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Abstract

This study aims to indicate the relationship between meteorological
drought and hydrological drought on the example of a lakeland
catchment in north-western Poland. The Standardised Precipitation
Index (SPI) and Standardised Runoff Index (SRI) were used to
identify drought during 1-, 3-, 6-, 9- and 12-month cumulation
periods. In the study period 1971-2015, 13 to 62 meteorological
droughts and 6 to 21 hydrological droughts were identified. The
highest number of droughts occurred for the shortest cumulation
period (1 month) and the lowest number for the longest cumulation
period (12 months). The relationship between SPI and SRI
coefficients over the annual course was strongest for the 9-month
cumulation period. The highest correlation coefficient was obtained
for February.

Keywords

Meteorological drought, hydrological drought, Standardised
Precipitation Index (SPI), Standardised Runoff Index (SRI), the
Drawa River, Poland

© 2020 by the authors. Submitted for possible open access publication under the terms and conditions
of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

Acta Montanistica Slovaca, Volume 25 (2020), 4, DOI: 10.46544/AMS.v25i4.07



Katarzyna KUBIAK-WOJCICKA et al. / Acta Montanistica Slovaca, Volume 25 (2020), Number 4, 517-531

Introduction

Recent years have seen an increased incidence of drought, which is attributed to the observed climate
changes (Bordi et al., 2009; Vido et al., 2015; Laaha et al., 2017; Portela et al., 2017; Zelenakova et al., 2018;
Vicente-Serrano et al., 2012; 2019; Kubiak-Wdjcicka, 2020). This problem relates to many parts of the world,
including Poland. The onset of drought is usually associated with a long-term absence or deficit of precipitation
and high air temperatures, leading to a meteorological drought. Atmospheric drought results in quantitative
changes in the hydrological cycle. In addition, continuous evapotranspiration reduces the area of surface runoff,
reduces soil moisture (soil drought), decreases surface water flows, and lowers the water table; (these are the
symptoms of hydrological drought). Hydrological drought thus reflects not only a lack or deficit of precipitation
but also a decrease in surface and underground supplies, which is inextricably linked to an area's physiographic
and geological conditions (Tokarczyk, 2008). Groundwater droughts are assumed to be the next and usually final
stage, after meteorological, agricultural and hydrological drought (Tallaksen & van Lanen, 2004).

A catchment's response to precipitation deficit varies, depending primarily on the catchment’s
physiographic characteristics (permeability, topography, land use, land cover) and human activity (regulation of
water levels, water abstraction for municipal and industrial purposes) (Lorenzo-Lacruz et al., 2013; Van Lannen
et al., 2012; van Loon & Laaha, 2015; Wang et al., 2015; David & Davidova, 2016; Kubiak-Wjcicka et al.,
2019; van Loon et al., 2019; Afzal & Ragab, 2019). The complexity of these factors' interactions causes a time
lag between meteorological drought and the appearance of hydrological drought, and the difference can stretch
to several months (Kubiak-W¢jcicka & Bak, 2018). Evermore research is being conducted that considers not
only climate change but also the particular features of a catchment, including the geological structure and land-
development characteristics (Vidal et al., 2012; Fleig et al., 2011; Haslinger et al., 2014; Barker et al., 2016;
Kubiak-Wojcicka, 2019a). Despite numerous studies on the relationship between droughts on a global and
regional scale, meteorological drought within a catchment extending into other types of drought is extremely
important, especially at the local catchment scale (Gibson et al., 2019; Hateren et al., 2019).

Research has focused primarily on arid and semi-arid zones (Kamali et al., 2015; Rangecroft et al., 2016; Li
et al., 2017; Bayissa et al., 2018; Zhou et al., 2019). In Poland, areas classed as water-deficit areas of intensive
agricultural use have attracted the most research interest (Labegdzki, 2007; Kubiak-Wojcicka, 2019a). The
impetus for further research came from the water deficits that occurred in Poland in 2015, and that also affected
much of Europe (Laaha et al., 2017;Bgk & Kubiak-Wojcicka,2017; Ionita et al., 2017; Fendekova et al., 2018;
Hénsel et al., 2019; Zuzulova et al., 2019). At that time, droughtaffected not only water-deficit areas in central
Poland but also areas of above-average water resources (Kusmierek-Tomaszewska et al., 2018; Solarczyk &
Kubiak-Wojcicka, 2019; Kubiak-Wojcicka, 2019b; Jamorska et al., 2019). One such river is the Drawa, whose
catchment consists mostly of permeable sediments (sands) of considerable thickness. The river itself is only
slightly transformed anthropogenically.

This study's main purpose is to identify and quantify meteorological and hydrological droughts and
determine their relationship in the Drawa catchment basin. An important part of the study aim is to determine the
relationships between hydrological variables' response times to meteorological conditions. Determining the
mechanism by which droughts come about will allow for earlier warning against the effects of drought and
appropriate water resources management.

Methods and Materials
Research area

The Drawa River catchment is located in north-western Poland. The Drawa is 192.08 km long, and its
catchment area is 3,290.93 km” (Atlas podziatu hydrograficznego Polski, 2005). The area has an exceptionally
diverse young-glacial relief, with numerous undrained depressions and lake basins and a predominance of
permeable formations. The Drawa catchment lies between 220 m a.s.l. in the north of the catchment and 30 m
a.s.l. in the south. The catchment features geomorphological forms typical of relief shaped by the last glaciation,
including a strip of end-moraine hills, hillocky bottom moraine and outwash plain, and glacial channels cutting
through areas of moraine and outwash (Fig. 1). Much of the Drawa catchment is covered by extensive outwash
fields ranging in thickness from a dozen to several tens of metres (Fig. 2). This area has been called the Drawa
Outwash, and it was created in the Pomeranian phase of the Late Pleistocene, i.e. around 16—17 kyr BP. The
Drawa Outwash is large for a landform of its type, at 80 km long (Pisarska-Jamrozy, 2015; Woronko et al.,
2015). In the north of the Drawa catchment, a small, open-cast sand and gravel mine is in operation. The Drawa
catchment is covered to a great extent by forest (71.06%) and lakes (4.52%). Arable land accounts for only
15.54% of the catchment and lies in areas of clay, mainly in the north and south-west.

The Drawa catchment area is a lakeland catchment, with a specific drainage structure in which the
underground component predominates. Underground outflow accounts for about 80% of total outflow, while the
average for Poland is 55% (Wrzesinski & Perz, 2016). The large share of groundwater in the Drawa’s supply is
due to the existence of the main underground water reservoirs (Glowne Zbiorniki Wod Podziemnych — GZWP)
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within the catchment area. These are water-rich geological structures that constitute or may in the future
constitute strategic groundwater resources for supplying the population and core branches of the economy
needing high-quality water. As per the standard criteria for distinguishing them, the high quality, abundance and
potential productive value of the waters make the GZWP the most valuable of hydrostructural units and aquifer
systems.
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Fig. 1. Geological structure of the Drawa catchment and land use (left corner) by Corine Land Cover (2012)
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Fig. 2. Geological profile (Szczegolowa mapa geologiczna Polski w skali 1:50 000, arkusz Drezdenko)

There are four main underground water reservoirs within the Drawa catchment, i.e. GZWP 125, 127, 136
and 138. The largest by area is GZWP 125 Walcz-Pita. This reservoir covers almost the entire Drawa catchment,
except for a fragment in the north-east and west. GZWP 125 consists of several aquifers within Quaternary
formations associated with the fluvioglacial sediments of a moraine plateau, outwashes and alluvia. There are
three aquifers within the Quaternary horizons: a surface aquifer (approx. 5-20 m thick), an upper and lower
inter-moraine aquifer and a sub-clay horizon(several to 30 m thick and locally connected with the Paleogene—
Neogene level; clay is represented as "tills" in Fig. 2). The reservoir usually lies within sandy formations that are
relatively well isolated from the ground surface, but in some areas (the Drawa Outwash region), there is no
isolation from the ground surface (Informator PSH, Gtéwne Zbiorniki Wod Podziemnych w Polsce, 2017).

The GZWP 127 reservoir lies in the south-east of the Drawa catchment. It is built of sand and gravel
Neogene (Miocene) deposits. The Neogene deposits are often glacitectonically disturbed and cut with deep
Quaternary valleys in places. The total thickness of the sandy series is variable, ranging from several to over 50
m.

In the south-west of the Drawa catchment, there is the small Dobiegniew inter-moraine reservoir (GZWP
136). The main usable aquifer in the area ofthe reservoir is the Quaternary layer. Most of the groundwater
intakes in this region tap its resources. The main horizon to be exploited is an inter-clay horizon associated with
a polygenetic complex of fluvioglacial sands and gravels, with lower layers from the Leszno phase of the
Weichselian glaciation and upper layers from the Warta glaciation, plus alluvial deposits of the Eemian
interglacial, which form a continuous and extensive layer that constitutes the basic horizon of GZWP 136. The
top of the aquifer occurs at varying depths from several to over 50 m below ground level. The aquifer's thickness
varies from less than 10 m to over 40 m, reaching its maxima in the central part of the reservoir.

GZWP 138 — The Torun—-Eberswalde ice-marginal valley. The reservoir consists of a Quaternary, variously-
aged, polygenetic set of aquifers (horizons) from the southern Polish glaciations to the Holocene. The aquifers
are of variable thickness, ranging from an average of 20-35 m in the west to 30—60 m in the east. The first
aquifer’s water table is generally unrestricted and occurs at a depth of 1-9 m. It is supplied mainly by the
infiltration of precipitation within the reservoir’s area and inflow from adjacent plateaus to the north and south,
as well as locally by infiltration from the underlying Miocene horizon. The drainage base is the Note¢ river
(Informator PSH, Gtéwne Zbiorniki Wod Podziemnych w Polsce, 2017).

Data and methods

This article uses meteorological and hydrological data from the Institute of Meteorology and Water
Management of the National Research Institute (IMGW-PIB). The research period is the years 1969-2015. The
meteorological data were daily sums of precipitation for four meteorological stations. These are the stations at
Labedzie, Wierzchowo, Lisowo and Krzyz (Table 1). The hydrological data were daily discharges of the Drawa
River at the Drawina hydrological station. Station locations are shown in Fig. 1. The average monthly and annual
precipitation sums, as well as the average monthly and annual discharges, were calculated from the daily values.

The Standardised Precipitation Index (SPI) used by McKee et al. (1995) was applied to determine
meteorological drought. This indicator was calculated using average monthly precipitation sums from the four
meteorological stations in the Drawa catchment (Labedzie, Wierzchowo, Lisowo and Krzyz). Meanwhile, the
Standardised Runoff Index (SR/) was used to determine hydrological drought. It is calculated by the same
procedure as the SP/ index (Shukla & Wood, 2008; Gao & Zhang, 2016), but using average monthly discharges
of the Drawa river at the Drawina station. As a normalising function, a two-parameter logarithmic function was
adopted (Bak & Kubiak-Wojcicka, 2017). To calculate SR/ values at the different time scales (n months),
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cumulative discharges for each month and for n months were summed. In total, five different time series were
analysed, i.e. 1, 3, 6, 9 and 12 months. The SP/ and SRI values determine the deviation from the median,
expressed in standard deviations, which was calculated according to the formula:
S(X)-u
SPIL, SRI= 0 (1)

where:

SPI — Standardised Precipitation Index

SRI — Standardised Runoff Index

f(X) — transformed sum of precipitation, discharges

L — average normalised index X, mean of normalised index X

0 — standard deviation of index X

Common classification of drought intensity was adopted for meteorological and hydrological drought, as
presented in Table 1. After McKee et al. (1995), it is assumed that during a period of drought, the index values
are negative, and also that for at least one month, the value is less than or equal to -1.0. The drought ends when
the index value rises above 0. The identified drought periods are described using the most common drought
parameters. These are frequency — i.e. the number of droughts occurring in the analysed multi-year period;
average duration of a single drought; the percentage of months that experienced drought in the analysed multi-
year period; longest drought (max).

Table 1. Classificationscalefor SPI and SRI values (McKee, Doesken, & Kleist, 1995)

SPI, SRI Intensity of drought
<-2.0 extremely dry
-1.99to0-1.5 severely dry
-1.49t0-1.0 moderately dry
-0.99 t0 0.0 mild dry

The correlation coefficient was used to present the relationship between the two drought types for the
different cumulation times (1, 3, 6, 9 and 12 months). The higher the correlation coefficient, the stronger the
relationships. The correlation between drought types was assumed to be significant when r>0.5 (Ljubenkov &
Cindri¢ Kalin, 2016).

Results and discussion

Precipitation and discharge in the Drawa catchment in 1971-2015

The average annual sums of precipitation in the years 1971-2015 ranged from 682.7 mm at the Labegdzie
precipitation station (in the north of the catchment) to 564.3 mm in Krzyz (the south of the catchment) (Table 2).
The north-to-south decline in sums of precipitation is associated with a fall in the terrain and being in the rain
shadow of moraine plateaus. The Drawa catchment lies between 220 m a.s.l. in the north and 30 m a.s.l. in the
south. The lowest precipitation in the studied period was recorded in 1982 at three precipitation stations (the
exception being the Liséw station). The highest precipitations were recorded in 1974 (Wierzchowo, Labedzie),
1981 (Lisowo) and 2012 (Krzyz) (Fig. 3). Averaging the sums of precipitation from the four meteorological
stations, the highest mean values occurred in 2010 (804.4 mm) and the lowest in 1982 (392.4 mm). The average
long-term annual sum of precipitation for all four meteorological stations over the entire period of 1971-2015
was 630 mm.

Table 2. Description of precipitation stations

Meteorqlogical Study period Longitude Latitude PrecipiFation (mm) —
station average maximum minimum
Labedzie 1971-2014 1549 5339 682.7 953.5 400.4
Wierzchowo 1971-2015 16 07 5328 668.5 882.7 376.1
Lisowo 1971-2015" 1518 5326 596.4 835.2 380.2
Krzyz 1971-2015 15 59 5253 564.3 809.4 336.8

* no data for 2010-2014

The Drawa River discharge is recorded at the Drawiny hydrological station, which encapsulates a
3,281 km? catchment area. This station is located in the mouth section of the Drawa River. The average annual
flow in 1971-2015 was 21.3 m*s™, while the unit outflow was 6.49 dm®s"km™. The Drawa’s unit outflow was
above average for Poland (5.4 dm’-s’1-km™) (Kubiak-Wdjcicka, 2019b). The average annual Drawa discharges
ranged from 15.92 m*'s™ to 28.8 m’-s™ (Fig. 4). The highest Drawa discharge in the studied period was 51 m*s™
and occurred on March 18, 1981. The lowest discharge (7.91 m*s™) occurred on September 21, 2004 (Kubiak-
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Wojcicka, 2019¢). Over the entire study period of 1971-2015, there was a weak downward trend in maximum,
average and minimum annual discharges.
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Fig. 3. The average annual sum of precipitation (P) for meteorological stations in 1971-2015
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Fig. 4. Average (SQ), maximum (WQ), and minimum (NQ) flows of the Drawa River at the Drawiny station in 1971-2015

During the year, the highest average monthly discharges were recorded in March and April, and the lowest
in August and September. Average monthly sums of precipitation were highest in the summer months (July,
June and August), and lowest in February (Fig. 5).
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Fig. 5. Average monthly sums of precipitation (P) and average monthly discharges (SQ) of the Drawa River in the Drawiny
profile in 1971-2015

The course of SPI and SRI values in 1971-2015

Figure 6 shows the course of SPI and SRI values over the 1-, 3-, 6-, 9- and 12-month cumulation periods
(i.e. SPI-1, SPI-3, SPI-6, etc.). The lowest SPI values for each of the cumulation periods in turn(i.e. SPI-1, SPI-3,
etc.) were recorded in November 2011 (SPI-1=-3.19); September 1982 (SPI-3=-3.18); July 1978 (SPI1-6=-3.17);
November 1982 (SPI-9=-2.96); and November 1982 (SPI-12=-2.87). The lowest SRI values were recorded in
September 2004 (SRI-1=-2.66); November 2003 (SRI-3=-2.13); November 2006 (SRI-6=-2.17); November
2006 (SRI-9=-2.22); and December 2006 and January 2007 (SRI-12=-2.23). The highest SPI and SRI values
reflect wet periods, while the lowest reflect dry periods.
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Fig. 6. The course of meteorological and hydrological droughts in the Drawa catchment over 1971-2015 in various
cumulation periods =1, 3, 6, 9 and 12)

Comparison of drought classes

All SPI and SRI values below 0 were grouped by drought classes according to Table 1, and then the
percentage share of drought periods in each of the various time intervals was calculated (Fig. 7). The total
number of individual months with SPI values below 0 ranged from 254 to 269, which accounted for 47% to
49.8% of all months in the analysed multi-year period. In turn, the total number of months with SRI values
below 0 ranged from 264 (48.9%) to 277 (51.3%). "Mild dry" drought was the largest category by percentage
share, which for SPI values ranged from 28.3% to 34.3% of all months throughout the entire multi-year period,
and for SRI values ranged from 31.3% to 35.6%. The lowest percentage category was "extreme drought".

Extreme meteorological droughts lasted a total of between 9 and 20 months (i.e. from 1.7% to 3.7% of all
months of the analysed multi-year period), while extreme hydrological droughts were much shorter, lasting from
3 to 9 months (from 0.6% to 1.7%). The longest total for extreme meteorological drought (3.7%) was found for
SPI-6; meanwhile, for hydrological drought, conversely, the shortest extreme drought (0.6%) was found in the
same cumulation period (SRI-6). This means that only one in three extreme meteorological droughts led to the
formation of extreme hydrological drought. In the "severely dry" drought class, the share of hydrological
droughts increased significantly (from 3.1% to 6.9%), as compared to meteorological droughts, which
constituted from 2.8% to 5.9%. This significant increase in hydrological droughts compared to meteorological
droughts in the "severely dry" class was recorded for the SRI-3 and SRI-6 indices. In the remaining classes
("moderately dry" and "mild dry"), the total duration of hydrological drought in all cumulation periods was
longer than that of meteorological drought.
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Fig. 7. The percentage share of meteorological (SPI) and hydrological (SRI) drought at various time intervals in 1971-2015

Meteorological and hydrological droughts at various time scales

For identifying meteorological and hydrological drought, the more stringent criteria for determining drought
after McKee et al. (1995) were adopted. Drought only occurs when the index value is below -1.0, and drought is
interrupted when the SPI or SRI index rises above zero.

In the study period 1971-2015, depending on the cumulation period adopted, from 13 to 62 meteorological
droughts and from 6 to 21 hydrological droughts were identified. Most droughts were found in the shortest
cumulation period (1 month) and the fewest in the longest cumulation period (12 months) (Table 3). Thirteen
meteorological droughts and only six hydrological droughts were found. The average duration of a
meteorological drought was from 2 to 5 months (in the 1- and 3-month cumulation periods) and from 9 to 15
months for hydrological drought. As cumulation periods lengthen (6, 9 or 12 months), the number of droughts
falls, and their duration rises (averaging 10 to 17 months for meteorological drought and 22 to 32 months for
hydrological drought). Thus, as the cumulation period increases, months with drought fall into groups, and thus
the number of droughts decreases and the duration of single droughts increases.

Table 3. Characteristics of drought events based on the monthly SPI and SRI index

Timescale Parameters observed SPI SRI
1 month frequency 62 21
average duration 2.63 9.10
% of the time under drought 30.2 35.0
extreme value/data -3.19 (IX.1982, X1.2011) -2.69 (1X.2004)
longest drought 8 (VIL.1971-11.1972, X11.1977-VII.1978, 19 (VI1.2005-1.2007)
X1.2002-V1.2003, VII.2013-1.2014)
3 months frequency 32 14
average duration 5.19 15.57
% of the time under drought 30.7 40.4
extreme value/data -3.18 (1X.1982) -2.13 (X11.2003)
longest drought 11 (I1.1982-X1.1982) 49 (11.2003-11.2007)
6 months frequency 20 9
average duration 9.65 21.56
% of the time under drought 35.7 35.9
extreme value/data -3.17 (VIL.1978) -2.17 (X1.2006)
longest drought 25 (VIIL.1988-VIII.1990) 53 (11.2003-VI1.2007)
9 months frequency 13 7
average duration 16.00 25.71
% of the time under drought 38.5 333
extreme value/data -2.98 (X1.1982) -2.22 (X1.2006)
longest drought 57 (X.1988-VI1.1993) 53 (1I1.2003-VIIL.2007)
12 months frequency 13 6
average duration 17.08 32.00
% of the time under drought 41.1 35.6
extreme value/data -2.87 (X1.1982) -2.23 (1.2007)
longest drought 54 (1.1989-VI.1993) 56 (IV.2003-X1.2007)

It is worth noting the two persistent droughts that took place in 1989—1994 and 2003-2007. In 19891994,
there were meteorological droughts that lasted for the 9- and 12-month cumulation periods. For the shorter
cumulation periods, there were several meteorological and hydrological droughts that were grouped together in
the longer cumulation periods. It was 9- and 12-month cumulations over dry months that gave rise to the longest
meteorological droughts and some of the longest hydrological droughts. In the years 1989-94, hydrological
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droughts were milder than meteorological droughts. The response time of hydrological drought to
meteorological drought varied depending on drought intensity. The moderately dry meteorological drought of
January 1989 caused a mild dry hydrological drought in April 1989 (for a 1-month cumulation period) while, for
the 6-month cumulation value, the delay appeared 6 months after the meteorological drought. In June 1992, an
extreme meteorological drought (SPI-1=-2.10) was recorded, which resulted in a severely dry hydrological
drought (SRI-1=-1.57) simultaneously. The hydrological drought was less intense but lasted longer than the
meteorological drought. Drought propagation time depended on the intensity of the meteorological drought.
With short-term, mild meteorological droughts, other factors compensating for the precipitation deficit in the
catchment played a decisive role. The main one is the groundwater supply. The Drawa River flows in a deeply-
incised and very meandering valley, which drains groundwater resources. This relates primarily to the first
aquifer, which occurs at a depth of 1 to 9 m. It is mainly supplied by the infiltration of precipitation in the
outwash area and inflow from adjacent plateaus to the north and south. An additional element positively
affecting the retention of atmospheric precipitation water in the catchment is the area's high level of
afforestation, which results in less water being lost by evaporation from the surface. These factors are
responsible for mild hydrological droughts not having been provoked by mild meteorological droughts here.

The longest hydrological drought lasted between 19 months (SRI-1) and 56 months (SRI-12). This drought
began in April 2003 and ended in November 2007 for SRI-12. It resulted from several meteorological droughts
in the period 2003-2007. During this period, hydrological droughts were significantly more intense than
meteorological droughts. One reason for this was the high air temperatures recorded in Poland after 2000. In the
analysed period, an increase in the number of hot days (Tmax>30°C) was recorded in the summer months (June,
July, August) and outside the summer months (May, September), which was particularly evident in 2006
(Graczyk et al., 2017). Hot and very hot days led to increased evaporation, which reduced the water resources in
the catchment and reduced infiltration deep into the earth. The lack of replenishment of groundwater resources
due to the 1989-1994 drought aggravated the existing water deficits, thereby resulting in the 2003-2007
hydrological drought being more intense than the same years' meteorological drought.

The meteorological and hydrological droughts of 1989-1994 also occurred within other Pomeranian river
catchments, for example, the Osa, the Gwda (Kubiak-Wdjcicka, 2019a, c). The droughts in these years were
disastrous and covered most of Poland (Labgdzki 2007). Bobinski and Meyer (1992) stated that the most
drought-affected regions were the west and north-west of Poland. The most significant water deficits occurred in
1982-1984 and 1990-1992. This was also confirmed in Somorowska (2016) study, which determined droughts
using the Standardised Precipitation Evapotranspiration Index (SPEI). She indicated that the droughts in those
periods were among the longest and most widespread in Poland. Observations of groundwaters confirm the
obtained information. The biggest changes in groundwater levels took place in the early 1990s and were
observed as falling water tables in both shallow and deep aquifers. Extremely low levels — hydrogeological low
flows — occurred in 1992—-1994 in the abundant deeper aquifers. In shallow strata, an extensive drought was also
found in the years 2003-2005 (Tarka & Stasko, 2010). Meteorological and hydrological droughts in 1989-1994
and 2003-2007 also occurred in other regions of Poland and in most of Europe (Fischer et al., 2007; Spinoni et
al., 2015; Zelenakova et al., 2014).

Correlations between SPI and SRI indices

To determine the relationship between meteorological droughts and hydrological droughts in the Drawa
catchment, a correlation analysis was conducted between the SPI and SRI indices using the Pearson correlation
test. The results showed that the strongest correlation between SPI and SRI for the whole year was obtained for
the 9-month cumulation period (r=0.63) (Table 4). Of individual months, the highest correlation coefficients
between droughts were for February (r=0.75) for the 9-month cumulation period, while the weakest correlations
(r <0.5) were found for September (r=0.47) and October (r=0.49). The correlation was strongest in February
because of the accumulated sums of precipitation and total discharges over 9 months, i.e. from June to February.
During this period, discharges were more sensitive to the amount of precipitation than they were between
January and September (the correlation between SPI and SRI indices was lowest in September). The autumn
months' correlation was weak because of other factors affecting the relationship between precipitation and flow.
Similar results were obtained in the Osa catchment area, which is largely built of impermeable formations
(Quaternary clays), in which arable land dominates, and it is little over one third the size of the Drawa
catchment. The strength of the relationship between SPI and SRI in the Osa catchment was decidedly higher,
especially for short cumulation periods. For the 1-month cumulation period, the highest correlation index was
0.53, while for 3 months, it reached even 0.7. In turn, the Tokarczyk and Szalinska (2018) study of large
catchment areas showed that the largest correlations between SPI and SRI were for longer cumulation periods.
The strongest correlations for the Prosna River were found for 12 to 24 months of accumulation and during the
18- to 24-month cumulation periods in the Nysa Klodzka. In the case of the Vistula, the strongest relations
occurred for longer cumulation periods of 18 and 24 months (Kubiak-W¢jcicka & Bak, 2018). As van Loon and
Laaha (2015) indicate, the results obtained may be valid only for regions with similar catchment conditions.
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Table 4. Coefficient of correlation between meteorological drought and hydrological drought during a year

I 1I I v v VI vl VI IX X XI XII X- V- I-
11 IX XII

SPI-1vs SRI-1 038 033 043 023 006 046 042 021 028 020 0.17 024 029 028 028
SPI-3 vs SRI-3 041 045 035 044 035 030 037 055 041 039 042 045 044 040 042
SPI-6 vs SRI-6 050 060 0.63 055 045 046 041 035 031 042 058 053 055 042 048
SPI-9 vs SRI-9 066 075 074 074 072 068 0.64 052 047 049 053 062 063 0.63 0.63
SPI-12vs SRI-12 | 046 050 058 066 073 067 059 058 047 042 036 042 046 0.62 0.54

Conclusions

In this study, the course of meteorological droughts and their impact on hydrological drought on the Drawa
River were analysed for the years 1971-2015. The results showed that meteorological droughts were greater in
both intensity and number than hydrological droughts for the same cumulation period. In the study period, two
periods of persistent droughts were identified in 1989-94 and 2003-07. Annual correlations between
meteorological drought and hydrological drought were strongest for the 9-month cumulation period. The poor
correlation between droughts obtained for the 1-month cumulation period indicates that the lack or deficit of
precipitation did not lead to the formation of hydrological drought. This shows that meteorological drought and
hydrological drought do not fully synchronise. In this period, the hydrological conditions of the river are more
affected by other factors (for example, groundwater supply), which attenuated the rainfall deficit. The
relationship between droughts was slightly stronger in August (r=0.55), which was associated with a rainfall
deficit in a 3-month cumulation period (Jun—Aug). In other months, the relationship between droughts was
weaker. It was noted that the values of the correlations between SPI and SRI are significant in longer cumulation
periods (6, 9 and 12 months). This means that a rainfall deficit during these periods significantly affects the
course of hydrological drought, while the other factors are longer as important as they are in short cumulation
periods. Knowledge of the relationship between meteorological and hydrological drought expressed by SPI and
SRI indicators is important from an economic perspective. Infiltration of precipitation supplies shallow
groundwaters, which are the drainage base for rivers. According to Tarka & Stasko (2010), those most
threatened by extreme phenomena are shallow groundwaters, which simultaneously are those that meet the
criterion of usability. In the case of long periods of meteorological drought, hydrological drought occurs, which
can cause shallow wells or periodic sources to dry out. The occurrence of hydrological drought provides
information about a preliminary hydrogeological drought, which may potentially threaten consumable
groundwater resources. This is important because the towns in the Drawa catchment area are mainly supplied
from groundwater intakes. The conducted research highlighted the features of meteorological and hydrological
droughts during the research period in the Drawa catchment, which will help those developing water
management strategies to mitigate the negative effects of these changes in the region.
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