during 1991-2020
compared to 1961-1990. In the Western (W-LT) and Central (C-LT) hydrological
regions, the distribution of low flow indices do not have clear tendencies.

Table 6. The range of selected low flow indices

19611990 19912020
309 30995 30980 30q 30995 30080
W-LT 128 2.63 | 0451.13 | 0.75156 | 1.04 2.32 | 0.49-1.23 | 0.74-1.69
C-LT 0.633.31 | 0.152.38 | 0.322.71 | 0.46-3.39 | 0.18 2.42 | 0.242.91
SE-LT 224507 | 1.20.3.77 | 1.66-4.84 | 2.62-5.06 | 1.51 3.77 | 1.87-4.25

In the Western (W-LT) region, the analysis of low flow index distribution
revealed a 30q average of 2.07 I/s-km? for 1961-1990, which decreased to 1.83
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I/s-km? in 1991-2020 (Fig. 8). Notably, the 30q values for the selected periods
exhibited little difference in the Central (C-LT) region, measuring 1.49 and 1.46
I/s-km?, and in the Southeastern (SE-LT) region, maintaining a consistent 3.97
I/s-km?2. The highest index values were consistently observed in the SE-LT region
for both periods, while the lowest values were found in the C-LT region.

1961-1990 1991-2020 Difference, %

30q

WGS
® 68.63 - 80.00

# 80.01 - 90.00

> 90.01 -110.00
©110.01 - 120.00
©120.01-127.38

30995

WGS

®63.54 - 80.00

@ 50.01 - 90.00

»90.01 - 110.00
110.01 - 120.00

120,01 -156.59

30980

0.32

Fig. 8. Distribution and changes of low flow indices across Lithuania

According to Fig. 8, all rivers in the western and central hydrological regions
show slight changes or decreases in the value of the 30g index by a minimum of
10%. Such results may indicate an increase in the frequency of extreme low flow
events, but without a corresponding increase in their severity (except for some
stations). In the case of the SE-LT region, characterised by consistently high index
values, there are mainly minor changes in low flow, suggesting greater stability in
this region.

Changes in low flow indices: trend analysis:

To examine changes in low flow patterns over time, the approach of utilising
thirty-year moving averages for trend analysis was adopted. Trend analysis for 17
datasets with 30Q data spanning the period from 1961 to 2020 was conducted using
the Mann—Kendall test, results are illustrated in Fig. 9. This methodology offers a
more detailed understanding of the evolution and dynamics of low flows. Prior to
1973, the majority of WGSs demonstrated positive or significantly positive trends,
with the exception of one WGS (Ula river) in the SE-LT region, which exhibited a
contrary trend. Subsequent to 1973, WGSs in the W-LT and C-LT regions
predominantly showed negative or significantly negative trends, while trends in the
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SE-LT region often lacked statistical significance. Notably, a solitary WGS at
Sventoji river (SVE2) in the SE-LT region exhibited substantial and sustained
increases in 30Q until 1976, standing out as the sole instance of consistent upward
trends across the observation period.

+
Trend direction -Sign.i.ﬁcanl positive lrend.l’ositive trend -Sign.ilicanl negative trend.NegaHve trend l:l.\’ol statisticaly significant trend

Fig. 9. Trend analyses using the Mann-Kendall test for 30Q

Broadly, the first half of the observation period in the W-LT and C-LT regions
was marked by statistically significant positive trends, whereas negative trends were
more concentrated in the middle and latter portions of the 1973-2020 timeframe. In
contrast, the SE-LT region’s WGSs displayed varying trend directions, particularly
over the entire observation period.

Identification of dry days based on low flow indices:

The indices 30Q80 and 30Q95 were used as threshold values for identifying
dry days. The first analysis was conducted within the three hydrological regions of
Lithuania. The temporal distribution of the average number of dry days for each
region (shown in Fig. 10) revealed that, for both thresholds, the average annual
number of dry days per river tended to decrease in the W-LT and SE-LT regions,
while increasing in the C-LT region. Generally, the highest concentration of dry
days occurred during the periods 1963-1976, 1992-2006, and 2015-2020.
Specifically, the driest years in different regions were: 1969 — W-LT region (33 days
for 30Q95, 76.5 days for 30Q80); 1971 and 2006 — C-LT region (47.3 days for
30Q80, 21.5 days for 30Q95, respectively); 1971 — SE-LT region (33.7 days for
30Q95, 64.4 days for 30Q80).
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Fig. 10. The mean count of dry days within the three regions: (a) using the 30Q95
threshold, (b) employing the 30Q80 threshold

Based on the above, the highest low flow indices were observed in the SE-LT
region, while the lowest were found in the C-LT region. The period from 1961 to
1990 is characterised by positive trends in low flow indices growth. There are no
significant trends for hydrological regions at the end of the studied period. In the C-
LT region, a trend towards an increase in dry days has been identified based on the
threshold indices of 30Q95 and 30Q80.

3.3. Investigation of the hydrological drought phenomenon according to
historical data.

Hydrological drought is a natural phenomenon in any ecosystem, but it has
wide-ranging impacts across various economic sectors and ecosystems, making it
one of the costliest natural disasters. Unlike low flow, hydrological drought is not
part of the river’s annual regime; it often covers longer time spans and leads to
consequences that cannot be restored by the usual rise in water levels. Therefore, in
the case of insufficient precipitation, it can persist continuously for several years. At
the same time, due to climate changes, drought is becoming stronger and more
frequent, leaving limited opportunities for adaptation.

Article  3:  NAZARENKO,  Serhii, KRIAUCIUNIENE, Jiraté,
SARAUSKIENE, Diana and JAKIMAVICIUS, Darius. Patterns of past and future
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droughts in permanent lowland rivers. Water. 2022. Vol. 14, no. 1, p. 71. DOI
10.3390/w14010071

Article  4: NAZARENKO, Serhii, KRIAUCIONIENE, Jaraté,
SARAUSKIENE, Diana and POVILAITIS, Arvydas. The development of a
hydrological drought index for Lithuania. Water. 2023. Vol. 15, no. 8, p. 1512. DOI
10.3390/w15081512

Chapter place in the thesis work: This chapter provides a brief review of
Article 3 and Article 4, which addresses Objective 3 and providing insights into the
analysis of historical hydrological droughts. Investigating hydrological drought
represents a distinct approach to analysing river conditions from low flow analysis.
Given that hydrological drought is less studied in Lithuania than meteorological or
agricultural droughts, there is a need to fill this research gap.

Variability of hydrological drought at different time scales:

Duration represents one of the fundamental attributes of droughts. The interval
of drought was identified as the time frame starting from the month when the SDI
value reached or fell below -1 and ending when value become higher than -1. At
Fig. 11, the duration of the most extensive droughts increased in tandem with the
increasing of the accumulation period. On average, hydrological droughts in the W-
LT region exhibited briefer durations compared to those in the SE-LT and C-LT
regions.
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Fig. 11. The duration of hydrological drought in months (with increasing accumulation
periods from left to right: 1, 3, 6, 9, and 12 months, respectively)

The maximum duration of drought was recorded within the SE-LT region
(specifically in the Sventoji catchment) during a 12-month accumulation period.
This protracted drought endured for 42 months, spanning from May 1971 to October
1974. Notably, the extreme SDI-12 values for this river (-2.46) were also recorded in
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this time period, specifically in October 1972. Comparatively, the W-LT region had
the shortest maximum drought duration, spanning 23 months based on SDI-12. This
timespan was observed in two rivers within the region, namely the Akmena and
Minija, during the period from December 1975 to October 1977.

Based on SDI-1 (Fig. 12), the Western hydrological region exhibited the least
number of Severely Dry and Extremely Dry months, whereas the Southeastern
hydrological region recorded the highest count. Although SDI-3 displayed similar
distinctions between regions, they were less pronounced. The analysis of SDI-6
indicated no significant variations among regions. SDI-9 and SDI-12 highlighted
extended droughts being more prevalent in the W-LT and C-LT regions, with
catchments in the SE-LT experiencing fewer dry months.
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Fig. 12. The number of mounts with hydrological drought (left figure — SDI-1, right
figure — SDI-12)

From Fig. 12, it can also be concluded that more frequent river feeding
through short-term rains reduces the risk of hydrological drought development (SDI-
1). However, with an increase in the accumulation period, underground feeding in
the SE-LT contributes to greater resilience against droughts (SDI-12), as short-term
rains cannot fill a prolonged water deficit.

Historical analysis of hydrological drought:

» Based on SDI-12

According to the SDI analysis with a 12-month accumulation period (Fig. 13),
a prolonged period of drought extended from late 1964 to the latter part of 1977
within Lithuania, marked by peaks in 1969, 1972, and the interval of 1976-1977.
From 1977 to 2003, a predominantly moist period or near-normal conditions were
observed, with minor interactions of dry periods (characterised by drought values up
to -1.5) that affected the majority of Lithuania, especially in 1993 (mainly prevalent
in the C-LT region), as well as in 1996 and 2001. In 2003 and 2006, droughts
formed with extreme values (index values <-2.0). Starting from 2009, the drought
index mostly remained within the range of near-normal conditions. From 2018
onwards, a prolonged hydrological drought began to develop across the entirety of
Lithuania until the end of the studied period.
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South-eastern hydrological region

Merkys-Puvociai
Ula-Zervynos
Verkneé-Verbyliskes
Sréva-Semeliskés
Zeimena-Pabradé
Sventoji-Anykséiai
Sventoji-Ukmergé

Nevézis-Panevézys
Susve-Siaulénai
Nemunélis-Tabokiné

Musa-Ustukiai
Venta-Papilé
Venta-Leckava

Jura-Tauragé
Akmena-Paakmenis
Minija-Kartena
Bartuva-Skuodas

2011 2020

Fig. 13. Graphical representation of the SDI-12 index during 1961-2020 (where green

represents months with higher moisture levels, red signifies drier months, and white

corresponds to periods with no available data, the intensity of the events is reflected through

the colour brightness)

» Based on SWLI
The SWLI index (with SDTV) was used to identify hydrological drought over

a span of 30 years (from 1991 to 2020). Fig. 14 depicts the count of days with
hydrological drought (only severe drought and extreme drought) during the warm
period of the year (May — October) for each river.

The most significant occurrence of drought was documented in 2006, 2019,

and 2020, with 2019 standing out as the driest year. Additionally, specific and
prolonged occurrences of severe drought were identified in 1992 and 2002. It is
worth highlighting a general pattern suggesting an increase in the frequency of days
marked by severe dryness.

Mer-Puv
Ner-Jon
Zei-Pab
Sve-Ukm
Nev-Pan
Dub-Lyd
Mit-Zin
Ses-Ski
Min-Kar
Svy-Gun
Nem-Tab
Mus-Ust
Ven-Lec
Bar-Sku

Fig. 14. Distribution of hydrological drought events over time (1991-2020) using

SWLI with SDTV (dry days were depicted using a colour gradient, with green indicating
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At this stage, it is worth noting that Fig. 14 differs from Fig. 13 in certain
aspects, as a smaller observation period is employed (a longer analysis term yields a
more precise distribution of index values). Additionally, the accumulation period
differs (10 days for SWLI and 12 months for SDI), impacting the detection of
droughts with varying durations and formation patterns. For instance, a continuous
30-day drought according to SWLI might not be accounted for in SDI due to the
other 11 months, which are relatively wet and negate the impact of one dry month.
Conversely, a scenario can arise where no strong drought is observed over a
prolonged period with a 10-day SWLI calculation, but extreme values might emerge
in the SDI-12 index due to the cumulative synergistic effect of all 10-day segments
with small runoff deficits. Therefore, for comprehensive hydrological drought
identification, combining short accumulation periods with longer ones is advisable
to detect droughts at all levels.

Relation between SDI and SWLI:

For a comprehensive comparison, 15 Lithuanian rivers from distinct sub-
basins were selected. According to both indices, the analysis revealed that May has
the highest count of severely dry days in Lithuania during the warm period. This
trend was identified across 7 out of the 15 rivers and is presented in Fig. 15.
Generally, SWLI and SDI exhibit similar trends; however, SWLI demonstrates a
greater number of dry days. This discrepancy could stem from more pronounced
water fluctuations due to the steepness of the riverbed in WGSs.

May a) b)
8
6
October 4 June October June
2f
»
September July September July
August August
SDI #—SWLI(-1.5) —#=SWLI(SDTV) SDI #—=SWLI(-1.5) —@=SWLI(SDTV)

Fig. 15. Relationship between SWLI and SDI: (a) the number of rivers according to
month with the highest count of severely dry days; (b) average number of severely dry days
per month (from 1991 to 2020)

For a detailed comparison of the indices, 3 rivers were selected. The
fluctuations of both the SWLI and SDI indices are illustrated in Fig. 16. Essentially,
the fluctuations in index values are replicated.
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Fig. 16. Relationship between SWLI and SDI for the years 1991—-2020: (a) Nemunas-
Smalininkai; (b) Zeimena-Pabrad¢; (c) Sesuvis-Skirgailai

The analysis of hydrological drought revealed disparities among hydrological
regions regarding maximum drought duration, extreme values, and drought
distribution based on accumulation periods. The most severe hydrological droughts
were observed during the dry periods of 1961-1977, 2000-2007, and 2018-2020. It
is worth noting that the results obtained through SDI are quite similar to those from
SWLLI, and the index based on water levels can be applied for operational drought
response.

3.4. The frequency and severity forecast of hydrological drought in the near
and far future.

In the face of climate change, the adaptation and mitigation of hydrological
droughts have gained heightened importance. Since water resources play a pivotal
role in sustaining ecosystems, agriculture, industries, and communities, the ability to
predict periods of water scarcity and their potential impacts is of utmost importance.
Therefore, forecasting is an essential component in hydrological drought
investigation.

Article  3:  NAZARENKO, Serhii, KRIAUCIONIENE, Jarate,
SARAUSKIENE, Diana and JAKIMAVICIUS, Darius. Patterns of past and future
droughts in permanent lowland rivers. Water. 2022. Vol. 14, no. 1, p. 71. DOI
10.3390/w14010071
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Article  4:  NAZARENKO, Serhii, KRIAUCIUNIENE, Juraté,
SARAUSKIENE, Diana and POVILAITIS, Arvydas. The development of a
hydrological drought index for Lithuania. Water. 2023. Vol. 15, no. 8, p. 1512. DOI
10.3390/w15081512

Chapter place in the thesis work: This chapter provides a brief review of
Article 3 and Article 4, which addresses Objective 4 and lays out insights into the
forecast of hydrological droughts. Hydrological drought research should not be
limited to the analysis of past events alone; forecasting is a crucial aspect of drought
investigation. Regional climate models, in conjunction with hydrological models,
enable the assessment of potential risks associated with future hydrological drought
occurrences.

Analysis of modelled data according to SDI-12:

Based on the SDI-12 calculated using the RCP 4.5 scenario, the projected
severe and extreme dry months are expected to remain similar to the historical
period for the Venta River, decrease for the Sventoji River, and increase for the
Minija River (Table 7 and Fig. 17a,c). For the RCP 8.5 scenario, a decrease in the
severely and extremely dry categories is noted, while an increase in the moderate
drought category is observed (Table 6 and Fig. 17b,d). The percentage of drought
decreases for the Sventoji River and slightly decreases for the Minija River, while a
slight increase is observed for the Venta River under the RCP 8.5 scenario. In
general, for both scenarios and all rivers, an increase in drought is expected in the
latter half of the 21st century.

Table 7. Percentage distribution of drought classes in the past and future according
to SDI-12

Period Drought Sventoji— Venta— Minija—
class Ukmergé Leckava Kartena
Moderate 10.98 6.35 7.19
Historical 1?(15(1)(')%/2)20 Severe 4.83 6.77 6.63
Extreme 2.49 1.97 3.53
Moderate 4.38 4.48 4.27
20&2510'02/0(;60 Severe 1.56 2.29 2.71
RCP 45 Extreme 0.83 0.21 1.04
' 2061-2100 Moderate 5.52 5.10 5.42
(50%) Severe 2.61 4.27 4.06
Extreme 1.56 1.98 1.15
Moderate 5.21 3.85 5.73
20(2510'02/0(;60 Severe 0.73 0.52 1.46
RCP 8.5 Extreme 0.00 0.00 0.11
' Moderate 5.94 6.98 6.46
2061-2100
(50%) Severe 3.13 3.44 1.56
Extreme 0.73 0.83 0.94
Overall, based on the modelled data for the near future under both climate

scenarios, the Minija River appears to be more susceptible to drought compared to
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the Venta and Sventoji rivers (Fig. 17). Furthermore, in the far future, the Sventoji
River is anticipated to experience a higher occurrence of extreme dry events
compared to the Minija and Venta rivers.

05

a) b)

A

04

d)

Sventoji Venta —Minija

Fig. 17. Changes of SDI-12 in future: (a) RCP 4.5 near future; (b) RCP 8.5 near
future; (c) RCP 4.5 far future; (d) RCP 8.5 far future

Analysis of modelled data according to SWLI:

The analysis of hydrological droughts in the future, as indicated by SWLLI,
suggests that a majority of drought events are anticipated in the distant future (Table
8). An exception is noted in the case of the Sesuvis River under the RCP4.5
scenario. A comparison between projected and historical data has uncovered an
increase in the percentage of severe and extreme droughts in rivers such as the
Zeimena and Sesuvis. However, a converse trend was identified for the Nemunas
River. This contrast may stem from the larger catchment area of the Nemunas River
and a narrowing of water level fluctuations.

Table 8. Percentage distribution of drought in the past and future scenarios
according to SWLI

Period Nemunas— Zeimena— Sesuvis—

Smalininkai Pabradé Skirgailai
Historical 19912020 5.94 5.80 3.80
2021-2060 2.98 3.65 5.10
RCP45 2061-2100 5.88 10.67 5.04
2021-2060 0.34 3.98 2.91
RCP8.S 2061-2100 9.52 10.34 6.55

According to the forecasting results, the majority of hydrological droughts are
projected to occur at the end of the 21st century. Under both climate scenarios

46




(RCP4.5 and RCP8.5), there will be an increase in the amplitude between the
highest and lowest extreme values. This, in turn, will compel aquatic ecosystems to
adapt to the abrupt changes between flood and low flow periods. Meanwhile,
hydrological drought trends in Lithuanian rivers may vary depending on the chosen
RCP scenario and hydrological region.

3.5. Development of the hydrological drought risk map and identification of the
most vulnerable regions in Lithuania.

In recent years, a surge in the development and application of diverse
techniques for drought assessment, ranging from statistical analyses to sophisticated
modelling approaches, is being witnessed. However, in cases where extreme weather
events, including droughts, increase in frequency and severity, it is crucial not only
to identify drought occurrences but also to comprehend their origins and assess the
vulnerability of regions to minimise future impacts. Ignoring drought patterns in
strategic planning can lead to dire consequences, including water scarcity, food
insecurity, and substantial economic losses. According to that, building resilience or
adapting to drought must be underpinned by a thorough analysis of a region’s risk.

Article 5: NAZARENKO, Serhii, SARAUSKIENE, Diana, PUTRENKO,
Viktor and KRIAUCIUNIENE, Jiraté. Evaluating hydrological drought risk in
Lithuania. Water. 2023. Vol. 15, no. 15, p. 2830. DOI 10.3390/w15152830

Chapter place in the thesis work: This chapter provides a brief review of
Acrticle 5, which addresses Objective 5 and describes the hydrological drought risk
map of Lithuania. This section concludes the general research and summarises all
the achievements of previous chapters in the form of a hydrological drought risk
assessment map. Building resilience and adapting to drought necessitate a
comprehensive regional risk analysis. Considering the existing research gap in
hydrological drought risk assessment in Lithuania, this chapter aims to address it.

Assessment of Hydrological Drought Hazard by hydrological regions:

The distribution map of the HDHI (Fig. 18) highlights the formation of two
poles: the northern part exhibits the highest hazard scores, whereas the southern part
displays the lowest. This pattern corresponds to Lithuania’s topography and the
distribution of hydrological regions. Notably, the central hydrological region holds
the largest proportion of areas classified as high and very high risk, comprising
65.1%. The lower hazard in the western hydrological region is largely attributed to
the impact of a maritime climate and precipitation, which create less favourable
conditions for drought occurrences. In contrast, the south-eastern hydrological
region stands out with the highest percentage of low and moderate hazard classes,
accounting for 83.3%.

47



e

S b A nag®
2 ﬁii&'ﬂ"/[ i AARR
% s R B

h
bRl
T E‘ v

ot
S R 0 R O U

N

Hydrological Drought Hazard Index
I 0.00-0.29 Low
[ 0.30-0.43 Moderate
[ ] 044-053 Average

0 30 60 120 180 240
[ ]054-068 High i e wmm Kilometers

I 0.69-1.00 Very high

Fig. 18. Map of the hydrological drought hazard index

Assessment of Hydrological Drought Vulnerability by hydrological regions:

The HDVI map shows slightly different trends and does not clearly exhibit
distinct clusters with uniform vulnerability levels (Fig. 19). Only the northern part of
the central hydrological region can be recognised as the most consistent area with
high vulnerability indicators. Conversely, the map of drought vulnerability displays
a notably broader distribution of values corresponding to high and very high
categories. This variance might be attributed to the diverse nature of variables
affecting vulnerability assessment, as some of them are directly influenced by
human activity, such as LULC. Similarly, to the drought hazard map, the central and
western hydrological regions display the highest proportion of territory categorised
under high and very high classes, specifically: 88.6% and 77.0% respectively.
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Meanwhile, for the Southeastern hydrological region, this percentage stands
at 52.5%.
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Fig. 19. Map of the hydrological drought vulnerability index

Assessment of Hydrological Drought Risk by hydrological regions:

The hydrological drought risk (HDR) map (Fig. 20) exhibits distinct cluster
formations with notably high values in the northern region and an elongated cluster
characterised by low to moderate risk levels in the southeast. Such results in the
southeast are closely related to the southeastern hydrological region. The low risk
values in the southern and eastern areas can be elucidated by the presence of
numerous lakes and forests, as well as the elevation influence. Conversely, the high
hydrological drought risk values in the north can be attributed to the lack of lakes
and forests, precipitation, and, to some extent, soil attributes.
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The generated map reveals that a substantial portion of Lithuania falls within

the high and very high-risk categories (49.8%), while only approximately 24.4%
falls within the low and moderate-risk categories.
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Fig. 20. Map of the hydrological drought risk index

Regarding the hydrological drought risk, the patterns observed in the
hydrological regions persist across HDHI and HDVI. In line with this, the
Southeastern hydrological region continues to exhibit the lowest percentage of
hydrological drought risk, encompassing 10.4% of the territory classified under the
high and very high-risk categories. Conversely, the western and central hydrological
regions demonstrate higher values, accounting for 61.1% and 72.7% respectively.

According to the results, more than 70% of Lithuania is classified as having
high and very high vulnerability, with 39% falling into the same hazard class.
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Moreover, nearly half of the country belongs to the high-risk category for
hydrological drought (49.8%). Notably, the SE-LT region of Lithuania stands out
from other areas due to its lower risk indices for hydrological drought and its
physical-geographical characteristics. The highest concentration and value of very
high risk correspond to the Musa and Lielupe River basins in the northern part of the
C-LT region.
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4.

CONCLUSIONS

After analysing changes in river runoff and hydrological droughts, assessing

their dependence on climate change, and conducting a hydrological drought risk
assessment for Lithuanian rivers in the past and future, the following patterns have
been identified:

1.
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During the research, 16 intermittent rivers were identified in Lithuania. The
highest concentration of intermittent rivers is found in the Central hydrological
region. Currently, indices of intermittency show significant correlations with
catchment area (r=0.74) and watercourse slope (r=0.77). However, these
indices also depend on climate change, it is expected that the number of
intermittent rivers, occurrences of intermittent events, and their duration will
increase in the future.

. Within Lithuania, low flow indices are distributed unevenly. The highest values

are observed in the SE-LT region (30q.=3.98 I/s-km?), while the lowest are in
the C-LT region (300.=1.47 I/s-km?). With climate change, the positive trend
of increasing low flow indices in the past disappeared after 1973. In the last 30
years, there are no consistent trends in hydrological regions, except for few
individual rivers with significant negative or positive trends.

. The hydrological regions of Lithuania differ from each other in terms of the

duration and severity of hydrological drought. The most severe hydrological
droughts were identified during the arid periods of 1961-1977, 2000-2007, and
2018-2020. The longest hydrological drought was recorded in the SE-LT
region (lasting 42 months from 1971 to 1974); however, the highest number of
drought months, as well as the most extreme droughts during the warm period
of the year, were observed in the C-LT and W-LT regions.

. According to forecasting models based on climate scenarios RCP4.5 and

RCP8.5, there will be an intensification of extreme drought values in the future,
leading to a greater amplitude of river flow between wet and dry periods.
According to forecasted data, the frequency of hydrological droughts will be
highest in the distant future (2061-2100). Out of the six forecasting models,
only the model for the Venta River (which represent C-LT region) shows a
stable trend to increasing severity of drought events in both scenarios, while the
trends of other models change according to the RCP scenario.

. According to the assessment of hydrological drought risk, about half of

Lithuania’s territory is within the range of high and very high risk, while only
24.4% of the catchments area falls within the low and moderate risk. The
largest cluster of high-risk values is identified within the northern part of the C-
LT region (Musa and Lielupe River basins). The lowest risk indices are
observed in the SE-LT region, which can be attributed to the influence of soil
types, groundwater feeding sources, wide spread of lakes and forests, as well as
the impact of the Baltic Highlands on the local climate.



6. Also, within the scope of the study, several gaps were identified that should be

investigated in the future: 1) currently, there is a lack of data from water
gauging stations on the small river catchments (usually hydrological
measurements are conducted in large river basins where cases of river
intermittency are not recorded), which complicates the study of intermittence
phenomenon; 2) due to the ongoing climate changes, the analysis of
hydrological drought in both short and long accumulation periods should be
conducted continuously; 3) irreversible climate changes necessitate research
that explores adaptation possibilities and increasing the resilience of existing
ecosystems and, directly, catchments; 4) this research was focused on the risk
analysis of hydrological drought for hydrological objects; however, to assess
the impact of hydrological drought risk on society, additional risk analysis is
required, with including socio-economic indicators.
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5. SANTRAUKA

1. JVADAS

Skirtingy hidrologiniy regiony upés pasizymi savitu hidrologiniu rezimu®?,
taciau iSsiskiria dvi nuotékio fazés — potvynis ir nuosékis. Pasikartojantis reiskinys
hidrologiné sausra reiSkia vandens trikuma upéje®*. Dél hidrologinés sausros ir
nuosékio laikotarpio upés debitai tam tikru laikotarpiu sumazéja®®. Upiy nuosékio ir
hidrologiniy sausry désningumai priklauso nuo fiziniy geografiniy salygy bei
meteorologiniy veiksniy.

Vienas i§ pagrindiniy upiy nuotékio formavimosi veiksniy yra krituliai ir
temperatiirat®. Naujausi tyrimai rodo, kad klimato kaita’® turi didelés jtakos upiy
minimaliy debity® ir hidrologiniy sausry®>®!! kaitai bei jy désningumams.
Hidrologiniy sausry daznéjimas bei nuosékio debity mazéjimas upiy baseinuose
kelia vis didesnj susirtipinimg®®'213, Minéti hidrologiniai reiskiniai reikSmingai
veikia vandens ekosistemy ekologing pusiausvyrg ir nuo vandens iStekliy
priklausanc¢ia zmogaus veikla®®81%12 Norint veiksmingai valdyti vandens iSteklius
ir jgyvendinti prisitaikymo strategijas, labai svarbu suprasti upiy nuosékio
laikotarpio debity désningumus klimato kaitos kontekste ir jvertinti hidrologinés
sausros rizika.

Ypa¢ dél klimato kaitos svarbu visapusiskai iStirti upiy nuosékio ir
hidrologinés sausros reiskinius jvairiais lygmenimis: vietiniu*®"1214  regioniniu®>-2!
ir pasauliniu®®t1822-26 Hidrologiniy sausry ir upiy nuosékio désningumai yra gerai
iStirti regioniniu ar pasauliniu lygmeniu, taciau vietiniu lygmeniu tokiy tyrimy
atlikta zymiai maziau. Tai ypa¢ svarbu prognozuojant hidrologines sausras tam tikry
upiy baseinuose. Hidrologinés sausros rizikos vertinimas tiek vietiniu, tiek Salies ar
regioniniu lygmeniu tampa itin svarbus dél klimato kaitos.

Ne maziau yra svarbi upiy nuotékio ir hidrologiniy sausry prognozé. Siuo
metu yra daug upiy nuotékio prognozavimo skaitmeniniy modeliy, taciau tik keli i$
ju yra specialiai orientuoti upiy nuosékiui (minimaliems debitams) prognozuoti.
Upiy hidrologiniam rezimui skaiCiuoti gali buti naudojami jvairis modeliai ir
programiné jranga, pavyzdziui: HBV modelis?’, TOPMODEL?, VIC modelis®,
MIKE SHE modelis®®, SWAT modelis®® ir kt. Modeliuojant upiy nuosékio
laikotarpio debitus Vidurio ir Siaurés Europoje?” 3, jskaitant Lietuva®, HBV
modelis issiskiria savo populiarumu. Sis modelis gali tiksliai vertinti minimalius
vandens debitus®, taciau jis upiy nuosékio debitams prognozuoti Lietuvoje dar
nenaudotas.

Nuos¢kio laikotarpiais, kurie susij¢ su sumazéjusiu krituliy kiekiu ir
padidéjusia evapotranspiracija>5®3¢, upése triiksta vandens (arba upés visai
priklausomy veikly sutrikimus®'233% Lietuvoje, kur upiy vandens iStekliai turi
jtakos jvairiems ekonomikos sektoriams®’®, Todél labai svarbu nustatyti upiy
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nuosékio kaitos désningumus ir jvertinti su tuo susijusig hidrologinés sausros rizika.
Lietuvoje hidrologinés sausros tyrimy néra daug, o specialiai hidrologinés sausros
rizikos vertinimui skirty tyrimy apskritai néra. Todél, atsizvelgiant | numatoma
klimato kaitos poveikj regioninei hidrologijai, biitina detaliai iStirti upiy nuosékio
aspektus Lietuvos upiy baseinuose.

Disertacinio darbo tyrimo rezultatai pateikia i§samy Lietuvos upiy nuosékio
(minimaliy vandens debity ir upiy iSdzitivimo parametry) ir hidrologiniy sausry
désningumy vertinimg praeityje ir ateityje. Tokiy duomeny prieinamumas suteiks
vertingy jzvalgy gamtosaugos politikos formuotojams, vandens istekliy valdytojams
ir suinteresuotoms Salims, dalyvaujanfioms jgyvendinant subalansuota Lietuvos
upiy vandens istekliy valdymg. Gauti rezultatai suteiks naujos informacijos nustatant
pazeidziamus rajonus dél sausry ir padés kuriant prisitaikymo strategijas, sieckiant
$velninti neigiama daznéjanciy hidrologiniy sausry poveikj.

1.1. Darbo tikslas, uzdaviniai ir mokslinis naujumas

Darbo tikslas. Istirti Lietuvos upiy nuosékio ir hidrologiniy sausry
désningumus, jy priklausomybe nuo klimato kaitos bei jvertinti sausry rizika
Lietuvos upéms praeityje ir ateityje.

UZdaviniai:

1. Istirti nuosékio ekstremumy (upiy iSdzitivimas) Kkaitos désningumus
Lietuvos teritorijoje.

2. Remiantis istoriniais duomenimis, i$analizuoti upiy minimalaus debito
rodikliy erdvinj ir laikinj pasiskirstyma.

3. Remiantis istoriniais duomenimis, istirti Lietuvos upiy hidrologiniy
sausry kaitg ir jos désningumus.

4.  Prognozuoti hidrologinés sausros daznumg ir intensyvuma artimoje ir
tolimoje ateityje.

5. Sukurti hidrologiniy sausry rizikos Zemélapius ir identifikuoti labiausiai
pazeidziamus Lietuvos regionus.

Ginamieji teiginiai:

1. Lietuvoje dazngja upiy iSdzitivimo reiskiniai.

2. Vykstant klimato kaitai, Lietuvos upiy nuosékio analizé rodo
reik§mingus minimaliy vandens debity poky¢iy trendus.

3. Klimato kaita lemia hidrologiniy sausry daznuma ir intensyvuma
Lietuvoje.

4.  Hidrologiniy sausry rizikos zemélapiai bus naudingi sprendziant ateityje
ekologines, socialines ir ekonomines problemas.

Mokslinis naujumas:

»  Upiy isdziGivimo reiskiniai gan menkai tirti Lietuvoje. Darbe pirma karta
pagal istorinius duomenis buvo istirti Lietuvos upiy i§dZiGivimo parametrai (data,
procesus.

» Lietuvoje S8iuo metu triksta naujausiy upiy nuosékio tyrimy.
Disertaciniame darbe sukurta originali upiy nuosékio ir hidrologiniy sausry
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vertinimo kaitos metodika ir nustatytos minimaliy vandens debity (30Q, 30Q95 ir
30Q80 indeksai) pokyciy tendencijos 1961-2020 m. laikotarpiu. Naudojant
minimalaus debito indeksus hidrologinei sausrai vertinti, atlikta trijy Lietuvos
hidrologiniy rajony sausry daznio ir trukmés analize.

» Iki Siol Lietuvoje hidrologiniy sausry kaita buvo vertinta tik pagal
istorinius duomenis. Siame darbe pirma kartg Lietuvoje atlikta hidrologinés sausros
indeksy prognozé ateities laikotarpiams, naudojant jvairius klimato scenarijus ir
modelius. Naujas standartizuotas vandens lygio indeksas (SWLI) buvo pritaikytas ir
testuotas Lietuvos upiy operatyviniam hidrologiniy sausry vertinimui.

» Kai kuriose Europos Salyse, taip pat ir Lietuvoje, dar néra sukurta
hidrologiniy sausry rizikos vertinimo zemélapiy. Tokie Zemélapiai reikalingi norint
nustatyti labiausiai pazeidziamas sritis. Disertaciniame darbe buvo sudaryti visos
Lietuvos teritorijos upiy baseiny hidrologiniy sausry grésmés, pazeidziamumo ir
rizikos Zemélapiai. Jvertinus Zemélapiy informacijg, galima i$ anksto imtis veiksmy,
siekiant padidinti ekosistemy atsparuma tolesniems klimato pokyc¢iams ir i§vengti
nuostoliy zmogaus vykdomoms veikloms.

Praktiné darbo reik§mé

Atlikti tyrimai gali buti pritaikyti efektyvesniam Lietuvos vandens istekliy
valdymui. Norint optimizuoti vandens paskirstyma tarp naudotojy, uztikrinti tvary
vandens tiekimg ir jgyvendinti vandens geros biuklés i§saugojimo strategijas, labai
svarbu suprasti upiy nuosékio désningumus ir hidrologinés sausros rizika.
Moksliniai tyrimai padéjo nustatyti dél hidrologiniy sausry pazeidziamus rajonus ir
upiy baseinus bei numatyti biisimus pokycius. Tai leisty valdzios institucijoms
parengti priemones, kurios sumazinty neigiama klimato kaitos poveiki vandens
iStekliams. Hidrologinés sausros rizikos jvertinimas prisideda prie pastangy mazinti
nelaimiy rizika, leidziant sukurti iSankstinio jspéjimo sistemas ir nenumatyty atvejy
planus, kad biity sumazintas sausros poveikis ekosistemoms, zemés tikiui, energijos
gamybai ir kitiems paZzeidZziamiems sektoriams. Sio tyrimo rezultatai galéty biiti
naudingi jgyvendinant vandens valdymo planus siekiant geros vandens buklés.
Vandens politikos formuotojai gali panaudoti tyrimo rezultatus spresdami kintanciy
hidrologiniy salygy keliamus isstkius.

Darbo aprobacija moksliniuose straipsniuose ir konferencijose. 5 moksliniai
straipsniai disertacijos tema publikuoti ISI Web of Science referuojamuose
zurnaluose su citavimo indeksais. Disertacijos tema atlikty tyrimy rezultatai
pristatyti 9 mokslinése konferencijose, i$ kuriy 5 tarptautinése konferencijose.

Darbo apimtis ir struktiira. Disertacija sudaro santrumpy sarasas, jvadas,
literatiiros apzvalga, tyrimo metodika, rezultatai ir jy aptarimas, i§vados, literatiiros
sarasas, publikacijy sarasas, gyvenimo apraSymas, santrauka lietuviy kalba.
Disertacijos apimtis — 91 puslapis, 20 paveiksly, 8 lentelés ir 131 literattiros Saltinis.

1.2. Moksliniai straipsniai ir bendraautoriy indélis

Disertacijos tematika paskelbti 5 moksliniai straipsniai:
1 straipsnis: SARAUSKIENE, Diana, AKSTINAS, Vytautas, NAZARENKO,
Serhii, KRIAUCIUNIENE, Jirat¢é and JURGELENAITE, Aldona. Impact of

56



physico-geographical factors and climate variability on flow intermittency in the
rivers of water surplus zone. Hydrological Processes. 2020. Vol. 34, no. 24,
p. 4727-4739. DOI 10.1002/hyp.13912

2 straipsnis: NAZARENKO, Serhii, MEILUTYTE-LUKAUSKIENE, Diana,
SARAUSKIENE, Diana and KRIAUCIUNIENE, Jdraté. Spatial and temporal
patterns of low-flow changes in lowland rivers. Water. 2022. Vol. 14, no. 5, p. 801.
DOI 10.3390/w14050801

3 straipsnis: NAZARENKO, Serhii, KRIAUCIONIENE, Jirate,
SARAUSKIENE, Diana and JAKIMAVICIUS, Darius. Patterns of past and future
droughts in permanent lowland rivers. Water. 2022. Vol.14, no.1, p.71.
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Viktor and KRIAUCIUNIENE, Jiraté. Evaluating hydrological drought risk in
Lithuania. Water. 2023. Vol. 15, no. 15, p. 2830. DOI 10.3390/w15152830

RySys tarp iSkelty disertacijos uzdaviniy ir paskelbty straipsniy

Tiriant upiy nuosékio ir hidrologiniy sausry désningumus, pirmiausia svarbu
istirti upiy iSdzitvimo, kaip nuosékio ekstremumo, procesus bei jy priklausomybe
nuo fiziniy-geografiniy ir klimato veiksniy. Praeities ir ateities hidrologiniy sausry
analizé bei minimaliy vandens debity erdviniy ir laikiniy kaitos désningumy tyrimai
leido jvertinti Lietuvos upiy hidrologiniy sausry rizika. Sie tarpusavyje susije
tyrimai prisideda prie visapusiSko supratimo apie sausros rizikos vertinima ir
valdyma. Sgsajos tarp iSkelty darbo uzdaviniy ir paskelbty publikacijy pateiktos
1 paveiksle.

S7



YN Y
Hidrologiniy sausry

Hidrologiniy sausry s X
) - Y N dainumo ir
kaitos désningumai  ~ Straipsniai Ne 3 and Ne 4 .
L \ / intensyvumo
praeityje . o
‘ | prognozeé ateityje
@/ ~ . -/

e i 4 N
Problemos analizé, Hidrologiniu sausr
metodikos karimas . .. g\. q. K 4
) ) Straipsnis Ne 5 rizikos Zemelapiy
ir duomeny bazes

sudarymas
sudarymas |
AN J
Y " Uiy minimalaus )
Ly iy minimalaus
Upiy isdzitavimo Py X .
. debito kaitos
parametry kaitos - )
Lo désningumai
tyrimai praeityje
-

AN e

N\ N
Straipsnis Ne 1 Straipsnis Ne 2

1 pav. Disertacinio darbo koncepcija (sgsajos tarp iSkelty darbo uzdaviniy ir paskelbty
publikacijy)

Disertacija sudaro penki straipsniai, skirti upiy minimaliy debity, jy
priklausomybés nuo fiziniy-geografiniy teritorijos charakteristiky ir hidrologiniy
sausry praeityje bei ateityje tyrimui.

1 straipsnis skirtas pirmajam disertacijos uzdaviniui pasiekti. Jame nagrinétas
upiy i8dzitivimo (kai vandens debitas vandens telkinyje maZesnis nei 0,001 m?/s)
atvejy paplitimas Lietuvoje, jy rySys su teritorijos fiziniais-geografiniais veiksniais.
Siame straipsnyje gauti rezultatai taip pat panaudoti modeliuojant upiy nuotékj HBV
programine jranga bei nustatant svarbiausius hidrologinés sausros rizikos analizés
Kriterijus.

2 straipsnyje sprendziamas antras darbo uzdavinys: tiriami upiy nuosékio
periodo minimaliy debity erdviniai ir laikiniai pokyciai per 60 mety (1961-
2020 m.). Tyrimams taikomas metodas, paremtas slenkstinémis reikSmémis (kaip
slenkstinés reikSmés panaudoti minimalts 30 pary vidutiniai, 95 % ir 80 %
tikimybiy debitai 30Q, 30Q95, 30Q80). Sio tyrimo i§vados buvo naudotos
5 straipsnyje, nustatant hidrologinés sausros slenkstine verte.

3 ir 4 straipsniai skirti tre¢iam ir ketvirtam tikslui jgyvendinti. 3 straipsnyje
aprasytas praeities hidrologiniy sausry ir jy pasiskirstymo Lietuvoje tyrimas,
leidziantis gautus rezultatus palyginti su hidrologiniy sausry rizikos zemélapiu.
TreCiajame straipsnyje sausry indeksams apibrézti buvo naudojamas 1/3/6/9/12
meénesiy vandens kaupiamasis laikotarpis, o 4 straipsnyje — desSimties dieny
kaupiamasis laikotarpis. 3 straipsnyje taip pat nagrinétas meteorologinés sausros
indeksy (SPI ir RDI) ir hidrologinio sausros indekso (SDI) rySys. 4 straipsnyje
analizuota galimybé hidrologinj sausros indeksa, pagrista vandens debitais (SDI),
pakeisti indeksu, grjstu upiy vandens lygiu (SWLI). SWLI gali pakeisti bet kurj kitg
upiy nuotékiu pagrjsta hidrologinj indeksg, nes jis gali naudoti neapdorotus jvesties
duomenis (vandens lygius) i§ vandens matavimy sto¢iy. Sis metodas gerokai
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sutrumpina hidrologinés sausros nustatymo laika. Ypatingas démesys skirtas ateities
sausry prognozéms (3 straipsnis), kurios atskleidé galimas priklausomybes,
susijusias su klimato kaita artimoje ir tolimoje ateityje, atsizvelgiant i du klimato
scenarijus RCP4.5 ir RCP8.5. Sukurti SeSiy upiy, esanciy skirtinguose Lietuvos
hidrologiniuose rajonuose, hidrologiniy sausry prognozés modeliai.

5 straipsnyje apragomas penktojo uzdavinio jgyvendinimas. Siame straipsnyje,
remiantis ankstesniy keturiy straipsniy rezultatais, buvo nustatytos teritorijos,
kuriose yra didziausia hidrologinés sausros rizika, buvo nagrinéti visy Lietuvos
pagrindiniy upiy baseiny pavojaus ir pazeidziamumo dél sausry komponentai.
Sudarytas pirmasis Lietuvos hidrologiniy sausry rizikos vertinimo zemélapis.

Pateiktuose penkiuose moksliniuose straipsniuose iSsamiai aprasyti tyrimai,
susij¢ su visais iSkeltais darbo uzdaviniais. Pateikta tyrimy medziaga i$samiai atsako
i suformuluota tyrimy tiksla — iStirti upiy nuosékio ir hidrologiniy sausry
désningumus, jvertinti jy priklausomybe¢ nuo klimato kaitos bei atlikti Lietuvos upiy
sausry rizikos vertinima praeityje ir ateityje.

Darbo metodika

Bendra tyrimo metodikos schema pavaizduota 2 paveiksle. Visg tyrimo
metodikos procesa galima suskirstyti j penkis pagrindinius blokus:

1.  Upiy isdzitvimo reiskinio Lietuvoje tyrimas (1 ir 2 etapai).

2. Lietuvos upiy nuosékio (minimaliy vandens debity) analizé¢ (3 ir 4
etapai).

3. Istoriniy hidrologiniy sausry ir jy priklausomybés nuo meteorologiniy
sausry tyrimas (5-9 etapai).

4.  Upiy nuotekio modeliavimas ir hidrologiniy sausry prognoze artimoje ir
tolimoje ateityje (10-14 etapai).

5. Hidrologinés sausros rizikos vertinimo zemélapio sudarymas (15-18
etapai).

Pagal pateikta schemg, 2, 4, 7, 14 ir 18 etapy tyrimai leidzia apibendrinti
galutinj rezultata, t. y. nustatyti Lietuvos teritorijas ir baseinus, kuriems gresia
hidrologinés sausros.
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2 pav. Bendroji darbo metodologijos schema

Pirmasis metodikos blokas grindziamas statistinés analizés metodais. Tiriant
upiy iSdzitivimo procesus, kai konstatuota, kad vandens debitas yra mazesnis uz
ribing verte (0,001 m%/s) arba lygus 0, fiksuojamas upés i8dZitivimas. Vertinami tik
tie upiy iSdzitvimo jvykiai, kuriy trukmé buvo ne trumpesné kaip trys dienos.
[$samesné metodika aprasyta 1 straipsnyje.

Antrojo bloko metodika buvo pagrjsta trijy minimaliy 30 pary vidutiniy, 95 %
ir 85 % tikimybiy debity (30Q, 30Q95 ir 30Q80), kaip ribiniy veréiy, taikymu.
Siekiant automatizuoti mazesniy uz slenkstines reik§miy paieska, naudota jrankio
,,HydroOffice** FDC programiné jranga. Be to, analizuojant minimaliy debity kaitos
tendencijas, naudotas TREND programinés jrangos paketas.

Trediasis metodikos blokas taip pat i§samiai aprasytas 3 ir 4 straipsniuose. Sio
bloko pagrindas — 1 lygtis, pagal kurig apskaiCiuojamas standartizuotas krituliy
indeksas (SPI) bei hidrologinés sausros indeksai (SWLI ir SDI). Atskirai
apskai¢iuojamas sausros atpazinimo indeksas (angl. Reconnaissance Drought Index,
RDI). Meteorologinei ir hidrologinei sausrai tirti buvo naudojami keli vandens
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kaupimosi laikotarpiai: 1, 3, 6, 9 ir 12 ménesiy bei deSimties dieny kaupimosi
laikotarpis specialiai  SWLI ir SDI indeksams apskaiciuoti. Visi indeksai
apskaiCiuoti ne trumpesniam kaip 30 mety laikotarpiui:

I = (Xi-Xmean)/o; @

¢ia I — sausros indeksas;

Xi — pasirinkto laikotarpio kintamasis i metais;

Xmean — pasirinkto laikotarpio vidutiniai kintamojo duomenys;

o — pasirinkto laikotarpio standartinis nuokrypis.

Kaip kintamieji 1 lygtyje buvo naudojami krituliai, vandens debitai ir vandens
lygiai.

Ketvirtasis metodikos blokas i$samiau aprasytas 3 ir 4 straipsniuose. Kaip
jvesties duomenys upiy nuotékiui prognozuoti naudoti trys regioniniai klimato
modeliai (pagal RCP4.5 ir RCP8.5 scenarijus) i§ EURO-CORDEX duomeny bazés
ir Lietuvos hidrometeorologijos tarnybos (LHMT) istoriniai vandens debito,
temperatiros ir krituliy duomenys. Klimato duomenims adaptuoti Lietuvos
salygoms taikytas kvantiliy metodas. Naudojant HBV programing jranga buvo
sudaryti $eSiy upiy hidrologiniai modeliai.

Penktasis bendros metodikos blokas iSsamiai apraSytas 5 straipsnyje.
Hidrologinés sausros rizikos vertinimo zemélapiai sudaryti remiantis dviem
pagrindiniais rizikos analizés komponentais, t. y. pavojumi ir pazeidziamumu.
Kiekviename komponente buvo nagrinéjami keturi kintamieji, kuriy kiekvienas
buvo perklasifikuotas j skale nuo 0 iki 1, kiekvienam kintamajam priskiriant vienoda
svorj. Pavojaus, pazeidziamumo ir rizikos indeksai buvo apskai¢iuoti kaip vidutiné
kintamyjy reikSmé.

Ivairiy indeksy ir parametry erdvinei analizei atlikti naudota programiné jranga
LArCGIS 10.5% kurig pasitelkus atlikta erdviniy modeliy analizé, interpoliacija,
rastry apdorojimas ir rastry skaiciavimai.

1.3. Trumpa literatiros Saltiniy apZvalga

Upiy nuosékis, i§dzitvimas ir hidrologiné sausra — tai reiSkiniai, kurie néra
tapatiis, bet yra tarpusavyje susije, nes visi jie apibiidina maziausia upés debita (arba
jo nebuvima). Todél tik iSsami visy trijy komponenty analizé leis suprasti teritorijos
atsparumg klimato kaitai ir parengti veiksmingg sausry rizikos valdymo plana.

Upiu iSdzitavimas

v Iwc—

-----

ilgio ir vyrauja sausringuose, pusiau sausringuose ir sausuose regionuose*®-°,
Siauriniuose regionuose® %2, kur dé¢l klimato kaitos i§dzidistanéiy upiy skaidius
ateityje nuolat didés®>>, i3dziu
nepakankamai jvertintas.

Per pastargji deSimtmet] iSdziGstanc¢iy upiy moksliniy tyrimy gerokai
pagauséjo. Daugiausiai démesio buvo skiriama Siltiems ar pusiau sausringiems
regionams®, taCiau maziau tyrimy pastebéta vidutinio klimato ar santykinai
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vésesniuose regionuose. I3dzitistancios upés tirtos pasauliniu mastu®-=8, Europoje
(Vidurzemio jiros regione®®®!, Alpiy regione®®, centriniame regione®),
Australijoje®>® bei JAV#. Rasti tik keli straipsniai, kuriuose aptariama Baltijos Saliy
i§dzitistan¢iy upiy problematika®®’. Svarbu pazyméti, kad $ie straipsniai yra susije
su COST veiklos SMIRES iniciatyva, o viename i$ jy nagrinétos kai kurios Lietuvos
upés®?,

Dabartinius iSdzitistanCiy upiy tyrimus galima suskirstyti j kelias kryptis:
'''' 485259 &y upiy vandens istekliy valdymo
problemas®®57606168 iy poveikj ekosistemoms®>%5°°  i3dzilistanciy  upiy
klasifikavima® bei jy nuotékio modeliavimag® ir k.

Lietuva yra priskiriama prie Saliy, turinCiy palyginti daug vandens istekliy, bet
itin Siltos ir sausos pastarojo meto vasaros iSrySkino didéjantj vandens trikuma.
Panasi padétis yra ir kitose Baltijos Salyse. Daznéja upiy iSdziivimo daZznis, todél
reikalingi detaliis $iy hidrologiniy ekstremumy tyrimai Lietuvos teritorijoje.

Upiu nuosékis

Upiy nuosékis yra labai svarbi hidrologinio reZimo dalis. Nuosékio parametrai
yra susije su vandens minimaliais debitais per tam tikrg laikotarpj>®". D¢l
sumazéjusio krituliy ar sniego kiekio minimalius vandens debitus jprastai papildo
poZeminio vandens prietaka, eZery, pelkiy ir kartais ledyny vanduo®’2. Lietuvoje
daZniausiai vertinami vasaros ir ziemos sezony minimaliis debitai. Taciau kituose
uzsienio regionuose upiy nuosékio steb¢jimo laikotarpis gali skirtis priklausomai
nuo aplinkos salygy, krituliy kiekio ir tyrimy uzduo¢iy®>’>". Skirtingai nei upiy
i8dzitivimo reiskinys, minimaliy debity kaita yra geriau istirta.

Minimaliis vandens debitai yra labai svarbiis upiy ekologiniam vientisumui bei
vandens kokybei®72747  Esant ekstremaliai maziems debitams, vandens
ekosistemose sumazéja buveiniy, pakinta maisto i$tekliai, pablogéja vandens kokybé
ir sutrinka ra8iy sgveika’®™%8!  Be to, vandens trikumas kelia grésme
bendruomenéms ir ekonomikai, todél reikalingi tvarlis vandentvarkos
sprendimai’®75:80.82,

Minimaliy vandens debity nustatymas ir analizé yra labai svarbis sickiant
jvertinti vandens iStekliy pazeidziamuma dél hidrologiniy sausry, ypa¢ klimato
kaitos sglygomis’™. Be to, skirtingi minimaliy vandens debity indeksai gali biti
naudojami kaip ribinés vertés hidrologinéms sausroms nustatyti’>”. Siuo metu
sukurti jvairlis upiy minimaliy debity vertinimo metodai, priklausomai nuo Salies ir
skai¢iavimo tikslo:

1. Ribinj minimaly vandens debitg galima nustatyti pagal vidutinj paros
debitg (MDF) ar absoliu¢iai maZiausig debitg (AMF)>7%8L,

2.  Minimaly vandens debitag galima vertinti ir pagal nuotékio trukmes
kreive (angl. Flow Duration Curve, FDC), kuris nustatomas pagal procenting
tikimybés dalj. Skirtingose Salyse §i procentiné dalis gali skirtis, pavyzdziui, 75 %,
80 %, 90 %, 95 %> 73808384,

3. Minimaliems debitams nustatyti daznai naudojami indeksai su aiSkiomis
laiko ribomis. Pavyzdziui, JAV praktikuojama naudoti 7Q10 arba 7Q2 indeksus,
kuriuose atsizvelgiama | septyniy dieny maziausiy debity verciy serija atitinkamai
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per 10 ar 2 metus®’#. Lietuvoje taip pat naudojamas panalus skai¢iavimas, kuris
apibréziamas kaip duomeny eiluCiy, sudaryty i§ maziausiy metiniy i§ eilés
trisdeSimties pary debity, vidutiné reik§meé (Q30)87%,

Taciau klimato kaita daro vis didesnj poveikj minimaliy vandens debity
Svyravimui bei pasiskirstymui, nes dél krituliy kiekio ir temperatiiros pokyciy
kei¢iasi sezoninis upiy nuosékio rezimas>%%%, Be klimato veiksniy, minimaliems
debitams formuotis jtakos turi geografiniai veiksniai®>® bei ypa¢ didéjanti Zzmogaus
veiklos jtaka aplinkai.

Naujausi tyrimai Europoje ir JAV atskleidé skirtingas minimaliy vandens
debity kaitos tendencijas: kai kuriuose regionuose jie didéjo, o kituose
mazéjo> 7583891 - Nepaisant minimalaus vandens debito jvertinimo svarbos®9%,
pastaruoju metu Lietuvoje upiy nuosékio tyrimy atlikta mazai. Tik keletas darby
apie kompleksing minimaliy vandens debity pokyCiy analize buvo paskelbta
2007 m. (tirti 1922/1941/1961 m. — 2003 m. duomenys)®" ir 2014 m., Kkai
analizuoti riboto vandens matavimo stoCiy skai¢iaus duomenys 1960-2009 m.
laikotarpiu®. Tik naujausiy duomeny analizé gali suteikti svarbios informacijos apie
upiy nuotékio pokycCius ir pasitlyti jzvalgas, ko galima tikétis toliau keiCiantis
klimatui.

Hidrologinés sausros

Sausra yra pasikartojantis gamtinis reiSkinys, darantis neigiama poveikj
jvairiems ekonomikos sektoriams ir ekosistemoms visame pasaulyje®°"%. Sausros
susidarymas siejamas su ilgalaikiu krituliy trikumu*®, Pastaraisiais deS§imtmeciais
sausros daznéja®®. Tyrimai rodo skirtingas sausry daznumo ir stiprumo tendencijas
Europoje!® ir pasaulyje®. Tuo pat metu Europos regione mokslininkai pastebi
didéjantj sausry skai¢iy Siltuoju mety laikotarpiu'®. Klimato kaitos prognozés rodo,
kad gali padaugéti ekstremaliy reiskiniy, jskaitant sausrasi®®. Todél mokslininkai ir
sprendimus priimantys asmenys vis labiau nerimauja dél sausry poveikio ir dél
biitinybés pasirengti jy padarinius susvelninti'®,

Sausros gali buti skirstomos ] jvairius tipus, atsizvelgiant j jy poveikj ir
hidroklimatologinj ~ konteksta.  Dazniausiai  iSskiriami  keturi  tipai®%10%;
meteorologiné sausra dél nepakankamo krituliy kiekio; zemés tkio arba dirvozemio
sausra dél vandens trikumo dirvozemyije; hidrologiné sausra, kurig sukelia vandens
trukumas upése; socialiné ir ekonominé sausra, kuri yra ankstesniy sausry pasekmé
ekosistemoms ir zmoniy gyvenimui. Disertaciniame darbe daugiausia démesio
skiriama hidrologinéms sausroms, kurios tiesiogiai veikia upiy nuotékio lygj ir
minimaly vandens debitg Siltuoju mety laikotarpiu (turi jtakos ne tik Siltajam).

Yra jvairiy indeksy ir rodikliy, padedanciy nustatyti, stebéti ir analizuoti
hidrologing sausrg, naudojant tokius kintamuosius kaip krituliai, temperatiira, upiy
vandens debitai, pozeminio vandens lygis ir dirvozemio dréegmél®1%, Hidrologinei
sausrai nustatyti dazniausiai taikomi trys metodai:

1. Meteorologiniai indeksai. Standartizuotas krituliy indeksas (SPI)%%-2%7
gali biiti naudojamas kaip hidrologinés sausros identifikatorius.

2. Hidrologinés sausros indeksai. Tai Palmerio hidrologinés sausros
indeksas (PHDI)3#1%; standartizuotas nuotékio indeksas (SSFI)*1%; standartizuotas
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vandens lygio indeksas (SW1)!%; nuotékio sausros indeksas (SDI)*1%61%; pendrasis
sausros indeksas (ADI)1% ir kt.

3. Slenkscio lygio metodai. Sausros nustatymas galimas pagal nuotékio
trukmés kreive (FDC). Siekiant nustatyti laikotarpius, kurie gali biiti laikomi
hidrologine sausra, galima naudoti ménesio slenkstj su tam tikra FDC procentine
dalimi (pvz., 80 %)*. Kaip jau minéta, minimalus nuotékis yra kiekvienais metais
pasikartojantis reiSkinys, taciau tam tikro laikotarpio minimalaus debito vidutinés
reikSmés gali biiti naudojamos kaip slenkstiné verté hidrologinei sausrai nustatyti.

Nors Lietuva priklauso drégno klimato zonai, kurioje gausu upiy ir ezery,
sausros neretas reiSkinys. Per pastaruosius trejus metus (2018-2020 m.) dél karsty ir
sausy vasary kiekvienais metais Lietuvoje buvo skelbiamos hidrologinés sausros.
Remiantis naujausiais tyrimais, manoma, kad sausros bus daZnesnés ir
intensyvesnés. Biitina atlikti i$samig hidrologiniy sausry Lietuvoje analize,
naudojant daugiamecius hidrometeorologinius duomenis ir klimato modelius bei
scenarijus, kad biity galima prognozuoti galimus sausry poky¢ius ateityje.

Hidrologiniy sausry rizikes vertinimas

Hidrologinis sausros rizikos vertinimas yra labai svarbus uZzdavinys,
atsizvelgiant j opig sausros problemg jvairiuose pasaulio klimato regionuose®?11?-
116 D¢l zmogaus veiklos sukeltos klimato kaitos ekstremaliy meteorologiniy
reiSkiniy, sausros daznéja ir stipréjal®19 Dél gyventojy skaiGiaus augimo
padidéjo vandens poreikis!®119120 tod¢l sausros tampa dar didesne problema. Deja,
vis dar triiksta i§samiy hidrologiniy sausry vertinimo ir prognozavimo metody*,

Teritorijy, kurioms gresia hidrologinés sausros, nustatymas yra pirmas svarbus
zingsnis siekiant suSvelninti biisimg poveikj. Hidrologinés sausros rizikos vertinimo
tikslas yra nustatyti labiausiai pazeidziamas teritorijas, kuriose tikimasi didZiausio
poveikio vandens iStekliams, ekosistemoms ir zmoniy veiklai. Jei strateginiuose
plétros planuose | sausrag nebus atsizvelgta, tai gali sukelti sunkiy padariniy,
pavyzdziui, vandens trikumg, maisto trikuma ir ekonominius nuostolius. Skirtingai
nuo staigiy gamtiniy pavojy, sausros prasideda létai ir gali testis ilga laika, todél
galima joms pasirengti ir susvelninti jy poveikj''#'?!, Tiesioginio ir netiesioginio
socialinio, aplinkosauginio ir ekonominio sausry poveikio mazinimas tampa
pasauliniu prioritetu, todél butina imtis tikslingy rizikos mazinimo ir prisitaikymo
veiksmy'?2,

I§ esmés hidrologinés sausros rizikos vertinima, kaip ir bet kokig kitg rizikos
analize, sudaro du komponentai: pavojus ir pazeidziamumas. Pavojaus komponentas
apima ankstesniy sausry analiz¢ pagal sausry indeksus arba minimalaus
debitoindeksus*>1?3124  Pazeidziamumo komponentas jvertina jvairius veiksnius,
tokius kaip BVP, zemés tkio naudmenos, zemés danga, gyventojy tankumas
ir t. t.42'123_125.

Ankstesniuose moksliniuose tyrimuose sausros rizikai vertinti daugiausia buvo
taikomi kiekybiniai arba misriis metodai, dazniausiai indeksais pagrjsti metodai'??.
Yra tyrimy, kuriuose jvertinta pasauliné'®® ir regioning!?127128 sausry rizika,
atskleidziant regionus, kuriuose pazeidziamumas yra didesnis dél zmogaus veiklos ir

zemés tikio bei gyvulininkystés.
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Nors su sausromis susijusiy tyrimy Lietuvoje padaugéjo, konkretus
hidrologinés sausros rizikos ir paZeidZziamumo vertinimas nebuvo atliktas. Verta
paminéti, kad uzsienio Salyse Siuo metu yra atlikta keletas tyrimy, kuriuose
aprasomas hidrologinés sausros rizikos vertinimas, atsizvelgiant ] vietines
problemas: sausros poveikis sfiraus vandens patekimui j upes'™®, sausry
prognozé''®1?® sausry vertinimas praeityje**!. Tik keli tyrimai yra susije su iSsamiu
hidrologinés sausros rizikos vertinimu: Piety Kor¢jos hidrologinés sausros rizikos
vertinimas praeityje ir ateityje’® bei Malaizijos hidrologinés sausros rizikos
vertinimas*.

Autoriaus indélis j tematika

Upiy i8dzitivimo tematika taip pat aktuali ir Salims, kuriose vyrauja vidutinio
arba drégno zemyninio klimato juostos ir zemumy upés. Lietuvoje upiy i§dziGivimo
reiSkiniai beveik netirti. Todél disertaciniame darbe buvo tiriami Lietuvos upiy
i8dzitivimo reiskiniai bei jy priklausomybé nuo fiziniy-geografiniy veiksniy.

Nepaisant to, kad Lietuvoje upiy minimaltis debitai buvo tirti, vis délto islicka
didelé moksliniy tyrimy, nagrinéjanciy upiy nuosékio pokycius per pirmuosius du
XXI a. deSimtmecius, spraga. Todél buvo atlikta i§sami upiy nuosékio parametry ir
ju kaitos tendencijy analizé, naudojant XX—XXI a. duomeny eilutes.

Studijuojant literatiros Saltinius nustatyta, kad kai kuriose uzsienio Salyse
mokslininkai daug démesio skyré hidrologinéms sausroms prognozuoti. Lietuvoje
beveik néra informacijos apie hidrologiniy sausry kaita pagal klimato scenarijus. Si
ziniy spraga bus uzpildyta nagrinéjant hidrologinés sausros rizikg Lietuvoje. Tai
apima ilgiausiy ir ekstremaliy sausry nagrinéjima, labiausiai pazeidziamy regiony
nustatyma, hidrologiniy sausry erdvine ir laiking dinamika bei ateities prognozes,
paremtas dviem placiai naudojamais RCP scenarijais: RCP4.5 ir RCP8.5. Naudojant
HBV programing jrangg, 2021-2100 m. laikotarpiui buvo atliktas SeSiy upiy i$
skirtingy Lietuvos hidrologiniy regiony hidrologiniy sausry prognozavimas.

Beveik nerasta tyrimy, kaip uZsienio Salyse atlickamas operatyvinis
hidrologiniy sausry vertinimas. Darbe sukurtas ir iSbandytas hidrologinis sausros
indeksas, pagrjstas vandens lygiu, vadinamas standartizuotu vandens lygio indeksu
(SWLI). Norint kuo grei¢iau nustatyti hidrologines sausras, buvo parengta ,,Excel*
skaiciuoklé, o kaip operacinj laikotarpj pasiiilyta naudoti deSimties dieny vandens
lygiy akumuliacijos laikotarpj.

Sukurta hidrologinés sausros Lietuvoje rizikos vertinimo metodika apima du
komponentus — pavojy ir pazeidziamuma. Sis darbas yra pirmasis i$samus
hidrologinés sausros rizikos vertinimas Lietuvoje. Sukurta metodika galima
pritaikyti ir kituose zemumy upiy regionuose. Atlikus §j tyrimg, buvo sudarytas
detalus Zzemelapis, kuriame pavaizduoti kiekvieno baseino pavojaus, pazeidziamumo
ir rizikos laipsniai.
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2. STRAIPSNIU APZVALGA

2.1. Nuosékio ekstremumy — upiy iSdZiiivimo parametry — kaitos désningumai
Lietuvos teritorijoje.

Klimato kaita sukelia neiSvengiamus vandens telkiniy hidrologinio rezimo
pokycius visame pasaulyje. Tie patys veiksniai lemia ir upiy iSdzitivimo, kaip
ekstremalaus hidrologinio reiSkinio, paplitimo bei intensyvumo poky¢ius. Kadangi
upiy iSdzitivimo atvejai gana dazni, ypaC mazuose baseinuose, tai Sie
nekontroliuojami reiskiniai gali padaryti nepataisoma Zzala aplinkai ir vandens
ekosistemoms. Upiy i8dzitivimo procesams didziausig jtaka daro nuotékio rezimag
lemiantys veiksniai, jskaitant klimato sglygas, vietos geologija, reljefg, dirvozemio
Baltijos regione jos vis dar menkai iStirtos, ne iSimtis ir Lietuva.

Atlikus visy vandens matavimo stoCiy iSmatuoty vandens debity analizg,
detaliems i8dzifistanc¢iy upiy tyrimams pasirinktos Siltojo mety laikotarpio (geguzés—
rugséjo) 16 upiy daugiametés hidrologiniy duomeny eilutés. Upiy iSdzitivimo
faktams nustatyti buvo taikoma 0,001 m®/s vandens debito riba, kai i§dzitivimo
trukmé ilgesné nei 3 paros. Pasirinkty upiy hidrologiniai duomenys apima 13-63
mety trukmés stebéjimo laikotarpius.

Pagrindiniai upiy i§dzitivimo parametrai, tokie kaip vidutinis ir maksimalus
upiy i8dzitivimo laikotarpio pary skai¢ius (mDUR ir maxDUR), i§dZitivimo periodo
pasikartojimo daznis (FREQ, %), vidutinis metinis vandens debitas (QP, md/s)
Siltuoju laikotarpiu ir pirmojo iSdziivimo atvejo metuose diena (TO0), buvo
apskaiciuoti siekiant iSanalizuoti iSdzitstan¢iy upiy hidrologinius désningumus.
Koreliacing¢ analize taikyta siekiant iStirti rySj tarp iSvardinty parametry ir fiziniy-
geografiniy veiksniy.

Upiy i8dzitvimo parametry kaita

I3skyrus vieng upe, visy tirty upiy plotas nevirsija 206 km?, o vidutinis metinis
debitas 2,56 m®s (Akmenos upé). Vidutinis $iltojo laikotarpio upiy debitas sumazéja
24 kartus (1 lentelé), lyginant su metiniu debitu. Pedamés ir Imsrés upés labai
daznais i$dzitista, atitinkamai vidutiniskai 77-85 paros per metus. Siose upése taip

v Jwr—

daznis rodo, kad Pedamés, Imsrés ir Milupés upés reguliariai iSdzitista 89-93 %
steb¢jimo mety. Pagal §j parametrag Sios upés priskiriamos prie labai nepastovaus

~~~~~

meénesiais.
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1 lentelé. Upiy iSdzitivimo parametry kaita geguzés—rugséjo mén. laikotarpiu

Upé VMS Qp mDUR | maxDUR | FREQ To
Sesuva Kalnénai 0,475 3,00 24 14,3 195
Dotnuveélé Dotnuva 0,232 1,26 23 13,0 231
Smilga Pasmilgys 0,318 15,2 100 25,9 190
Susve Siaulénai 0,536 1,70 54 3,17 221
Alsa Paalsys 0,129 7,68 81 28,9 208
Pedame Antkalniai 0,032 77,1 152 90,5 156
Imsré Jakaiciai 0,024 85,4 151 92,9 144
Pilve Papilvis 0,274 19,9 79 50,0 206
Milupé Stoskai 0,050 53,6 129 88,9 157
Svyla Guntauninkai 0,396 0,11 6 1,89 241
Agluona Dirvonakiai 0,159 0,73 29 2,50 242
Daugyvené RimsSoniai 0,671 4,15 30 15,4 244
Yslykis Kyburiai 0,095 33,6 116 58,3 181
Platonis Vaineikiai 0,113 18,2 122 23,1 182
Sidabra Sarkiai 0,083 10,9 142 7,69 133
Akmena Tubausiai 0,842 0,26 11 2,33 174

Upiy i8dzitivimo parametry priklausomybé nuo fiziniy-geografiniy veiksniy

Tiesiné koreliaciné analizé parodé, kad vidutinis upiy nuotékis (QP) Siltuoju
laikotarpiu labai priklauso nuo baseino ploto (A). Be jtakos upés nuotékiui
formuotis, baseino plotas taip pat turé¢jo viduting neigiama jtaka vidutiniam ir
maksimaliam upiy i§dziGivimo laikotarpiui (mDUR ir maxDUR) ir iSdzitivimo
periodo pasikartojimo dazniui (FREQ) (2 lentelé¢). Upiy nuolydzio dydis (S) turéjo
teigiama viduting koreliacija su mDUR ir maxDUR trukmémis. Upiy iSdzitivimo
parametrai reikSmingai nekoreliavo su misko (For) ar zemés tikio naudmeny (Agr)
procentine dalimi. Smélingas priemolis (SL) turéjo stipry teigiamg ry§j su pirmojo
upiy i8dzitivimo atvejo metuose dienos (TO) nustatymu (r = 0,70).

2 lentelé. Tiesinés koreliacijos koeficientai tarp Kintamyjy

. S, Agr, Dirvozemiai, %
Parametrai | A, km? m/km For, % o% SL L CL T MHCL P
QP 0,74 -0,42 0,23 -0,29 0,18 | -0,13 | -0,42 0,43
mDUR -0,52 0,77 0,14 -0,07 | -0,49 | -0,14 0,64 -0,44
maxDUR -0,53 0,65 -0,09 0,12 -0,53 | 0,20 0,49 -0,44
FREQ -0,50 0,63 0,10 -0,02 | -0,36 | -0,14 0,56 -0,47
TO 0,53 -0,68 -0,07 0,04 0,70 | -0,27 -0,46 0,52

Lietuvoje, esanCioje vandens pertekliaus zonoje, taip pat yra periodiskai
iSdzitstanciy upiy. Jy daugiausiai nustatyta vidurio Lietuvos hidrologiniame rajone.
Upiy i8dzitivimo trukmg ir daznj labiausiai lemia tokie veiksniai: upiy baseino

plotas, upés nuolydis ir dirvozemio tipas.
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2.2. Upiy minimalaus debito rodikliy erdvinis ir laikinis pasiskirstymas pagal
istorinius duomenis.

Upiy nuosekio laikotarpis, kai vandens debitas yra mazesnis uz vidutinj metinj
debita, yra svarbus hidrologinio rezimo aspektas. Ilgai trunkantis sausmetis upése
blogina buveiniy bukle, turi neigiamos jtakos maisto iStekliams ir ekologinei
dinamikai, taip pat vandens trikumas kelia pavojy ekosistemoms ir
bendruomenéms. Didéjanti pasauliné temperatiira dar labiau keicia upiy hidrologinj
rezima bei minimalius vandens debitus. Siuo tyrimu siekiama jvertinti regioninius
upiy minimaliy debity skirtumus ir istorines tendencijas, kad geriau suprastume upiy
nuosékio procesus Zemumy upiy baseinuose.

Buvo tiriami trys upiy minimaliy debity laikotarpiai: 1961-2020 m., 1961—
1990 m. ir 1991-2020 m. Vidutinis metinis minimalus debitas 30Q apskaiciuotas
kaip 18 eilés einan¢iy maziausiy 30 pary debity vidurkis metuose. Minimalaus debito
indeksai 30Q95 ir 30Q80 buvo apskaiciuoti pagal 30Q laiko eilutg, atitinkamai
taikant 95 % ir 80 % tikimybinius slenksc¢ius. Kad biity galima palyginti skirtingo
vandeningumo upes, minimalis debitai buvo perskaiciuoti j specifinio minimalaus
debito q reikSmes (30q, 30q95 ir 30q80) pagal formulg q = Q/A-1000 (Q: minimalus
debitas; A: baseino plotas), isreikstas 1/s-km?.

Naudojant programinés jrangos paketo ,,HydroOffice* (2.1 versija) jrankj FDC
(Flow Duration Curves), buvo apskai¢iuoti minimaliis debitai 30Q95 ir 30Q80, o
jrankiu TLM (Threshold Level or Sequence Peak Algorithm Methods) buvo
jvertintos ekstremalios nuotékio salygos, pateikti duomenys apie sausringus
laikotarpius, didziausia nuokrypj ir vandens deficito tiirj. Minimaliy debity indeksy
Zemélapiai buvo sudaryti naudojant Kriging interpoliacijg programinéje jrangoje
ArcGIS 10.5. TREND programine jranga (V.1.0.2.) buvo atliekamas statistinis
hidrologiniy laiko eilu¢iy duomeny tendencijy testavimas, naudojant Manno-
Kendalio (Mann-Kendall, MK) ir Spearmano Rho (Spearman's Rho, SR)
neparametrinius testus. MK nustato tiesines arba netiesines tendencijas, o SR —
tendencijos nebuvima.

Minimaliy debity indeksy kaita: erdviné ir laikiné analizé

Analizuojant specifinio vidutinio metinio minimalaus debito pasiskirstyma
vakary Lietuvos hidrologiniame rajone, nustatyta, kad 1961-1990 m. 30q vidurkis
buvo 2,07 I/s:-km? o0 1991-2020 m. jis sumazé&jo iki 1,83 I/s-km? (3 pav.).
Pazymeétina, kad 30q vertés pasirinktais laikotarpiais mazai skyrési vidurio Lietuvos
hidrologiniame rajone (atitinkamai 1,49 ir 1,46 I/s-km?), o pietry¢iy Lietuvos rajone
iSliko pastovios (3,97 1/s-km?). Didziausios 30q indekso vertés abiem laikotarpiais
buvo nustatytos pietry¢iy rajone, o maziausios — vidurio Lietuvos rajone. Visose
vakary ir vidurio Lietuvos rajony upése stebimi nedideli 30q indekso reikSmés
pokyc¢iai (sumazéjimas maziausiai 10 %). Tokie rezultatai rodo, kad ekstremaliy
minimaliy debity reiSkiniai daZznéja, taCiau atitinkamai nedidéja jy stiprumas
(isskyrus kai kuriy sto¢iy duomenis). PietryCiy Lietuvos rajone, kuriam biidingos
didelés 30q indekso reikSmés, daugiausia stebimi nedideli minimaliy debity
poky¢iai, tai rodo didesnj vandens iStekliy stabilumg minétame rajone.
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3 pav. Specifiniy minimaliy debity indeksy pasiskirstymas ir kaita 1961-1990 ir
1991-2020 m. laikotarpiais Lietuvos teritorijoje (vakary Lietuvos hidrologinis rajonas — W-
LT, vidurio Lietuvos hidrologinis rajonas — C-LT, pietry¢iy Lietuvos hidrologijos rajonas —

SE-LT)

Minimaliy debity indeksy kaita: trendy analizé

17 upiy vidutiniy metiniy minimaliy debity (30Q) duomeny rinkiniy,
apiman¢iy 1961-2020 m. laikotarpj, tendencijos analizuotos taikant Manno-
Kendallo testg (4 pav.). Iki 1973 m. daugumoje VMS buvo stebimos teigiamos arba
reik§mingai teigiamos 30Q kaitos tendencijos, i$skyrus vieng VMS (Ulos upé¢)
pietvakariy hidrologiniame rajone. Nuo 1973 m. vakary ir vidurio Lietuvos
hidrologiniy rajony upése 30Q daugiausia turéjo neigiamas arba labai neigiamas
tendencijas (minimaliy debity mazéjimas), o tendencijos pietvakariy rajone daznai
nebuvo statistiSkai reikSmingos. Pazymétina, kad pietvakariy rajono vieninteléje
Sventosios upéje (SVE2) iki 1976 m. buvo stebimas zymus ir nuolatinis 30Q
didéjimas. Ta yra vienintelis atvejis, kai per visg steb&jimo laikotarpj buvo stebimos
nuosekliai didéjanc¢ios minimalaus debito tendencijos.
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4 pav. Tirty upiy vidutiniy metiniy minimaliy debity (30Q) trendy analizé 1961—
2020 m. laikotarpiu (vakary Lietuvos hidrologinis rajonas — W-LT, vidurio Lietuvos
hidrologinis rajonas, C-LT, pietry¢iy Lietuvos hidrologijos rajonas — SE-LT)
Sausy dieny nustatymas pagal minimaliy debity indeksy ribines vertes
Minimalaus debito indeksai 30Q80 ir 30Q95 buvo naudojami ribinés vertés
sausoms dienoms nustatyti, kai upés vandens debitas mazesnis uzZ ribing verte.
Kiekvienais metais kiekvienai upei buvo suskai¢iuotas dieny skaiius, kai upéje
tekéjo debitas, mazesnis uz 30Q80 ar 30Q95 vertes. Trijuose Lietuvos
hidrologiniuose rajonuose vidutinio sausringy dieny skaiCiaus pasiskirstymas laike
(5 pav.) atskleidé, kad abiejy slenksciy atveju vidutinis metinis sausy dieny skaicius
turéjo tendencija mazéti vakary ir pietry¢iy rajonuose, o didéti — vidurio Lietuvos
rajone. Didziausias sausy dieny skai¢ius nustatytas 1963—-1976, 19922006 ir 2015~
2020 m. laikotarpiais. Sausringiausi metai skirtinguose rajonuose buvo §ie: 1969 m.
— vakary rajone (33 dienos esant 30Q95 ribinei vertei; 76,5 dienos esant 30Q80
ribinei vertei); 1971 m. ir 2006 m. — vidurio Lietuvos rajone (atitinkamai 47,3 dienos
30Q80; 21,5 dienos 30Q95); 1971 m. — pietvakariy rajone (33,7 dienos 30Q95, 64,4
dienos 30Q80).
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5 pav. Vidutinis sausy dieny skaiCius trijuose hldrologlnluose rajonuose 1961-2020 m.
laikotarpiu: (a) kai ribiné verté yra 30Q95, (b) kai ribiné verté yra 30Q80 (vakary Lietuvos
hidrologinis rajonas — W-LT, vidurio Lietuvos hidrologinis rajonas, C-LT pietry¢iy Lietuvos
hidrologinis rajonas — SE-LT)

Didziausios specifinio minimalaus nuotékio reikSmés nustatytos pietvakariy
hidrologiniame rajone, maziausios — vidurio Lietuvos rajone.

1961-1990 m. laikotarpiu buidingos teigiamos upiy minimaliy debity didéjimo
tendencijos. Tiriamu laikotarpiu (1991-2020 m.) visose hidrologiniuose rajonuose
reik§mingy minimaliy debity kaitos tendencijy nepastebéta.

Vakary ir pietvakariy hidrologiniuose rajonuose vidutinis sausy dieny skaicius
(esant 30Q95 ir 30Q80 ribinéms vertéms) per tyrimy laikotarpj mazéjo, o vidurio
Lietuvos rajone — did¢jo.

2.3. Lietuvos upiy hidrologiniy sausry kaita ir désningumai pagal istorinius
duomenis

Hidrologiné sausra yra natiiralus reiSkinys, taciau ji daro didelj poveikj
jvairiems ekonomikos sektoriams ir ekosistemoms, todél yra viena brangiausiai
kainuojanciy stichiniy nelaimiy. Dél klimato kaitos sausros tampa vis stipresnés ir
daznesnés, todel prisitaikymo galimybés prie besikeiCianciy gamtiniy salygy yra
ribotos. Sausroms vertinti naudojami jvairiis sausry indeksai. Taciau iki S$iol
daugiausia démesio buvo skiriama meteorologinéms ir Zemés tkio sausroms, o
hidrologiniy sausry tyrimy dar mazai atlikta.
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Vienas i§ pagrindiniy hidrologiniy sausry nustatymo indeksy yra nuotékio
sausros indeksas (SDI), kuris grindziamas tais paciais principais kaip ir
standartizuotas krituliy indeksas (SPI). SDI indeksas yra paprasta ir veiksminga
priemoné hidrologinéms sausroms nustatyti, nes naudojamasi pasirinkto periodo
vandens debito duomenimis. Be SDI, sitiloma naudoti ir vandens lygiu pagrista
indeksa, vadinama standartizuotu vandens lygio indeksu (SWLI). Norint jvertinti
hidrologine sausra skirtingais laikotarpiais, buvo naudojami keli vandens kaupimosi
laikotarpiai: 10 dieny, 1/3/6/9/12 ménesiy. Skaiciavimai atlikti DrinC (Drought
Indices Calculator) programine jranga. 10 dieny kaupiamojo laikotarpio indekso
skai¢iavimams naudota asmeniskai parengta ,,Excel* skai¢iuoklé.

Hidrologinés sausros indekso kaita pagal jvairius vandens kaupimosi
laikotarpius

6 paveiksle matyti, kad didziausiy sausry trukmé didé¢jo kartu su vandens
kaupimosi laikotarpio ilgéjimu. DidZziausia sausros trukmé buvo uzfiksuota
pietvakariy Lietuvos hidrologiniame rajone (konkrediai Sventosios baseine) per
12 ménesiy akumuliacijos laikotarpj. Si uZsitesusi sausra truko 42 ménesius, nuo
1971 m. geguzés iki 1974 m. spalio. PazZymétina, kad ekstremalios SDI-12 reikSmés
Sioje upéje (-2,46) taip pat buvo uzfiksuotos Siuo laikotarpiu, konkreciai 1972 m.
spalj. Vertinant pagal ta patj indeksg SDI-12, vakary hidrologiniame rajone
didziausia sausra truko trumpiausiai — 23 ménesius.
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6 pav. Hidrologiniy sausry trukmé ménesiais trijuose hidrologiniuose rajonuose
(stulpeliai pateikti nuo kairés j deSing jvairiems vandens kaupimosi periodams — 1, 3, 6, 9 ir
12 ménesiy, atitinkamai) (vakary Lietuvos hidrologinis rajonas — W-LT, vidurio Lietuvos
hidrologinis rajonas, C-LT, pietry¢iy Lietuvos hidrologijos rajonas — SE-LT)
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Hidrologiniy sausry analizé pagal istorinius duomenis
» Pagal indeksa SDI-12

Remiantis nuotékio sausros indeksy SDI analize, kai vandens kaupimo
laikotarpis yra 12 ménesiy (7 pav.), Lietuvoje nuo 1964 m. pabaigos iki 1977 m.
antrosios pusés tesési ilgas sausros laikotarpis, kuriame ypac¢ ekstremaliis buvo
1969, 1972 ir 1976-1977 metai. Nuo 1977 m. iki 2003 m. daugiausia vyravo
vandeningas laikotarpis arba salygos, artimos normai, su nedideliais sausringais
laikotarpiais (apibidinama sausros reikSmémis iki -1,5), kurie paveiké didziaja
Lietuvos dalj (ypa¢ 1993 m., taip pat 1996 m. ir 2001 m.). Nuo 2003 ir 2006 m.
pradé¢jo formuotis sausros, pasizymincios ekstremaliomis reik§mémis (indekso
reik§més <-2,0). Nuo 2018 m. visoje Lietuvoje iki tiriamojo laikotarpio pabaigos
pradéjo formuotis ilgalaikés hidrologinés sausros.

Pietryiy Lietuvos hidrologijos rajonas
]
1 ! |
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Vlduno Lletuvos hidrologinis rajonas
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1961 1971 1981 |2001 2011 2020

Merkys-Puvociai
Ula-Zervynos
Verkné-Verbyliskés
Sréva-Semeliskés
Zeimena-Pabradé
Sventoji-Anyksciai
Sventoji-Ukmergé

7 pav. Nuotékio sausros indeksy SDI-12 kaita 1961-2020 m. laikotarpiu (zalia spalva
pazyméti ménesiai be hidrologiniy sausry, ruda spalva — ménesiai su hidrologinémis
sausromis ir balta spalva — néra duomeny (vakary Lietuvos hidrologinis rajonas — W-LT,
vidurio Lietuvos hidrologinis rajonas — C-LT, pietry¢iy Lietuvos hidrologinis rajonas — SE-
LT)

» Pagal indeksg SWLI

Standartizuotas vandens lygio indeksas (SWLI) naudotas 30 mety laikotarpio
(nuo 1991 iki 2020 m.) hidrologinei sausrai nustatyti. 8 pav. pavaizduotas dieny
skaiéius, kai $iltuoju mety laikotarpiu (geguzés-spalio mén.) kiekvienoje upéje buvo
didelé ir ekstremali hidrologiné sausra. Daugiausia sausry uzfiksuota 2006, 2019 ir
2020 m., o 2019 m. iSsiskyré kaip itin sausringi metai. Verta atkreipti démesj |
bendrg désninguma — pastaraisiais metais daugéja dieny, kurioms budinga didelé
sausra.
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Ner-Jon
Zei-Pab
Sve-Ukm | 54
Nev-Pan
Dub-Lyd
Mit-Zin
Ses-Ski
Min-Kar
Svy-Gun
Nem-Tab
Mus-Ust
Ven-Lec
Bar-Sku

8 pav. Hidrologiniy sausry jvykiy (dieny) skai¢ius 1991-2020 m. laikotarpiu pagal
SWLI indeksus (Zalia spalva — metai, kai nebuvo hidrologiniy sausry, ruda spalva — dieny
skaiCius metuose su hidrologinémis sausromis)

Hidrologiniy sausry analizé atskleidé hidrologiniy rajony skirtumus, susijusius
su didziausia sausros trukme, ekstremaliomis vertémis ir sausry pasiskirstymu pagal
vandens kaupimosi laikotarpius.

Didziausios hidrologinés sausros (per 60 mety laikotarpi naudojant indeksa
SDI-12) buvo stebimos 1961-1977 m., 2000—2007 m. ir 2018-2020 m. sausringais
laikotarpiais.

Rezultatai (naudojant indeksa SWLI) parod¢, kad intensyviausios sausros per
30 mety laikotarpj buvo 1992 m., 2002 m., 2006 m., 2019 m. ir 2020 m.

Hidrologiniy sausry tyrimy rezultatai, gauti naudojant indeksus SDI ir SWLI,
yra gana panasis, todél $iy indeksy naudojimas Lietuvos teritorijoje yra tinkamas.

2.4. Hidrologinés sausros daZnumoO ir intensyvumeo prognozé artimoje ir
tolimoje ateityje.

Hidrologiniy sausry tyrimai negali apsiriboti vien praeities jvykiy analize;
prognozé yra esminis sausry tyrimo komponentas. Kadangi vandens istekliai atlieka
pagrindinj vaidmenj palaikant ekosistemas, zemés tkj, pramone ir bendruomenes,
gebéjimas prognozuoti hidrologines sausras ir jy poveikj yra labai svarbus.
Pasauliniai klimato modeliai kartu su hidrologiniais modeliais suteikia galimybe
jvertinti galimg hidrologinés sausros pasireiSkimo rizika ateityje. Taciau Lietuvoje ir
Baltijos Salyse triiksta moksliniy tyrimy, skirty hidrologinéms sausroms ateityje
prognozuoti.

Hidrologinés sausros nustatymo metodika (naudojant SDI ir SWLI indeksus),
taip pat klasifikavimas j sausros klases yra toks pat, kaip ir 3 uzdavinio atveju.

Hidrologinei sausrai tirti buvo sukurti Lietuvos SeSiy upiy hidrologiniai
modeliai. Treciame straipsnyje hidrologinei sausrai prognozuoti pagal indeksg SDI-
12 buvo pasirinktos trys upés — po viena i$ trijy skirtingy hidrologiniy rajony
(Sventoji, Venta ir Minija). Ketvirtajame straipsnyje pasirinktos dar trys upés,
kurioms sukurti hidrologiniai modeliai bei prognozuotos sausros pagal indeksa
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SWLI. Tai didziausia Lietuvos upé Nemunas bei dvi mazesnés upés i skirtingy
hidrologiniy rajony — Zeimena ir Sesuvis.

Sékmingai prognozuoti upiy nuotékj butini keli duomeny rinkiniai, jskaitant
istorinius hidrologinius ir meteorologinius duomenis, Zemés dangos duomenis i$
CORINE bazés bei regioniniy klimato modeliy duomenis i§ EURO-CORDEX
bazés.

Upiy hidrologiniams modeliams sudaryti pasirinkta Hydrologiska Byrans
Vattenbalansavdelning (HBV) programiné jranga. Si programiné jranga, sukurta
Svedijos meteorologijos ir hidrologijos instituto (SMHI), yra sudétinga hidrologiniy
procesy modeliavimo ir prognozavimo platforma. Integruodama hidrologinius
duomenis, krituliy kiekj, temperattirg ir kitus jvesties duomenis, HBV programiné
jranga suteikia mokslininkams ir hidrologams galimybe modeliuoti ir numatyti
btisimas hidrologines sausras. Kalibruojant sukurtus hidrologinius modelius, reikéjo
pakoreguoti 16-19 pagrindiniy parametry. Tiek kalibravimo, tiek validavimo
laikotarpiais koreliacijos koeficientai (r) tarp stebéty ir apskaiéiuoty skirtingy upiy
vandens debity svyravo nuo 0,68 iki 0,88.

Hidrologiniy sausry prognozé pagal indeksg SDI-12

Remiantis sumodeliuotais upiy nuotékio duomenimis, artimos ateities
laikotarpiui (2021-2060 m.) pagal du klimato scenarijus, nustatyta, kad Minijos upé
(vakary hidrologinis rajonas) yra jautresné¢ hidrologinéms sausroms, lyginant su
Ventos (vidurio Lietuvos rajonas) ir Sventosios (pietvakariy rajonas) upémis (9
pav.). Tolimoje ateityje (2061-2100 m.) Sventosios upéje, palyginti su Minijos ir
Ventos upémis, numatoma daugiau ekstremaliy sausry. Apskritai, pagal abu klimato
scenarijus, visy upiy atveju XXI a. antroje puséje numatomas sausry daznéjimas.

Hidrologiniy sausry prognozé pagal indeksg SWLI

Hidrologiniy sausry analizé ateityje pagal indeksg SWLI rodo, kad dauguma
sausry numatoma tolimoje ateityje (3 lentele). Pagal RCP4.5 scenarijy, iSimtis
nustatyta Sesuvio upei. Palyginus prognozuojamus ir istorinius duomenis paaiskéjo,
kad tokiose upése kaip Zeimena ir Sesuvis didéja dideliy ir ckstremaliy sausry
procentiné dalis. Tat¢iau Nemune nustatyta priesinga tendencija. Sj kontrasta gali
lemti didesnis Nemuno baseino plotas ir maz¢jantys vandens lygio svyravimai.
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a) b)

c) d)

Sventoji Venta —Minija
9 pav. Nuotékio sausros indeksy SDI-12 poky¢iai ateityje: (a) pagal RCP 4.5 scenarijy
artimoje ateityje; (b) RCP 8.5 artimoje ateityje; (¢) RCP 4.5 tolimoje ateityje; (d) RCP 8.5
tolimoje ateityje

3 lentelé. Procentinis hidrologiniy sausry pasiskirstymas pagal indeksus SWLI
artimoje ir tolimoje ateityje

Periodas Nemunas— Zeimena— Sesuvis—

Smalininkai Pabradé Skirgailai
Istorinis 1991-2020 5,94 5,80 3,80

periodas

20212060 2,98 3,65 5,10
RCP 4.5 20612100 5.88 10,67 5,04
20212060 0,34 3,08 2,01
RCP 8.5 20612100 9,52 10,34 6,55

Modeliuojant pasirinkty upiy nuotékj pagal ateities scenarijus, nustatyta, kad
daugiausia hidrologiniy sausry prognozuojama tolimoje ateityje (2061-2100 m.
laikotarpis).

Pagal abu klimato scenarijus (RCP4.5 ir RCP8.5) padidés amplitudé tarp
didZiausiy ir maziausiy nuotékio sausros indeksy reikSmiy.

Priklausomai nuo RCP scenarijaus, hidrologiniy sausry tendencijos gali skirtis
priklausomai nuo pasirinkto scenarijaus.

2.5. Hidrologiniu sausry rizikos Zemélapiy sukurimas bei labiausiai
paZeidziamy Lietuvos regiony identifikavimas.

Pastaraisiais metais sparCiai plétojami ir taikomi jvairlis sausry vertinimo
metodai — nuo statistinés analizeés iki sudétingy modeliavimo metody. Taciau tais
atvejais, kai ekstremaliis meteorologiniai reiSkiniai, jskaitant sausras, daznéja ir
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stipréja, labai svarbu ne tik nustatyti sausry atvejus, bet ir suprasti jy kilme bei
jvertinti pazeidziamuma, kad biity sumazintas sausry biisimas poveikis. Strateginio
planavimo metu ignoruojant sausry problema, gali kilti skaudziy padariniy, jskaitant
vandens stygiy, maisto trikumg ir didelius ekonominius nuostolius. Todél
prisitaikymas prie hidrologiniy sausry turi biiti paremtas iSsamia sausros rizikos
analize. Nepaisant didéjanéio susidoméjimo sausry tyrimais, Lietuvoje vis dar
triiksta hidrologinio sausry rizikos vertinimo tyrimy.

Hidrologinés sausros rizikos (HDR) vertinimg sudaro du pagrindiniai
komponentai: sausros pavojus (HDHI) ir sausros pazeidziamumas (HDVI). Bendra
HDR skai¢iavimo procediira pavaizduota 10 paveiksle.

— Y
Duomenys HDHI - HDHI indeksas
sudarymui 3. g
-5 £
. ) £ g & e . Hidrologinés
g & % sausros rizikos
—_—— Os i z VO vertinimas
D HDVI : %
uomenys HL =4 HDVI indeksas
sudarymui
. -~ @@

10 pav. Bendra hidrologinés sausros rizikos vertinimo schema
Hidrologinés sausros rizikai apskai¢iuoti taikyta $i lygtis:
HDR=((WSD+WLD+R+RD)/4+(S+LULC+SL+L)/4)/2; 4)

¢ia WSD — 5-16 dieny trukmés hidrologines sausros, WLD — ilgiau nei 16
dieny trunkancios hidrologinés sausros, R — vidutinis krituliy kiekis, RD — upiy
nuotékio priklausomybé nuo krituliy kiekio, S — upés nuolydis, LULC — zemés
naudojimo ir (arba) Zemés dangos sudétis, SL — dirvozemio morfologin¢ sudétis, L —
ezery tankis. Pirmieji keturi kintamieji atspindi sausros pavojaus komponenta, o
paskutinieji keturi — pazeidziamuma dél sausros.

Hidrologinés sausros rizikos (HDR) zemélapyje (11 pav.) matomos aiSkios
klasteriy formacijos: didelés rizikos vertés Siaurinis regionas ir pailgas klasteris,
kuriam budingas maZzas arba vidutinis rizikos lygis Lietuvos pietry¢iuose. Tokie
rezultatai pietryCiuose glaudziai susije¢ su pietryCiy hidrologiniu rajonu. Mazas
sausros rizikos vertes Siame rajone galima paaiskinti dél daugybés ezery ir misky,
taip pat del aukStumy jtakos. Dideles hidrologinés sausros rizikos vertes Siaur¢je
galima paaiskinti ezery ir misky trikumu, krituliy kiekiu ir i§ dalies dirvozemio
savybémis. Sudarytas zemélapis atskleidzia, kad nemaza dalis Lietuvos patenka j
didelés ir labai didelés sausros rizikos kategorijas (49,8 %), o | mazos ir vidutinés
rizikos kategorijas patenka tik apie 24,4 % teritorijos.
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11 pav. Hidrologinés sausros rizikos indeksy zemélapis

IS 11 pav. matyti, kad maziausia hidrologinés sausros rizika yra pietvakariy
rajone, kuriame tik 10,4 % teritorijos priskirta didelés ir labai didelés rizikos sausry
kategorijoms. Priesingai, vakary ir vidurio Lietuvos hidrologiniuose rajonuose
nustatyti Zzymiai didesni plotai (atitinkamai, 61,1 % ir 72,7 %), kuriuose galima
didelé hidrologinés sausros rizika.

Atlikti hidrologinés sausros pavojaus, pazeidziamumo ir rizikos vertinimai
leidZia daryti i§vadas, kad daugiau nei 70 % Lietuvos teritorijos priskiriama didelio
ir labai didelio pazeidziamumo kategorijai, o mazdaug 39 % teritorijos atitinka
pavojingumo indekso kategorijas. Be to, beveik pusé Salies teritorijos patenka i
didelés ir labai didelés hidrologiniy sausry rizikos kategorijas (49,8 %).

Pietvakariy hidrologinis rajonas iSsiskiria i§ kity teritorijy dél mazesniy
hidrologinés sausros rizikos indeksy. Siauringje vidurio Lietuvos rajono dalyje,
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konkrec¢iai Musos ir Lielupés upiy baseinuose, yra nustatyti dideli sausry rizikos
indeksai.

3.  ISVADOS

IStyrus upiy nuosékio ir hidrologiniy sausry pokycius, jvertinus jy
priklausomyb¢ nuo klimato kaitos bei atlikus sausry rizikos jvertinimg Lietuvos
upéms praeityje ir ateityje, nustatyti Sie désningumai:

1. Pagal hidrologinius vandens matavimo sto¢iy duomenis, Lietuvoje

SvoQNMt— o we e N e e ey T

vidurio Lietuvos hidrologiniame rajone. Upiy i8dzifivimo trukmés rodikliai
rodo reikSmingg koreliacija su baseino plotu (1=0,74) ir upés nuolydziu
(r=0,77). Taip pat Sie rodikliai tiesiogiai siejasi su klimato kaita, todél

2. Lietuvoje upiy nuosékio (minimaliy debity) rodikliai pasiskirstg netolygiai.
Didziausios specifinio vidutinio minimalaus debito reikSmés stebimos
pietvakariy hidrologiniame rajone (3,98 1/s-km?), o maziausios — vidurio
Lietuvos rajone (1,47 l/s-km?). Keiciantis klimatui, teigiama vidutiniy
minimaliy debity rodikliy did¢jimo tendencija po 1973 m. iSnyksta. Per
pastaruosius 30 mety hidrologiniuose rajonuose néra aiSkiy minimaliy
debity kaitos tendencijy, iSskyrus kelias atskiras upes, kuriose pastebimi
reik§mingi neigiami arba teigiami pokyciy trendai.

3. Hidrologiniy sausry pasiskirstymas pagal trukme¢ ir stiprumg Lietuvos
hidrologiniuose rajonuose néra tolygus. DidZiausios hidrologinés sausros
nustatytos 1961-1977 m., 2000-2007 m. ir 2018-2020 m. sausringais
laikotarpiais.  Ilgiausia  hidrologiné¢ sausra  uZzfiksuota pietryCiy
hidrologiniame rajone (1971-1974 m. truko 42 ménesius), tac¢iau daugiausia
sausringy ménesiy, taip pat ir ekstremaliy sausry Siltuoju mety laikotarpiu
nustatyta vakary ir vidurio Lietuvos rajonuose.

4. Remiantis upiy hidrologiniy prognoziy modeliais, pagristais RCP4.5 ir
RCPS8.5 klimato kaitos scenarijais, ateityje ekstremalios hidrologinés sausros
daznés, todél upiy vandens debito amplitudé tarp drégny ir sausringy
laikotarpiy padidés. Tolimoje ateityje (2061-2100 m.) hidrologiniy sausry
daznis bus didZiausias. IS SeSiy upiy prognozavimo modeliy tik Ventos
up¢je, priklausancioje vidurio Lietuvos rajonui, nustatyta hidrologiniy
sausry intensyvumo didéjimo tendencija pagal abu scenarijus, o kity upiy
hidrologiniy sausry kaitos tendencijos kinta priklausomai nuo pasirinkto
RCP scenarijaus.

5. Remiantis hidrologinés sausros rizikos vertinimu, mazdaug pusé¢ Lietuvos
teritorijos patenka j didelés ir labai didelés sausry rizikos intervala, o i
mazos ir vidutinés rizikos intervalg patenka tik 24,4 % baseiny ploto.
Didziausi sausry rizikos indeksai nustatyti Siaurinéje vidurio Lietuvos rajono
dalyje (MiuSos ir Lielupés upiy baseinai). Maziausi hidrologiniy sausry
rizikos indeksai stebimi pietvakariy rajone. Tai galima paaiskinti dirvoZemio
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tipy, poZzeminio vandens maitinimo Saltiniy, plataus eZzery ir miSky
paplitimo, taip pat Baltijos auk§tumy poveikio vietos klimatui jtaka.

Atlikus numatytus Siame darbe tyrimus, iSryskéjo galimos Lietuvos upiy
nuosékio tyrimy gairés ateityje: 1) Siuo metu trilksta vandens matavimo
atliekami didesnio ploto upiy baseinuose, kur néra uzfiksuota upiy
i8dzitivimo atvejy), o tai apsunkina $io reiskinio tyrimus; 2) dél vykstanciy
klimato pokyciy reikéty nuolat analizuoti hidrologing sausrg tiek trumpais,
tiek ilgais vandens akumuliacijos laikotarpiais; 3) dél klimato pokyciy
bitina atlikti mokslinius tyrimus, kuriuose biity nagriné¢jamos upiy bei jy
ekosistemy prisitaikymo galimybés prie naujy salygy, sukelty hidrologiniy
sausry; 4) Siame tyrime daugiausia démesio skirta hidrologiniy objekty
sausros rizikai analizuoti. Taciau norint jvertinti hidrologinés sausros rizikos
poveiki visuomenei, reikalinga papildoma rizikos analizé, jtraukiant
socialinius ir ekonominius rodiklius.
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Abstract

Climate change is inevitably altering the hydrological regime of water bodies. The interest in
changing behaviour of intermittent rivers is increasing in many countries. This research was
focused on intermittent rivers (rivers which naturally, periodically cease to flow) in Lithuania. The
purpose of this research was to provide an overview of flow intermittency phenomena according
to available data in a historical period and to evaluate the impact of catchment geographical
features and climate variability on zero-flow events. The calculated indices of flow intermittency
showed that the selected rivers had very different flow regimes. The threshold for the separation
of typically intermittent rivers from only occasionally intermittent ones was suggested. Multiple
linear regression analysis defined the crucial role of catchment size and watercourse slope on the
river cessation process in Lithuania. The applied nonparametric Wilcoxon-Mann—-Whitney test
revealed the significance of the relationship between precipitation (in June-September) and zero-
flow duration. Flow intermittency phenomena in Lithuanian rivers were linked to a low-frequency
teleconnection pattern (SCAND index). A methodology of estimating the relation between river
intermittency and large-scale atmospheric circulation pattern (based on SCAND index) was
created. The generated regression equations between flow intermittency indices and catchment
characteristics might be useful for the estimation of zero-flows in ungauged river catchments. The
main aspect of future investigations might be related to forecasting flow intermittency using
modern hydrological models and climate scenarios as well as the defined relationships between
zero-flow indices and physico—geographical features of river catchments.
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10.1002/hyp.13912
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INTRODUCTION

All over the world, climate change is inevitably altering the hydrological regime of water bodies.
Due to rising air temperature and changed precipitation patterns, some territories are getting
drier and experience more droughts, while others become wetter and suffer from floods. Some
areas are periodically affected by both droughts and floods. There is a growing body of literature
that focuses on the impact of climate change on perennial rivers. However, in recent years, the
interest in the changing behaviour of temporal rivers is increasing as well (Gallart, Amaxidis, Botti,
Cang, Castillo et al., 2008; Buttle, Boon, Peters, Spence, van Meerveld et al., 2012; Eng, Wolock, &
Dettinger, 2015; Datry, Singer, Sauquet, Jorda-Capdevila, Von Schiller et al., 2017; Rutkowska,
Kohnovd, Banasik, & Szolgay, 2018). Failure to recognize, understand and manage these
temporary waterways may lead to severe degradation of aquatic ecosystems and negative impacts
on the societies that depend upon them (Acufia, Datry, Marshall, Barcelo, Dahm et al., 2014). After
years of near-obscurity, research of intermittent rivers and ephemeral streams has been on an
increase in the last decade, driven by climate change effects, increasing water scarcity issues and
the recognition that such water bodies are prominently prevalent in river networks (Datry, Arscott,
& Sabater, 2011).

Traditionally, two main indices describing temporal patterns of flow intermittency are used in
intermittent river research: the frequency and duration of zero-flow events (Snelder, Datry,
Lamouroux, Larned, Sauquet et al., 2013; Reynolds, Shafroth, & Poff, 2015; de Vries, van Hoeve,
Sauquet, Leigh, Bonada et al., 2015). Other important variables include the beginning or timing of
the zero-flow period (Rutkowska et al., 2018), the magnitude of the zero-flow event expressed by
volume flowing through the gauging station (Delso, Magdaleno, & Fernandez-Yuste, 2017) and
others. Previous research established that in different parts of the world (e.g., in Slovakia
(Rutkowska et al., 2018), in Switzerland (Paillex, Siebers, Ebi, Mesman, & Robinson, 2019), in
southern Iberia (Delso et al., 2017), in the USA (Eng et al., 2015), in Australia (Bond & Cottingham,
2008), etc.) changes of flow intermittency currently take place or are expected in the future.

Drawing on an extensive range of sources, the authors have identified the different factors that
might drive a phenomenon of flow intermittency. However, these factors are related to those that
determine the runoff regime, i.e. natural features such as climate, local geology, relief, soils,
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vegetation cover, as well as anthropogenic factors. The study by Snelder et al. (2013) offers a
comprehensive analysis which relates flow intermittency to several environmental characteristics.
It has been established that regions with high probabilities of intermittent river segments are
those with low annual rainfall, warm air temperatures and steep, small, elongated catchments.
Climatic conditions, such as the amount and timing of precipitation and air temperature, are
generally considered a first-order control on the occurrence of flow intermittency (Buttle et al.,
2012; Snelder et al., 2013; Eng et al., 2015). As this phenomenon is usually observed in small-scale
catchments, its intensity is strongly related to the interaction between local catchment
characteristics and regional-scale climate patterns.

Even in Lithuania, which is considered a territory of relatively high availability of water resources,
in light of recent extremely warm and dry summers, there is a rising problem of water scarcity.
Climate change is generating significant alterations in river runoff dynamics. The summer of 2019
was the second summer in a row when a nationwide hydrological drought was declared in
Lithuania. However, the problems related to hydrological droughts have not been properly
addressed.

Both in Lithuania and the other Baltic States, there is still a lack of studies about intermittent
rivers, which are particularly sensitive to any alterations of meteorological conditions or any
anthropogenic disturbance. Many of such rivers remain ungauged and it is difficult to predict their
state in climate change conditions. There is a probability that intermittent streams will disappear,
while today's permanent rivers will become intermittent. This research was focused on
intermittent rivers (rivers which naturally, periodically cease to flow) in Lithuania. The purpose of
this research is to provide an overview of flow intermittency phenomena according to available
data in a historical period and to evaluate the impact of catchment geographical features and
climate variability on zero-flow events.

STUDY AREA, DATA AND METHODS
Study area and data

According to the Kodppen—Geiger climate classification system, Lithuania belongs to a humid
continental climate and falls within a water-surplus zone as the ratio between annual precipitation
and evaporation reaches 1.47. It has over 22,000 rivers and streams with a total length of more
than 76,000 km (Gailiusis, Jablonskis, & Kovalenkoviené, 2001). Although Lithuania is a relatively
small country, its rivers differ in their hydrological behaviour. Due to different precipitation
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patterns, topography, catchment morphology and lithology as well as underground feeding
peculiarities, the rivers are assigned to three hydrological regions: Western, Central and South-
eastern (Figure 1). In Western Lithuania, rivers are mainly fed by precipitation (it comprises 40—
70% of the annual runoff). The type of river feeding in Central Lithuania is mixed (snow and rain
each contribute about 40% of the annual runoff). In western and central regions, the rivers are
shallow, while their groundwater feeding is insignificant, therefore rivers with a smaller catchment
area tend to dry out in summer. In rivers of South-eastern Lithuania, the runoff is generally formed
by subsurface feeding (40-60% of the annual runoff). The dominant permeable sandy soils there
efficiently absorb snowmelt and liquid precipitation into groundwater reserves and gradually
release it later, supplying rivers during the low-flow period.

In Lithuania, river flow data of 183 water gauging stations (WGS) are available for the different
time periods. Daily time series of all WGSs were screened looking for cessation events. The
threshold of 0.001 m3/s was applied for the indication of intermittent reach due to measurement
resolution. Therefore, all data equal to or less than 0.001 m3/s were considered as non-flows or
zero-flows. Sixteen rivers were identified as intermittent rivers (or rivers prone to flow
intermittency) because their observations showed at least three consecutive days of flow
interruption in the warm period (May-September) during the entire observations. The majority of
the selected rivers were located in lowlands of the Central Lithuania hydrological region, one river
(the Akmena) was from Western Lithuania, and the other one (the Svyla) was from South-eastern
region (Figure 1). The Central Lithuania hydrological region mostly coincides with the Middle
Lithuanian Lowland pedological region. Here, the gleyic cambisols are the most dominant soil type
according to pedological regionalization of Lithuania (Volungevi¢ius & Kavaliauskas, 2009). The
gleyic properties of the soils take a significant part of analysed river catchments (74.7%) and
indicate weak infiltration characteristics with temporary or permanent saturation of moisture.
These conditions do not allow free movement of surface water and groundwater of upper layers.
Therefore, in frequent cases, the precipitation is stuck in the lowest forms of relief, evaporates
and does not reach the river bed.

The hydrological database (Table 1) was created using the mean daily discharge data from 16
WGSs of the Lithuanian Hydrometeorological Service. The selected rivers have different length of
the observation period, which ranges from 13 to 63 years.

Land use and soil data were provided by the National Land Service under the Ministry of
Agriculture of the Republic of Lithuania. These data were processed and the percentages between
the relevant groups were calculated using ArcGIS (Table 1).
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Table 1 presents geographical features describing each gauging station catchment: mean annual
discharge (Q), average area (A), average slope of a watercourse (S), percentage of forested (For)
and agricultural lands (Agr) as well as the predominant soil types according to granulometric
composition: sandy loam (SL), light clay loam (LCL), medium and heavy clay loam (MHCL) and peat
(P). The majority of selected catchments are small and have a relatively small slope. They mostly
consist of either forest or agricultural land. The largest areas of agricultural land are covered by
light clay loam and sandy loam.

The meteorological database was created using the daily meteorological data (precipitation and
air temperature) and decadal snow water equivalent data of six meteorological stations (MS)
obtained from the Lithuanian Hydrometeorological Service for the periods of hydrological
observations. The meteorological stations nearest to the catchments were selected for the
analysis of meteorological drivers. For the relations between flow intermittency and Northern
Hemisphere teleconnection patterns, the Scandinavian pattern (SCAND) was chosen. The monthly
data of this index were downloaded from the NOAA (National Oceanic and Atmospheric
Administration)  National =~ Weather Service, Climate Prediction Centre database
(https://www.cpc.ncep.noaa.gov/). The maps of anomalies of 500 hPa geopotential height and sea
level pressure during the years of different rate of flow intermittency were created according to
the data provided by the NOAA/ESRL Physical Sciences Laboratory, Boulder, Colorado from their
web site at https://psl.noaa.gov/.

Methods

As flow cessation in Lithuanian rivers usually occurs during the warm period of a year, the time
series of the period from May 1 to September 30 were used to calculate the main indices of flow
intermittency. The reach of each selected river was described by the mean duration of zero-flows
(mDUR, days), which is the mean number of zero-flow days during the warm period of a year, and
the mean annual frequency of zero-flow periods (FREQ, %), which is the percentage of years with
zero-flows among the total number of years (the observation period). Additionally, the mean
average flow (Qp, m3/s) of the warm period (May—September) and the timing of zero-flows (To),
which is the mean Julian date of the first zero-flow event, were estimated.

All continuous hydrological time series and indices of flow intermittency as well as available
catchment-scale data were analysed using statistical analysis methods (correlation and multiple
linear regression analysis). First, the linear correlation matrix between indices of flow

This article is protected by copyright. All rights reserved.



intermittency and geographical factors was created to identify the strongest relations and most
significant variables. The geographical factors consisted of two groups: catchment characteristics
(such as area, watercourse slope, percentage of forests and agricultural lands) and soil types based
on their granulometric composition (Table 1). According to the most significant variables and
relations of genetic origin, some of the geographical factors were selected for multiple linear
regression analysis (MLRA). MLRA was used to create simple models to assess the relations
between the main indices of flow intermittency (Qe, MDUR, maxDUR and To) and geographical
factors. In the created models, intermittency indices were selected as dependent variables
(predictands), whereas geographical characteristics were used as independent variables
(predictors). All characteristics of flow regime of intermittent rivers, as well as the geographical
characteristics of catchments of those rivers, were selected according to a literature review of
scientific publications related to the regions with similar physico-geographical conditions.

The daily precipitation amount was chosen as a meteorological parameter for the analysis of main
meteorological drivers affecting flow intermittency. Nonparametric statistical analysis was applied
using the Wilcoxon—-Mann-Whitney test (Fay & Proschan, 2010). For the warm period (June—
September) of each year, the number of zero-flow days was counted. If flow intermittency was
absent in a particular year, the average discharge of the same period was estimated. Both
characteristics were attributed as intermittency indices. The sum of precipitation amount was
calculated for the analysed period as well. The observation years of each river were sorted
according to the number of zero-flow days (from highest to lowest) or the average discharge (from
lowest to highest), maintaining the link to the precipitation amount of a particular year. The
methodology based on the ranking, i.e. Wilcoxon rank—sum test, is a nonparametric test of the
null hypothesis that two populations are the same against an alternative hypothesis especially that
a particular population tends to have larger values than the other and divides the data series into
two equal populations respectively. In this research, one half of the years with the highest number
of zero-flow days was assigned to a first rank population (dry year), whereas another half of the
years having the lowest number of zero-flow days or the highest average discharge of the warm
season (if flow intermittency was absent) was assigned to a second rank population (wet year).
Afterwards, three-column data (intermittency index, precipitation amount and assigned rank)
were sorted according to the precipitation amount of the warm period from the smallest to the
largest and numbered from 1 (the lowest precipitation) to n (the highest precipitation),
maintaining the link with intermittency index and assigned rank. The difference in the sum of the
linked numbering (according to the precipitation sorting) between the groups of two separate
ranks indicated the rejection of the null hypothesis at different levels of significance depending on
the size of population.
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In order to evaluate the atmospheric circulation and teleconnection patterns during the flow
intermittency period, the Scandinavian (SCAND) pattern was used. The index is also known as
Eurasia-1 (EU-1) and represents two centres of pressure. One of them is located over North
Scandinavia (60°-70° N, 25°-50° E), while the second one with the opposite sign is located over
Northwest China or West Mongolia at 30°-45° N and 80°-100° E (Barnston & Livezey, 1987). The
index itself consists of positive and negative phases which are described by monthly positive or
negative values respectively. The sum of the monthly SCAND index values was used to find out the
relation with the duration of flow intermittency for the period of June-September. The sum of this
index defines the tendency of index sign (positive or negative phase) for flow intermittency period.
The estimated SCAND index was interrelated with flow intermittency using the Wilcoxon rank—
sum test in the same manner as in the case of precipitation.

RESULTS
Variability of flow intermittency

The following characteristics describing flow intermittency in the warm period were estimated:
the mean discharge of the warm period (Qp in m3/s), the mean number of zero-flow days (mDUR),
the maximum number of zero-flow days (maxDUR), the mean annual frequency of zero-flow
periods (FREQ, %) and the mean timing of the first zero-flow event (To; the mean Julian date)
(Table 2).

The vast majority of the selected intermittent river catchments have small areas (10-200 km?).
The mean annual discharge of these rivers ranged from 0.07 m3/s (in the Pedamé and Imsré) to
2.56 m3/s (in the Akmena), whereas the mean discharge during May-September was even 2-4
times lower (Table 2). The main indices of flow intermittency (duration and frequency of zero-flow
periods) showed that the selected rivers (more precisely, river reaches) had a very different
degree of intermittency. Among the analysed rivers, the shortest mean duration of flow
intermittency (less than a day) as well as a more uniform runoff throughout the year were
identified for the Agluona, Svyla and Akmena, the latter two being from different hydrological
regions (South-eastern and Western Lithuania, respectively). The two smallest rivers (the Pedamé
and Imsré) can be considered as highly intermittent because during the observation period they
ceased to flow for 77-85 days per year on average. The records of maximum duration of the
period without flow belonged to the already mentioned Pedamé (152 days) and Imsré (151 day) as
well as to the Sidabra (142 days) and Milupé (129 days). The mean annual frequency of zero-flows
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indicated the periods of river flow absence in the Pedamé, Imsré and Milupé for almost every
observation year (89-93%), allowing to identify these rivers as regularly stopping to flow or
extremely intermittent. Meanwhile, in the Svyla, Agluona, Akmena, Susve, Sidabra and Sesuva, the
zero-flow events were observed only once or twice over their gauging history, indicating very low
intermittency of the mentioned rivers or their sensitivity to environmental factors that drive this
phenomenon. Over the observation period, the beginning of flow cessation was estimated as early
as in the first decade of May (like in the Pedamé, Imsré and Smilga) and as late as in the beginning
of September (in the Daugyvené and Smilga). According to the available data, the most zero-flow
events took place at the end of the warm period, i.e. in August and September. A tendency for a
longer duration of zero-flow period in case it starts earlier was estimated.

It is difficult to assess trends of stream intermittency in the studied rivers in the past because of
the absence of a common observation frame. It can only be mentioned that during the last two
decades (2000-2018), the greatest number of zero-flow days was recorded in 2006, 2015 and
2018.

Relations between flow intermittency and catchment geographical characteristics

Local factors such as catchment topography and geomorphology, land use, etc. determine the flow
regime in rivers as well as intermittency phenomena.

In order to find out possible relations between intermittency indices (Qp, MDUR, maxDUR, FREQ,
To) and catchment features (catchment area (A), watercourse slope (S) as well as areas covered by
forest (For), agricultural lands (Agr) and predominant soil types), a correlation analysis was
performed. Soil types were described as sandy loam (SL), light clay loam (LCL), medium and heavy
clay loam (MHCL) and peat (P). The analysis indicated how strongly or weakly these variables may
be related to each other: only relations with moderate (0.50 to 0.70 or -0.50 to -0.70), high (0.70
t0 0.90 or -0.70 to -0.90) and very high (0.90 to 1.00 or -0.90 to -1.00) correlation coefficients were
analysed.

The primary analysis of linear correlation revealed that in the studied catchments, the mean
discharge of the warm period was closely related to the catchment area (Figure 2a). Correlation
coefficients showed the influence of the catchment area on the intermittency indices as well: as
the catchment area increases, the likelihood of drying out decreases. The mean (r = -0.52) and
maximum (r = -0.53) duration as well as the frequency of zero-flows (r = -0.50) were moderately
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related to the catchment area (Table 3). There was evidence of a positive relation between the
catchment area and the timing of the zero-flow period (r = 0.53).

The influence of catchment topographic features on intermittency indices depends on the relief.
As the majority of studied catchments are characterized by lowland terrain (the absolute height of
WGSs is 18-129 m), the influence of surface topography is supposed to be insignificant. On the
other hand, the slope of river watercourses seemed to have a much higher impact. In this analysis,
watercourse slope presented itself as a catchment characteristic having the greatest influence on
flow intermittency indices: the mean duration had a high positive relationship, both maximum
duration and frequency had a moderate positive association, while timing was moderately
negatively related to this characteristic, i.e. a greater watercourse slope determined earlier, more
frequent and more prolonged zero-flow events.

The intermittency indices correlated neither to the percentage of forest area nor to the land used
for agricultural activities in the catchments. However, the indices of zero-flow events were more
or less dependent on the soil types such as sandy loam (SL), medium and heavy clay loam (MHCL)
and peat (P). Sandy loam characteristic had a strong positive influence on the timing of the zero-
flow period (r = 0.70) (Figure 2e) and a moderate negative influence on both mean and maximum
durations of the zero-flows (r = -0.49 and r = -0.53, respectively). Therefore, there was evidence of
a positive relation between medium and heavy clay loam (MHCL) and mean and maximum
durations of the zero-flow period (r = 0.64 and r = 0.49, respectively) (Table 3). Opposite trends
were found due to the influence of different soil composition (SL and MHCL) on the duration of
zero-flow. The permeability of dominant soils in river catchment highly affects the fate of
precipitation and conditions for groundwater storage, supplying rivers during the low water
period. Therefore, soil composition is considered as one of the most important catchment
characteristics influencing intermittency indices.

At the initial steps of this research, there was a challenge of determining the appropriate
definition for intermittent rivers. For the primary analysis, 16 intermittently flowing rivers were
selected by using a threshold of at least three consecutive days of flow interruption. However,
later it was decided to use a stricter limit for values of intermittent indices to exclude the rivers
and streams that only seldom cease to flow and can be considered as prone to intermittency or
occasionally intermittent. Scientists specified a number of different ways to define intermittency
phenomenon. Eng et al. (2015) described US rivers as intermittent if they had at least 15 days of
zero-flow per year. Reynolds et al. (2015) categorized reaches in the Upper Colorado River basin as
strongly intermittent if the average number of zero-flow days across the years was greater than 20
per year and weakly intermittent when this number was less than 20. According to De Vries et al.
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(2015), on average, at least five zero-flow days per year in the gauging station records is enough to
call as river intermittent. According to the results of this research, at least 15 days per year
without flow and three years with recorded zero-flow events are sufficient to describe Lithuanian
rivers as typically intermittent and separate those from a group of rivers that do not meet the
threshold values (assigned to occasionally intermittent ones). The graphical illustration (Figure 2c)
of the relationship between the intermittent catchment area and the mean duration of zero-flow
periods supports the suggested classification; a cluster of only occasionally ceasing rivers (circled
dots) reveals their dissimilarity from a group of typically intermittent rivers.

Such classification provided an opportunity to eliminate the hydrological ‘noise’, which originated
from the other rivers and to highlight the consistent patterns of the dependence of the
intermittency process on the geographical factors and meteorological drivers. Only one exception
was made for the Daugyvené. Despite its short hydrological observation period at a new WGS
(from 2006) and only a few intermittency events, this river is the largest intermittent river of
Lithuania according to previous historical records (Gailiusis et al., 2001). Therefore, the Daugyvené
was chosen as a river that represents the upper level of boundary conditions of a catchment area
of an intermittent river. Based on the described criteria, the eight typically intermittent rivers
were selected for further analysis. The major differences in the relations of some characteristics
between 16 and 8 selected rivers are presented in Figure 2. The relation between the mean
discharge of the warm period and the catchment area increased significantly in case of typically
intermittent rivers compared with all analysed rivers. It was confirmed by the correlation
coefficient, which increased from 0.73 to 0.97 (Figure 2a, b). For 8 rivers, the most clearly
expressed relation was between the mean duration of zero-flow days and catchment area, in
contrast with 16 rivers where the association was unclear. This relationship was described as a
power function and reached 0.96 (Figure 2d). Such tendency confirms the dependence of one of
the main indices of flow intermittency on the catchment area. All previously mentioned relations
differed from each other in their strength and nature. To get a more complex evaluation, the
multiple linear regression analysis (MLRA) was applied to combine the influence of several most
significant geographical factors on intermittency indices. The correlations between geographical
factors were done in order to estimate links between them and to eliminate those ones which are
strongly interrelated (Table 3). This analysis highlighted the strong dependency between forest
and agricultural land-use because the correlation between them reached 0.98. Therefore, it was
decided to eliminate agriculture factor from independent variables for MLRA.

The MLRA showed that the combined effect of selected geographical factors strongly improved
the relations between them and the indices of flow intermittency. The analysis was performed for
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16 and 8 rivers. The created prediction models disclosed the assigned coefficients for the
equations of MLRA (Table 4). They also presented the best combinations of geographical factors
for all intermittency indices. The most common of them were catchment area, slope, peat,
medium and heavy clay loam, sandy loam and forests. Depending on the analysed indices of flow
intermittency (dependent variables), the coefficients of independent variables (geographical
factors) ranged widely in both groups of the rivers. Based on 16 rivers, the determined
combinations of geographical factors and their coefficients resulted in correlation coefficients
from 0.74 (maxDUR) to 0.85 (To). When only typically intermittent rivers were used, the MLRA
models showed better results and the correlation coefficients fluctuated from 0.96 to 0.99. The
best results were obtained for Qp and maxDUR. The mean discharge of the warm period was
closely related to the catchment area, slope and percentage of peat. On the other hand, maxDUR
was additionally dependent on sandy loam, the presence of which determines better infiltration
properties and stronger groundwater supply. Therefore, the negative sandy loam coefficient
indicates that maxDUR gets shorter with the increase of the percentage of sandy loam. The same
interactions with the other indices of flow intermittency were obtained and genetic relations were
confirmed. MLRA showed how strongly flow intermittency processes are interrelated with the
physico-geographical characteristics of river catchment and that the catchment characteristics are
the primary drivers of the formation of the intermittency phenomenon.

Relations between flow intermittency and climate variables

The variation and drivers of flow intermittency indices were analysed in the context of
corresponding changes in climate variables. Flow intermittency takes part as a complex process in
environmental hydrology therefore many different relations between meteorological parameters
and indices of flow intermittency were tested. For the primary analysis, the simple correlation was
applied and the average air temperature and the sum of precipitation of different seasons (the
autumn of last year, and winter, spring and summer of current year) as well as average and
maximum snow water equivalent of the cold season was used in order to assess the existence of
the relations with zero flow days of typically intermittent rivers (Table 5). Several occasional
relations of zero flow days were found with autumn and summer air temperatures in certain
rivers. Also, the relation between zero flow days and average and maximum snow water
equivalent was found in Pilvé River. Despite accidental relations, only precipitation of summer
season showed a clearly expressed interrelation with zero-flow days of typically intermittent
rivers. Therefore, the non-parametric Wilcoxon—-Mann-Whitney test (Wilcoxon rank-sum test)
was applied to evaluate the distribution patterns and their significance related to different drivers
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of further analysis (precipitation of the warm season and atmospheric circulation patterns). A
greater concentration of years with the highest number of zero-flow days was obtained at a lower
precipitation amount (Figure 3). Here, one bubble corresponds to one year and the rivers are
listed according to the length of the data series. The years were assigned as a first rank year - dry
year (outlined bubbles) or second rank year - wet year (bubbles without outline) depending on the
hydrological conditions of intermittent rivers described in the methodology. Moreover, separate
years of each river were sorted according to precipitation amount of those years (from lowest to
highest) and indicate the number of zero flow days (Figure 3a). For example, in the Imsré, all first
rank years with the highest number of zero-flow days were located in the first half of the years
with the lowest precipitation amount during June-September. Whereas, the second rank years
(with the lowest number of zero-flow days) fell within the second half where precipitation was
abundant. In the other rivers, the distributions of the years of the first and second ranks also
showed similar patterns because only 1-3 years of the first rank were allocated on the side of
higher precipitation. The statistical confidence of distributions was tested with the Wilcoxon rank-
sum test. The results revealed a close dependence between flow intermittency and precipitation
amount because the confidence level of 99% significance was estimated in all rivers except the
Daugyvené, where the significance was only 90%. Hence, the precipitation amount during the
June—September season was the most important meteorological driver that influenced the rate of
flow intermittency in Lithuanian rivers. In contrast, previously analysed geographical factors
determined whether this phenomenon was possible in general.

Using the methodology of optimal sample size planning for the Wilcoxon-Mann-Whitney test,
Happ, Bathke, & Brunner (2019) estimated that two data sample sizes (n1 = n2 = 26) are required
to achieve at least 80% power. In this study, according to Wilcoxon—-Mann—Whitney test, the
confidence level of significance of the distributions (Figure 3) varied from 90 to 99% depending on
the sample size of the investigated rivers. Therefore, the length of time series of flow
intermittency and climate variables did not affect the reliability of the results.

Precipitation itself is closely related to large scale atmospheric circulation and different kinds of
teleconnection patterns, which usually refer to a recurring and persistent, large-scale pattern of
pressure and circulation anomalies. These anomalies are expressed as atmospheric circulation
indices and represent changes in values between two centres of pressure. The Scandinavian
pattern (SCAND index) was chosen to evaluate atmospheric circulation anomalies because the
region of this index covers the study area. The SCAND index consists of negative and positive
phase monthly values which fluctuate in the range from -2.69 to 3.15. The positive phase of the
SCAND index is associated with positive anomalies of air pressure over Scandinavia and Northwest
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Russia. Such conditions are favourable for formation of blocking anticyclones, which interrupt the
westerly flow of the Northern Hemisphere. As a result, the positive phase is associated with
below-average air temperatures and precipitation over Scandinavia, Baltic Sea region and
Northwest Russia. On the contrary, the negative phase is associated with above-average values.
Due to such feedback of climatic features, this teleconnection pattern was chosen for the
evaluation of atmospheric circulation. A relation between the years of the first and second rank
and SCAND index sum during the flow intermittency period of typically intermittent rivers was
identified as well (Figure 3b). The results revealed a close interrelation between the phase of
SCAND index and flow intermittency because the first rank years (hydrologically dry years) mostly
concentrated at a positive SCAND index values, whereas the second rank years (hydrologically wet
years) were denser at the negative SCAND index. However, depending on the SCAND phase, the
distributions of the years of first and second ranks were scattered wider compared with the results
of precipitation. Therefore, it was reflected on the statistical confidence level of the obtained
distributions according to the Wilcoxon rank—sum test. The highest 99% statistical significance was
estimated in the Smilga, while in other four rivers the significance reached 95%. The weakest
distributions of 90% significance were determined in the Platonis and Milupé. Only in one river
(Imsré), the distribution was statistically insignificant. These results revealed the dependence and
response of flow intermittency to changes in regional-scale teleconnection patterns.

The previously analysed Scandinavian pattern determines atmospheric circulation anomalies over
the studied region, thus it was decided to compare the differences in anomalies of 500 hPa
geopotential height (H500) and sea level pressure during the years with less river intermittency
(wet years) and years with the highest rate of river intermittency (dry years) in typically
intermittent rivers of Lithuania. For this purpose, two wettest and two driest years were selected
for each of 8 rivers to create anomalies maps. Some of the selected years overlap each other,
therefore they were considered as one year. 11 wet (1961, 1980, 1981, 1985, 1987, 1993, 1998,
2007, 2010, 2012 and 2017) and 11 dry (1964, 1970, 1971, 1975, 1992, 1994, 1995, 2002, 2006,
2015 and 2018) years have been selected and the anomaly (1981-2010) maps of 500 hPa
geopotential height and sea level pressure were created for the period of June-September (Figure
4). During the wet years with the lowest number of zero-flow days, a strong negative anomaly of
H500 was found over North-west Europe and South Scandinavia (Figure 4a). The epicentre of such
a derivative of atmospheric circulation was located over the North Sea region. The negative
anomaly of H500 covered a large region with the average values ranging from -10 to -30 metres.
Such circulation indicated troughs and cyclones in the middle troposphere. Furthermore, it was
revealed by anomalies in sea level pressure, because negative anomalies varied from -1.6 hPa in
the epicentre to -1.2 hPa over the study area of intermittent rivers. However, during the years
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with the highest rate of flow intermittency, the positive anomalies of HS00 were detected over the
southern part of the Baltic Sea region and neighbouring countries (Figure 4b). The location of the
epicentre coincided with the southern and south-eastern parts of the Baltic Sea, where the area of
this study is located. The values of positive anomaly fluctuated in the range from 10 to 25 metres
and resulted in high H500 values, which indicate atmospheric circulation ridges and anticyclones.
The determined positive anomalies of sea level pressure defined a more specific area where
higher pressure was dominant. This area of a 1 hPa anomaly covered the southern part of the
Baltic Sea as well as Latvia and Estonia. The studied intermittent rivers of Lithuania fell within the
zone of a positive 0.8 hPa anomaly, which covered much more extensive areas including Denmark,
South Sweden, North Belarus and previously mentioned Latvia and Estonia. Such circulation
patterns caused the most prolonged intermittency processes in the analysed river catchments.
Therefore, a similar analysis could be done in the region within the detected anomalies in order to
find out the behaviour of intermittent rivers in the other Baltic Sea countries.

DISCUSSION

The main purpose of the paper was to draw attention to intermittent rivers as the most sensitive
segment of the river network and an object, which has not been investigated in Lithuania. The
results revealed that flow intermittency is a relevant hydrological topic not only in Mediterranean
region, Australia or arid and semiarid areas of the western USA, but in relatively humid countries
of north-eastern Europe as well.

The flow intermittency characteristics of the selected rivers showed that they had a very different
flow regime. However, as in the cases of other countries (Delso et al., 2017), there was a strong
relationship between intermittency frequency and its mean duration.

The performed correlation analysis between the intermittency indices and catchment
characteristics indicated that the occurrence of zero-lows is very dependent on catchment size.
High correlation coefficients between this feature and the mean discharges during the warm
period as well as moderate relationships between the studied intermittency indices and
catchment size were determined. These results show that the flow regime of small river
catchments is more sensitive to intermittency drivers. As the catchment area increases, the
influence of local factors tends to disappear. However, the correlation coefficients revealed that a
critical catchment factor controlling the studied phenomenon was watercourse slope: a steeper
river watercourse determined earlier, more frequent and more prolonged zero-flow events.
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Contrary to expectations, the zero-flow indices did not correlate with the proportion of
agricultural land or forest. Only a moderate relationship between the characteristics of flow
intermittency and the catchment soil texture was established.

Based on graphical analysis of the mentioned relationships and highly variable degree of flow
intermittency among the selected 16 rivers, a threshold was suggested for the separation of
typically intermittent rivers from only occasionally intermittent ones. The repeated correlation
analysis for the selected 8 rivers determined much stronger relationships between their
intermittent behaviour and catchment features, indicating that typically intermittent rivers have a
uniform hydrological regime.

As intermittency is a complex phenomenon and it might be driven by multiple physical factors,
each of which has a moderate influence (Snelder et al., 2013), the analysis continued on the set of
the most critical catchment-scale environmental characteristics whose interactions might lead to
the highest probability of river drying. The multiple linear regression analysis (MLRA) confirmed
the crucial role of catchment size and watercourse slope. It also revealed that three soil types
(peat, medium and heavy clay loam and sandy loam together with the relative area of forest)
should also be considered significant drivers of zero-flow phenomena in rivers. Mean discharge of
the warm period was identified as the most closely linked to catchment size, slope and area of the
peat soils. The maximum duration of the zero-flow period was found to be negatively related to
the catchment area covered by sandy loam. These results are in accord with other studies
indicating that catchment area and slope (Snelder et al., 2013; Oueslati, De Girolamo,
Abouabdillah, Kjeldsen, & Lo Porto, 2015) as well as the presence of forests or other natural
vegetation (Kirkby, Gallart, Kjeldsen, Irvine, Froebrich et al., 2011; Reynolds et al., 2015) are
among local-scale drivers of flow intermittency. The listed key factors control baseflow as well as
flow intermittency through their influence on infiltration, rates of water removal from the
catchment and subsurface storage properties (Miller, 1994; Price, 2011). However, the percentage
of agricultural land was found to be a poor predictor of river cessation. A likely explanation of this
might be different agricultural activities that give dissimilar infiltration rates.

Climatic conditions, such as the amount and timing of precipitation and energy inputs, are
generally considered a first-order control on the occurrence of intermittently flowing rivers (Buttle
et al., 2012). A number of previous studies (e.g. Gallart et al., 2008; Snelder et al., 2013; Eng et al.,
2015) support the existing strong dependence of zero-flow events on climate characteristics.
However, in this study no strong correlation was detected between intermittency indices and
particular climate variables (the average air temperature and the sum of precipitation of different
seasons, and average and maximum snow water equivalent of the cold season), except for
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precipitation in June-September, which showed a clearly expressed association with zero-flow
duration in typically intermittent rivers. This study confirms the findings of De Vries et al. (2015),
who stated that relations between climate variability and intermittency are not straightforward.
Local-scale catchment peculiarities determine if a particular river or stream is prone to
intermittency, whereas combinations of unfavourable climate parameters control how often zero-
flow will occur. The results of this study are also in line with those of Reynolds et al. (2015), who
indicated that individual climate variables are poor predictors of inter-annual variation of zero-
flow days on intermittent streams and instead proposed the composite precipitation and
temperature index, Palmer Drought Severity Index, which highly correlated with the degree of
stream intermittency.

In this study, the Scandinavian (SCAND) pattern was used. It is a low-frequency teleconnection
pattern over the North Atlantic—Eurasian sector and is considered to be able to induce significant
climate anomalies over Eurasia and the continent’s surroundings (Wang & Tan, 2020); therefore, it
should be linked to flow intermittency phenomena in Lithuanian rivers. The methodology of
estimating the relation between river intermittency and large-scale atmospheric circulation
pattern based on the SCAND index was created. First of all, two driest and two wettest years were
selected according to the number of zero-flow days during the warm period. These years were
used for the creation of anomaly maps of 500 hPa geopotential height and sea level pressure
during the years with the highest rate of flow intermittency (selected dry years) and the years with
less intermittency (selected wet years) for the period of June-September. Using the created
methodology, the circulation patterns related to river intermittency could be determined for each
country of the Baltic Sea region where such phenomena can be found and local meteorological
parameters are under the influence of the Scandinavian pattern. For this task, only the
information related to dry and wet years for target rivers of each country is necessary. The
positive or negative anomalies can be determined during the years with less or high flow
intermittency, only the numerical value of the anomaly can slightly differ from anomalies
estimated in the Lithuanian case.

The main limitation of the studies like this, however, is a problem that existing river monitoring
programs poorly represent intermittent streams and rivers (Bond & Cottingham, 2008; Oueslati et
al., 2015; Gallart et al., 2016; Datry et al., 2017). The identified relationships and drivers of flow
intermittency would have been more reliable if complete long-term data covering a common
specific observation period was available. The analysis did not allow determining any trends or
cycles of wetting and drying or at least a common year when the highest flow intermittency
occurred, which is a usual problem in such studies (Sefton, Parry, England, & Angell, 2018). Lack of
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hydrological data does not allow estimating intermittency indices in ungauged rivers, whereas the
created regression equations between flow intermittency indices and catchment characteristics
could be useful for approximate estimation of zero-flow parameters in the ungauged river reaches
of the studied area.

The identified relationships between the response of intermittently flowing rivers and
environmental factors highlight a threat of more severe conditions of flow regime due to potential
anthropogenic pressures and projected climate changes in the future. Previous studies
demonstrated an increase of climate aridity (Stonevicius, Rimkus, KaZys, Bukantis, Kriaucitiniené et
al., 2018) as well as a significant decrease of low flows in Lithuanian rivers (Sarauskiené, Akstinas,
KriaudiGniené, Jakimavicius, Bukantis et al., 2018) in the summer season at the end of the 21st
century. All rivers in the studied Central Lithuanian hydrological region are at a high risk of
increasing drying up in response to climate change. Other scientists also point out that climate
change is likely to have substantial effects on the hydrological regime of temporal rivers (Cipriani,
Tilmant, Branger, Sauquet, & Datry, 2014; Pumo, Caracciolo, Viola, & Noto, 2016). Some perennial
rivers will likely shift to intermittent flow under climate-driven changes in timing and magnitude of
precipitation and runoff, combined with increases in temperature (van Vliet, Franssen, Yearsley,
Ludwig, Haddeland et al., 2013; Reynolds et al., 2015). The expected changes in intermittent flow
behaviour may be more pronounced due to the impact of anthropogenic activities (Buttle et al.,
2012; Eng et al., 2015). However, the findings of some scientists concerning measures that could
mitigate or exacerbate climate change effects (Pumo et al., 2016) sound quite promising and need
to be continued. The main aspect of future investigations could be related to forecasting of flow
intermittency using both modern hydrological models and climate scenarios as well as the defined
relationships between zero-flow indices and physico—geographical features of river catchments.

CONCLUSIONS

The study showed that flow intermittency in the rivers of water surplus zone may be a relevant
hydrological topic as well.

Almost all identified intermittent rivers are located in the Central Lithuania hydrological region
that has specific physico-geographical conditions: gleyic properties of the soils, slight slopes of
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river watercourses and a small underground runoff. It was estimated that river intermittency
indices can vary widely: mean duration from 0.1 to 85 days, maximum duration from 6 to 152
days, frequency from 2 to 92.9% and timing from 12 May to 31 August. The variability of
intermittency indices depends on the physico-geographical characteristics of river catchments, the
most important of which are the catchment area and slope. The flow cessation process is not
correlated with the proportion of agricultural land or forest and only moderately correlated with
the catchment soil texture.

The close relationship of intermittency indices with precipitation amount and large-scale
atmospheric circulation pattern based on the SCAND index confirms that atmospheric circulation
patterns have a decisive effect on river drying. The methodology of estimating the relation
between river intermittency and the SCAND index was created. This methodology can be applied
to determine the circulation patterns related to river intermittency for any country of the Baltic
Sea region.
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Table 1. Main characteristics of the studied gauging station catchments

Period Q,m3/s A,km? S,m/km For,% Agr,% Soils, %

River WGS SL LCL MHCL P

Sesuva Kalnénai 1952-1965 0.82 130 1.21 74.2 235 22.5 439 1.38 5.81
Dotnuvélé Dotnuva 1947-1969 0.78 166 0.89 16.1 79.1 26.3 529 1.01 4.83
Smilga Pasmilgys 1973-1999 1.17 206 1.52 314 66.7 19.8 46.6 0.78 5.29
Susve Siaulénai 1956-2018 1.22 162 0.72 334 48.2 19.6 228 0.01 39.7
Alsa Paalsys 1961-1999 0.36 49.0 221 35.0 63.8 286 4338 179 4.46
Pedamé Antkalniai 1970-1990 0.07 10.2 3.19 97.5 2.50 043 0.32 1.11 0.00
Imsré Jakaiciai 1970-1983 0.07 10.1 3.78 14.0 86.0 281 319 51.2 0.13
Pilve Papilvis 1978-1999 0.79 123 0.96 333 64.7 55.5 4.50 0.15 7.54
Milupé Stoskai 1957-1993 0.21 374 1.27 2.50 96.0 268 643 851 0.26
Svyla Guntauninkai 1966-2018 0.91 148 0.91 22.0 74.2 29.2 399 5.64 14.2
Agluona Dirvonakiai 1960-1999 0.45 63.0 0.66 133 84.4 63.8 19.4 0.01 14.0
Daugyvené  Rims3oniai 2006-2018 2.39 487 0.85 20.9 743 41.8 343 0.54 6.00
Yslykis Kyburiai 1971-2018 0.35 71.2 1.05 5.10 91.5 6.48 513 34.0 6.77
Platonis Vaineikiai 2006-2018 0.55 133 1.89 131 84.8 123 685 6.06 1.23
Sidabra Sarkiai 2006-2018 0.32 79.7 1.67 5.90 84.2 11.3  70.2 7.06 111
Akmena Tabausiai 1949-1991 2.56 193 1.76 47.2 50.1 12.4 529 1.13 6.15

Table 2. The main characteristics of flow intermittency in the warm period

River WGS Qr mDUR  maxDUR FREQ To
Sesuva Kalnénai 0.47 3.00 24 143 195
Dotnuvélé  Dotnuva 0.23 1.26 23 13.0 231
Smilga Pasmilgys 0.32 15.2 100 25.9 190
Susve Siaulénai 0.54 1.70 54 3.17 221
Alsa Paalsys 0.13 7.68 81 28.9 208
Pedamé Antkalniai 0.03 77.1 152 90.5 156
Imsré Jakaiciai 0.02 85.4 151 92.9 144
Pilve Papilvis 0.27 19.9 79 50.0 206
Milupé Stoskai 0.05 53.6 129 88.9 157
Svyla Guntauninkai 0.40 0.11 6 1.89 241
Agluona Dirvonakiai 0.16 0.73 29 2.50 242
Daugyvené Rims3oniai 0.67 4.15 30 15.4 244
Yslykis Kyburiai 0.10 336 116 58.3 181
Platonis Vaineikiai 0.11 18.2 122 231 182
Sidabra Sarkiai 0.08 10.9 142 7.69 133
Akmena Tabausiai 0.84 0.26 11 2.33 174
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Table 3. Coefficients of linear correlation between flow intermittency indices and catchment
characteristics for 16 intermittent rivers

Soils, %

Indices A, km*> S,m/km For,% Agr,% SL LcL MHCL P
Qe 0.74 -0.42 0.23 -0.29 0.18 -0.13 -0.42 0.43
mDUR -0.52 0.77 0.14 -0.07 -0.49 -0.14 0.64 -0.44
maxDUR -0.53 0.65 -0.09 0.12 -0.53 0.20 0.49 -0.44
FREQ -0.50 0.63 0.10 -0.02 -0.36 -0.14 0.56 -0.47
To 0.53 -0.68 -0.07 0.04 0.70 -0.27 -0.46 0.52
A, km? -0.46 -0.07 0.03 0.29 0.05 -0.37 0.23
S, m/km 0.32 -0.24 -0.63 -0.06 0.51 -0.55
For, % -0.98 -0.21 -0.69 -0.35 -0.15
Agr, % 0.22 0.68 0.40 0.14
SL -0.30 -0.47 0.65
* LCcL 015  -0.13
S | MHCL -0.25

p

Table 4. Results of MLRA of flow intermittency indices according to catchment characteristics

Coefficients for independent variables

Dependent Correlation
No. R Intercept Area Slope P MHCL SL For R
variable coefficients
Qe -0.021 0.002 0.022 0.009 - - - 0.80
g mDUR 14.110 -0.057 - -0.707 1.173 - 0.359 0.81
° maxDUR 99.221 -0.146 14.837 -1.143 - -0.699 - 0.74
- To 153.334 0.096 -2.628 1.184 - 0.998 - 0.85
Qe -0.049 0.001 0.015 0.014 - - - 0.99
£ mDUR 35.586 -0.046 - -3.803 0.835 - 0.415 0.96
% maxDUR 150.056 -0.161 1.455 -2.586 - -0.595 - 0.99
To 151.678 0.134 -1.160 2.807 - 0.256 - 0.98

Table 5. Correlation between meteorological parameters and zero flow days

Meteorological River
parameter Yslykis Milupé Smilga Pilve Pedamé Imsré Platonis  Daugyvené
Tautumn -0.10 0.28 -0.35 -0.18 0.19 0.61 0.08 -0.04
Twinter 0.03 0.18 0.14 0.43 0.45 0.17 -0.12 0.26
Tspring 0.08 0.22 0.13 0.14 0.49 0.49 -0.42 0.20
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Tsummer 0.17 0.43 0.34 0.76 0.29 0.35 0.20 0.06
Pautumn -0.09 0.12 -0.02 -0.38 0.03 0.14 -0.56 0.11
Puinter 0.11 0.16 0.09 0.31 0.17 -0.01 -0.36 0.33
Pspring -0.21 0.08 0.01 0.44 -0.07 0.08 -0.21 0.06
Psummer -0.59 -0.69 -0.61 -0.74 -0.67 -0.80 -0.51 -0.58
SWEmean -0.02 -0.19 -0.04 -0.53 -0.03 0.16 -0.17 0.03
SWEmax 0.02 -0.30 0.04 -0.62 -0.09 0.08 -0.23 0.12
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Figure 1. Study area (meteorological and water gauging stations, intermittent river catchments
and three hydrological regions of Lithuania)

Figure 2. Relationships between flow intermittency indices and catchment characteristics: a - b) Qe
— A, for 16 and 8 rivers, respectively, ¢ - d) mDur — A, for 16 and 8 rivers, respectively, e - f) To — SL,
for 16 and 8 rivers, respectively.

Figure 3. Distribution of years with the highest number of zero-flow days (first rank years -
outlined bubbles) and years with the lowest number of zero-flow days or without it (second rank
years - bubbles without outline) sorted according to precipitation amount (a) and SCAND index
value (b) during the period of June-September, and statistical significance of their distributions
according to Wilcoxon—Mann—Whitney test (* - 90%, ** - 95%, *** - 99%) in typically intermittent
rivers

Figure 4. Anomaly of 500 hPa geopotential height in metres (gradient colour) and sea level
pressure in hPa (isolines — negative dotted) during the years with less river intermittency (a) and
years with the highest rate of river intermittency (b) for the period of June-September over the
Europe and study area (¥*)
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Abstract: At the beginning of the 21st century, ongoing climate change led to research into extreme
streamflow phenomena. This study aimed to assess the patterns of low-flow changes in different
hydrological regions of Lithuania using selected hydrological indices (the annual minimum 30-day
flow (m? s1) of the warm period—30Q), its duration, and deficit volume (below the 80th and
95th percentile flow: 30Q80 and 30Q95). Differences in low-flow indices in separate hydrological
regions and over different periods (1961-2020, 1961-1990, 1991-2020) were analyzed, applying the
HydroOffice tool, the TREND software package, and mapping using the Kriging interpolation. The
highest specific indices of 30Q were estimated in the Southeastern hydrological region (3.97 L/s-km?)
and the lowest in the Central hydrological region (1.47 L/s-km?). In general, the 30Q values in the
periods 1961-2020 and 1991-2020 had no trends. In 1961-1990, trends in 30Q data were significantly
positive, and positive in most investigated rivers of the Western and Central hydrological regions.
The average number of dry days at both thresholds decreased in the Western and Southeastern
hydrological regions and increased in the Central hydrological region comparing two subperiods.
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Rivers. Water 2022, 14,801, https:// Low flow is a seasonal phenomenon and a basic component of the river flow regime [1].
doi.org/10.3390/w14050801 Low flows occur after periods of low rainfall or when precipitation falls as snow [2]. Since
one or both situations occur annually in many regions, by the season of occurrence, low
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jations. the ecosystem, businesses, and the community. The Communication on Water Scarcity
and Drought [8], adopted by the European Commission in 2007, highlights the emerging
challenge of basic needs so that every human being and most economic activities have
access to sufficient good quality water. A recent report of IPCC [9] warns of a continuing rise
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catchments [13] revealed that low flows tend to occur in either late summer /autumn or
winter across these study regions. In Europe, winter low flows occur mainly in the Alps
and northern Scandinavia; in the rest of the European sites, annual low flows are observed
almost exclusively in late summer (August and September) and are primarily associated
with periods of high excess potential evapotranspiration. The records of near-natural
streamflow from 441 small catchments in 15 countries across Europe showed that low flows
have increased in most winter low-flow regimes and decreased in most summer low-flow
regimes [10]. However, on a finer scale, the authors found that decreasing trends are often
weak in the areas with summer low-flow regimes and patterns of directionality are mixed;
positive trends predominate around the Baltic Sea and are found locally elsewhere. A
study based on thousands of time series of river flows and hydrological extremes across
the globe [14] found that the observed trends can only be explained if the effects of climate
change are considered.

To describe and analyze low-flow regimes, researchers often use a variety of hydro-
logical indices, such as mean minimum monthly flows, low-flow index, low-flow pulse
count and duration, annual minima of 1-/3-/7-/30-/90-day means of daily discharge,
low exceedance flows, etc. [15]. Since maintaining a certain low flow in a river is related
to defining environmental flow standards, such indices are widely used and, in some
countries, are officially adopted. Trends in low flows of German rivers were analyzed using
annual minimum low flows (for 1-/7-/14-/21-/30-/60-/90-days), discharge deficits (below
Q90 and Q95 by calendar year), and low-flow durations (below Q90 and Q95 by calendar
year) [16]. Although each index is applied for different purposes in water management
applications, the authors found similar spatial patterns for all used indices. The study of
trend detection in river flow indices [17] stated that, in Poland, in general, decreases of
low flow, expressed as the annual minima of 7-day averaged daily flows, were observed in
areas where the mean river flow was low. The applied mean summer minimum discharge
did not indicate an expected significant decrease in low flows in the most studied Cen-
tral European headwaters [18]. In contrast, results based on the 7-day annual minimum
streamflow and the 10th percentile of the annual flow duration curve showed a general
decline in low flows throughout the rivers in Spain [19]. In Ireland, statistically significant
trends in the 7-day sustained low-flow time series of mixed direction were identified only
at a part of studied gauging stations [20]. No clearly pronounced decrease in low flows
was detected using annual minimum 30-day flow (m? s~1) and prevalence of low flows
(number of days below the 90th percentile flow) based on 120 near-natural catchments in
the UK [21]. Statistical analysis of average low flow and minimum monthly summer and
winter discharges showed significant positive trends in all parameters of the low-water
period in the rivers of the European part of Russia [22]. Analysis of the Latvian river
discharge regime revealed that, in most cases, there were no statistically significant overall
long-term changes in low-flow discharges of the warm period (defined as a series of the
30-day minimum discharge in May-October); however, a statistically significant upward
trend in low flow during the cold period was found [23].

In Lithuania, low flows typically occur during extended dry periods in the late summer
and early autumn. For many years, only a limited number of studies have been related to
this critical component of a river flow regime. However, at the beginning of the 21st century,
research into extreme streamflow phenomena has intensified with the growing evidence
of climate change. Low-flow changes in Lithuanian rivers in the 20th century (more
precisely—till 2003) were investigated [24]. The authors identified the cyclic variations
in the 30-day minimum discharge series, but no significant trends of this characteristic
were detected. The meteorological and hydrological drought patterns were analyzed in the
Lithuanian permanent rivers [25]. It has been established that climate change predicted
at the end of the 21st century may increase the likelihood of more intense and frequent
meteorological droughts in Lithuania [26]. Summer flows projections in the studied rivers
showed a decreasing tendency [27,28]. The ongoing signs of climate change led to the
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investigation of intermittent rivers, which are particularly sensitive to any alterations in
meteorological conditions or any anthropogenic disturbances [29].

Although the summer low-flow period is a critical time for water users and aquatic
ecosystems, the spatial and temporal behavior of low flows in Lithuanian catchments is not
fully understood. This study, therefore, set out to assess the patterns of low-flow changes in
different hydrological regions of Lithuania using selected hydrological indices. The paper
analyzed the annual minimum 30-day flow (m® s =) of the warm period (30Q), its duration,
and deficit volume (below the 80th and 95th percentile flow: 30Q80 and 30Q95). The
defined differences in low-flow indices in different hydrological regions and over different
periods (1961-2020, 1961-1990, 1991-2020) provide a better understanding of low-flow
behavior in lowland river catchments.

2. Materials and Methods
2.1. Study Area and Data

Lithuania (total area of 65,200 km?) has over 22,000 rivers with a total length exceeding
37,000 km. The annual river runoff varies from 4.2 to 14.0 L/(s-km?2). The Nemunas River is
a major Lithuanian river. Its total length is 937 km, while the basin area covers 98,200 km?,
of which 46,600 km? belong to Lithuania (comprising 72% of Lithuanian territory). Climatic
factors, soil structure, geology, geomorphology, and anthropogenic activities affect the
hydrological regime of the Lithuanian rivers [29]. According to the hydrological regime
and the river feeding type, the territory of Lithuania is divided into three hydrological
regions (Figure 1): Western (W-LT), Central (C-LT), and Southeastern (SE-LT). In the W-LT
region, the main source of river feeding is precipitation. In the SE-LT region, subsurface
feeding dominates: widespread permeable sandy soils effectively absorb snowmelt water
and gradually release it later, supplying rivers during the low-water period. The type of
river feeding in the C-LT region is mixed; the rivers here obtain water mostly from two
main sources: rainfall and snowmelt. Very irregular distribution of discharges throughout
the year is the main feature of the rivers in this region.

Daily discharge data (1961-2020) from 17 water gauging stations (WGS) in different
hydrological regions were used for this study (Table 1). These data sets were obtained from
the Lithuanian Hydrometeorological Service. In this study, low flows were defined as the
30-day minimum discharge (30Q, m®/s) and were calculated for each year (average of 30Q
in the period 1961-2020 was defined from 30Qay); this definition in Lithuanian hydrology
was formed historically due to the frequent violation of low flow stability by rain floods
in summer. Thus, 30Q is less prone to critical deviations that show values over a shorter
period (e.g., 1, 3, 5, 7 days) and eliminates deviations caused by precipitation. The 30Q95
and 30Q80 flow quantiles were estimated from the 30Q time series. The homogeneity of
used daily discharge data for 1961-2002 was checked by the Standard Normal Homogeneity
Test (SNHT) and the Pettitt Test.

2.2. Methods

There are two types of low flows in Lithuania—winter and summer-autumn. This
study focused on the summer low-flow events observed from 1 May to 31 October. A typical
hydrograph of a river in the SE-LT region and selected low-flow indices are presented
in Figure 2.

Low flows were calculated for the periods of 19612020, 1961-1990, and 1991-2020.
Generally, in Lithuanian catchments, the period of 30Q is observed in summer and autumn,
and it differs depending on the hydrological region. In addition, two more indices of low
flow were estimated: 30Q95 and 30Q80. For calculation of mentioned indices, the data
set of 30Q, which was equal to or exceeding 95% and 80% of all values, was used. These
indices were used as a threshold for estimating the duration of low flow and deficit volume.
To facilitate the comparison of the low-flow indices on various spatial scales, a specific low-
flow q (30q, 30995, and 30q80) was calculated, which should be defined as q = Q/A-1000
(where Q is 30Q/30Q95/30Q80 low flow discharge in m3/s, A—the catchment area in km?).
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Modular coefficients for the low-flow period K = 30Q;/30Q,y (30Q; is the discharge in year
i, and 30Q,y is the average discharge for the entire period of observation) were used to
estimate the regularities and to examine how low flows differed by decades (1961-2020)
in the rivers from the different hydrological regions. This relative coefficient K enables a
comparison of the rivers with different runoff values.

Legend
Hydrological regions of Lithuania
"3 W-LT - Western

72 C-LT - Central

_"1 SE-LT - South-castern

— Main rivers

9 Water gauging station

Relief
(ml

N

Figure 1. Geographical position (left) and water gauging stations of three hydrological regions of
Lithuania (right).

4
0 25 50 100Kilometers

To quantify the information incorporated in hydrographs, the HydroOffice software
package [30] was applied. The HydroOffice tool FDC (flow duration curves; version 2.1)
is often used to assess low flows. It was selected to calculate 30Q95 and 30Q80. FDC
can be created from the entire imported time series or defined parts, such as annual or
monthly segments. The HydroOffice tool TLM (threshold level or sequence peak algorithm
methods; version 2.1) can be used to evaluate extreme flow conditions. Segments with
extreme conditions can be statistically processed and visualized. TLM is designed to assess
hydrological drought and flood events. Daily discharge and threshold values were used as
input data for calculation with TLM, while drought period (duration), maximum deviation,
and deficit volume were obtained as output data (Figure 3).
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Table 1. Characteristics of selected water gauging stations (1961-2020).

Ne River WGS Abbreviation A, km?  Q,, m¥/s 30Q,y, m3/s 30Q95, m3/s 30Q80, m3/s
Western hydrological region
1. Jara Taurage JUR 1690 22.05 3.72 1.62 243
2. Akmena Paakmenis AKM 314 4.29 0.69 0.30 0.45
3. Minija Kartena MIN 1230 16.56 293 1.32 1.77
4. Bartuva Skuodas BAR 612 7.55 0.76 0.30 0.50
Central hydrological region
5. Sugve Josvainiai SuUs 1100 5.62 0.62 0.22 0.33
6. Sesuvis Skirgailai SES 1880 15.20 247 1.19 1.72
7. Nemunélis  Tabokiné NEM 2690 19.63 3.12 119 1.81
8. Masa Ustukiai MUSs 2280 10.40 1.37 0.53 0.70
9. Venta Papilée VEN1 1570 9.81 1.67 0.73 1.08
10. Venta Leckava VEN2 4060 29.91 5.24 2.32 3.10
Southeastern hydrological region
11. Merkys Puvotiai MER 4300 31.92 21.79 16.20 18.43
12. Ula Zervynos ULA 679 4.88 293 1.94 242
13. Verkne Verbyliskes VER 694 5.05 2.16 1.46 1.78
14. Stréva Semeliskes STR 234 1.65 1.00 0.69 0.82
15. Zeimena Pabradé ZEI 2580 20.46 12.14 8.09 10.15
16. Sventoji Anykstiai SVE1 3600 26.46 1032 3.96 7.41
17. gventoii Ukmerge SVE2 5440 39.05 14.51 6.48 10.05
90 .
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@
=
& 40
30
20
10
0
O AR SRR 228N T R8RS DT
S N6 FON®AS AN FIBO XN =N F IO L S = | F o
- e = A = = AN NN AN ANN®®OmN o0
days

Figure 2. Low flow indices (example of the gventoji at Ukmerge WGS in 1973).

Maps were created in ArcGIS 10.4 using the Kriging interpolation method (Spatial
Analyst toolbox). Kriging assumes that the distance or direction between sample points
reflects a spatial correlation that can be used to explain variation in the surface. The Kriging
tool fits a mathematical function to a specified number of points, or all within a specified
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radius, to determine the output value for each location. The general formula for both
interpolators is formed as a weighted sum of the data:

A N
Z(s0) = Y MZ(s1)

where Z(s;) is the measured value at the ith location, A;—an unknown weight for the
measured value at the ith location, sp—the prediction location, N—the number of measured
values. The weight, A;, depends solely on the distance to the prediction location. However,
with the Kriging method, the weights are based not only on the distance between the
measured points and the prediction location, but also on the overall spatial arrangement of
the measured points.
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Figure 3. Principal scheme of TLM tool.

The TREND software package (V.1.0.2.) is a standalone product of the CRC for Catch-
ment Hydrology’s (CRCCH) Climate Variability Program designed to facilitate statistical
testing of trend, change, and randomness in hydrological time series data [31]. It contains
12 statistical tests based on the WMO/UNESCO Expert Workshop on Trend/Change De-
tection. This software was used to detect and examine the statistical significance of trends
by the Mann-Kendall (MK) and Spearman’s Rho (SR) nonparametric tests. The MK non-
parametric test was developed by Mann [32] and Kendall [33] to detect linear or non-linear
trends. The SR test is applied to identify the absence of trends [34,35]. The presence and
direction of monotonic trends in the data series of 30Q were tested at significance levels
o= 0.1 or 0.05 (positive/negative or significant positive/negative, respectively).

3. Results
3.1. Spatial Variability of the Low-Flow Indices

Low flows may occur at any time of the year, depending on the climatic conditions
and hydrological processes taking place in the catchment. Regional patterns in low-flow
behavior were analyzed using specific low-flow indices (30q, 30q95, and 30980 (L/ s-km?))
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for the two selected periods (1961-1990 and 1991-2020) (Table 2). In the Southeastern
hydrological region (SE-LT), the increase in lower values of all low-flow indices was estab-
lished by comparing the 1961-1990 and 1991-2020 periods. In the Western hydrological
region (W-LT) and the Central hydrological region (C-LT), a different allocation of lower
values between selected periods was established, e.g., lower values of 30q decreased, and
meanwhile, no clear tendencies in the changes of other indices were identified.

Table 2. Low-flow indices by the different regions and periods.

1961-1990 1991-2020

30q 30995 30980 30q 30995 30q80
W-LT 128263 045113 075156 104232  049-123  0.74-1.69
C-LT 063-331 015238 032271  046-339  0.18-242  0.24-291

SE-LT 2.24-5.07 1.20-3.77 1.66-4.84 2.62-5.06 1.51-3.77 1.87-4.25

The analysis of the distribution of low-flow indices showed that, in the W-LT region,
the 30q average was 2.07 L/s-km? in 1961-1990 and 1.83 L/s-km? in 1991-2020 (Figure 4).
There were no pronounced differences between 30q of the selected periods in the C-
LT region (149 and 1.46 L/s-km?, respectively, in two periods) and the SE-LT region
(3.97 L/s-km? in both periods). The biggest 30q average was found in the SE-LT region in
both periods. The same tendencies were estimated by the other two indices (30q95 and
30q80). Meanwhile, the lowest average values of all three indices in both periods were
detected in the C-LT region.

1961-1990 1991-2020 Difference, %

30q

30995

= 11001 - 12000
©120.01-12738

©110.01 - 12000
©12001-15659

30980

01-110.00
©110.01 - 120.00
© 12001 - 12427

Figure 4. Distribution of low-flow indices (30q, 30995, 30q80) in the different hydrological regions in
1961-1990 and 1991-2020, and the difference between low-flow indices in the two periods.
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Further details on the established differences of low-flow indices in 17 WGSs in
3 hydrological regions are provided in Figure 5. The figure shows differences in the indices
both over time and across regions. The highest indices were estimated in the SE-LT region,
and the lowest were in the C-LT region.

)
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Figure 5. Temporal changes of low-flow indices in three periods: (a) 30q, (b) 30995, and (c) 30q80.
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In Figure 4, the differences of the low-flow indices between the two periods (1961-1990
and 1991-2020) and three hydrological regions are given as percentages. Only differences
greater than 20% were taken into account in the analysis.

In the W-LT region, a significant decrease in 30q (by 27%) over the last thirty years
was estimated for BAR. In the C-LT region, for SUS and VEN2, a considerable difference
in the decrease in 30q (32% and 29%, respectively) was found. Meanwhile, in the SE-LT
region, the most pronounced increase in 30q was detected for SVE2 (27%).

The changes in 30q95 values over time and across different hydrological regions
revealed substantial differences between the two periods. In the W-LT region, in AKM,
30q95 increased by 28%; meanwhile, in BAR, it decreased by 37%. In the C-LT region, three
WGSs showed significant differences, i.e., in SUS, 30995 increased by 56%, and in two other
WGSs, it decreased (SES (27%) and VEN2 (21%)). In the SE-LT region, 30q95 significantly
increased at one WGS (SVE2 by 38%).

Differences in the 30q80 values were also significant. The C-LT region should be
singled out as the one where, in almost all WGSs, the 30q80 values decreased (in three of
them significantly, i.e., by more than 20%).

In summary, it should be highlighted that the low-flow indices changed the most
significantly in the rivers of the C-LT region. For example, in SUS, 30q decreased by 32%
and 30q80 decreased by 22%, whereas 30q95 increased by 56%.

To compare the low flows of different rivers, a modular coefficient K of 30Q was
calculated for three hydrological regions in different decades (Table 3). This analysis
showed that the modular coefficient varied differently: in the W-LT region, its values
were 0.80-1.42; in the C-LT region, they were 0.83-1.37; and in the SE-LT region they were
0.97-1.05. The smallest deviation was detected in the SE-LT region. In all hydrological
regions, the highest K was determined in 1981-1990, whereas the lowest values were
established in the W-LT region in 1961-1970, in the C-LT region in 2011-2020, and in the
SE-LT region in 1971-1980.

Table 3. Distribution of K by decades for hydrological regions.

1961-1970  1971-1980  1981-1990  1991-2000  2001-2010  2011-2020

W-LT 0.80 1.14 1.42 1.04 091 0.89
C-LT 0.87 1.08 137 091 0.93 0.83
SE-LT 0.97 0.92 1.05 0.97 1.07 1.02

3.2. Temporal Analysis of Low Flow Indices

The analysis of 30Q changes in the individual rivers from different hydrological
regions (MIN from the W-LT region, MUS from the C-LT region, and MER from the SE-LT
region) confirmed the presence of different low-flow patterns in the period 1961-2020
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(Figure 6). In the W-LT region, 30Q tended to decrease; on the contrary, 30Q had tendency
to increase in the SE-LT region. There was no trend detected in 30Q of MUS from the

C-LT region.
MIN (W-LT) MUS (C-LT) MER (SE-LT)
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Figure 6. 30Q variation in different hydrological regions.

The general behavior of the low-flow (30Q) trend characteristics was assessed for all
17 WGSs using the Mann-Kendall (MK) and Spearman’s Rho (SR) tests over 3 periods
(1961-2020, 1961-1990, and 1991-2020). Both tests revealed very similar results (Figure 7).
This analysis indicated different trends in different WGSs during the same observation
period and in the same hydrological region. It is important to note that no zero-flow values
in any low-flow sequence of 30Q were found.

1961-2020{1961-19901991-2020
MK [ SR | MK | SR [MK| SR
Western hydrological region

JUR

AKM

MIN

BAR

SuUS Trend direction

SES Significant positive trend

NEM Positive trend

MUS Significant negative trend
VEN1 Negative trend

VEN2 - Not statisticaly significant trend

Southeastern hydrological region

ol - - - - -
VER +

Figure 7. The significance of trends (30Q) by the three periods applying MK and SR tests (red /blue
color means that the trend is very significant (e < 0.05), light red /light blue color means that the
trend is significant (& < 0.1), no color means that there is no significant trend (« > 0.1)).

129



Water 2022, 14, 801 10 0f 19

Different tendencies in data of 30Q were detected during the entire observation period
and two thirty-year periods. The 30Q values of the longest period (1961-2020) had no
trends in the W-LT and C-LT regions (Figure 7). Only in the SE-LT region, significant
positive trends of 30Q were identified in two WGSs located on the same river (SVE1 and
SVE2). On the opposite, in 1961-1990, trends in 30Q data were significantly positive, and
were positive in most rivers, except for a few WGSs, which had no trend (mainly from the
SE-LT region). Both tests showed, mostly, no significant trends for the period of 1991-2020,
except for one WGS with a significant negative trend in the W-LT region, two WGSs with
trends of different significance in the C- LT region, and one WGS in the SE-LT region with a
significant negative trend.

Thirty-year moving averages of 30Q data sets of 17 WGSs were estimated for the period
1961-2020 using the Mann-Kendal test (Figure 8). This approach allows for examining the
evolution and dynamics of low flows in a more detailed resolution. In all WGSs, positive
or significant positive trends were estimated until 1973, except for one WGS in the SE-LT
region with an opposite direction. After 1973, all WGSs in two hydrological regions (W-LT
and C-LT) showed negative or significant negative trends. WGSs in the SE-LT region
usually did not have significant trends. Moreover, one river with two WGSs had positive
or significant positive trends in this region. In contrast, the values of 30Q were significantly
increasing in SVE2 (the SE-LT region) until 1976, making it the only WGS with significant
increases throughout the whole observation period.
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Figure 8. The results of the MK test for 30-year moving averages for 1961-2020 (red/blue color
means that the trend is very significant (x < 0.05), light red/ light blue color means that the trend is
significant (¢ < 0.1), no color means that there is no significant trend (o > 0.1)).
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In general, statistically significant positive trends prevailed during the first half of the
observation period in the W-LT and C-LT regions, while the negative trends were more con-
centrated in the middle and at the end of the 1973-2020 period. Meanwhile, WGSs showed
different trend directions in the SE-LT region, mainly for the entire observation period.

3.3. Alternations of Duration and Volume of Low Flow

During the analysis of low flow, attention was paid to hydrological droughts, which
were determined by two threshold values, namely the indices 30Q95 and 30Q80. For a more
detailed analysis of the extreme conditions, drought probability curves were constructed
depending on each threshold value for each river (Figure 9a,b). From the obtained graphs,
it can be concluded that the duration of droughts increased from the W-LT region to the
SE-LT region. This trend can be explained by the impact of different feeding sources in each
hydrological region. The rivers of the W-LT region with primary rain feeding were more
resistant to prolonged droughts. In the calculations with the threshold value of 30Q95, the
highest probability of short droughts (1-2 days) was established in the C-LT region. The
longest droughts at the 30Q80 threshold were observed in these rivers: SVE1 was 151 days,
SVE2 was 111 and 121 days, ULA was 103 days. With a threshold value of 30Q95, the
longest-lasting droughts were observed in these rivers: SVE2 was 72 and 85 days, MER
was 61 days.
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Figure 9. The average number of drought days for the three regions: (a) at threshold 30Q95, (b) at
threshold 30Q80.

The distribution of dry days over time (Figure 10) showed that, at both thresholds,
the average number of dry days per year per river tended to decrease in the W-LT and
SE-LT regions, and to increase in the C-LT region. The driest years in Lithuania were
1969 and 1971 (for both thresholds), 1976 (for the 30Q80 threshold), and 2006 (for the
30Q95 threshold). In general, the highest concentration of dry days was observed in the
periods 1963-1976, 19922006, and 2015-2020. The driest years in the W-LT region were
1969 (33 days for 30Q95, 76.5 days for 30Q80); in the C-LT region, 1971 (47.3 days for 30Q80)
and 2006 (21.5 days for 30Q95); in the SE-LT region, 1971 (33.7 days for 30Q95, 64.4 days
for 30Q80).

Analysis of annual trends of the deficit of discharge and the number of dry days in
each river showed no clear patterns (Figures 11 and 12). In some cases, there was a positive
trend towards increasing droughts and a negative trend towards decreasing discharge
deficit. For example, in the case of JUR for a threshold value of 30Q95, the mentioned
tendencies can indicate a decrease in the deficit of discharge and an increase in dry days.
The trends obtained using the two thresholds generally coincided. An exception was ZEI,
in which, at the 30Q95 threshold, the duration of droughts and discharge deficits tended to
decline, while, at the 30Q80 threshold, the opposite trend was observed.
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Figure 10. The average number of drought days in the three regions: (a) at threshold 30Q95, (b) at
threshold 30Q80.

More detailed information on each river is provided in Tables 4 and 5 (for thresholds
30Q95 and 30Q80, respectively). These results confirmed previous findings in the C-LT
region—the number of dry days and discharge deficit is higher in the second period—but it
should be noted that the depth of droughts (maximum deviation) for some rivers decreased
compared to the first period. In the W-LT region, only general trends in the decline of dry
days were detected in the second period; all other data were heterogeneous. Only in the
case of MIN, the consistency in all drought indices and downward trends in the deficit of
discharge and the duration of the drought in the second period at both thresholds were
identified. In the rivers of the SE-LT region, no tendencies of decline in the duration or
depth of droughts were found.
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Figure 11. Examples of drought changes for 30Q95 threshold over time: (a) days with drought in
JUR river, (b) deficit volume in JUR river, (¢) days with drought in MIN river, (d) deficit volume in
MIN river, (e) days with drought in SES river, (f) deficit volume in SES river, (g) days with drought in
VEN2 river, (h) deficit volume in VEN2 river, (i) days with drought in VER river, (j) deficit volume in
VER river, (k) days with drought in ZEI river, (1) deficit volume in ZEI river.
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Figure 12. Examples of drought changes for 30Q80 threshold over time: (a) days with drought in
JUR river, (b) deficit volume in JUR river, (c) days with drought in MIN river, (d) deficit volume in
MIN river, (e) days with drought in SES river, (f) deficit volume in SES river, (g) days with drought in
VENB2 river, (h) deficit volume in VEN2 river, (i) days with drought in VER river, (j) deficit volume in

VER river, (k) days with drought in ZEI river, (1) deficit volume in ZEI river.
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Table 4. Changes for 30Q95.

Average Average Flow Flow
Deficit Deficit Days with ~ Days with Deficit Deficit The Lowest  The Lowest
River during during Drought Drought during during Deviationin  Deviation in
1961-1990 1991-2020 (1961-1990)  (1991-2020) 1961-1990  1991-2020 1961-1990 1991-2020
(10*m¥/day)  (10*- m*/day) (10%-m*) (10*-m*)
Western hydrological region
JUR 29.6 15.5 62 49 1834.3 760.3 -1.18 —0.44
AKM 39 5.6 117 13 457.9 726 ~0.14 ~0.30
MIN 17.7 14.1 155 96 2751.0 1351.3 —0.74 —0.37
BAR 35 54 25 79 87.3 426.8 —0.10 —0.28
Central hydrological region
SUS 6.0 53 120 59 718.9 3128 -0.23 -0.12
SES 17.9 17.8 47 138 8389 2450.3 —0.61 —0.41
NEM 19.2 17.8 99 132 1899.9 23432 —0.52 —0.56
MUS 6.9 5.6 69 113 477.8 630.7 —0.29 —0.14
VEN1 115 8.5 70 84 805.3 710.2 -0.33 -0.30
VEN2 30.8 45.6 54 131 1660.6 5975.4 —1.05 —1.96
Southeastern hydrological region
MER 53.7 122.6 82 140 4399.5 17,159.0 =211 —4.41
ULA 3.0 52 4 116 121 597.0 —0.05 —0.15
VER 13.0 7.4 191 77 2479.7 570.2 —0.76 —0.24
SRE 12.2 7.3 362 196 4430.6 1435.1 —0.42 —0.41
ZEl 40.0 38.6 46 78 18403 30128 -1.33 -1.24
SVE1 90.3 48.8 103 58 9295.8 28305 —2.34 —1.56
SVE2 79.3 23 281 27 22,2843 603.1 —2.40 —0.64
Table 5. Changes for 30Q80.
Average Average Flow Flow
Deficit Deficit Days with ~ Days with Deficit Deficit The Lowest ~ The Lowest
River during during Drought Drought during during Deviation in  Deviation in
1961-1990 1991-2020 (1961-1990)  (1991-2020) 1961-1990  1991-2020 1961-1990 1991-2020
(10> m*/day)  (10°-m*/day) (10°-m?) (10%.m?)
Western hydrological region
JUR 16.7 68.2 415 198 6946.6 13,515.6 -1.82 -1.08
AKM 8.7 57 491 249 4243.1 1423.9 -0.29 —0.45
MIN 26.8 235 358 252 9594.7 59322 —1.05 —0.68
BAR 6.9 9.9 207 447 1436.0 4436.6 —0.30 —0.48
Central hydrological region
SuUs 10.9 49 199 449 21721 2202.4 —0.33 —0.22
SES 225 31.8 418 471 9409.0 14,982.6 -1.13 —0.93
NEM 33.6 349 375 502 12,585.0 17,511.6 -1.10 —1.14
MUS 11.3 11.9 239 381 2702.6 4549.0 —0.46 -0.31
VEN1 18.6 18.7 286 396 5322.2 74200 —0.65 —0.62
VEN2 41.0 50.3 192 369 7869.3 18,552.7 —1.67 —2.58
Southeastern hydrological region
MER 126.4 164.0 359 378 453747 61,986.8 —4.33 —6.63
ULA 126 217 154 586 1941.4 12,6948 —0.49 -0.59
VER 238 17.0 463 291 11,013.4 4952.5 —1.05 —0.53
SRE 15.5 10.4 627 479 9684.6 4996.5 —0.54 —0.53
ZEl 87.3 96.2 319 483 27,8415 46,4538 -3.22 -3.13
SVE1 93.2 83.1 448 217 41,760.6 18,030.8 —3.78 —3.00
SVE2 1141 81.5 733 132 83,650.8 10,752.5 -3.93 -217
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4. Discussion

The abundant and indisputable scientific evidence that significant climate change is
taking place leaves no doubt that low flow is undergoing substantial changes. Therefore,
this study intended to provide fresh insight into this phenomenon in Lithuanian rivers,
using a long series of available data and more sophisticated methods than previously used.

Two features determine the hydrological regime of Lithuanian rivers. They are all
lowland rivers. It is well-known that low-flow formation processes differ in the highlands
and lowlands [13,36,37]. Therefore, the Lithuanian river network is expected to have a
homogeneous flow behavior. Besides that, catchments in this relatively small country
exhibit different hydrological characteristics depending on physico-geographical and cli-
matic (mainly on the distance from the Baltic Sea) conditions. This is the second important
feature of Lithuanian river catchments: based on the listed conditions, they are classified
into three distinct hydrological regions: Western (W-LT), Central (C-LT), and Southeastern
(SE-LT). It is important to mention that since the 1970s, when the first attempt to classify
Lithuanian river catchments into regions was made [38], the regional boundaries shifted
only slightly [39], and this shift occurred due to climate changes.

For the above reasons, in this study, the regularities of low flow using specific low-
flow indices, 30q, 30995, and 30q80 in rivers in different hydrological regions and over
two subperiods (1961-1990 and 1991-2020), were compared and analyzed. The highest
indices were estimated throughout the entire observations period in the SE-LT region
(30q=3.97L/ s-km?), and the lowest in the C-LT region (1.47 L/ s-km?). In the SE-LT region,
the lowest values of indices became less extreme compared to the first subperiod. There
were no clearly expressed changes in the river indices of the W-LT and C-LT regions
over time.

The trend analysis of 30Q data in rivers from different hydrological regions confirmed
the presence of different low-flow patterns in the selected periods, as well. In general, the
30Q values over the entire period (1961-2020) had no trends in all hydrological regions. An
exception was one river (from the SE-LT region) having two WGSs (SVE1 and SVE2), where
both tests estimated significant positive trends in 1961-2020. In the subperiods, values
of the low-flow indices in SVE1 and SVE2 also demonstrated a more or less significant
increase. On the opposite, in the first subperiod (1961-1990), trends in 30Q data were
significantly positive and positive in most rivers of the W-LT and C-LT regions. Whereas,
in the SE-LT region, only a few significant trends were found. The most recent subperiod
(1991-2020) can be characterized as having the least pronounced tendencies in the low-flow
changes. With some exceptions of more or less significant trends of mixed direction, in the
bigger part of WGSs, only a downward direction was identified.

Contrary to expectations, this analysis did not find a significant difference in low-
flow characteristics between the regions. Explaining the estimated regularities is a rather
complicated task. The fact that no significant changes were observed in the SE-LT region
may be related to the runoff fed specifics of the rivers there. Since these rivers are mainly
groundwater-fed, it can be argued that despite the ongoing climate change, the low-flow
regime of the rivers remains the least affected. The significant positive trends in the first
subperiod and slight tendencies of decrease in the second thirty-year period in rivers from
other regions might be attributed to climate change, as the river runoff in the W-LT and C-LT
regions is more dependent on rain variability [39]. In these regions, estimated thirty-year
moving averages in 30Q data in 1961-2020 also showed a decrease in low-flow discharge.

No trends in the annual variation of 30Q over the more extended periods of 1922-2003
and 1941-2003 were detected in the earlier study by Kriau¢itniené et al. [24]. The identified
positive trends in rivers in the W-LT region in 1961-2003 were explained by a very wet
period of 1977-1991 in this territory. A similar study of Latvian rivers revealed no statisti-
cally significant long-term trends in 30Q of the warm period [23]. The findings of trend
analysis of flow indices in Polish rivers [17] demonstrated the existence of some complex
spatial gradient. The distance of the catchment centroid from the coast was found to be a
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very good predictor of trend slopes for most studied indices. In the pan-European study,
Stahl et al. [10] found dominant positive trends of low-flow indices around the Baltic Sea.

Over time, the average number of dry days (at both thresholds: 30Q95 and 30Q80)
decreased in the W-LT and SE-LT regions and increased in the C-LT region. The identified
changes (and the already mentioned lowest specific low-flow indices) in the C-LT region
may explain the presence of intermittent rivers. However, the trends in the number of
dry days and flow deficit of individual Lithuanian rivers did not help distinguish clear
tendencies (e.g., in the study of Bormann and Pinter [16]). In most cases, changes in these
two indices went in the same direction; however, the trend of low-flow indices in some
rivers was the opposite. The absence of a direct relationship between the two indices shows
that low-flow behavior is complex and often catchment-specific.

The most obvious finding to emerge from this study is that the low-flow regime in
Lithuanian rivers has changed over time. Similar changes in 30Q in the W-LT and C-LT
regions may be related to the predominant surface feeding type of river runoff. In recent
decades, the observed decreasing precipitation amount [40] could cause a decrease in low-
flow discharges. The estimated increase in the number of dry days in the rivers of the C-LT
region may be explained by the decrease in humidity (as the climate becomes less humid
moving away from the sea). It has been found that weak infiltration characteristics and
high dependence on surface feeding sources (mainly rain and snow) are related to zero-flow
phenomena in this region [29]. The differences of low-flow characteristics among the rivers
inside the hydrological regions may point to various complex local catchment-specific
features that are difficult to include in the investigation. Meanwhile, the absence of a direct
link between climatic variables and low-flow events does not indicate that the impact of
climate change can be dismissed [36]. Therefore, the present findings showed that it is
difficult to establish clear tendencies in the observed low-flow changes over time, and such
results are consistent with those obtained in other adjacent and geographically similar
catchments. Although in the present study, analyzed river catchments were semi-natural,
the potential impact of anthropogenic nature on the identified regularities should not be
neglected as well [16,41].
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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.

Keywords: meteorological drought; SPT and RDI indices; hydrological drought; SDI index; historical
droughts; droughts projections; lowland rivers

1. Introduction

Drought is a recurring phenomenon that has plagued civilization throughout his-
tory [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 virtu-
ally 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],
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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 Ency-
clopedia 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: meteoro-
logical, 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, temper-
ature, streamflow, groundwater level and soil moisture). Indices are typically computed
numerical representations of drought severity, assessed using climatic or/and hydrome-
teorological inputs, including the indicators listed above. They combine meteorological
and hydrological parameters into a single numerical value or formula and provide a com-
prehensive decision-making picture [13-17]. 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 Precipi-
tation 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 hydro-
logical 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 differ-
ence 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, Al These scientists proposed a new
Temperature-Precipitation Index (TPI) to identify agricultural drought in Lithuania. Kugytée
and Valiuskevicius [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
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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 km?.
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 0.4-2.5-1073 m?/s-km?, in the Center region—
0.1-1.7 x 1073 m3/s-km? and in the Southeastern region—1.7-4.7 x 1073 m3/s-km? [35].
In the Western hydrological region, the main feeding source is precipitation. In the Cen-
tral 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 meteo-
rological 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 km? to 5440 km?). 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 Sventoji 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 [37-39]. Further calculation
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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.

Table 1. List of the studied gauging station catchments with the main characteristics (observation
period 1961-2020).

. 2 Quverager  Qmax, m*s71  Qpin, m*s1
No River WGS Al m®/s (Year) (Year)
Southeastern hydrological region
1. Merkys Puvotiai 4300 31.6 43.3 (1994) 20.9 (2020)
2. Ula Zervynos 679 4.82 6.95 (1994) 2.84 (2020)
3. Verkne  Verbyliskes 694 5.00 8.33 (1994) 3.27 (1969)
4. Stréva Semeliskés 234 1.64 2.43 (1994) 1.16 (2003)
5. Zeimena Pabrade 2580 20.3 31.1 (1990) 14.1 (2003)
6. Sventoji  Anykiiai 3600 26.5 50.9 (2017) 14.9 (1971)
7. Sventoji  Ukmerge 5440 38.9 73.0 (2017) 20.2 (1976)
Central hydrological region
8. Nevézis  Panevélys 1090 725 19.7 (1972) 2.11 (2003)
9. Susve Siaulénai 162 118 2.11 (1980) 0.43 (2020)
10. Nemunélis  Tabokine 2690 19.5 37.1(1962) 9.19 (2006)
11. Mausa Ustukiai 2280 10.2 19.7 (1998) 2.89 (1976)
12. Venta Papilée 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. Jara Taurage 1690 219 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)
e
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Figure 1. Location of hydrological regions and selected WGSs and MSs.
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2.2. Methodology
Research of past and future droughts was carried out in the following steps:

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

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).

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 (Stan-
dardized Precipitation Index and Reconnaissance Drought Index) were chosen to iden-
tify and characterize droughts in Lithuania. The indices were selected considering their
widespread use, the simplicity of the calculations, the availability of the necessary meteo-
rological 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 Assess-
ment 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].

SPl s calculated as follows:

Xj — X

—X
SPI = - 1)

where X; is the precipitation of the selected period during the year i, X is long term mean
precipitation, and ¢ 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 precipi-
tation 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 [46-48]. 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
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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 [47,51-53]. 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 (), is usually calculated for the year i on
an annual basis as follows [23]:

12
&”:%,i:lmuandj:ltou )
12, PET;
in which Pj; and PETj; 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 (RDIy), is computed using the following
equation for each year, in which the parameter & is the arithmetic mean of « values
calculated for the N years of data.

W
ro1Y = 2 4 3)
%]

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

) i
rory) = ¥ =3 @
Oy
in which y; is the In (“(()1))[ ¥ is its arithmetic mean and 4y is its standard deviation.

In this study, the standardized form of the index (RDIs;) was used. The calculation
of the RDIy; was performed by fitting the gamma probability density function (pdf) to
the given frequency distribution of the o 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 V;  for the i-th hydrological year and the k-th reference
period can be calculated using the following equation:

3k
Vik=YQji=12...j=12...,12k=1,234 )
ji=1

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

Vix — Vi ;

SDI;) = 5

=12...j=12,...,12k=1,2,3,4 6)
where Vi and s 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 con-
sidered 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 distri-
bution) 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): PanevéZzys, Vilnius and Tel3iai. 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]:

§tObs _ 1y (stCM RP) — ECDRObs-1 (ECDFCM RP (StCM Fut)) @)

where St —observed meteorological parameter, S CMRP__(limate model output for the
reference period, ECDFObS—empirical cumulative distribution function for the observation
period, ECDFCMRP_ empirical cumulative distribution function for climate model reference
period, and S 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:%[SP+SM+UZ+LZ+V] ®)

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).
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Table 2. Main characteristics of the selected river catchments.

Hydrological Characteristic Geographical Characteristic
River-WGS
Average Discharge, m3s-1 Basin Area, km? Lakes, % Wetland, % Woods, %
Sventoji-Ukmerge 389 5440 3.8 9.0 12.0
Minija-Kartena 16.5 1230 14 8.0 20.0
Venta-Leckava 29.5 4060 1.0 9.0 22.0

Calibration of developed hydrological models was performed using 16 main param-
eters. 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].

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 %).

Calibration Validation
River-WGS
r NSE RE, % r NSE RE, %
Sventoji-Ukmerge 0.75 0.64 2.6 0.68 0.64 129
Minija-Kartena 0.88 0.77 3.8 0.83 0.70 -11
Venta-Leckava 0.88 0.77 —2.6 0.81 0.75 35
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 hydro-
logical 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
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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 Miisa, 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.

(@)

.||‘|\ .”

1
2003:

i

N
S

1977 =

:ﬁ%é?%?W%ﬂ

100 = Sventoji-Ukmergé (SE-LT) = Venta-Leckava (C-LT) ® Minija-Kartena (W-LT)

Figure 2. (a) Deviations from the average amount of precipitation (in mm); (b) Deviations from the
average amount of discharge (in %).

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).
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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.

As shown in the tables (Appendix A, Tables A1-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 dif-
ference in the number of dry months between the indices practically disappeared. The
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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) accord-
ing 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 Sventoji
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 meteoro-
logical 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
(Tables A4 and A5). Only two (Verkné and Stréva) of the seventeen rivers had no strong
(>0.7) correlation between meteorological and hydrological indices for any accumula-
tion period.

The correlation analysis between SPI and RDI indices with different lengths of accumu-
lation 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.
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Table 4. Percentage distribution of index values by drought condition classes.

Extremely  Severely Wet  Moderately Moderately  Severely Dry Extremely

Normal 1.0 >

Index Wet Index 2.0 > Index Wet 1.5 > Index > —1.0 Dry -1.0< —1.5> Index Dry Index
>2.0 >15 Index > 1.0 i Index < —1.5 >-20 <-20
Sventoji-Ukmerge
SPI-1 1.39 3.33 9.45 70.14 7.64 3.61 444
SPI-3 111 5.85 9.75 66.44 9.61 4.04 3.20
SPI-6 1.82 5.17 9.23 67.97 9.37 420 224
SPI-9 1.69 5.34 871 66.71 10.81 477 1.97
SPI-12 2.40 4.65 8.60 66.29 1143 5.08 1.55
RDI-1 279 261 8.38 71.32 8.38 373 2.79
RDI-3 247 5.56 7.25 69.29 10.03 3.24 2.16
RDI-6 210 6.29 8.39 67.97 8.81 4.62 1.82
RDI-9 211 534 955 67.13 9.27 4.63 1.97
RDI-12 1.83 48 10.72 65.87 9.59 522 1.97
SDI-1 419 349 754 69.97 10.90 377 0.14
SDI-3 3.66 3.66 9.02 68.87 9.44 479 0.56
SDI-6 242 4.28 9.70 67.76 9.42 5.28 1.14
SDI-9 1.73 5.78 8.81 65.61 1113 5.35 1.59
SDI-12 132 6.00 10.1 64.28 10.98 4.83 2.49
Venta-Leckava
SPI-1 111 4.03 9.03 70.83 7.22 431 3.41
SPI-3 1.67 4.46 8.63 71.45 6.13 4.60 3.06
SPI-6 1.82 5.31 923 67.97 9.09 3.92 2.66
SPI1-9 197 435 10.25 66.85 8.57 5.48 2.53
SPI-12 113 494 11.14 64.88 9.87 592 212
RDI-1 1.65 3.30 9.16 71.98 7.87 3.84 2.20
RDI-3 2.60 3.06 948 70.80 7.49 443 214
RDI-6 2.38 3.50 10.91 67.69 8.81 475 1.96
RDI-9 1.55 4.49 10.67 67.28 744 6.04 2,53
RDI-12 1.83 3.25 11.28 67.42 7.62 7.19 1.41
SDI-1 347 375 931 68.33 11.11 3.61 0.42
SDI-3 265 4.87 8.64 67.27 11.42 4.04 1
SDI-6 252 419 8.39 68.39 10.21 4.06 224
SDI-9 1.68 492 7.86 69.52 8.57 534 21
SDI-12 1.83 4.09 945 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 4.04 348
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 5.06 295
SPI-12 127 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-6 238 39 10.35 67.83 9.51 3.64 238
RDI-9 1.69 435 11.10 66.85 8.99 449 2,53
RDI-12 226 240 13.12 65.30 9.45 5.78 1.69
SDI-1 3.33 4.03 8.89 67.92 1097 3.89 0.97
SDI-3 223 3.90 1058 65.88 11.56 3.48 237
SDI-6 112 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 0.99 353 11.14 66.99 7.19 6.63 3.53
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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).

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 Verkné (r = 0.66) and Stréva (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 hydro-
logical 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 Sventoji 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 Sventoji 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
Sventoji River. In 1996, there was an extreme drought in the Minija, a moderated drought in
the Venta and no drought in the Sventoji. There was also a difference in the wettest months:
in the Minija and Venta rivers they were in 1981, and in the Sventoji river—in 2017-2018,
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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 Sventoji 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 (Figures 5 and 6).
The values of the indices remained negative until the end of 2020, except for four months
in the Bartuva River (Figure 6).

35

25

wuSDI_dry ™»SDI_wet —RDI

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) gventoji-Ukmergé.

153



154

Water 2022, 14, 71

15 0f 33

Merkys-Puvodiai
Ula-Zervynos
Verkné-Verbyliskés
Sréva-Semeliskés
Zeimena-Pabradé
Sventoji-Anykstiai
Sventoji-Ukmergé

Nevézis-Panevézys 3.31

Susve-Siaulénai
Nemunélis-Tabokiné
Misa-Ustukiai
Venta-Papilé
Venta-Leckava

&
g
]

Jara-Tauragé
Akmena-Paakmenis
Minija-Kartena
Bartuva-Skuodas

[2011 2020]

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.

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 Sventoji 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 Nemunélis 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.

45
40
35
30
25
20

" aE_ ., e

BSE-LT 8C-LT 8W-LT

Months

S Lan

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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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.
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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.

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.
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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.

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 extraordi-
nary 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 Sventoji 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.
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(b)

—Real past —Near future —Far future

Figure 10. Deviation of SPI index with 12-month accumulation period in: (a) Sventoji—Ukmerge
under RCP 4.5; (b) Venta—under RCP 4.5; (c) Minija—Kartena under RCP 4.5; (d) gventojikamergé
under RCP 8.5; (e) Venta—Leckava under RCP 8.5; (f) Minija—Kartena under RCP 8.5.

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

Sventoji-Ukmergé Venta-Leckava Minija-Kartena

< i< o
8% 23 ©8 5§ %3 3 83 ig :g
Condition Classes =8 58 £§8 %8 358 £5 =8 58 £&8
S s 1 S 20 S 20
g o ™ U-s o = ] g o P~ L]
g8 §8 55 & §& H#E &8 §g &S
22 zd =g ¥d zd =g @z z9 =g

oo oo T
x>20 240 1.15 1.25 113 0.10 1.67 127 0.10 1.56
15<x<20 465 115 1.8 494 125 240 550 104 375
1.0<x<15 8.60 4.69 6.67 1114 3.02 750 1016 344 6.67
—-10<x<1.0 66.29 3354 32.08 6483 3594 3114 6530 3542 31.04
-1.0>x>-15 1143 541 469 987 615 406 959 677 3.96
—15>x>-20 5.08 3.12 2.08 592 2.60 177 6.35 219 2.50
x< =20 1.55 0.94 1.35 212 0.94 1.46 1.83 1.04 0.52
SUM 100 50 50 100 50 50 100 50 50

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

Sventoji-Ukmerge

Venta-Leckava

Minija-Kartena
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-1.0>x>-15 1143  6.67 3.54 9.87 8.75 1.77 9.59 8.65 2.50
—1.5>x>-20 5.08 3.65 0.73 592 229 0.42 6.35 2.81 0.42
x< —20 1.55 1.98 0.10 212 1.46 0.31 1.83 1.04 0.00
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Figure 11. Deviation of RDI index with 12-month accumulation period: (a) Sventoji—Ukmerge
under RCP 4.5; (b) Venta—Leckava under RCP 4.5; (c) Minija—Kartena RCP under 4.5; (d) éventoji—
Ukmergé RCP under 8.5; (e) Venta—Leckava under RCP 8.5; (f) Minija—Kartena under RCP 8.5.

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

gventoji—Ukmergé Venta-Leckava Minija-Kartena

o < o
8% g 8 &3 g 28 &§ g 8
ConditionClasses % & 5& £& H& sa =& w& sa 27
) = s S = ) S [} )
B D Mg Eg no Mg Eg omm Mg
S8 §8 &S 88 §8 HFS £& §g &8
2 z8 =8 $d 78 =8 g z8& =&

T ) T
x>2.0 183 125 042 18 041 167 226 042 177
15<x<2.0 480 271 271 325 156 083 240 167 1.04
1.0<x<15 1072 500 458 1128 521 635 1312 521  6.56
~1.0<x<10 6587 3416 33.13 6742 3604 3198 6230 3562 3156
~1.0>x>-15 959 427 406 762 417 428 945 406 542
—15>x>-20 522 240 281 719 188 292 578 198 250
x<-20 197 021 229 141 073 167 169 104 115
SUM 100 50 50 100 50 50 100 50 50
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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 Sventoji, and Minija
catchments, with most extreme months concentrated in the near future (Table 8).

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

Sventoji-Ukmergé Venta-Leckava Minija-Kartena

£ £ £
55 3 23 83 3 3 &3 % ez
Condition Classes =& 38 28 5& 58 £8 & 38 2%
S 1 2 Sl & 21 S oK 21
o ] H-s mo ] B g i) B
£8 §& F§ £2 §g EFS £2 85 FS
2o z98 =8 2g zd =d g z98 =g

et o=l et
x>2.0 183 135 229 183 063 125 226 052 177
15<x<20 480 146 136 325 240 458 240 261 375
1.0<x<15 1072 489 333 11.28 458 437 1312 458 5.0
-1.0<x<1.0 6587 3542 351 6742 3385 3188 6230 3354 3146
-1.0>x>-15 9.59 4.17 5.00 7.62 573 6.15 9.45 573 6.25
—15>x>-20 522 1.67 2.29 7.19 1.46 115 5.78 1.98 1.56
x< =20 197 104 063 141 135 062 169 104 021
SUM 100 50 50 100 50 50 100 50 50

As can be seen from Figures 10 and 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 Sventoji 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.
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Table 9. Changes of SDI (x in Table) according to RCP 4.5.

Sventoji-Ukmerge Venta-Leckava Minija-Kartena

£ £ £
5% i3 % 53 3 2 A3 fE 3
Condition Classes s& sa £8 58 358 E8 w& 3§ E£3
S & 2 S 1 & S SR )
o =o H3E Eg =m Rg g o=§ Hg
28 8 Fg§ £2 3§ 58 g8 55 ES
22 z9 =& g zd &g @2 z9 &g

= = =
x>2.0 132 094 021 183 000 063 099 000 135
1.5<x<20 6.00 3.75 2.08 4.09 3.23 2.60 3.53 2.40 229
1.0<x<15 1010 7.08 375 945 521 354 1114 531 4.69
-10<x<1.0 6428 3146 3427 6953 3458 3183 6699 3427 31.04
-1.0>x>-15 1098  4.38 5.52 6.35 4.48 5.10 7.19 4.27 5.42
—15>x>-20 4.83 1.56 261 6.77 229 4.27 6.63 271 4.06
x< =20 249 08 156 197 021 198 353 104 115
SUM 100 50 50 100 50 50 100 50 50

(b)
-4 3 4
(e)
4 3 4
—Real past —Near future —Far future

Figure 12. Deviation of SDI index with 12-month accumulation period: (a) Sventoji—Ukmerge
under RCP 4.5; (b) Venta—Leckava under RCP 4.5; (c) Minija—Kartena under RCP 4.5; (d) gventoji—
Ukmergé under RCP 8.5; (e) Venta—Leckava under RCP 8.5; (f) Minija—Kartena under RCP 8.5.

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

Sventoji-Ukmergé Venta-Leckava Minija-Kartena

£ £ £
8% %% 2 5§ 3 2 &g ig 8
Condition Classes =8 38 £8 58§ 38 £§ w& 358 E£R8
SR} 2 Sl & 2 S K 21
B - =g Eg P ] B o =8 B
£8 FH 28 E§ EH 2T ER EE E
22 z8 =9 2gd zd &g 2g z& «d

e = =
x>2.0 132 135 208 183 094 199 099 010 198
1.5<x<20 6.00 2.08 0.83 4.09 281 3.23 3.53 2.08 6.04
1.0<x<15 1010 500 250 945 386 6.04 11.14 344 469
-10<x<10 6428 3563 3479 6953 38.02 2750 66.99 37.08 28.33
-1.0>x>-15 1098 521 594 635 385 698 719 573 646
—-15>x>-20 4.83 0.73 3.13 6.77 0.52 3.44 6.63 1.46 1.56
x<—20 249 000 073 197 000 083 353 011 094
SUM 100 50 50 100 50 50 100 50 50

wuSDI_dry ==SDI_wet — RDI

Figure 13. The éventoji River, accumulation period 12 months: (a) RCP 4.5; (b) RCP 8.5.

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 Sventoji, there will be more extreme droughts under the RCP 4.5 scenario.
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35

wuSDI_dry ==SDI_wet — RDI

Figure 14. The Venta River, accumulation period 12 months: (a) RCP 4.5; (b) RCP 8.5.

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 Sventoji, while the Sventoji is characterized by
stronger wet events (Figure 16). The Sventoji 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 Sventoji. The wettest month SDI values for the Sventoji 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 gventoji 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.

162



Water 2022, 14, 71 240f33

35 @)
25
15 { d ‘ {
05 W \E“ f ﬂ ’\g \‘ pg/ I M
G888 2 B B2 g
jz sa,séﬁ% E %JSS Sis E}T\fﬂ RERE
25
a5 !
35 (b)
25
15 ‘ "
\ |
05 ﬂ J Q Wy%fg / ”}\ '&/ g1 gﬂ'\ 2
05 & gl
25 |
-35 wuSDI_dry ™»SDI_wet — RDI

Figure 15. The Minija River, accumulation period 12 months: (a) RCP 4.5; (b) RCP 8.5.
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—Sventoji — Venta —Minija

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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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 immemo-
rial. 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—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 identi-
fied 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-Wéjcicka 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 correla-
tions 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
etal. [10] determined that catchments underlain by aquifers tended to show more delay in
the propagation of drought from meteorological to hydrological drought.
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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-Wéjcicka 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 pro-
vides 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 [73-75]. 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 accumula-
tion 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 esti-
mated 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 hy-
drological) 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
Sventoji and Minija, the trends differ depending on the climate scenario.
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Appendix A

Table Al. 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
L Number of dry months 111/720  116//718 116/715  122/712  131/709
L Merkys-Puvotiai Index minimum value (month) -3.99 —3.83 -3.05 —2.95 —2.84
) oz Number of dry months 110/720  116/718  118/715  121/712 131/709
. a-Lervynos Index minimum value (month) —4.04 383 —3.06 —294 284
AR Number of dry months 109/720  112/718  124/715  122/712 130/709
3. Verkné-Verhylitkés Index minimum value (month) ~ —4.00 —3.73 ~299 ~3.10 —261
) e Number of dry months 110/720  116/718  118/715  121/712  131/709
4 Stréva-Semeliskes Index minimum value (month)  —4.04 ~383 ~3.06 204 284
s ) Number of dry months 112/720  113/718  121/715  121/712  125/709
3 Zeimena-Pabradé Index minimum value (month) ~ —4.16 ~324 ~3.07 —274 —258
p Sventoii-Anykciai Number of dry months 115/720  114/718  120/715  119/712  126/709
- ventoji-Anykscial Index minimum value (month) —414 ~3.28 ~3.06 ~2.78 ~2.63
7 Sventoii Ukmergé Number of dry months 113/720  121/718  113/715  125/712  128/709
: ventoji-Ukmergé Index minimum value (month) ~3.75 ~3.56 -333 ~3.31 ~3.03
Central hydrological region
- ) Number of dry months 113/720  123/718  109/715  124/712  118/709
8. NevéZis-Fanevezys Index minimum value (month)  —3.80 ~2.89 -331 ~350 324
9 Susve Saulenni Number of dry months 106/720  112/718  115/715  123/712  127/709
: usve-Siaulenai Index minimum value (month) -4.24 —3.06 -3.09 -262 -2.73
10 N alis-Tabokine Number of dry months 113/720 120/718  122/715  116/712  130/709
: emunelis-fabokine Index minimum value (month) —4.37 —2.96 —3.00 —2.78 —2.54
11 Mua-Ustukiai Number of dry months 105/720 114/718  119/715  124/712  129/709
: sa-Ustukiai Index minimum value (month) —3.61 —3.14 —-3.07 —254 —2.69
. Number of dry months 107/720  106/718  103/715  123/712  124/709
12. Venta-Papilé Index minimum value (month)  —4.40 324 _327 273 —266
5 VentarLecka Number of dry months 108/720  99/718  112/715  118/712  127/709
' cnta-Leckava Index minimum value (month) —4.73 —351 ~339 —2.77 ~2.66
Western hydrological region
" Jara-Taurage Number of dry months 114/720  115/718  121/715  123/712  115/709
: 5 Index minimum value (month) —4.54 -3.15 -327 —2.84 —3.30
15 . Comens Number of dry months 114/720  115/718  121/715  123/712  115/709
: Akmena-Paakmenis g0 minimum value (month) 4.5 ~315 ~327 284 330
L Number of dry months 102/720  104/718  117/715  118/712  126/709
16. Minija-Kartena Index minimum value (month) ~ —5.29 346 338 271 263
. Ba todas Number of dry months 109/720  106/718  113/715  121/712  126/709
' rtuva-Skuodas Index minimum value (month) ~3.31 ~345 ~3.38 ~2.81 253
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Table A2, RDI parameters which present the lowest value for each catchment.
No River-WGS Parameters RDI-1 RDI-3 RDI-6 RDI-9 RDI-12
South-eastern hydrological region
. Number of dry months 77/561 94/667 123/715 118/712 118/709
L Merkys-Puvotiai Index minimum value (month) ~ —3.67 263 287 273 —3.07
2 Dla-Zervynos Number of dry months 71/545 91/656 121/715  122/712 122/709
. - b4 Index minimum value (month) -3.92 —3.84 -2.92 -2.78 —3.01
) - Number of dry months 77/545 95/656  118/715  116/712  118/709
3. Verkné-Verbyliskes Index minimum value (month) ~ —3.88 ~3.61 ~2.83 ~290 ~279
) o Number of dry months 71/545 91/656  121/715  122/712  122/709
4. Stréva-Semeliskés Index minimum value (month) ~ —3.92 ~3.84 —292 ~278  -301
5 Fei ) Number of dry months 78/523 98/637 124/715  117/712 126/709
. imena-Pabrade Index minimum value (month) —3.85 —3.37 —3.14 —284 —251
p Sventori-Anvkstiai Number of dry months 72/527 94/640  122/715  117/712  124/709
: ventop-Anykscial Index minimum value (month) 374 341 -3.10 285 —251
’ Sventoi-Uk ) Number of dry months 80/537 100/648  109/715  113/712  119/709
: ventoji-Ukmerge Index minimum value (month) ~3.13 ~3.69 ~2.88 ~3.29 ~285
Central hydrological region
e " Number of dry months 72/543 947653 104/715  121/712  116/709
8 Nevézis-Panevézys Index minimum value (month) 3.2 ~256 ~2.96 —3.43 ~3.01
0 Stve Sinaliral Number of dry months 65/545  98/653  121/715 120/712  120/709
J usve-Siaulénai Index minimum value (month)  —4.18 ~3.03 ~291 ~258 ~2.80
10 N alis-Tabokine Number of dry months 79/529 100/642  115/715  115/712 118/709
: emunelis-labokine Index minimum value (month) —3.60 —-3.02 —3.04 -282 —2.68
1 Mia-Ustukiai Number of dry months 67 /546 103/655  118/715  134/712 129/709
: fifa-Ustukiai Index minimum value (month) —-3.61 —3.07 —272 ~2.66 —275
o Number of dry months 67/545 94/653  108/715  119/712  116/709
1 Venta-Papile Index minimum value (month) ~ —4.34 -3.16 —3.02 —277 ~2.86
13 Ve Number of dry months 76/546 92/654 111/715  114/712 115/709
: enta-Leckava Index minimum value (month) ~ —4.63 -321 ~3.36 ~3.00 ~282
Western hydrological region
14 Jiira-Tauragé Number of dry months 82/532 98/646 121/715  116/712  115/709
- 8 Index minimum value (month) —4.37 —3.04 —3.20 -277 —3.07
15 Ak Paakmeni Number of dry months 82/532 98/646 121/715  116/712  115/709
mena-faakmenis — jndex minimum value (month) —4.37 —3.04 -3.20 —2.77 —3.07
L Number of dry months 74/561 81/666  111/715  114/712  120/709
1s. Minija-Kartena Index minimum value (month) ~ —5.16 ~313 330 28 291
. Ba Skuod Number of dry months 77/565 81/669  104/715  112/712  116/709
: rtuva-Skuodas Index minimum value (month) ~3.30 31 -3.29 ~2.89 ~2.83
Table A3. SDI parameters which present the lowest value for each catchment.
No River-WGS Parameters SDI-1 SDI-3 SDI-6 SDI1-9 SDI-12
South-eastern hydrological region
. Number of dry months 112/720 112/718 121715 124/712 124/709
L Merkys-Puvotiai Index minimum value (month) —234 ~276 —287 ~301 —269
Ola-Zerv Number of dry months 108/720 112/718 114/715 118/712 120/709
2 a-LRIVynos Index minimum value (month) ~229 -257 -27 ~2.79 ~284
s Number of dry months 84/720 89/718 89/715 104/712 99709
3 Verkné-Verbyliskes Index minimum value (month) ~2.05 224 —2.14 ~1.99 —203
. s Number of dry months 111/719 109/717 125/714 136/711 126/708
+ Stréva-Semeliskes Index minimum value (month) 260 243 203 206 —211
) Number of dry months 103/720 108/718  17/715  117/712 128/709
5 Zeimena-Pabradé Index minimum value (month) ~2.28 224 —241 —2.28 224
6 Sventoji-Anykdiai Number of dry months 94/715 98/709 113/700 122/691 114/682
' ventoji-Anykscial Index minimum value {month) ~2.08 ~226 -227 ~210 ~239
; Sventoi-Ukmerss Number of dry months 106/716 105/710 111/701  125/692  125/683
: ventoji-Ukmergé Index minimum value (month) ~2.06 ~256 ~2.56 ~253 ~246
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Table A3. Cont.
River-WGS Parameters SDI-1 SDI-3 SDI-12
Central hydrological region
" . Number of dry months 125/720 118/718 110/709
NevéZip-Panevidys Index minimum value (month) Z259 _278 _3.05
X X Number of dry moenths 110/720 110/718 143/709
Susveé-Siaulénai Index minimum value (month) —254 —2.69 —2.74
N lis-Taboki Number of dry months. 112/720 115/718 124/709
emunelis-fabokine Index minimum value (month) 243 ~2.25 —245
N - Number of dry months 107/720 112/718 130/709
Masa-Ustukiai Index minimum value (month) _217 244 Y
Venta-Papile Number of dry months. 99/720 110/718 127/709
Index minimum value (month) 221 —2.64 —2.51
Number of dry menths 109/720 119/718 107/709
Venta-Leckava Index minimum value (month) 2 _286 243
Western hydrological region
Jara-Tautagé Numberrcurf dry months 101/720 119/718 121/709
Index minimum value (month) =221 -2.76 —291
B Number of dry months 114/720 126/718 119/709
Almena-Paakmenis Index minimum value (month) —230 —2.68 —251
Minija-Kartena Number of dry months 114/720 125/718 123/709
Index minimum value (month) -233 =270 —2.68
Number of dry months 109/708 117/704 113/686
Bartuva-Skuodas Tndex minimun value (month) 227 “3m —254
Appendix B
Table A4. Correlation matrix between SPI and SDI indices for the Venta river.
Venta (Leckava) VI Vil X
SPI_1m-SDI_1m 0.52179 0.522196 0.517274
SPI_3m-SDI_Im 0.677741  0.729274 0.739166
SPI_6m-SDI_1m 0.494797  0.601909 0.847492
SPI_9m-SDI_1m 0.405502 0.6076 0.770859
SPI_12m-SDI_1m 0.268421 0.460981 0.722681
SPI_1m-SDI_3m —0.0408  0.171667 0.286132
SPI_3m-5DI_3m 0283162 0.48995 0.686152
SPI_6m-SDI_3m 0.00152 0.490719 0.826458
SPI_9m-SDI_3m —0.10348  0.410175 0.739972
SPI_12m-SDI1_3m 0.01429 0.262677 0.69634
SPI_1m-SDI_6m 0.221978  0.026692 0.263181
SPI_3m-SDI_é6m 0.315926 0.27886 0.579309
SPI_6m-SDI_6m 0.69863 0.57025 0.75319
SPI_9m-SDI_é6m 0.694251 0.60626 0.711345
SPI_12m-SDI_6m 0.724013  0.560023 0.66654
SPI_1m-SDI_9m 0.145703  0.100638 0.216767
SPI_3m-SDI_9m 0.136184  0.251505 0.420208
SPI_6m-SDI_9m 0429043 0.423859 0.565521
SPI_9m-SDI_9m 0.682662  0.661398 0.673338
SPI_12m-SDI_9m 0.856286  0.804855 0.718789
SPI_1m-5DI_12m 0132035  0.103784 0.170617
SPI_3m-SDI_12m 0.109841  0.203879 0.304002
SPI_6m-5DI_12m 0.381528  0.339196 0.435852
SPI_9m-SDI_12m 0.624787  0.562608 0.509169
SPI_12m-SDI_12m 0.852088  0.783614 0.692041
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Table A5. Correlation matrix between RDI and SDI indices for the Venta river.

Venta (Leckava) v VI vl VIl X 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_Im 0285118  0.498874  0.69302  0.680835 0.73178 0.829062
SPI_12m-SDI_1m 0225049  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 0506038  0.429392  0.425472  0.126592  —0.05476  —0.09243
SPI_6m-SDI_3m 044694  0.151508  0.598191  0.780142  0.820816  0.870169
SPI_9m-SDI_3m 0403485  0.036881  0.530402  0.737399  0.758702  0.81402
SPI_12m-SDI_3m 0477185 017955  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 0297243 0.39832  0.462469 0465396  0.313494  0.130515
SPI_6m-SDI_6m 0.621902  0.677149 0.628834  0.497074  0.242101 0.270968
SPI_9m-SDI_ém 0.703749  0.652796  0.667311 0.50781 0471564  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 0128766  0.15413  0.164223  0.288418  0.333946  0.30909
SPI_6m-SDI_9m 0398717 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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Abstract: Recently, the number and intensity of hydrological droughts have been increasing; thus, it
is necessary to identify and respond to them quickly. Since the primary hydrological data in Lithuania
are water levels, and converting these data into discharge takes additional time, there is a need to
develop a methodology or adapt these data to analyze and detect hydrological droughts. This paper
examines the concept of the standardized water level index (SWLI) calculation, which is based on
the standardized precipitation index (SPI) and streamflow drought index (SDI) methods. SDI and
SWLI data were compared; SWLI was used to analyze the situation in the past and future. A total of
15 main sub-basins were considered, and the future discharge of three rivers was estimated; SWLI
showed good compatibility with SDI. To better analyze droughts, the use of severe drought threshold
values (SDTV) was suggested as some river data (especially those for small rivers) needed to be
corrected due to dense riverine flora. The dry years and trends identified by SWLI are consistent with
previous studies.

Keywords: hydrological droughts; Lithuanian rivers; HBV model; SWLI; SDI; trends; projections

1. Introduction

Most European countries are considered to have sufficient water resources; however,
water scarcity and droughts are increasing and spreading. From 1980-2020, the total
economic loss from weather- and climate-related events was EUR 450-520 billion (in
32 countries of the European Economic Area [1]). Climate change, global warming and
human activity may unprecedentedly exacerbate the problem of drought [2-4].

Even among drought experts, there is no single definition of drought that everyone
would agree on [5-7]. Water Directors within the CIS (a Common Strategy for the im-
plementation of the Water Framework Directive) process have decided on the following
definition of drought: it is a temporary, negative and severe deviation along a significant
period and over a large region from average precipitation values (a rainfall deficit), which
may lead to meteorological, agricultural, hydrological and socio-economic drought, de-
pending on its severity and duration [8]. Water deficit typically propagates through the
hydrological cycle, impacting different ecosystems and human activities accordingly [9].

Accomplished studies challenge the view that hydrological drought can only be
described as a lack of precipitation and show many gaps and uncertainties in our knowledge
of this extreme event. A number of interrelated phenomena may cause hydrological
drought [10,11]; many efforts are being made to study the various aspects of droughts
and aim to provide early warning and information to decision-makers, policy-makers,
water managers, water users and the general public about droughts. To prevent or at least
mitigate the effects of a drought, it is necessary to understand this phenomenon, identify
its signs as quickly as possible and prepare for a drought’s impact [12-14].

Scientists have developed numerous methods to identify hydrological drought. Crite-
ria for identifying an impending hydrological drought and its beginning or end can include
the simplest indicators (e.g., river or groundwater level, flow rate) or complex drought
indices (e.g., aggregate dryness index, palmer hydrological drought severity index, surface
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water supply index) that require several or more indicators. When managing drought, it is
convenient to use indices to reduce the complex problem to one single number. However,
water managers should be cautious in choosing indices [6,15]. It would be beneficial to
develop a composite drought index that integrates all relevant data and drought descrip-
tions, considering the predominant types of droughts in time and space and climate change
scenarios [16]. However, a recent report published by the Intergovernmental Panel on
Climate Change [4] warns that droughts are a complex and difficult-to-predict natural
phenomenon, and that differences between drought types are not unambiguous and cannot
be described by a single universal definition or directly measured by a single variable.
The National Meteorological and Hydrological Services around the world are encouraged
to use the standardized precipitation index (SPI) to characterize meteorological drought;
however, a comprehensive indicator to describe agricultural and hydrological droughts
still needs to be proposed [17].

Although Lithuania belongs to a humid continental climate, the drought phenomenon
is quite well known. The recent dry and warm summers are causing major changes in river
runoff. For three consecutive summers of 2018-2020, a hydrological drought for the entire
country was declared. Although scientific studies based on available observational data
do not reveal clear trends in rising dryness and extreme droughts [18,19], end-of-century
climate change may enhance the likelihood of more intense and frequent meteorological
droughts, which may increase the threat of hydrological droughts [20,21]. Rising warm-
season temperatures and consequent increasing evaporation are likely to have a particular
impact on runoff during the warm season, which is a critical time for water users and
aquatic ecosystems, even under normal climatic conditions. With the growing evidence
of climate change, Lithuanian scientists have been paying closer attention to droughts in
recent years. The meteorological effective drought index (EDI) proposed by Byun and
Wilhite [22] was used to identify hydrological drought during the warm period [23]. A
study of drought dynamics during the warm period of the year using the meteorological
standardized precipitation index (SPI) proposed by McKee et al. [24] and the hydrological
standardized water level index offered by Nalbantis and Tsakiris [25] was carried out [19].
The suitability of the hydrological standardized runoff index (SRI) proposed by Shukla and
Wood [26] to determine hydrological drought was also investigated [27]. The ability of the
analyzed indices to identify hydrological droughts in Lithuanian rivers mainly depended
on the nature of river feeding, e.g., some indices performed better on groundwater-fed
rivers and others on snowmelt-fed rivers. To our knowledge, thus far, only one scientific
study has been devoted to assessing hydrological drought in Lithuania using river water
levels [28]. This study aimed to identify the warm-period hydrological drought cases
in Lithuania using the streamflow drought index (SDI; calculated based on discharge
data) and standardized water level index (SWLI; calculated based on water level data) to
compare and evaluate the possibilities of their practical application. The findings based
on data from seven rivers (eight water gauging stations) revealed that a modified SDI
methodology based on water level data (i.e., SWLI) could become a good alternative for
detecting hydrological droughts in Lithuania.

As the operational information of the hydrology network in Lithuania consists of
(hourly) water level data, it should be used to characterize the hydrological drought and
declare the state of severe hydrological drought. Such an assessment has a significant
advantage. Water levels can be easily measured directly, while discharge is estimated
indirectly from the water level using a water level-discharge ratio. This study aimed to
analyze the past conditions of hydrological drought and project future drought scenarios
for the entire territory of Lithuania based on its major sub-basins using the improved
methodology for calculating the standardized water level index (SWLI).
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2. Materials and Methods
2.1. Study Area and Data

Lithuania is located on the eastern coast of the Baltic Sea. It covers an area of 65,200 square
kilometers and is the largest and southernmost of the three Baltic States. It is a country
of plains (the highest point being 294 m above sea level) with more than 22,000 rivers
and rivulets having a total length of over 77,000 km [29]. According to the Koppen-
Geiger climate classification, Lithuania belongs to a humid continental climate. It falls
into the water surplus zone as the annual ratio of precipitation to evaporation is 1.47. The
annual river runoff varies from 4.2 to 14.0 L/(s-km?) and depends on the distance from
the sea, topographic features, catchment morphology, lithology, underground feeding
patterns, etc. The Nemunas River is a major Lithuanian river. It is 937 km long and
drains approximately 98,000 square kilometers (46,600 km? belongs to Lithuania and
comprises 72% of its territory). Its average multiannual discharge at Smalininkai is 540 m®/s.
The longest and largest Nemunas tributaries in Lithuania (in terms of catchment area)
are Sventoji, Neris, Nevézis, Sesupé, Merkys, Jira and Minija. Typically, the annual
hydrograph of the Lithuanian river consists of the peak discharge in early spring, indicating
the maximum amount of water in the river bed due to spring snowmelt flooding; additional,
less significant peak discharges (due to flash floods) may be observed in late summer or
autumn, but the discharge remains mostly low throughout the warm period. In the
warm period, in the small rivers and streams, the phenomenon of flow intermittency can
be observed under certain physical-geographical conditions. It was estimated that the
maximum duration of flow intermittency could range from 6 to even 152 days [30].

The study of the hydrological drought was based on streamflow records from 15 river
catchments (Figure 1). These rivers were chosen to represent the main sub-basins of
Lithuania because (i) they are semi-natural (i.e., the least anthropogenically affected),
(ii) they have 30 years (1991-2020) of observational data series, and (iii) their discharge data
(based on the stage-discharge curve, Q-H) are the most accurate and reliable in the sub-
basin. The list of selected rivers and their gauging stations is given in Table 1. The above
data were received from the Lithuanian Hydrometeorological Service (LHMT). Monthly
precipitation and air temperature data from the observational period of 1991-2020 needed
for modeling were also obtained from LHMT.

Table 1. List of the studied water gauging station (WGS) catchments and their main characteristics
(1991-2020).

kS River WGS Abbreviation Sub-Basin WGS Catchment Area km?  Qav*,m%s  Q30*,m’/s  Qav/Q30
1 N Nemunas and its 81,200 479.9 259.3 1.85
small tributaries
2 Merkys Puvociai Mer-Puy Merkys 4300 321 218 147
3 Neris Jonava Ner-Jon o eris and s 24,600 1626 896 181
4 Zeimena Pabrade Zei-Pab Zeimena 2580 202 119 170
5 Sventoji Ukmergée Sve-Ukm Sventoji 5440 411 163 252
6 Nevézis Panevezys Nev-Pan Nevézis 1090 6.1 11 555
7 Dubysa Lyduvénai Dub-Lyd Dubysa 1070 82 19 432
8 Mituva Zindaiciai Mit-Zin Mituva 403 26 0.1 26.00
9 Sesuvis Skirgailai Ses-Ski Jara 1880 147 23 639
10 Minija Kartena Min-Kar Minija 1230 167 27 619
1 Svyla Guntauninkai  Svy-Gun Dauguva 148 09 0023 39.13
12 Nemunélis Tabokine Nem-Tab Nemunelis 2690 202 29 697
13 Musa Ustukiai Mus-Ust Musa 2280 10.1 13 7.77
14 Venta Leckava Ven-Lec Venta 4060 282 44 641
15 Bartuva Skuodas Bar-Sku Lithuanian coastal rivers 612 71 0.6 11.83

Notes: * Qav—average discharge for 30 years (1991—2020). ** Q30—average of annual 30-day minimum discharge
in the warm period (1991-2020).
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Figure 1. Fifteen main river catchments of Lithuania used in the analysis.

2.2. Methods
2.2.1. Calculation of Hydrological Drought Indices

The standardized water level index (SWLI) proposed by [28] and streamflow drought
index (SDI) developed by Nalbantis and Tsakiris [25] were used to identify hydrological
droughts in Lithuanian rivers. These indices are based on the measured water level
(SWLI) and discharge (SDI) values. Since these indices are based on the SPI calculation
methodology, the minimum time period for calculation should be identical. For SPI, it is
30 years [24]. According to this, we used the same minimum period. A drought of a relevant
magnitude is recorded when the index value is lower than —1.0 [15]. The essence of indices
is that they calculate anomalies of a certain magnitude (of water level or discharge) over
a selected period based on a comparison of that magnitude using data from a long-term
period. As an input, daily water level and discharge data were used; a 10-day accumulation
period was also selected.

SWLI and SDI were calculated as follows:

SWLI = ——1, 1)
Yj(H)

SDI = M/ @
Yi(Q)

where H;; and Q;; indicate the water level and discharge for a given 10-day period, re-
spectively, Hj and Q; indicate the multiannual decadal values of the mean water level and
discharge, respectively, oji or @) indicate the standard deviation of the multiannual mean
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Hj or Q; and i equals a period of 10 days. All received data were checked for normality and,
for that, we devised data distribution histograms and calculated the Shapiro-Wilk test for
smaller samples from the main data set; all results confirmed the data normality.

An index value below zero indicated hydrological drought. The state of hydrological
drought is defined as follows: the average drought is when —1.49 < SDI < —1.0, severe
drought is when —1.99 < SDI < —1.5 and extreme drought is when SDI < —2.0 [25]. Because
SWLI and SDI values are indicated as standard deviations from the long-term mean, they
can be used to compare anomalies over any period.

In operational work, to identify hydrological droughts, it would be more rational to
use a standardized water level index (SWLI), which is calculated from directly measured
water level values. Although discharge better describes the water content in rivers and
their ecological conditions, it is determined indirectly from water level data. However, the
drought estimated according to water levels must also match the actual water conditions
as the drought indicated by discharge. Theoretically, the SWLI and SDI values must have a
linear (1:1) relationship. Deviations from this relationship may be due to various processes
taking place in the river bed (e.g., development of aquatic vegetation, bottom deformation,
etc.); therefore, the relationship needs to be adjusted for objectivity. Thus, we could not use
the usual scale to assess severe drought through the SWLI index.

To determine the extent to which the correlation curves of SWLI and SDI varied from
linear dependence (y = x) in each river, calculations were performed by inputting an x-
value (SDI coefficient) of —1.5 (this value represents the threshold for severe drought in the
SDI index and theoretically should be the same for the SWLI index) into the equation of
determination. According to this, the new severe drought threshold values (SDTV) were
used for SWLI using equations of determination.

2.2.2. Preparation of Climate Change Models

To predict future drought trends, three regional climate models (RCM) were chosen
for data preparation and analysis (Table 2). A more detailed description of the selection
process of regional climate models suitable for the conditions of Lithuania is provided in a
previous article [31]. The two most commonly used RCP scenarios (RCP4.5 and RCP8.5) [4]
were applied to analyze drought evolution in the future.

Table 2. Main information about chosen RCMs.

Ne Driving Model RCM Institute Resolution  Ensemble
CNRM-CERFACS-
CNRM-CMS5 RCA4 SMHI o1ie Mitol
2 ICHEC-EC-EARTH RACMO22E KNMI 11 P
3 MPI-M-MPI-ESM-LR REMO2009 MPI-CSC

The models mentioned above were extracted from the EURO-CORDEX database
(www.euro-cordex.net (accessed on 21 October 2022)). Daily temperature and precipitation
data were used to calculate river discharge. It was decided to use the quantile mapping
method to adapt climate data to Lithuanian conditions [32,33]:

StOhs — h(StCM RP) — ECDFOBS—1<ECDFCM RP(StCM Fut)) (3)

where St indicates the observed meteorological parameter, St“M kP indicates the climate
model output for the reference period, ECDFPS indicates the empirical cumulative dis-
tribution function for an observed period, ECDFM RP indicates the empirical cumulative
distribution function for the climate model reference period and St“™ I indicates the mete-
orological parameter, which is modeled by the climate model for the future period [32,33].
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2.2.3. Discharge Projections Using the HBV Model

The drought projections were made for three rivers using the HBV hydrological
model. This software was created by the Swedish Meteorological Hydrological Institute
(SMHI) [34]. HBV is a rainfall-runoff modeling technique applied to calculate the total
water balance in a catchment. For the modeling process, it is necessary to specify the
following characteristics of the watershed: total area of the watershed, area of territories
covered by forests and under lakes, height above sea level, daily flow of rivers and daily
values of precipitation and air temperature for the area in the simulated watershed [21].
The HBV model is based on the water balance equation [35]:

pfsz:%[SP+SM+UZ+LZ+V], )

where P indicates precipitation, E indicates evaporation, Q indicates discharge, SM indicates
soil moisture, SP indicates snow-pack, UZ indicates groundwater zone, LZ indicates lower
groundwater zone and V indicates lake or dam volume. The computations were carried
out in three steps: (i) estimation of the amount of precipitation reaching the ground;
(ii) estimation of slope runoff; and (iii) estimation of runoff in the watercourse and runoff
transformation. For such a complex model, a data set of physical-geographical data from the
CORINE database was also used for each river (Table 3). Their processing was performed
using the ArcGIS software.

Table 3. Main characteristics of the selected river catchments.

Land Use Characteristic

River—WGS
tver Lakes, % Wetland, % Forests, %
Nemunas-
Smalininkai 1.17 0.82 48.50
Zeimena-Pabradeé 9.28 1.29 60.07
Sesuvis-Skirgailiai 1.07 0.69 23.21

Since the main task of this work was to study the drought of the warm period (May-
October), the main emphasis during calibration was on the parameters responsible for the
runoff formation in the summer period and the baseflow. In addition, 19 main parameters
were used to calibrate the developed catchment-based hydrological models. Calibration
was performed in the recommended order by the software developers [35]: volume param-
eters, snow parameters, soil parameters, response parameters and damping parameters.
The primary focus was on parameters that directly impact warm-season runoff, such as
maximum soil moisture storage (fc), percolation capacity (perc) and recession of summer
and autumn discharge (khgq, k4), among others. The suitability and quality of the developed
hydrological models were confirmed by the strong correlation between the measured and
calculated water discharges (r were higher than 0.7) (Table 4).

Table 4. Results of calibration and validation of hydrological models.

Calibration (1986-1995) Validation (1996-2005)

River—WGS
r NSE * RE, % r NSE RE, %
Nemunas-Smalininkai 0.84 0.706 —0.6 0.81 0.700 0.7
Zeimena-Pabradée 0.87 0.765 -57 0.81 0.717 32
Sesuvis-Skirgailiai 0.88 0.779 31 0.87 0.786 -0.38

Notes: * Nash-Sutcliffe efficiency (NSE) is a normalized statistic that determines the relative magnitude of the
residual variance compared to the measured data variance [36].
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3. Results

Based on SDI and SWLI indices, 15 rivers with a 30-year data set (from 1991 to 2020)
were selected for drought analysis. Additionally, three rivers were chosen for analysis in
the near (2021-2060) and distant (2061-2100) future.

3.1. Assessment of the Suitability of SDI and SWLI in Lithuania

Based on the hydrological data of 15 water gauging stations (WGS) of Lithuanian
rivers, the suitability of two selected hydrological drought indices—the standardized
water level index (SWLI) and streamflow drought index (SDI)—was investigated. The
values of these indices were expected to have a linear relationship (y = x), in which case,
SWLI could be directly applied to identify hydrological droughts. All established linear
equations had different coefficients and free terms, i.e., they indicated the absence of a
clear linear relationship. The linear relationships (Figure 2) showed that the SWLI and
SDI indices evaluated drought differently due to the differences in the range of negative
values. Therefore, corrections were made to use the SWLI index to identify drought. The
SWLI corresponding to the limit value of severe hydrological drought (according to SDI,
i.e., when SDI = —1.5; Table 5) was calculated from the equations of the correlation curves
between the mentioned indices in the studied rivers.

Table 5. Coefficients of determination between SWLI and SDI values; SDTV according to SWLL

Ne WGS R? SDTV
1 Nem-Sma 0.97 —1.48
2 Mer-Puv 0.85 —1.38
3 Ner-Jon 0.95 —1.46
4 Zei-Pab 0.85 —1.38
5 Sve-Ukm 0.77 -1.32
6 Nev-Pan 0.89 —1.41
7 Dub-Lyd 0.82 -1.27
8 Mit-Zin 091 —1.40
9 Ses-Ski 0.92 —1.43
10 Min-Kar 091 —1.42
11 Svy-Gun 0.95 —1.41
12 Nem-Tab 0.90 —1.41

13 Mus-Ust 0.78 -1.32
14 Ven-Lec 091 —1.43
15 Bar-Sku 0.81 —1.34

The number of dry events for each month was calculated. It was found that May had
the highest number of severely dry days in Lithuania during the warm period. This trend
was observed for seven out of 15 rivers investigated in Figure 3a. The greatest number of
severely dry days over a 30-year period was also estimated in May, as shown in Figure 3b.
October had the lowest number of severely dry days according to the SWLI (SDTV) index,
and there were no significant changes during the June-September period. This distribution
was caused by the physical-geographical and climatic characteristics of each individual
sub-basin and the influences of other sub-basins, as in the cases of the Nemunas and
Neris rivers. Figure 3¢,d depict the distribution of severely dry days for the Nemunas and
Zeimena rivers and provide the ratio of dry days between the two indices, SDI and SWLL
Although the SWLI index and SWLI with SDTV threshold indicated a higher number of
severe drought events, the general trends persisted with SDI.
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Figure 2. Relationships between SWLI and SDI with equations and coefficients of determination:
(a) Nemunas-Smalininkai; (b) Zeimena-Pabradé; (c) Seéuvis-SkirgailiaL The red dotted lines represent
the trend lines for data set.
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Figure 3. Comparison between SWLI and SDI: (a) the number of rivers with the driest months (the
largest number of severely dry days); (b) average number of severely dry days by month (during
1991-2020) for rivers within Lithuania; (¢) Nemunas-Smalininkai; (d) Zeimena-Pabrade.

3.2. Analysis of Hydrological Drought in Lithuania Using SWLI

As mentioned above, 15 representative rivers were analyzed using the SWLI index.
Fluctuations of the SWLI and SDI indices are presented in Figure 4. Several severe droughts
were observed in most rivers: the first quarter of 1996 (corresponds to the cold period), the
first quarter of 2003 (corresponds to the cold period), the end of 2005 and most of 2006, and
short-term periods of severe drought during 2013-2016. Additionally, from mid-2018, the
SWLI index had practically no positive values. The prolonged wet period with maximum
values from the middle of 2017 (lasting from 6 to 12 months), which preceded the drought
in 2018-2020, should also be noted.

The number of days with a drought index lower than —1.5 (in the warm period)
was estimated for each river (Figure 5). During the observed 30 years, drought was most
widespread in 2006, 2019 and 2020, but the driest period occurred in 2019. Local, prolonged
phenomena of severe drought were also found in 1992 and 2002. It should be emphasized
that a general trend of an increase in severely dry days was observed.
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Figure 4. Comparison between SWLI and SDI over 30 years: (a) Nemunas-Smalininkai; (b) Zeimena-
Pabrade; (c) Seéuvis—Skirgailai.
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Figure 5. Temporal distribution of hydrological droughts according to SDTV. For each river the
number of dry days were represented by color scale, where green—year without dry days and
red—the highest number of dry days per year.
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Certain patterns can be distinguished if we consider the spatial distribution of droughts
(Figure 6). From 1991 to 1995, the highest number of severe and extreme hydrological
droughts was concentrated in the southeastern hydrological region. Between 2001 and
2010, most droughts occurred in the central hydrological region. In recent years, drought
has covered the entire territory of Lithuania.
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Figure 6. Spatial and temporal distribution of hydrological droughts (in %) for six historical periods:
(a) 1991-1995; (b) 1996-2000; (c) 2001-2005; (d) 2006-2010; (e) 2011-2015; (f) 2016-2020. On the
circular diagrams, conditions close to normal are shown in green, the average drought in orange,
severe and extreme droughts in red.
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Table 6 shows the maximum duration of drought with SWLI values below —1.5.
Overall, the prolonged droughts were consistent with the driest years identified above.
According to this table, rivers in the southeastern and central hydrological regions tended
to experience the most prolonged droughts at the end of the study period. On the contrary,
they were present in the rivers of the central hydrological region in the middle of the

study period.

Table 6. Maximum drought duration in days according to threshold —1.5 and SDTV.

The Longest Drought The Longest Drought
» wes at Warm I;g’eriod (SD%I'V) Year at Warm %’eriod (—%.5) Year
1 Nem-Sma 65 1992 64 1992
2 Mer-Puv 48 2020 46 2020
3 Ner-Jon 82 2019 81 2019
4 Zei-Pab 57 2006 43 2006/2019
5 Sve-Ukm 134 1992 119 1992
6 Nev-Pan 58 2019 37 2006
7 Dub-Lyd 30 1993 7 2006
8 Mit-Zin 12 2020 11 2020
9 Ses-Ski 34 2019 29 2019
10 Min-Kar 11 2006 10 2006
11 Svy-Gun 3 2020 2 2020
12 Nem-Tab 32 2002 28 2002
13 Mus-Ust 76 2002 44 2002
14 Ven-Lec 44 2019 43 2019
15 Bar-Sku 23 2020 17 2019

3.3. Projections of Hydrological Droughts Using SWLI

Analysis of the hydrological drought in the future (Appendix A and Table 7) reveals
that most droughts are expected in the distant future. The only exception is the behavior
of the Sesuvis River in the RCP4.5 scenario. This may be caused by a stronger depen-
dence on precipitation, while the Nemunas and Zeimena have a dominant underground

feeding source.

Table 7. Days with severe drought (based on SWLI) in the near and distant future.

Nem-Sma Zei-Pab Ses-Ski
RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP8.5
Near 25 269 293 214
Future
Far Future 701 785 761 482

A comparison of the projected and historical data (Table 8) revealed an increase in the
percentage of severe and extreme drought in the future in rivers such as the Zeimena and
Sesuvis. However, for the Nemunas River, the opposite tendency was observed. Such a
difference may be due to the larger catchment area and a decrease in the range of water
level fluctuations.

Table 8. Droughts percentages in past and future scenarios.

Nem-Sma Zei-Pab Ses-Ski
Historical 1991-2020 5.94 5.80 3.80
2021-2060 2.98 365 5.10
RCP 45 2061-2100 5.88 10.67 5.04
2021-2060 0.34 398 291
RCP85 2061-2100 9.52 10.34 655
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According to Table 9 and Figure 7, it can be concluded that the appearance of more
extreme hydrological droughts is expected in the future, especially in the period 2061-2100.
Under scenario RCP4.5, all three rivers showed a slight negative decreasing trend in the
long term. For scenario 8.5, we can observe more significant negative changes for the
Nemunas and Zeimena rivers, but, at the same time, significant positive changes for

the Sesuvis.

Table 9. Minimum values of SWLI index in the past and future.

Observation (1986-2005) RCP4.5NF RCP45FF RCP85NF RCP8.5 FF

Nem-Sma —2.42 ~1.96 —3.04 ~1.71 —2.67
Zei-Pab 235 ~1.95 —2.79 243 248
Ses-Ski 263 —3.01 333 259 -3.25
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Figure 7. Minimum values of the warm period according to modeled data during the period of
2021-2100 (SWLI index): (a) Nemunas-Smalininkai; (b) Zeimena-Pabradé; (c) Seéuvis-Ski.rgailaiA The
dotted lines represent the trend lines for each RCP scenario according to color.

The models predict the formation of a wet period for the Nemunas and Zeimena rivers
in the period 2040-2070 (Figure 7).

The distribution of severe and extreme droughts during the warm period was also
investigated (Figure 8). When comparing the projection data with the historical period,
changes were observed in all three basins, but no clear trends were identified. This type of
change can be related to feeding sources and climate change.
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Figure 8. Percentage of droughts (according to SDTV) by month: (a) Nemunas-Smalininkai; (b) Zeimena-
Pabradé; (c) éeéuvis-skirgailai.

4. Di ion and Conclusion

The present study was designed to determine the suitability of the standardized
water level index (SWLI) to monitor, follow and forecast hydrological drought conditions
in Lithuania.

The hydrological drought index SDI, in turn, was developed [25] based on the concept
of the widely known and recognized standardized precipitation index (SPI) [17,24]. A
number of other hydrological indices are calculated similarly to SPI (e.g., standardized
reservoir supply index (SRSI), standardized streamflow index (SSFI), standardized water-
level index (SWI)) [15].

The developed methodology was adapted to analyze hydrological droughts in Lithua-
nian river catchments over the past three decades. The hydrological identification and
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quantification of droughts using the modified SWLI have led to the discovery of past and
future trends.

The results indicated the most severe droughts over the 30 years in 1992, 2002, 2006,
2019 and 2020. Droughts in Lithuania in 1992, 2002 and 2006 were identified using other
methodologies [19,37]. The vegetation seasons of 1992 and 2002 were also described as
extremely dry in the eastern Baltic Sea region [38]. The highest rates of flow intermittence
in 1992, 2002, 2006 and 2018 were established by Sarauskiené et al. [30]. According to
agricultural drought criteria, from 1992 to 2006, as well as in 2018 and 2019, large areas of
Lithuania suffered from extreme dryness [39]. According to [40], over the studied period
of 1950-2012, the longest and most severe and widespread drought event in the Baltic
States was recorded during 2005-2009; in Eastern Europe, the most prolonged was in
1992-1995 and the most severe in 1989-1991. The year 2019 was the warmest year on record
in Poland [41]. Blauhut et al. [42] listed the Lithuanian neighbors—Belarus, Latvia and
Poland—as particularly affected by the multi-year drought of 2018-2019. Furthermore, the
2018-2020 drought event of extraordinary intensity covered a significant part of Europe [43].
Moreover, it was followed by a drought in 2022 that was considered the worst in at least
500 years [44].

In general, using the developed methodology, a positive trend in the number of
severely dry days was detected over the last three decades. A similar pattern of results
was obtained in the neighboring northern part of Poland: based on different indices, river
flow decrease was identified for the period of 1981-2016 [45]. These basic findings are
consistent with research [46] showing the ongoing negative water balance of the Greater
Poland region in the years following 1988. In Latvia, since the early 1990s, remarkably drier
conditions have been observed more often as well [47]. Our findings are consistent with
what was found in the study [48], which analyzed long-term changes in drought indices of
central and eastern European countries during 1949-2018. These authors estimated drying
trends in the north, the Baltic countries and northern Belarus.

In individual rivers, the maximum duration of severe droughts lasted from 3 to
161 days. According to SWLI, in 1992, hydrological drought covered eight sub-basins
(out of 15) and had the maximum duration from 2 to 134 days in 2006-2012 and 5-112
days in 2019-2020—14 rivers in each year—with a maximum duration of 131 days in
2019 (Nevezis River) and 161 days in 2020 (Merkys River). According to SWLI, in 1992,
hydrological drought covered 8 sub-basins (out of 15) and had the maximum duration
from 2 to 134 days; 2006-2012, with 5-112 days; and in 2019-2020 period—14 rivers in
each year, with maximum duration 131 days in 2019 (Nevézis River) and 161 days in
2020 (Merkys River). At the beginning of the study period, hydrological drought events
were identified in the southeastern catchments, while, in the first decade of this century,
they were indicated in the rivers of the central part of Lithuania. However, more recently
(2016-2020), drought events were detected in each analyzed river catchment. The most
prone to the hydrological drought was the NevéZis river, where the percentage of severe
droughts in the warm period was 7.81% (when, on average in Lithuania, it is 4.08%). These
findings agree with a previous study [31], which, based on three different drought indices,
revealed different patterns of drought in the hydrological regions of Lithuania.

As was already mentioned, the lowest amount of drought events were detected in the
Svyla river. Since it is considered intermittent [30], we expected that this small river would
distinguish itself by the most prolonged drought. A possible explanation for this case
might be that our study applied the drought index based on river water levels. We suppose
that during the period of low flow (which almost coincides with the warm period), the
vegetation of the channel might have changed the hydrodynamics, i.e., the river stopped
flowing. However, some water (the level of which can be measured) was still available in
the river channel (the complex influence of aquatic macrophytes in regulating flow rates
and water levels is discussed by [49]). Therefore, the case of this intermittent river shows
some limitations of the SWLI methodology.
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The developed methodology was applied to forecasting hydrological drought. In
general, the obtained results demonstrated that the selected river catchments would likely
suffer from more extreme hydrological droughts, especially under RCP8.5 at the end of the
century. At the same time, it is evident that, in climate change conditions, the behavior of
river catchments with different physical-geographical features is complex and challenging
to predict. These findings support the arguments that the results of drought projections
highly depend on the regions and drought indices considered [50,51].

It should be emphasized that the results obtained using the widely recognized stream
drought index (SDI) developed by Nalbantis and Tsakiris [25] with the standardized water
level index (SWLI) proposed by Kugyte and Valiuskevi¢ius [28] are rather similar. SWLI can,
therefore, be used as an operational index for hydrological drought monitoring and severe
drought detection. It covers the essential criteria of a (hydrological) drought index [15,52,53]
as it is simple (can be understood by non-experts), easily calculated, based on available
real-time data, has a physical meaning, is sensitive to various drought conditions and can
be used for forecasting.
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Figure A1. Comparison SWLI at RCP 4.5 and SWLI at RCP 8.5, the Nemunas river.
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Figure A2. Comparison SWLI at RCP 4.5 and SWLI at RCP 8.5, the Zeimena river.
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Figure A3. Comparison SWLI at RCP 4.5 and SWLI at RCP 8.5, the SeSuvis river.
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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



Water 2023, 15, 2830

30f18

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 (Pajiiris 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).

00
Kilometers
Legend Relief
. . [m]
A Water gauging stations [_] Main basins 2os
@ Meteorological stations _~, Hydrological regions -
Main rivers [ Lithuanian border -

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.
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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
1 The small tﬁbutaﬂes of the N‘emur\as river SNM 92943
(with the Nemunas river)
2. Merkys river basin MER 3781.0
3 The small tributaries o'f tlre Neris river (with SNR 4378.6
the Neris river)
4. Zeimena river basin ZEL 2792.7
5. Sventoji river basin SVE 6800.7
6. NeveéZis river basin NEV 6143.8
7. Dubysa river basin DUB 1972.6
8. Jura river basin JUR 3996.6
9. Minija river basin MIN 2970.9
10. Coastal rivers basin COR 1100.0
11. Sesupe river basin SSP 4899.0
128 Prieglius river basin PRG 88.4
Lielupe river district
13. Musa 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 7477
18. Sventoji river basin SVT 398.0

Dauguva river district
19. Dauguva river basin DUG 1857.0

Note: Small Prieglius river basin was joined to Sesupé 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:
Bx Ay

Ap

o=

)

where « is the unknown discharge at the gauging station, p 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.

Hydrological
drought hazard
d

Define variables
for HDHI

Hydrological
drought risk

Hydrological
Define variables
for HDVI

Transform raw data
Reclassification

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:
e Slope—S;
e Land use/land cover type—LULC;
e Morphological composition of soils—SL;
e  Lake density—L.
The general equation for calculating hydrological drought risk was as follows:

DR = ((WSD+ WLD + R+ RD)/4+ (S+ LULC+SL+1L)/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 14 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).

J )Nx

Number of short drought events Number of long drought events
[k 030 60 120 180 240 [ 030 60 120 180 240
Kilometers Kilometers
- -
(@) (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

A A

Precipitation (mm/y)
™ s

-

Dependence on rainfall

030 60 120 180 240 030 60 120 180 240
—C — — ilometers P o6 S —w— Kilometers
- 019
(a) (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.

199



200

Water 2023, 15, 2830

80of 18

030 60 120 180

240
Kilometers

(a)

Pasturelgrassland 0 30 60 120 180 240
Agricultural Langs I T————ilomcters

B Semicnatural area [ Urban

(b)

A

Soils
T Heavy clay

. s

030 60 120 180

240
Kilometers

(9)
Figure 5. Map of: (a) slope; (b) land
2.2.5. Rescaling Sets of Variables

Lakes density
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. Other
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(d)

use and land cover; (¢) dominant soils; (d) lakes.

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 = (X — Xinin
Xrunge

)

®)
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XY"A’IX — X)
Y= "2 n, 4
< Xrangz' ( )

where Y is the adjusted variable, X is the original variable, X, is the minimum observed
value of the original variable, Xrange 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

The minimum and maximum annual values in

Average rainfall 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
Calculated from SRTM; calculated as an average
Slope 0-42.2 for a catchment
Water—0
Forest—1
Land use/land cover type s;g&;zj;?;;;?ij Calculated as an average for a catchment
Agricultural lands—4
Urban—5
Given that clayey soils are associated with larger
Sand—1 surface runoff and a certain dependence of these
. . . soils on the presence of intermittent rivers was
Morphological composition of soils 1 . . . .
Heavy cay—10 revealed in previous work, it was decided to
ycay assign them the maximum vulnerability score;
calculated as an average for a catchment
Lake density of 30% percent was taken as 0, as
Lake density 0-30% having the least impact on drought vulnerability

in the region

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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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%
. I
80%
60%
40%
20%
o, I —— I
HDHI HDVI HDR

M 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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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).

Hydrological Drought Hazard Index Hydrological Drought Vulnerability Index
- 030 60 120 1R 240 - 0730 60 120 180 240
Kilometers High o —— —lometers
I Moderate [ Moderate e igh
Average Average
() (b)

Hydrological Drought Risk Index
Lo 0030 60 120 180 240

- o o High o — — Kilometers

B Moderte ey bigh

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 9¢), 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 Maida 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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