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PREFACE
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Wuhan, China

>4 j.napiorkowski@igf.edu.pl; wangwen@hhu.edu.cn

The International Symposium on Drought and Climate Change was organized within the frame-
work of the NCN SHENG project HUMDROUGHT (humdrought.igf.edu.pl), by the Hohai
University (China) and the Institute of Geophysics, Polish Academy of Sciences (Poland). The
meeting was held online from 24-25 November 2022.

During the symposium, 4 Keynote and 19 standard Speeches were presented by representa-
tives of 11 countries, namely: China, Columbia, Ethiopia, Germany, India, Iran, Italy, Nether-
lands, Poland, Spain, and Tunisia. The number of participants in the Symposium reached al-
most 50.

Drought-related issues have been discussed, focusing on multiple spatiotemporal scales to
pin-point global to continental trends, as well as showing how drought affects specific countries
and catchments.

The abstracts collected here touch on multiple topics and techniques, such as: i) drought
change assessment, ii) drought propagation, iii) soil moisture and ecological drought,
iv) drought monitoring and modelling, including the use of remote sensing, v) human effects
on drought development and propagation, vi) drought prediction and uncertainty analysis.

Keywords: China, Drought, HUMDROUGHT, Poland.
Acknowledgements. This work was supported by the project HUMDROUGHT, carried out in the

Institute of Geophysics of the Polish Academy of Sciences and funded by the National Science Centre
(contract 2018/30/Q/ST10/00654).
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From Meteorological to Hydrological Drought in Europe:
Amplification and Recovery

Christian MASSARI

Research Institute for Geo-Hydrological Protection, National Research Council CNR, Perugia, Italy

D christian.massari@irpi.cnr.it

Abstract

Climate change will increase in frequency and intensity of period with below than nor-
mal precipitation. During such periods, known as meteorological droughts, the decline in an-
nual run-off may be proportionally larger than the corresponding decline in precipitation.
Reasons behind this exacerbation of runoff deficit during dry periods remain largely un-
known, and this challenges the predictability of when this exacerbation will occur in the future
and how intense it will be. In this presentation I will discuss the role played by evaporation
and subsurface storage in the propagation of the meteorological drought as well as processes
related to the amplification and recovery of such phenomena. Understanding this has im-
portant implications for defining sustainable water management strategies and understanding
potential ecological traits and is becoming more and more urgent due to the increasing fre-
guency and magnitude of drought events like the one that has hit Italy in 2022.

Keywords: climate change, Europe, hydrological drought, meteorological drought.
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Flash Drought Propagation in the Yangtze River Basin
under Climate Change

Liyan YANG, Weiguang WANG™, and Jia WEI

Hohai University, China

< wangweiguang2016@126.com

Abstract

Flash drought is a space-time phenomenon with rapid intensification which poses serious
threats to terrestrial ecosystems. However, the understand of flash drought propagation under
climate change and regional human activities is still insufficient, and its potential causes re-
main unresolved. To explore this key issue, an integrated framework is proposed to describe
the drought propagation process in the Yangtze River Basin, and trend and attribution anal-
yses are utilized to explore potential influence factors. The framework is conducive to better
understanding of flash drought processes and provides scientific guidance for flash drought
early warning, prevention and mitigation.

Keywords: flash drought, drought propagation, Yangtze River Basin, climate change.
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Abstract

Drought occurs due to the accumulative effect of certain climatological and hydrological
variables over a certain period. As droughts are becoming a frequent phenomenon also in
regions generally not affected by them, they are becoming a significant research topic, also
thanks to the development of advanced monitoring methods and models. Focusing on the
Vistula basin in Poland, the present work investigates changes in drought indexes and con-
nected metrics by analysing satellite data. The use of satellite information allows for deriving
trends at the watershed scale, therefore providing spatially-distributed medium/long-term
changes. The present analysis takes advantage of the potentiality of Google Earth Engine and
its freely-available datasets, showing that nowadays drought is a major concern also for a re-
gion that used to be wetter in the past.

Keywords: drought, Google Earth Engine, Poland, remote sensing.

1. INTRODUCTION

The observed increase in the frequency of droughts and heatwaves over the Northern Hemi-
sphere in the 21st century poses socio-economic threats affecting the well-being of the people
by triggering negative effects (Rakovec et al. 2022). These adverse hydro-meteorological con-
ditions can lead to agricultural and ecological impacts, poor water quality conditions, wildfires
even threatening existing infrastructure (Kreibich et al. 2022).

© 2022 The Author(s). Published by the Institute of Geophysics, Polish Academy of Sciences.
This is an open access publication under the CC BY license 4.0.



10 A.A.ISCAN and M. NONES

Like many other countries in Central Europe, also Poland recently faced more severe
droughts, as depicted in the present study. To address changes at the sub-basin scale, drought
indices are here computed using Google Earth Engine (GEE), an online cloud-based platform
(Gorelick et al. 2017) that runs on python/java API and is largely used for manipulating and
performing operations on image or image collections (Khan and Gilani 2021; Boothroyd et al.
2021). GEE has a massive catalogue of datasets available for users and allows for efficient
algorithm development, processing of the datasets, and crowdsourcing (Xiong et al. 2017).

2. MATERIALS AND METHODS
2.1 Study area

The study focuses on the Vistula River basin, which has a total drainage basin area of
193,960 km?, of which 87% (169,000 km?) lies within Poland. The remaining part of the basin
is located in Belarus, Ukraine, and Slovakia (Fig. 1). The land use structure is dominated by
arable land (66%), while forests and semi-natural ecosystems cover 29%, and only 3% are clas-
sified as urban areas. The Polish climate is generally cold, without a dry season and with a warm
summer. In the south, cold, no dry seasons, and cold summers are also present, while the highest
mountains can show tundra-like characteristics (Karamuz and Romanowicz 2021).
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Fig. 1. Vistula basin and sub-basins.

2.2 GEE Datasets and data processing

The analysis took advantage of multiple datasets freely available via GEE, as detailed in
Table 1. In particular, results extrapolated from TerraClimate are shown here.

The Palmer Drought Severity Index (PDSI), computed and released by the University of
Idaho (Abatzoglou et al. 2018), uses readily available temperature and precipitation data to
estimate relative dryness. In fact, it is derived by combining temperature with a physical water
balance model, and therefore it can capture the basic effect of global warming on drought
through changes in potential evapotranspiration.
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Table 1
Used data and main information
. Data
Used data Earth Engine Snippet Used data Spatlgl Tempo_ral reduction
range resolution resolution
method
PDSI (Palmer Drought IDAHO_EPSCOR/ 1958-01-01- 124°  Monthl Monthly
Severity Index TERRACLIMATE 2021-12-01 y per basin
AET IDAHO_EPSCOR/ 1958-01-01- 124°  IMonth Monthly
(Actual evapotranspiration) | TERRACLIMATE 2021-12-01 y per basin
PR IDAHO_EPSCOR/ 1958-01-01- 124°  Monthl Monthly
(Precipitation accumulation)] TERRACLIMATE 2021-12-01 y per basin
IDAHO_EPSCOR/ 1958-01-01- o Monthly
RO (Runoff) TERRACLIMATE  |2021-12-01 | /247 [Monthly | o basin
Monthly
NDVI MoDIS/061/MOD13AL 20030101 155 116 days |mean per
2021-12-01 .
basin
Monthly
2001-01-01-
EVI MODIS/061/MOD13A1 2021-12-02 500 m |16 days mean per
basin
AVERAGE, MININUM, 'r\n"e";rfh'y
MAXIMUM 2001-01-01- . S
LST (Daytime Land Surface MODIS/061/MOD11A1 2021-12-02 1000 m |Daily minimum,
maximum
Temperature) .
per basin
Soil moisture
(1040 cm underground), [NASA/FLDAS/NOAHO01/[1982-01-01— 1/10°  Monthl Monthly
Soil moisture C/GL/M/V001 2021-12-01 y per basin
(100-200 cm underground)
Every
. . CIESIN/GPWv411/ 2000-01-01- |, ., Every
Population density GPW_Population_Density [2020-01-01 30 5th year gg: %g?{n

The PDSI is a standardized index that generally spans —10 (dry) to +10 (wet), and has been

reasonably successful at quantifying long-term drought, while it has some drawbacks in quan-
tifying sub-monthly changes, if compared with other drought indexes. As the focus of the pre-
sent study is investigating long-term changes in drought-related parameters, the PDSI is
assumed as a reliable proxy.

3. FIRST RESULTS

The analysis of the GEE datasets pointed out that, basin-wide, a clear increase in the drought
state is visible, both in terms of severity and duration of dry conditions.

As an example, focusing on the Middle Vistula sub-basin (Fig. 2), one can notice that the
PDSI observed for the last years is generally below zero, meaning drier periods, while at the
beginning of the observation period (1960s and 1970s), the sub-basin was characterized by
wetter conditions. Moreover, also looking at the inter-annual variations, it is possible to observe
prolonged dry periods, generally not visible in the past.
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Fig. 2. Variation of the Palmer Drought Severity Index in the Middle Vistula sub-basin (derived from
TerraClimate Dataset).

Fig. 3. Variation of actual evapotranspiration in the Middle Vistula sub-basin (derived from TerraCli-
mate Dataset).

Looking at the actual evapotranspiration (Fig. 3) over the same sub-basin, longer periods
characterized by higher evapotranspiration are observable for the last decade (see November
and December). However, the dynamics observed for the PDSI are less clear in this case, sug-
gesting that, in this case, the evapotranspiration parameter alone is not able to capture the
drought phenomenon adequately.

4. CONCLUSIONS AND FUTURE PERSPECTIVES

The preliminary results presented here proved that satellite information can be used for retriev-
ing information on drought at the basin scale, eventually providing researchers and water man-
agers with an additional tool for locating areas where more detailed analyses are needed.

Besides analyzing past records, future investigations should be focused on understanding
the drivers of the recent drought phenomena observed in the Vistula basin, via a combination
of remotely acquired data with field and office information.

Acknowledgements. This work was supported by the project HUMDROUGHT, car-
ried out in the Institute of Geophysics of the Polish Academy of Sciences and funded by the
National Science Centre (contract 2018/30/Q/ST10/00654).

Code availability: The code is available at:
https://colab.research.google.com/drive/1vCaO7z5TKRSzmQfo5WWGgQZ3D2IczDnJ
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Abstract

This study is an attempt to determine the spatial-temporal pattern of meteorological
droughts and exploration of the relationship between drought and elevation over Indus River
basin. Gridded monthly precipitation and temperature data of 0.12°x0.12° spatial resolution
for a time period of 42 years (1979-2020) is utilized. Modified Mann-Kendall test and Sen’s
slope method have been used to identify significant trends in the region. Drought events are
identified based on Standardized Precipitation Evapotranspiration Index (SPEI) by determin-
ing of SPEl-annual and SPEI-seasonal (pre-monsoon, monsoon, post-monsoon, and winter).
Results show that the trends in the drought indices have very high heterogeneity across dif-
ferent seasons. Overall, 13% (14%) stations show drying (wetting) trends for annual time
series analysis. However, seasonally, it is found that monsoon and post- monsoon seasons
have larger area in the basin with wetting trends. Moreover, pre-monsoon season have larger
area with drying trends. A correlation between SPEI trends with respect to elevation is ob-
served.

Keywords: drought, SPEI, trend analysis, elevation, Sen’s slope.

1. INTRODUCTION

Drought is a natural disaster which possess a great threat to human society. The problem of
water scarcity has amplified multi-folds due to coupling of effects of global warming (droughts)
along with the population explosion because the available water supply is limited. Drought can

© 2022 The Author(s). Published by the Institute of Geophysics, Polish Academy of Sciences.
This is an open access publication under the CC BY license 4.0.
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be meteorological, agricultural, and hydrological depending upon the deficiencies in precipita-
tion, soil moisture, and stream-flow, respectively (Mishra and Singh 2010). In the recent years,
the frequency of dry events has increases along with the peaks in severity as well. India is highly
vulnerable to drought, occurring once in every three years from the past few decades (Mishra
and Singh 2011). Drought effects various sectors especially agriculture, hence drought model-
ling is necessary to effectively manage the water resources. There are many indices available
for quantification of drought such as Standardized Precipitation Index (SPI), Standardized Pre-
cipitation Evapotranspiration Index (SPEI), and Palmer Drought Severity Index (PDSI). Lot of
studies has been carried out in India and abroad on drought characterization, drought risk in-
cluding hazard and vulnerability incorporating various drought indices, but effect of topo-
graphic variable on drought dynamics is highly neglected. Feng et al. (2020) studied the effect
of elevation on drought characteristics over Qinghai-Tibet Plateau and investigated that with
the increase in elevation the wetting events are increasing. Similarly, drought hazard identifi-
cation based on elevation and precipitation is carried out in Iran, showing decrease in drought
hazard index with increasing elevation (Hosseini et al. 2020), neglecting the effect of tempera-
ture variable. Thus, current study aims to incorporate both the meteorological variable (precip-
itation and temperature) and develop a relation between drought and topographical variable
(elevation). In this present study, Indian extent of Indus river basin has been considered as
a case. Heterogeneity of the elevation spread over the basin makes it suitable for the study.
Therefore, this study is an attempt to analysis the spatiotemporal variations of drought charac-
teristics along with the exploration of relationship between dry events and topography in Indian
extent of Indus River Basin.

2. STUDY AREA AND DATA

The drainage cover of Indus River basin in India has been considered in this study (Fig. 1).
Indus River originates from China (Tibet) and flows through India, Afghanistan, and Pakistan
covering a total basin area of 1.1 million km? out of which approximately 0.2 million km? is in
India. Elevation spread of the basin shows high of 8489 m with lowest as 93 m. Meteorological
gridded data (temperature and precipitation) of 0.12 degree spatial resolution for a period of 42
years (1979-2020) is acquired from National Centre for Medium Range Weather Forecasting
(NCMRWF) under Ministry of Earth Sciences, India. Gridded elevation are extracted using
SRTM 30 m resolution Digital Elevation Model (DEM) data from USGS earth explorer.
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I . 1 1 1 1
(a) = Indus River (b) DEM (m)
. . =
Indus Basin (Indian Extent) z | = High : 84891 o~
T w | . ™
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Fig. 1: (a) Study area of Indus basin, and (b) Digital Elevation Model (DEM).
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3. METHODS

Standardized Precipitation Evapotranspiration Index (SPEI) is used to quantify the drought in
present study. The analysis is carried out annually (June—May) and seasonally (monsoon June—
September, post-monsoon October—November, winter December—February and pre-monsoon
March—May). Therefore, SPEI 2, 3, 4, and 12 is computed for the entire region. SPEI is based
on climatic balance equation, depending upon precipitation and Potential Evapotranspiration
(PET) to identify the moisture deficiency. Hargreaves method of PET estimation has been em-
ployed, which is good option when data available is limited. Computation of SPEI and PET is
done in R software using Package “SPEI”. In order to detect trend in the time series, a non-
parametric test called modified Mann-Kendall test at 5% significance level is used. Drawback
of Mann-Kendall test includes that data has to be free from serial correlation otherwise the false
rejection of hypothesis may happen, while the above limitation is rectified in modified Mann-
Kendall test which is applied in R software using Package “modifiedmk”. The rate at which
trend increases or decreases is estimated by Sen’s slope. It provides magnitude of the trend
representing positive (negative) for increasing (decreasing) trend. To represent the spatial var-
iation of Sen’s slope (SPEI trends) kriging technique is applied, which is an interpolation
method utilizing input as a point data and then converting into a smooth raster image.

4. RESULTS
4.1 Analysis of SPEI trends

Trend analysis on SPEI annual and seasonal time series of 1956 gridded stations have been
carried out over the entire region (Fig. 2). Increasing (decreasing) trend corresponds to increase
in wet (dry) events.
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Results show that the trends in the drought indices have very high heterogeneity across dif-
ferent seasons. Overall, 13% (14%) stations show drying (wetting) trends for annual time series
analysis. However, seasonally, it is found that monsoon and post-monsoon seasons have larger
area in the basin with wetting trends. Moreover, pre-monsoon season have larger area with
drying trends, whereas, majority of the stations in winter season shows no trend.

4.2 Elevation dependence of SPEI trends

Figure 3 illustrates the relationship plot between Sen’s slope of SPEI trend and elevation. Over-
all, it is observed that approximately up to 2000 m, wetting trends are present. Later on, with
the increase in elevation the trends shift from wetting to drying corresponds to increase in dry
events. Moreover, at very high altitudes above 6500 m, trends again apparently seems to de-
crease the drying magnitude and may attain an increasing trend.
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Fig. 3 Annual and seasonal relationship between SPEI trends and elevation; scatter points in green col-
our represents the Sen’s slope of 1956 gridded stations with respect to elevation; red smooth line indi-
cates the average of Sen’s slope at every 100 m elevation interval along with the shaded area illustrating
standard deviation.
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Abstract

Agricultural drought threatens global water security, food security, and human well-be-
ing. Accurate identification of agricultural drought is the premise of all work. However, it is
currently challenging to achieve relatively reliable and accurate assessments using remote
sensing data products. We selected soil moisture datasets from GLDAS, FLDAS, ERA5-land,
and MERRA-2, precipitation from GPCC, and vegetation conditions from NDVI. Drought
Severity Index (DSI), Soil Moisture Anomaly index (SMA), Standardized Precipitation Index
(SPI), and Vegetation Condition Index (VCI) were calculated separately in regions with dif-
ferent wet and dry conditions. The objective was to find relatively reliable and accurate prod-
uct and drought index by cross-validation, then apply them to agricultural drought assessment
in nine agricultural regions of China. The results showed that: (1) Under different wet and dry
conditions, the DSI calculated using GLDAS showed good performance in identifying agri-
cultural drought; (2) The northern arid and semiarid region, the Northeast Plain, the Huang-
Huai-Hai Plain, and the Loess Plateau frequently experienced moderate and severe agricul-
tural droughts, especially in the region of the boundaries. Besides, the northern part of Qing-
hai-Tibet and the northwest region of the Yunnan-Guizhou Plateau, all with a frequency of
about 20%; (3) Agricultural droughts in the agricultural regions of northern China have sig-
nificantly slowed in the last 20 years, both the Yunnan-Guizhou plateau and Southern China
have shown a significant increasing trend since 2002. Future agricultural droughts in the hu-
mid south need to receive more attention. This paper could help to better understand China’s
agricultural drought and could provide a method for agricultural drought assessment in re-
gions without observational data.

Keywords: agricultural drought, GLDAS, DSI, nine agricultural regions, China.
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Abstract

CMIP6 and single model initial-condition large ensemble (SMILE) simulations are ap-
plied to find possible changes in the ratio of coverage (ROC) of extreme precipitation in
China. Related results indicate that trend of ROC in the period 1961-2020 for China is un-
derestimated by CMIP6 multi-model ensembles. Then, further analyses point out that the ac-
curacy of model simulations to reveal a trend in observation has been improved based on the
two observation constraint approaches and the SMILE-based approach. In addition, the relia-
bility of spatial distribution has also been enhanced. Projected results indicate that ROC in-
creases with the increment of global warming across different approaches. Among them,
results based on observation constraint approaches and SMILE-based approach, which show
enhanced accuracy and reliability, present larger ROC than directly using CMIP6 ensembles.
Thus, it can be concluded that extreme precipitation will be more widespread in China com-
bined with multiple evidence and methods.

Keywords: CMIP6, SMILE, projection, global warming, detection and attribution.
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Abstract

Satellite-based observations of soil moisture, leaf area index, precipitation, and evapo-
transpiration, facilitate agro-hydrological modeling thanks to the spatially distributed infor-
mation. In this study, the Climate Change Initiative Soil Moisture dataset (CCI SM, a product
of the European Space Agency (ESA)) adjusted based on Soil Water Index (SWI) was used
as an additional (in relation to discharge) observed dataset in agro-hydrological modeling over
a large-scale transboundary river basin (Odra River Basin) in the Baltic Sea region. This basin
is located in Central Europe within Poland, Czech Republic, and Germany and drains water
into the Baltic Sea. The Soil and Water Assessment Tool+ (SWAT+) model was selected for
agro-hydrological modeling, and 26 discharge stations and soil moisture (for topsoil and en-
tire soil profile) were calibrated for 1476 sub-basins during 1997-2019. Kling—Gupta effi-
ciency (KGE) and SPAtial EFficiency (SPAEF) were chosen as objective functions for runoff
and soil moisture calibration, respectively. Two calibration strategies were compared: one
involving only discharge data (single-objective), and the second one involving discharge and
satellite-based soil moisture (multi-objective). In the single-objective approach, the average
KGE for discharge was above 0.60. In the multi-objective approach, the accuracy for the main
discharge stations significantly increased (KGE above 0.67) compared to the single-objective
approach. The results show that in this transboundary river basin, adding satellite-based soil
moisture into the calibration process could improve the accuracy and consistency of agro-
hydrological modeling.

Keywords: hydrology, gridded datasets, flood, drought, active and passive sensors.
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Abstract

Anthropogenic factors contribute to the uneven distribution of hydrological droughts and
differences in the duration and magnitude of hydrological drought in upstream and down-
stream areas. This study assesses how reservoir storage and water demand intensify or miti-
gate hydrological drought in the Shaying River basin in China. The study uses “downstream-
ness” as a concept to show the effect of a reservoir network on hydrological drought. For the
period 1990-2018 we show that when water storage is unequally distributed between up-
stream and downstream areas the spatial distribution of hydrological drought also differed
across upstream and downstream regions. Moreover, water demand also clearly influenced
hydrological drought. Furthermore, we show a significant decreasing trend of water storage
and outflow in studied reservoirs while the rates of precipitation and evaporation did not in-
dicate a significant decreasing trend. This finding clearly shows the dominant role of human
activities in intensifying hydrological drought and how this is distributed between upstream
and downstream parts of a river basin. As such, this study provides useful insights that can
support policymakers in formulating and evaluating drought and water policies at the river-
basin scale, thus targeting solutions for both upstream and downstream areas.

Keywords: hydrological drought, reservoir operation, water demand, downstreamness,
Mann-Kendall test, human activities.
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Abstract

With the aggravation of climate change, drought has become a more prominent extreme
event with significant influences on both natural ecosystems and human society. The IPCC
ARG new results show that the changes in meteorological and agricultural droughts display
an increasing trend in some regions. And the increasing trend shows that anthropogenic cli-
mate change plays an important role in exacerbating agricultural and ecosystem droughts. The
atmospheric evaporation demand (AED) is a key variable in addressing drought change.
Changes in AED are not only a direct response to climate warming, but also a driving factor
for drought changes, affecting the physiological processes of vegetation.

In assessment of drought changes and their impacts, the selection of drought indices is
crucial. Our study explored changes in drought condition over China and evaluated the effec-
tiveness of four different drought indices (SPEI, SPI, MCI, and PDSI) in reflecting drought
change. Four drought indices all displayed “drying trend” in North, Northeast, and Southwest
China during 1961-2019. The above four indices consistently show better performance in the
Middle and Lower Reaches of the Yangtze River, and in western Northwest, Northeast, and
South China.
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Abstract

Satellite products such as normalized difference vegetation index (NDVI), the fraction
of vegetation cover (FVC), and evapotranspiration are worth to drought assessment and alert.
We consider time series of SPOT vegetation NDVI and FVC, as well as Satellite Application
Facility on Land Surface Analysis (LSA SAF), reference evapotranspiration ETo to estimate
potential evapotranspiration E, at 3 km resolution and 10-days’ time step in northern Tunisia.
In addition, based on satellite LSA SAF observations of actual evapotranspiration E, we pro-
duce maps of the ratio E/E; or relative productivity. To analyze drought conditions, we con-
sider the time horizon from January to May relevant for cereal crops. Resulting relative
productivity maps are then compared to field evidence relative to areas damaged by drought.
Bias correction method is then used to correct relative productivity cumulative distribution.
Results show that two thresholds are required to correct relative productivity maps to assign
zero for low levels and one for high levels of relative productivity. In addition, quantile-quan-
tile regression is worth completing relative productivity map correction.

Keywords: drought, remote sensing data, evapotranspiration, relative productivity.

1. INTRODUCTION

Drought assessment is helpful for crop yield estimation and has repercussions on the country’s
trade balance and food security. Satellite products are worth for assessing drought occurrence
and severity. While satellite products are worth at a regional scale, they need to be analyzed at
a local scale. Different methods are used for such assessment. In different parts of the world,
flux tower data were used to verify the accuracy of actual evapotranspiration using as reported

© 2022 The Author(s). Published by the Institute of Geophysics, Polish Academy of Sciences.
This is an open access publication under the CC BY license 4.0.



30 N. ABID and Z. BARGAOUI

from satellite observations (Cleugh et al. 2007; Paca et al. 2019). Here we propose to compare
remote-sensing estimated evapotranspiration under drought conditions, with field evidence of
crop damage (Abid et al. 2018). Tunisia’s economy is vulnerable to drought and particularly
cereal crop droughts. That’s why it is challenging to use satellite products to help monitor
drought and crop yield in Tunisia (Zribi et al. 2016; Chakroun 2017).

2. MATERIAL AND METHODS
2.1 Material

The study area is northern Tunisia mainly composed of three core watersheds (North Mediter-
ranean facade watersheds called basin 3; the Medjerda basin called basin 5, and the East facade
Cap-Bon and Meliane river basins called basin 4). This area covers 346 378 km?2. Climate con-
ditions vary from higher humid to lower semi-arid according to Emberger index. Vegetation is
composed of forest, cropland, and sparse vegetation. The study region is decomposed into 1101
units which are local administrative units called “Imada”. Only 777 out of them that are non-
urban areas are considered for remote-sensing estimates and field comparison. Field evidence
data are obtained by analyzing the Official Journal of the Tunisian Republic where are pub-
lished for each Imada the percentage of drought-damaged areas for every cereal crop campaign
considering the time step from September to next May. We selected the crop campaign of 2015—
2016 which is characterized by a drought that threatened more than 60% of the study area
(Fig. 1). We use the variable Fa which is related to the area damaged by cereal crop drought.
Fa=1 returns for zero percent of the Imada’s area is affected by cereal crop drought while
Fa =0 returns for 100 percent of the Imada’s area is affected by cereal crop drought. For the
period September 2015 to May 2016, we download fraction of vegetation cover FVC and nor-
malized difference of vegetation index NDVI observations from the Copernicus SPOT-
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Vegetation product with a 10-day time resolution and 1 km spatial resolution. In addition, we
download actual evapotranspiration E and reference evapotranspiration ETo from LSA SAF
products. The time resolution is daily, and the spatial resolution is 3 km. Daily E as well as
daily ETo series are summed to obtain the totals for the period January to May 2016. Then, they
are averaged over administrative entities (Imadas).

2.2 Methods

According to Eagleson (1994), for a column of atmosphere and soil of unit width, assuming the
climate to be stationary, and time averaging the differential water balance equation, one obtains
the climatic water balance equation:

P — E (S/climate, soil, M, k,) — R (S/climate, soil) =0 , @

where P is the average yearly precipitation received by the surface, E — average yearly actual
evapotranspiration, M — fraction of the surface covered by vegetation or canopy density, R —
average yearly surface runoff, S — soil moisture state, ky is the ratio k, = E/Ep, and Ep is poten-
tial evapotranspiration also called relative productivity or crop efficiency or water stress coef-
ficient.

As mentioned by Eagleson (1994), there are three types of functions describing productivity
change versus environmental stress (S—1) distinguishing desert annual grasses and humid cli-
mate trees (Type 1) from semi-arid and subhumid trees and shrubs (Type 2) and from perennial
desert plants (Type 3). Type 2’s kv varies roughly between 0.4 and 0.6 for conditions without
or with small environmental stress and decreases abruptly to zero under environmental stress
conditions. On Al contrary, for Type 3 the null or small stress conditions is around 0.3 while it
is around 0.9 for Type 1 signifying that atmospheric demand can be met. Thus, the transpiration
is much restricted for Type 3 vegetation to cope with prolonged dry periods. We assume that
under semi-arid conditions of northern Tunisia Type 2 behavior holds. These permits rescaling
the satellite-derived E/Ep maps using two thresholds for relative productivity. Any satellite es-
timated kv less than kvmin is transformed to zero. Any satellite estimated ky greater than Kymax 1S
transformed to 1. Thus, Fa =0 corresponds to ky =0 and Fa=1 correspondsto ky = 1. Then,
a regression is fitted between non-transformed sample quantiles of satellite-based ky and the
fraction Fa.

We estimate the crop coefficient K¢ based on the FAO-56 dual crop coefficient approach
(Allen et al. 1998) which is commonly used in the literature (Er-Raki et al. 2010). K¢ is calcu-
lated as a function of K¢ and Ke (Rocha et al. 2010; Abid et al. 2018):

Kc = ch + Ke y (2)

where Ky is crop transpiration coefficient, Ke — soil evaporation fraction, K¢ — a function of
NDVI, and Ke is a function of FVC (Rocha et al. 2010; Abid et al. 2018).
The potential evapotranspiration is evaluated using Eq. (3):

Ep = Kc * ETO . (3)

Pixels Ep are first summed to obtain the January to May 2016 totals. Then, they are averaged
over administrative entities (Imadas) and the ratio E/Ep is estimated for every entity. Its rele-
vance is assessed in comparison to the fraction Fa informing about the percent of the area dam-
aged by drought for cereal crops (Fa =0 corresponds to 100% of the Imada affected by cereal
crops). A statistical analysis of the sample cumulative distribution of F4 and satellite-based ky
is undertaken. Bias correction is achieved using the two above mentioned thresholds for satel-
lite-based ky as well as quantile-quantile regression (Piani et al. 2010).
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3. RESULTS

Figure 2 shows the scatterplot of actual evapotranspiration averaged by Imada in comparison
to potential evapotranspiration. Per Imada, in the period January—May 2016 total actual evapo-
transpiration vary between 20 and 200 mm while potential evapotranspiration is between 175
and 300 mm. Figure 3 shows the map of estimated ky for the period from January to May 2016.
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The sample distributions of ranked ky and Fa are shown in Fig. 4. There is clearly a need for
bias correction. Based on Fig. 4, the following thresholds are assumed: kymin = 0.45 and Kymax =
0.62. Thus, for every Imada with raw ky < 0.45 the transformed kv = 0. Similarly, for every
Imada with raw ky > 0.62 the transformed k, = 1. Otherwise, raw ky are ranked as well as
corresponding Fa. Quantile-quantile regression is then achieved (Fig. 5). As seen in Fig. 5, the
regression is with very good accuracy helping drought impact investigation in northern Tunisia.
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4. CONCLUSION

For Northern Tunisia and the drought occurred in the crop campaign 2015-2016, the field as-
sessment achieved by the Tunisian authorities to estimate the percentage of the affected area by
drought for every administrative unity at the local scale (Imada), is compared to the crop
productivity calculated using remote sensing data and products from SPOT and LSA SAF. Bias
correction using quantile-quantile regression resulted in a very good accuracy between the two
derived maps. Therefore, the perspective is to evaluate the relevance of other periods for
drought mitigation as well as to analyze other drought events and non-drought periods.
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Abstract

The recent drought events highlighted the impacts caused by hydrological drought and
low-flow events to society and ecosystems. In Germany, some rivers even dried out during
the drought events of 2018, 2019, and 2022 causing massively damages to the ecosystem.
Also, the impact on the economy due to restrictions on water use is immense. In this work we
present a conceptual approach for a holistic low-flow risk analysis as base for an effective
risk management including risk acceptance, transparent evaluation of mitigation measures
and communication. The low-flow risk combines probabilities and consequences of low-flow
events on a (sub-)catchment scale. However, the risk analysis is based on synthetic long-term
time series (continuous risk modelling), as these appear to be more suitable for low-flows than
scenario-based simulations, which are well known from flood risk analysis. The holistic ap-
proach requires a representation of all relevant processes, starting from weather generation,
the hydrological and hydrodynamic response, and the consequences to society and ecosys-
tems.

Keywords: low-flow risk analysis, hydrological drought, drought management, risk analysis.

1. INTRODUCTION

The drought events of 2018 and 2019 have shown the massive impact of hydrological drought
and the resulting low-flows on water users all over Europe. The drought situation in summer
2022 again provided low water levels with several new negative record values and massive
restrictions on water use. In France, the water temperature in some rivers exceeded the specified
threshold values, hence nuclear power plants were only allowed to continue using cooling water
with special permits (Markert 2022; tagesschau 2022). In many parts of Germany private water
withdrawal from surface water was prohibited (MDR 20223, b). Shipping on the Rhine was

© 2022 The Author(s). Published by the Institute of Geophysics, Polish Academy of Sciences.
This is an open access publication under the CC BY license 4.0.
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disturbed for several weeks in July and August 2022, leading to disrupted supply chains and
higher freight costs (tagesschau 2022). The river Schwarze Elster in southern Brandenburg and
the river Dreisam in Baden-Wiirttemberg partly dried out (DPA 2022; Bergmann 2022). The
ecological losses in these dry sections are massive and full recovering will take years. In other
rivers the high water temperatures lead to a lack of oxygen and cause ecological impact (Hoger
et al. 2022).

The impact of recent events demonstrates the urgent need for effective low-flow risk man-
agement, particularly by an expected future increase of these events due to climate change. All
tasks within low-flow risk management are based on a well-founded risk analysis, combining
probabilities and impact of low-flow events in a quantitative way. A holistic risk analysis ap-
proach is required to represent all relevant processes leading to consequences. The results as
risk values support transparently the risk acceptance process and communication task as well
as the conceptual design and evaluation of mitigation measures. This includes administrative
measures like prioritizing and coordinating of individual water users during low-flow events,
measures of storage as adapted reservoir management or constructive measures like low-water
channels in a river. Finally, a software tool is required which transfers the application of a low-
flow risk analysis to the end-users.

2. METHOD: HOLLISTIC LOW-FLOW RISK APPROACH

The low-flow risk analysis approach focusses on so-called blue-water droughts and their con-
sequences, following the definition in Speed et al. (2016) as “unusual and significant deficiency
in the water stored in freshwater lakes, rivers, aquifers, and wetlands”. Rivers and their sur-
rounding areas are target areas. Low water levels and high water temperatures resulting in eco-
logical and economic consequences are analysed.

In the field of flood risk applications, scenario-based calculations are often performed. For
example, the relevant parameter for the design of flood protection structures as levees is based
on HQ100, a discharge that statistically occurs once in 100 years. Flood hazard maps are cal-
culated for three different scenarios. Due to a relative short duration of flood events between
a few days to a few weeks and in general negligible hydrological interaction between temporal
distant flood events, a clear distinction of such events is comparatively simple.

However, for low-flow risk modelling, the definition of scenarios is considerably more com-
plex due to their long-term development and occurrence. While in a river flood the hydrological
situation of the previous year has just a negligible impact on the characteristics of the flood
event, low-flow, in contrast, is a gradual process that develops over weeks, months and years.
Thus, hydrological conditions from previous years can be essential for the development of
a low-flow event.

Therefore, a long-term simulation approach is proposed for the low-flow risk analysis. The
fundamental model concept is adapted from a long-term approach applied in flood risk analysis
research, further described in Sairam et al. (2021). The basic idea consists not on the selection
of independent scenarios, it is based on the generation of synthetic long-term time series (con-
tinuous risk modelling) from several hundred or thousand years, including weather generation,
hydrology (Hydrological module), hydrodynamic (Hydrodynamic module), and analysis of
consequences (Consequences module, cp. Fig. 1). The risk, finally, is calculated by the sum
over the consequences divided by the simulated years (Risk module). This continuous approach
makes it possible to fully represent the temporal connected low-flow events with their charac-
teristics and consequences within the risk calculation. Considering low-flow events this ap-
proach is clearly advantageous compared to the scenario-based approach.

In the following a short description of the individual modular components of the holistic
approach and their connections are given. In a first step a statistical weather generator is applied
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Fig. 1. Conceptual model approach for a holistic low-flow risk analysis.

(cp. Fig. 1) to produce synthetic long time series of relevant weather parameters (like precipi-
tation, temperature, etc.) based on the statistical description of the current climate. This gener-
ated weather data serves as input data for the hydrological model of a river catchment. The
hydrological model calculates the required results, such as runoff and infiltration.

Area-specific influencing factors such as land use, topography, and soil type of the area
under investigation are considered.

The hydrodynamic module uses the results of the hydrological model as input. It consists of
three submodules. The core of the module is the one-dimensional river model, which models,
e.g., water levels and flow velocities in the river on basis of the diffusive wave approach (a sim-
plification of the St. Venant-equations). In addition to hydrological data, input data such as
cross section geometry and friction coefficients are considered. The hydrodynamic module also
includes a model of the near-surface groundwater body. It is used to model the groundwater
levels in the vicinity of the river. The groundwater model is coupled bidirectionally to the river
model. In this way, the interaction of the groundwater and the river through ex- and infiltration
can be modelled realistically. Last step in the hydrodynamic analysis of the river is the calcula-
tion of water temperature as a possible indicator of water quality. The coupling to the hydrody-
namic river model is unidirectional. After its calculation is completed, the results of the river
model, especially the flow velocity, are transferred to the temperature model. As further input
global radiation and characteristics of anthropogenic inlets are integrated.

Based on the results of the hydrodynamic module, the consequences of low-flow for the
different water users and the river ecosystem are quantified. The determination of the conse-
quences is very complex, because the effects are manifold (e.g., Folkens et al. (2022)). The
basic principle of the assessment of socio-economic consequences is based on threshold values
above which a consequence occurs. As an example, the shipping industry can only operate with
reduced freight at defined water levels. The situation is similar for power plants, which are only
allowed to draw water for cooling purposes to a limited extent if the water temperature exceeds
a certain threshold. A pure monetary evaluation is possible. The ecological consequences are
evaluated using fixed empirical values. For example, many fish only can tolerate a water tem-
perature of over 28°C for a short period of time. If for the ecological consequences a monetary
assessment is adequate needs to be further developed. As a result, the accumulated sum of dam-
ages of the analysed long-term time series — including low flow events - are determined.
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3. RESEARCH PROJECT DRYRIVERS

This work is part of the DRYRIVERS research project, which aims to develop a tool for effec-
tive low-flow risk management. The tool will be tested in the pilot areas of the river Selke, Rur,
and a part of the Elbe river. In addition to the risk analysis, mitigation measures and mitigation
strategies will be developed. An overview of the project is presented in Bachmann et al. (2022).
The project, which is being conducted by interdisciplinary partners from the University of ap-
plied sciences Magdeburg-Stendal, RWTH Aachen University, the umweltbiiro Essen, and
LimnoPlan, started in February 2022 and will run until the beginning of 2025.

4. CONCLUSION

Recent drought events highlighted the massive economic and ecological impacts of hydrologi-
cal drought. Approaches and tools are required to effectively support the management of these
extreme events. Thus, we present a holistic risk analysis approach for a basic support of a low-
flow risk management. It considers all relevant processes from the weather-generation to con-
sequences to ecosystems and society, mirroring the holistic set-up. The modelling is performed
using long-term series, which are more suitable for analysing low-flow events than an event-
based approach. In the flowing steps of DRYRIVERS this developed conceptual approach will
be implemented in a tool and tested at three river catchments in Germany.
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References

Bachmann, D., H. Schiittrumpf, S. Staas, M. Halle, and T. Franke (2022), DRYRIVERS - Ziele,
Anforderungen, Strategien und Werkzeuge fiir ein zukunftsfahiges Niedrigwasserrisikomanage-
ment (NWRM), available from: https://www.researchgate.net/publication/360320695
DRYRIVERS_-Ziele Anforderungen_Strategien_und_Werkzeuge fur_ein_zukunftsfahiges
Niedrigwasserrisikomanagement_ NWRM (accessed: 19.09.2022) (in German).

Bergmann, J. (2022), Blanker Stein, tote Insekten — Dreisam friiher als sonst auf dem Trockenen, SWR
Aktuell, available from: https://www.swr.de/swraktuell/baden-wuerttemberg/suedbaden/
trockenheit-fluss-dreisam-100.html (accessed: 12.07.2022) (in German).

DPA (2022), Klima: Fliissen fehlt Wasser, Angespannte Lage an Schwarzer Elster, Deutschen Presse-
Agentur, Die Zeit, available from: https://www.zeit.de/news/2022-07/19/fluessen-fehlt-wasser-
angespannte-lage-an-schwarzer-elster?utm_referrer=https%3A%2F%2Fwww.google.com%2F
(accessed: 19.07.2022) (in German).

Folkens, L., T. Franke, L. Heermann, S. Staas, L. Sollinger, M. Halle, D. Bachmann, P. Schneider, and
V. Wiedemer (2022), Poster DryRivers: Okologische & &konomische Niedrigwasserrisiken,
available from: https://www.researchgate.net/publication/360342664_Poster _DryRivers_Okol-
ogische_okonomische_Niedrigwasserrisiken (accessed: 19.09.2022) (in German).

Hoger, S., Br24 Redaktion, and M. von Lieben (2022), Warme Fliisse werden zur Belastung fiir Fische,
BR24, available from: https://www.br.de/nachrichten/bayern/warme-fluesse-werden-zur-belas-
tung-fuer-fische, TCmE1m4 (accessed: 28.07.2022) (in German).

Markert, S. (2022), Frankreich: Zwischen Kernkraft und Klimawandel, tagesschau.de, available from:
https://www.tagesschau.de/ausland/europa/frankreich-atomkraft-natur-101.html (accessed:
10.08.2022) (in German).



CONCEPTUAL APPROACH FOR A HOLISTIC LOW-FLOW RISK ANALYSIS 39

MDR (2022a), Wasserentnahme verboten: Das gilt in Sachsen-Anhalts Landkreisen, Mitteldeutscher
Rundfunk (MDR), available from: https://www.mdr.de/nachrichten/sachsen-anhalt/wasser-ent-
nahme-verboten-fluesse-garten-100.html (accessed: 10.07.2022) (in German).

MDR (2022b), Wasserentnahme-Verbote: Was gilt wo? Mitteldeutscher Rundfunk (MDR), available
from: https://www.mdr.de/ratgeber/recht/wasserentnahme-verboten-uebersicht-regeln-100.html
(accessed: 14.08.2022) (in German).

Sairam, N., F. Brill, T. Sieg, M. Farrag, P. Kellermann, V.D. Nguyen, S. Liidtke, B. Merz, K. Schréter,
S. Vorogushyn, and H. Kreibich (2021), Process-Based Flood Risk Assessment for Germany,
Earth’s Future 9, 10, e2021EF002259, DOI: 10.1029/2021EF002259.

Speed, R., D. Tickner, G. Lei, P. Sayers, Y. Wei, Y. Li, C. Moncrieff, G. Pegram, J. Li, X. Xu, A. Li,
and B. Qiu (2016), Drought Risk Management. A Strategic Approach, UNESCO Publishing,
Paris, 215 pp.

tagesschau (2022), Pegelstinde am Rhein: Niedrigwasser belastet deutsche Wirtschaft, tagesschau.de,
available  from:  https://www.tagesschau.de/wirtschaft/unternehmen/niedrigwasser-rhein-
wirtschaftliche-auswirkungen-101.html (accessed: 05.08.2022) (in German).

Received 17 November 2022
Accepted 20 December 2022






Publications of the Institute of Geophysics, Polish Academy of Sciences
Geophysical Data Bases, Processing and Instrumentation

vol. 443 (E-13), 2022, pp. 41-46

DOI: 10.25171/InstGeoph_PAS_Publs-2022-041

International Symposium on Drought and Climate Change, 24-25 November 2022

The Dynamics of Low Flows Characteristics
and Exposure to Hydrological Drought
along the River Vistula and in its Basin

Ewa BOGDANOWICZ™, Emilia KARAMUZ, Iwona MARKIEWICZ,
and Krzysztof KOCHANEK

Department of Hydrology and Hydrodynamics, Institute of Geophysics,
Polish Academy of Sciences, Warsaw, Poland

< ewabgd@igf.edu.pl

Abstract

The process of propagation of low flows is studied in the River Vistula in Poland. A his-
tory of low flow events in the basin is derived on the basis of statistical analysis of flow
measured at 15 gauging stations located along the river and in 12 stations on its main tribu-
taries in the 1951-2018 period. The main characteristics of low flows: minimum flow, dura-
tion and deficit of flow are calculated and analysed (at-side trend analysis, variability with the
course of the river). On this base the most severe low flows are listed at each gauging stations
and on the Little, Upper, Middle, and Lower Vistula reaches. The method of QdF (flow-du-
ration-probability) was used to estimate the flow non-exceeded in d-days with the probability
50% and the index of low flow dynamics D. The results are compared in time and along the
river. The exposure to drought are examined in terms of temporal and spatial aspects.

Keywords: low flows, the Vistula basin, statistical analysis, temporal and space exposure to
drought.

1. INTRODUCTION

In Poland, there are two types of low flows of different origin. The summer low flows, preceded
by atmospheric and soil drought, begin with a depletion of the catchment retention resources.
Summer low flows are generally long-lasting, large-scale, and dominant in the lowland part of
the country. They often extend into the autumn period and are then called summer—autumn low
flows posing a long-term important threat to the water supply for the population, industry, and
agriculture. The end of the summer low flow is most often associated with the occurrence of
precipitation and a reduction in evapotranspiration.

© 2022 The Author(s). Published by the Institute of Geophysics, Polish Academy of Sciences.
This is an open access publication under the CC BY license 4.0.
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Winter low flows are characteristic mainly in mountain rivers, although they can also occur
in lowland rivers. Their occurrence is associated with longer periods of negative air tempera-
ture. In those conditions the surface runoff is stopped and inflows of groundwater to the riv-
erbeds are strongly reduced (D¢bski 1967; Fal 2007; Hydrologia 2017).

This research was carried out to resolve several important issues regarding the low flows on
the Vistula:

e Is the combined impact of climatic change and human activities revealed in the long-
term series of low flow characteristics in the Vistula and its basin and what form does
that impact take?

e Which characteristics of the low flow regime are most affected and where?

e What are the time frames of low flows on the Vistula and the areas prone to drought?

2. DATA AND METHODS
2.1 Study area

This study covers the River Vistula from its sources to the hydrological station in Tczew (clos-
ing station) presented in Fig. 1.

o Jh
Rycerka Gorna

N A4 Hydrological sation
A 0 75 150km o Meteorological station W Lower Vistula [ San basin
_— — River I Narew basin Upper Vistula
[ poland [ Middle Vistula [ Little Vistula

Fig. 1. The River Vistula basin with location of hydrological stations used in the study (Bogdanowicz
et al. 2021).

2.2 Methodology

The lowest annual flow, still often used in Polish hydrological practice, was adopted as the
threshold of the low flow event. Several days of higher flow periods (2-5 days) have been
included (Fal 2007). The flow minima, deficits and durations were calculated and their trends
are estimated. The flow-duration-probability (QdF) model were used to estimate design char-
acteristics. The method for time and space exposure to droughts to point the most potentially
affected areas.

3. PRELIMINARY RESULTS AND CONCLUSIONS

The results concern three problems formulated in the introductory section. The combined im-
pact of climatic change and human activities in seasonal minima is depicted in Fig. 2. in the
form of linear trends in the mean value and standard deviation estimated by means of the
method proposed by Strupczewski and Kaczmarek (2001).
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Fig. 2. Trends in mean seasonal minimum flow (red line) and standard deviation (dashed line).
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Analyzes of trends in many outflow characteristics have shown, inter alia, that the minimum
winter flows increased in the period 1951-2018. In general, the summer minima do not show
a downward trends (Bogdanowicz et al. 2021).

The exemplary result of QdF (i.e., low flow dynamics parameter D, the flow non-exceeded
in 10 days with probability 50% — Q10550% and the mean annual lowest flow (mean LQ), mod-
elling are presented in Fig. 3.

day Annopol m3/s

100 200
/___~,—u~—-—-_————-—-_\__~_‘~—_—
80 150
100
40
- 50
0 0

1970 1980 1990 2000 2010 2020

=D Q10 days 50% mean LQ

Fig. 3. Design characteristics of low flows Q1g50%, mean LQ and D.

The calculations were performed for moving window of 30-year data. On the Middle Vistula
the course of the x and y values in the 30-year moving window does not reveal any significant
changes in Q1o50% and D.

The chart of mean daily flows for stations on the Vistula shows the period of low flows

(Fig. 4).
Mean daily flows (May-Apr)

The Upper and Middle Vistula reaches
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Fig. 4. The potential time period of summer-autumn low flows occurrence for the Upper and Middle
Vistula reaches.



THE DYNAMICS OF LOW FLOWS CHARACTERISTICS AND EXPOSURE TO HYDROLOGICAL DROUGHT...45

The vertical red lines mark the approximate limits: the end of August till the end of January
which can be treated as main time of exposure to low flows.

Drought prone areas are difficult to exact designation because in fact the drought can happen
everywhere. In this presentation we define the regions of the most probable drought occurrence
supporting this decision by hydrologic and human pressures data.

The reliable human activity data are difficult to get and the main problems arise from the
fact that national databases identifying all types of pressures are often not spatially referenced.
Most of the necessary data are collected, but access to them is difficult or they do not cover all
the period required (Karamuz et al. 2021). However it is possible to use and compare maps of
different aspects of pressures on water resources and space distribution of hydrological charac-
teristics important from the point of view of low flows development. Here several maps were
analysed and five of them are attached below (Figs. 5-9). They are maps of population density,
Gross Domestic Product, water withdraw from groundwater bodies, the map of river network
density, and mean annual runoff module.
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Fig. 8. River network density (km/km?). Fig. 9. The runoff module (dm®s*km2) in Poland.

The visual inspection of this material leads to the conclusion that the most vulnerable to soil
and hydrological drought are the areas located in the middle reach of the Vistula especially in
Kujawy and Lublin Upland regions. This statement will be made more specific in the future.
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Abstract

Time series clustering is an important field of data mining and can be used to identify
interesting patterns. This study introduces a new way to obtain clusters of time series by rep-
resenting them with feature vectors that define the trend, seasonality and noise components
of each series, in order to identify areas of the Iberian Peninsula that follow the same pattern
of change in their maximum temperature during 1931-2009. Singular spectrum analysis de-
composition in a sequential manner is used for dimensionality reduction, which allows the
extraction of the trend, seasonality and residual components of each time series corresponding
to an area of the Iberian region; then, the feature vectors of the time series are obtained by
modelling the extracted components and estimating the parameters. Finally, the series are
clustered using a clustering algorithm, and the clusters are defined according to the centroids.
The results identified three differentiated zones, allowing to describe how the maximum tem-
perature varied: in the north and central zones, an increase in temperature was noted over
time, and in the south, a slight decrease, moreover different seasonal variations were noted
according to zones.

Keywords: clustering, maximum temperature time series, singular spectrum analysis, feature
vectors of time series, Iberian Peninsula.
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1. INTRODUCTION

Climate change is a global problem that has a significant impact on society and ecosystems and
is increasingly noticeable. In consequence, studies on climate change have become increasingly
more important, especially those relating to temperatures, which have been increasing as stated
in the report of the Sixth Assessment of the Intergovernmental Panel on Climate Change (IPCC)
that reports that global mean surface temperature (GMST) has increased by 1.1 °C between the
2001-2021 and 1850-1900 periods, after accelerating its rate after the 1970s (IPCC 2021).
Moreover, in the very near future, 2020-2050, GMST can warm up as much as 0.25 °C per
decade, according to some climate model predictions (Samset et al. 2020; Tebaldi et al. 2021).

Although these numbers may seem low, the changes and effects are really remarkable, as
manifested by global warming, prolonged droughts, heat waves and forest fires. In Europe and
the Iberian Peninsula (IP) have been experiencing these conditions in the last years (Kuglitsch
et al. 2010; Russo et al. 2015; Molina et al. 2020; Calheiros et al. 2021) and according to some
climate predictions, is expected these conditions continue for the foreseeable future (IPCC
2014; King and Karoly 2017; Dosio et al. 2018; Vicedo-Cabrera et al. 2018).

Analysis of the temperature changes experienced by the IP, as well as the projections that
have arisen around this issue will be a more manageable process if studies that define these
changes by zones or sub-regions are include and if analysis that take into account temperature
extremes are considered, which tell us about unusual changes (Gebremichael et al. 2022).

A way to define the extreme temperature changes experienced by a geographical area for
sub-region is by obtaining time series (TS) clusters of these temperatures defined in points or
areas distributed over the geographical area, since; TS clustering is used to identify interesting
patterns in TS data sets. There are mainly three categories or approaches to TS clustering (War-
ren Liao 2005; Rani and Sikka 2012; Aghabozorgi et al. 2015; Ergiiner Ozkog 2021), depending
on whether they work directly with raw data, indirectly with features or characteristics extracted
from the raw data, or indirectly with models built from raw data.

This study is framed within the clustering of TS based on the approach of extracting features
from data and proposes a procedure to cluster TS by their trend, seasonality, and main autocor-
relations, so that patterns of change in maximum temperature (TMAX) can be identified for
zone in the IP during the period 1931-2009. The novelty of our methodology is the use the
decomposition of TS using singular spectrum analysis (SSA). In this decomposition process,
three components associated with the trend, seasonality and residual of the initial TS are recon-
structed, allowing the extraction of the parameters that describe these components. Secondly,
the representation of each TS is obtained from a feature vector generated on the basis of the
calculated parameters, which allows clustering the TS using unsupervised learning algorithms,
such as k-means (Hartigan and Wong 1979), C-medoids (Park and Jun 2009), hierarchical ag-
glomerative (HA) (Lukasova 1979), and Kohonen self-organising maps (SOM) (Kohonen et al.
1996), which are known and representative conventional algorithms that use the Euclidean dis-
tance. Finally, in our experiment on a climatic database, after comparing the clusters obtained
with the different methods, a hybrid approach that combines HA and k-means, called hkmeans
(Lee et al. 2010; Kassambara 2017), is selected as a clustering algorithm to define TS that are
similar and follow a pattern. The results made it possible to identify three differentiated zones
according to their TMAX level and trend. In addition, was observed that the identified zones
show different seasonal variations.

The remainder of this document is organised as follows. Section 2 describes the TS decom-
position method using SSA in a sequential manner. Section 3 proposes the new method for
defining the trend, seasonality and autoregression patterns of TS. Section 4 presents the results
of the method. Section 5 presents the main conclusions of the paper.
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2. SEQUENTIAL SSA DECOMPOSITION METHOD

This technique is based on the singular value decomposition (SVD) of a specific matrix
obtained from a TS and aims to decompose an original TS into a sum of a small number of
interpretable components, such as the trend that is smooth and slowly varying, oscillatory
components that are periodic or pure quasiperiodic or amplitude-modulated, and noise without
any pattern or structure (Golyandina et al. 2001; Golyandina and Korobeynikov 2014).
In the following, the SSA method is presented formally.
Input: T = (4, ¢t5,..., ty) the initial TS, which is one-dimensional N-order TS.
Result: A decomposition of T into a sum of identifiable components T = T, + T,+...+T,,.

Step 1: Embedding. The so-called “trajectory matrix™ is obtained as X = J°(T), where T is
a linear map that transforms the TS T into a matrix of order L x K, where L is an integer that
is called the “window length”, 1 <L <N, and K=N-L + 1.

The set of all possible path matrices can be denoted as MLU,? H / denotes Hankel matrices,
where all elements along the diagonal are equal. If N and L are fixed, then there is a biunivocal
correspondence between the path matrices and the TS.

The trajectory matrix X constructed from lagged vectors generated from the TS T can be
represented as:

/ ty t 3 tg \

t, 3 U - Tk

T(M=| t3 ty ts txez | . (1)
ty tiy1 tipy2 -ty

Step 2: Decomposition of X into a sum of the matrices of rank 1. The result obtained in this
step is the decomposition:

X=%Xi X =o0UV, 2

where U; € R* and V; € R¥ are vectors such that ||U;]| =1 and ||V;|| = 1 for all i and o;
denotes nonnegative numbers.

If such a decomposition is performed by conventional SVD, the corresponding SSA method
is “Basic SSA”, and the singular value decomposition of the matrix X is calculated via the
eigenvalues and eigenvectors of the matrix S = XXT of size L x L. Here, 4,..., 4, denotes
the eigenvalues of the matrix S taken in decreasing order of magnitude (4; =...> 4, = 0) and
U;,..., U, denotes the orthonormal system of the eigenvectors of the matrix S corresponding to
these eigenvalues. If d = rank(X) = max{i, suchthat 1; >0} and V; = XTU; / \//1_1 (i =
1,...,d) are factor vectors, then X; = \/TiUiViT are matrices of rank 1, so they are elementary
matrices. Thus, the SVD of the trajectory matrix can be written as:

X=X+...+X, . 3)

The collection (y/4;, U;, V') is called an SVD eigenvector of order i and consists of the
singular value = «//'lUii, an eigenvector U; (the left singular vector) and a factor vector V; (the
right singular vector).

Step 3: Grouping. The input of this step is expansion (2) and a specification of how to cluster
the components of Eq. (2). The index set I = {1,2,...,d} must be segmented into m disjoint
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subsets. Iy, Iy, ..., In,. Let I ={iy, i, ...,ip} c {1,2,...,d} be a subset of indices; then, the
resulting matrix X; corresponding to the group I is defined as:

XI :Xil +Xi2+...+Xip . (4)

Thus, if a partition is specified in m disjoint subsets of the index set {1,2, ..., d}, then, by
expansion (2), the result of the grouping step leads to the following decomposition:

X:X11 +X12++X1m . (5)

The above procedure for choosing the sets Iy, I,, ..., I, is called the “eigentriple grouping”
procedure. The grouping of expansion (2), where I, = {k}, is called “elementary”.

Step 4: Reconstruction. In this step, each matrix X;, from lumped decomposition (5) is
transferred into the form of the input object T, which is a TS of length N. Such a transformation
is optimally performed as follows: Let ¥ € R“*X be amatrix with elements y;;, 1 <i <L,1 <

j < K; we look for an object Y € M that provides the minimum of ||Y — T(Y)||r, where
NZ|l- = (sz|sz|2)1/2 is the Frobenius norm of Z = [z;;] € RV*K.
Let My : RLK — ML(%) be the orthogonal projection of RL*X onto ML(?,? in the Frobenius

norm. Then, Y = 77~ o I1,,(Y). The projection I1;; is simply the average of the entries corre-
sponding to a given element of an object (Golyandina et al. 2018; Section 1.1.2.6). In Basic
SSA, the composite mapping 7! o IT;, uses the long average of antidiagonals so that ¥, =
Yijpea,(Yi)) /1Al ,where A ={(i,)): i+j=k+1,1<i<L1<j<K}

If X, = X, are the reconstructed matrices, X, = I1;0X, are their corresponding path
matrices, and T, = 71(X,) are the reconstructed objects. Then, the resulting decomposition
of the input object T is:

T=T, +T,+...4T,, . (6)

If the grouping is elementary, the reconstructed objects T, in Eq. (6) are called “elementary
components”.

The SSA parameters, i.e., length of the window L and the way in which X;, matrices are
grouped, are very important for the outcome of the decomposition and depend on properties of
the initial TS and the objective of the analysis, check Golyandina et al. (2001) for more details.

SSA can be performed sequentially, which is recommended when the TS structure is com-
plex (Golyandina et al. 2012). Sequential SSA consists of two stages: the first stage performs
the extraction of the TS trend with a small L, and in the second stage, the periodic components
of the residue are detected and extracted with L~N / 2.

3. TREND, SEASONALITY AND AUTOREGRESSION SSA-BASED TS PATTERN
IDENTIFICATION
The algorithm for the identification of trend, seasonality and autoregression patterns in TS
proposed in this study can be summarised in the following steps:
1) Perform sequential SSA to extract the 3 components of the initial TS associated with
the trend, seasonality and residual part.
2) Model the extracted TS in such a way that their associated characteristics can be ex-
tracted:
a. Trend component: from Ti..,q = 4 — [t, estimate u and g;
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b. Seasonal component: from Teasona1 = €15in(2mt/T) + c,cos(2mt/T), where
T is the period, estimate c; and c,;
c. Residual part: from Tqsiqual, Obtainan AR(T) and calculate the autocorrelations
®1, P2, P3, and @, where s =T, the period.
A feature vector is constructed for each initial TS by considering the estimated param-
eters.
3) Use a conventional algorithm to obtain a similar TS.
4) By averaging the initial TS of each group, the representative patterns of each group are
obtained based on the defined characteristics.

4. RESULTS AND ANALYSIS

A set of 1776 points from a grid of 25 x 25 km? elaborated through spatial interpolation kriging
by the “Servicio de Desarrollos Climatoldgicos” of the Meteorological Spanish State Agency
was used. This grid includes points distributed in Spain, Portugal and the closest areas of the
Atlantic Ocean and the Mediterranean Sea, for each point a monthly TS of TMAX from January
1931 to 2009 is considered.

After comparing the four clustering algorithms, k-means, k-medoids, HA and SOM, on the
dataset, given the superiority of HA and K-Means, a hybrid method, called hierarchical k-means
(hkmeans), was selected.

Here, hkmeans is applied to the set formed by the feature vectors of the TS. The results are
shown in Fig. 1.

Cluster Dendrogram Cluster plot

< TMAX1523

cluster
(] 1
Al2
u 3

Dim2 (20.5%)

-2D|m1 (39%) ’
Fig. 1. Result of the hkmeans cluster.

Figure 2 illustrates the distribution (the grid is composed of longitudes and latitudes in UTM
coordinates) of the points in Spain according to the clusters obtained.

Clearly, three clusters can be observed; zone 1 situated in the north of the IP, where the
areas with the lowest TMAX and with a higher proportion of increase compared to the other
areas are found, zone 2, more to the south, where the areas with the highest TMAX are located,
but showing a slight decline over the period, and zone 3, with areas more towards the centre
and with intermediate TMAX, which also show an increase over time. In addition, was observed
that the identified zones show different seasonal variations.
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Fig. 2. Distribution of points in Spain according to geographical location and clusters.

Seasonality of TMAX in zone 1
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Fig. 3. Seasonal variations by zone.

Figure 3 shows the seasonal variations by zone. It can be noted that, zone 1 shows its largest

variations in winter months and, zone 3, in spring and autumn months. Zone 2 does not show
marked differences in its monthly variation.

5. CONCLUSIONS

In this paper, we present a new method for clustering TS by taking into account their trend,
seasonality, and residual components. The procedure allowed to describe how the maximum
temperature varied in the Iberian Peninsula during 1931-2009 through three zones defined
according to their trend and monthly variation. The north of the Iberian Peninsula, where the
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areas with the lowest maximum temperatures are found, experienced a 0.2034°C increase in its
maximum temperature per decade between 1931 and 2009, the south, where the areas with the
highest maximum temperatures are located, only showed a slight decline, and the central zone,
showed an increase of 0.135°C per decade.
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Abstract

In the Anthropocene, droughts cannot be considered as natural phenomena/ hazards.
Therefore, it became crucial to assume human impacts and their interactions with the water
system in drought vulnerability assessment through the concept of the socio-hydrology. We
applied the socio-hydrological approach for identifying drought-vulnerable areas in the Vis-
tula River basin. The Soil and Water Assessment Tool (SWAT) model was used to derive
missing hydro-climatic variables, such as soil moisture at sub-basins and hydrological re-
sponse unit level. The vulnerability indicator was selected based on the statistical significance
of the factors affecting the water resources and socio-economics of the drought-prone. The
preliminary results showed that the middle part of the Vistula catchment is more exposed to
drought than the upper and lower parts of the main river course.

Keywords: drought vulnerability, socio-hydrology, SWAT model, Vistula River basin, vul-
nerability indicators.

1. INTRODUCTION

One of the droughts definitions often considers it as a climatic phenomenon triggered by a
precipitation deficits alone. However, in the Anthropocene when human activities strongly in-
fluence the Earth’s system, anthropogenic activities also play an important role in influencing
drought dynamics. Therefore, the new concept of socio-hydrological approach has been pro-
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posed in hydrology to consider the impact of humans and their interactions with the water sys-
tem (Boori and Vozenilek 2014). This new approach is used to assess the dynamics of drought
vulnerability over time and space based on an integrated approach that considers multiple fac-
tors, including physiographic, social, and hydroclimatic factors. The factors are selected ac-
cording to their impact, data availability, and reliability out of the three basic dimensions of
socio-hydrological vulnerability: (i) Exposure, (ii) Sensitivity, and (iii) Adaptive Capacity. Pre-
vious studies on drought vulnerability focused on physiographic and hydro-climatic factors
(e.g., Jain et al. 2015; Pandey et al. 2010; Singh et al. 2019) and to our knowledge only few
studies considered socio-economic factors, especially people’s coping capacity, in assessing
drought vulnerability. The aim of this study is, therefore, to assess and identify social and phys-
ical vulnerability to drought through the socio-hydrological approach. The novelty of this study
is the integration of several hydro-climatic drought indicators as a single index in socio-hydro-
logical vulnerability mapping using marginal likelihood function. This will help with the iden-
tification of the areas vulnerable to drought risks and support a drought prevention and climate
change adaptation.

2. DATA AND METHODS
2.1 Study area

The study area consists of six sub-basins in the Vistula River basin (Fig. 1). These sub-basins
were selected to reflect hydrological conditions caused by significant change in runoff due to
human impacts. The predominant land use in the Vistula River basin is agriculture, followed
by forest and semi-natural areas. The most severe and longest-lasting drought in the catchment
occurred in 1982-1993 (Karamuz et al. 2021). The long-term average hydroclimatic variables
varies spatially across the basin, with the highest values occurring near the headwaters and the
lowest in the middle part (Senbeta et al. 2022).

15°E 16°E 17°E 18°E 19°E 20°E 21°E 22°E 23°E 24°E 25°E  17°E 18°E 19°E 20°E 21°E 22°E 23°E 24°E 25°E

7 .
o - n O
<t =+
[ [Tg]
7 | Elevation (m) 3ydg >z
c_ - . O
(3]
L I - B
100 - 150
Z )| 150 - 250 Zz
- . Q
&) I 0-450 &
Il +50-3000
z. &
uy n
Z '
£- £
sy it
Z- z
S .
% g
i Legend
0 50 100 km . N , o .
= River networks @ Synoptic and Climatic stations Il Drweca catchment
[ — v e - . . .
Y [ Vistula basin [ Sandomierz catchment [ Narew catchment
4 O Cites Warszawa catchment Pilica catchment
€ Runoff stations [l Jagodniki catchment San catchment
® Rainfall stations Il \Vicprz catchment

Fig. 1. The location of the Vistula River basin with topographical features (left panel), six selected sub-
basins and their hydroclimatic variables (right panel) (Senbeta et al. 2022).
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2.2 Methodology

The Drought Vulnerability Index (DVI) was proposed based on vulnerability factors selected
considering the three vulnerability dimensions (exposure, sensitivity, and coping capacity) in
an integrated perspective. The geophysical, hydroclimatic, and socio-economic data for the
study area were collected from the relevant authorities in Poland and worldwide database, while
others were prepared by means of Geographical Information System (GIS) using remote-sens-
ing data. The vulnerability indicators were considered in drought vulnerability assessment if
the proposed indicator significantly affect the social and hydrological conditions of areas (Boori
and Vozenilek 2014). Each indicator was firstly standardised and used to determine the DVI
using balanced weighting scheme. The Soil and Water Assessment Tool (SWAT) was applied
to derive the hydroclimatic variables for sub-basins where measurements were not available.

3. PRELIMINARY RESULTS

In the last 7 decades, the Vistula River basin has experienced several droughts. For example,
majority of the basin was affected by the drought events of the 1980s which varied in terms of
the severity, spatial extent, and duration of occurrence. The sub-basins in the middle of the
Vistula River basin (Rivers Pilica and Wieprz) were affected stronger in terms of exposure than
the sub-basins in the upper and lower basin (Fig. 2). However, vulnerability to drought varies
within the basin when considering the three dimensions (E, S, and AC). Shallow aquifer in the
sub-basins near the outflow feeds the runoff during drought, which could help to reduce the
vulnerability of the areas (Fig. 3). The potential evapotranspiration had been declining until the
early 1980s and then steadily increasing, similar to temperature, as a result of climate change.
This could increase the impact of droughts on water availability and vulnerability, unless pol-
icy-makers introduce sustainable water resource management that takes climate change into
account in the future.
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Fig. 3. Long-term average groundwater level (GW) below ground surface and soil available water ca-
pacity (AWC) in the Vistula River basin.
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Abstract

In the last decade, uncertainty in drought assessment studies has received increasing at-
tention in the hydrometeorological research community. Spatio-temporal characteristics of
drought are affected by uncertainties resulting from the calculation of standardized drought
indices. To the best of our knowledge, no studies have been conducted so far on the impact
of these uncertainties on the assessment of the spatial extent of droughts. In the present study,
the uncertainty of determining the spatial extent of meteorological drought in individual clas-
ses is investigated for various probability distributions and the accumulation time scale used
for determination of the Standardized Precipitation Index (SPI). In the studies, the E-OBS
daily gridded precipitation data for the Vistula catchment in Poland were used along with four
parametric distribution functions (Birnbaum-Saunders — BS, Weibull - WEI, Generalized Ex-
treme Value — GEV, and Gamma — GAM) and nonparametric approach. Preliminary results
indicate significant discrepancies in the spatial extent of individual drought category indicat-
ing higher uncertainty in determining the areas affected by severe and extreme droughts.

Keywords: drought, Standardized Precipitation Index, uncertainty analysis, probability dis-
tributions.

1. INTRODUCTION

The Standardized Precipitation Index (SP1) is one of the most widely used indicators in drought
assessment studies due to its flexibility, spatial-temporal comparability, and quite simple cal-
culation (McKee et al. 1993). Bearing in mind the above advantages, the World Meteorological
Organization recommended SPI for meteorological drought assessment, pointing out that SPI
allows for a reliable comparison of historical and current droughts between different climatic
and geographic regions.
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Nevertheless, the SP1 is a relative measure. Its calculation depends mainly on the probability
density function (PDF) adopted as well as on the method used for parameter estimation and the
reference period used in the estimation (Wang et al. 2021). Nowadays, the drought research
community focuses on some issues related with applying SPI in different regions. The most
questionable is the selection of the adequate probability distribution to fit the cumulative pre-
cipitation, the proper time scale, the data length, and the adequacy of the assumption of non-
stationarity of the observations.

The proper choice of probability distribution for precipitation is the basis for accurate SPI
calculation. The use of different types of distributions lead to different SPI values and may
introduce inaccuracies in the assessment of the extent of the impact of the drought phenomenon.
In the present study, the uncertainty of meteorological drought extent determination in specific
classes is investigated from a candidate probability distribution perspective and the cumulative
time scale. The study’s main goal was to compare and highlight the discrepancies in determin-
ing the spatial extent of drought impacts resulting from using different candidate distributions
to calculate SPI.

2. MATERIALS AND METHODS

The SPI was determined for the catchment area of the Vistula River (194 000 km?), the largest
river in Poland (Fig. 1a.). Studied basin is located mainly on the Polish territory and occupies
54% of the country. The study used Europe-wide E-OBS ensemble daily precipitation data set
delivered by the European Climate Assessment & Dataset project (ECA&D). The gridded data
set covers the period 1950-2020 and has spatial resolution at a spacing of 0.1° x 0.1° in regular
latitude/longitude coordinates. The spatial distribution of the long-term (1950-2020) average
annual precipitation for the study area is shown in Fig. 1b. The highest yearly average precipi-
tation totals are observed in the southern part of the catchment, where there are mountainous
areas. In general, precipitation decreases from south to north, with a clearly distinguishable area
of the lowest precipitation in the central part of the catchment.
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Fig. 1: (a) Study area and (b) spatial distribution of average annual precipitation (1950-2020).

The SPI is calculated as a transformation of one probability distribution (in this case, four
probability distributions were used: BS, WEI, GEV, GAM) to the normal distribution using
a long-term cumulative precipitation data at a given level of aggregation. Calculation of SPI
was done for four aggregation scales, i.e., 1, 3, 6, and 12 months. The goodness-of-fit of the
PDF for the E-OBS precipitation data was evaluated based on non-parametric Kolmogorov—
Smirnov (KS) test and Akaike Information Criterion (AIC).
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3. PRELIMINARY RESULTS

The four PDFs considered were tested for their goodness-of-fit to the precipitation data of dif-
ferent aggregation periods. Figure 2 shows the result of the KS test for the individual PDFs.
The pixels highlighted in yellow indicate the regions where the null hypothesis regarding the
fit of the proposed PDF cannot be accepted at a significance level of a = 0.005, while catchment
areas highlighted in dark blue meet the null hypothesis.

The results of the KS test for the GAM and GEV distributions satisfy the null hypothesis
for all of the aggregation periods tested and for almost the whole catchment area. The worst
performance is for the BS distribution for the 1-month accumulation period. The BS distribution
performs comparable to the GEV and GAM distributions for other aggregation scales. The WEI
distribution does not meet the null hypothesis for the 3, 6, and 12-monthly accumulation periods
for most of the catchment area, and this distribution performs the worst compared to the others.

In the next step, the best-fit distribution was selected using the AIC criterion. The obtained
AIC values (Fig. 3) for the individual pixels were averaged over the catchment area. The win-
ning distribution was the one with the lowest AIC value. For the 1-, 3-, and 6-month accumu-
lation period, the GAM distribution was the best choice. For the 12-month time scale, the GEV
was the best option.

BS 1 month scale - KS test WEI 1 month scale - KS test GEV 1 month scale - KS test  GAM 1 month scale - KS test

GEV 3 month scale - KS test GAM 3 month scale - KS test

BS 6 month scale - KS test GEV 6 month scale - KS test ~ GAM 6 month scale - KS test

BS 12 month scale - KS test GAM 12 month scale - KS test

Fig. 2. Results of Kolmogorov—Smirnov test for four candidate PDFs.
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Fig. 4. Number of grid cells classified as: (a) drought — SPI <0, (b) moderate drought — SPI < -1,
(c) severe drought — SPI < —1.5, and (d) extreme drought — SPI < -2.

Finally, to show the quantitative differences in the area classified as a drought event, the
SPI values calculated using the proposed distributions were compared (Fig. 4). Nonparametric
SPI obtained using the empirical distribution function (EMP) were also presented. They were
derived using the Gringorten plotting position approach (Gringorten 1963). The results were
shown for different drought categories (moderate, severe, extreme) taking into account different
accumulation periods. Analyzing all drought events (SPI1 < 0), it is evident that variation in their
number depends on PDF type used to calculate the drought index. Significant differences can
be observed for the WEI distribution for all accumulation periods compared to the other distri-
butions. The WEI distribution tends to underestimate the number of droughts. It is particularly
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noticeable for the severe and extreme drought categories (Fig. 1c,d.). For all drought events,
the BS distribution underestimates the number of droughts for a 1-month accumulation period.
The same regularity is obtained for moderate and severe droughts. The BS distribution stands
out in respect to extreme droughts, clearly overestimating the number of droughts (Fig. 1d)
compared to other theoretical distributions (especially for the 1- and 3-month accumulation
period). Comparing the results with the EMP approach, they are generally consistent to those
obtained using the GAM and GEV distributions (Fig. 4a,b,c.). Significant differences occur
only for extreme droughts (Fig. 4d). The EMP approach shows high stability of the results for
individual accumulation periods, yielding a similar number of drought events for each accumu-
lation period. This regularity is observed for all drought categories. Preliminary results indicate
significant discrepancies in the spatial classification of individual drought categories, indicating
high uncertainty in determining the area affected by severe and extreme droughts.
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Abstract

Groundwater resources in many regions are not immune to climate change. More atten-
tion is being paid to the role of groundwater in maintaining ecological flows in rivers during
a drought due to decreased precipitation and snowmelt under climate change. Karst aquifers
are vulnerable to the increasing occurrence of climate extremes events. This abstract will give
an overview of some modern approaches which are used in the assessment of the climate
change impact on the karst groundwater. Methods include GIS implementation and remote
sensing tools which can contribute to local, regional, and global scale research. Combining
the modern research tools with traditional, in-situ obtained data, can lead to more reliable
results and more sustainable water management in the future.

Keywords: climate change, GIS, karst, aquifer, remote sensing.

1. INTRODUCTION

Karst aquifers cover 15.2% of the global ice-free continental land (Goldscheider et al. 2020;
World Karst Aquifer Map (WoKAM)). The largest percentage of them can be found in Europe
(21.8%), while the largest absolute area all around the world is in Asia (8.35 million km?) (Ste-
vanovi¢ et al. 2021). Karst aquifers around the world act as a partial source providing drinking
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water for almost a quarter of the world’s population (Ford and Williams 2007). Karst aquifers
store considerable amount of water because it is composed of high-porosity carbonate rocks,
which are usually more reactive on frequency of flooding and droughts resulting from climate
change. Therefore, to quantify and mitigate the influence of changing, it is important to under-
stand the aquifer characterisation and geological properties and assess aquifers’ intrinsic fea-
tures. In that way it is possible to develop a relevant approach in solving problems related to
the aquifers’ variable recharge, reservoirs, and drainage dynamics. It is the heterogeneity of the
karst aquifers which leads to their different hydraulic behaviour during recharge periods. Karst
aquifers might be a fast responder to rainfalls, but also can act as a “sponge” which can absorb
a huge amount of water and only then start to drain it slowly.

Anticipating changes in climate and assessing their impact on karst aquifers is one of the
most important tasks in securing safe water supply in the future. Therefore, much research in
the past two decades was focused on the impact of climate changes on groundwater in different
types of aquifers (Taniguchi and Holman 2010; Treidel et al. 2012; Stevanovic¢ et al. 2012).
Hereby, the overview of some valuable methods for assessing of the climate change impact on
karst aquifers will be presented. The aim of this extended abstract is to discuss the advantages
of modern approaches in assessing the impact of climate change in the karst environment. In
the following chapter, the Geological Information System (GIS) methods including Climate
Changes Permeability and Storativity (CC PESTQO), GALDIT, and Gravity Recovery and Cli-
mate Experiment (GRACE) approaches will be presented.

2. OVERVIEW OF THE GIS BASED METHODOLOGIES
2.1 CC PESTO method

One of the more recent methods, which was designed directly in the function of assessing the
sensitivity of aquifers to climate change, is the CC PESTO method (Climate Changes — CC,
PErmeability and STOrativity; Stevanovi¢ et al. 2021). This method aims to assess and map the
vulnerability of karst aquifers to climate change. CC PESTO was tested on a karst aquifer due
to the global importance of these waters, but also the complexity that karst terrains bring with
them (Stevanovic¢ et al. 2021). This method evaluates intrinsic vulnerabilities without consid-
ering the human intervention. To achieve this, the aquifer conductivity, storage capacity and
discharge regime are considered, as well as the slope of the terrain. This method requires the
digitization of existing geological and hydrogeological maps, preparation of each parameter
separately in the form of digital base maps. To achieve this, the conductivity, storage capacity
and discharge regime are considered, as well as the slope of the terrain, where the slope is
obtained via Digital Elevation Model (DEM). According to a specially defined algorithm, the
weighting factors of all mentioned parameters are combined and as a result, the intrinsic vul-
nerability of the aquifer is visually presented.

This method provides valuable karst aquifer management information on protecting the ag-
uifer from extreme climate events and contributes to the karst aquifer water management plan.
Stevanovi¢ et al. (2021) emphasize that CC PESTO is flexible and applicable to all forms of
karst landscape, but that it is necessary to determine the weighting factors for each parameter
depending on the local conditions of the terrain on which it is applied.

2.2 GALDIT method

The sensitivity of groundwater to seawater intrusion can be defined as the sensitivity of ground-
water quality to artificial extraction, or to sea level rise, or both when it comes to coastal areas.
This sensitivity is determined by the characteristics of the aquifer. Seawater intrusion is one of
the most common mechanisms of salinization that affect the quality of coastal aquifers. It is an
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active process that leads to the disruption of the hydrodynamic equilibrium between fresh and
sea water. One of the reasons for the occurrence of salinization is over pumping due to the
constantly growing population in coastal areas, but also due to natural changes in feeding or
raising the level of the world sea (Kouz et al. 2018). The GALDIT method for assessing the
vulnerability of groundwaters to climate change was developed specifically for coastal areas
and the assessment of seawater intrusion.

Principles of applying the GALDIT approach according to Kouz et al. (2018) is based on a
classification system and is a qualitative method based on six parameters:

(G — Groundwater Occurrence) Occurrence of groundwater, and as part of that, vulnerability
to marine intrusion is considered in relation to the type of aquifer, which can be closed,
semi-closed and open, where the open aquifers will be the most exposed to seawater intru-
sion;

(A — Aquifer Hydraulic Conductivity) For the same pumping capacity (or natural flow), the
acceleration of the contact of fresh and salt water is closely related to the hydraulic con-
ductivity;

(L — Height of Groundwater Level below Sea Level) This parameter determines the hydraulic
pressure that allows pushing the contact of fresh and salt water. Groundwater level in cor-
relation to mean sea level is a very important factor in controlling the progress of saltwater
intrusion and assessing marine intrusion into the coastal aquifer;

(D — Distance from the Shore) The distance from the shore is measured perpendicular to the
shore. The impact of saltwater intrusion decreases with distance from the coast;

(I — Impact of existing status of seawater intrusion in the area) Parameter is represented in the
spatial variation of the ratio — CI-/HCO3— + CO3. Chloride is the dominant anion in sea-
water, while it is very little present in fresh water;

(T — Thickness of the aquifer) The greater the volume of the aquifer is, the greater is the im-
portance of the extension of saltwater intrusion.

By combining all maps obtained (for each described factor), using the appropriate algo-
rithms, the final vulnerability map will be produced. Overlapping of parameter maps (base-
maps) is similar procedure as it was for CC PESTO method. This approach is commonly known
for the GIS based groundwater vulnerability mapping.

3. GRACE SATELITES DATA APPROACH

Special attention should be given to satellite technology and the launch of the GRACE (Gravity
Recovery and Climate Experiment) satellite in 2002. The main difference between the previous
uses of satellite research and remote sensing in general and GRACE tools is that other satellite
analyses of water resources are based on radiometric measurements of the Earth’s surface, while
GRACE provides data based on changes in gravity (Swenson and Famiglietti 2012). Hydrolog-
ical resolution of GRACE is debated, depending on the required accuracy of estimate and it is
coarse in general. These changes in time occur mainly due to the redistribution of mass within
the Earth’s fluid layer, on a daily to decadal scale. The cause can be found in tectonic move-
ments or glacial isostatic signals, but also in changes in surface concentrations in the atmos-
phere, oceans and continental water bodies (Leblanc et al. 2012). From its launch until today,
the GRACE satellite has been used to assess changes in terrestrial water reserves, with increas-
ing use in assessing changes in groundwater reserves.
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4. DISCUSSION AND CONCLUSION

The underlying principle of discussed GIS based methods are similar. These methods require
digitization, vectorization and rasterization of data in GIS, apply algorithms proposed and ob-
tain the final vulnerability map. Vulnerability classes are also similarly ranked in the final vul-
nerability maps. Difference in each method is observed in the number of parameters that are
included in the final algorithm for obtaining the vulnerability map. Furthermore, GALDIT
method includes the observed intrinsic vulnerability to seawater intrusion, which indirectly in-
troduces a qualitative parameter as one of the participants in the groundwater vulnerability as-
sessment, while CC PESTO method is oriented towards the quantitative sensitivities of karst
groundwater. When it comes to GRACE satellite data it is concluded that its application is the
most successful when it comes to global and regional assessments of the groundwater reservoir
change. For applying this method on local scales, the special data downscaling shall be done. It
is recommended that, whenever possible, results obtained by this method are calibrated by the
traditional, field work based approaches and calculations.

Ultimately, it is obvious that these methods might be a powerful tool in assessing climate
change impact on Kkarst aquifers if handled carefully by groundwater experts.
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