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ABSTRACT

Previous studies of drought in Poland practically neglected the aspect of groundwater shortage, focusing on 
atmospheric, agricultural and hydrological drought. Therefore, the aim of this work was groundwater drought 
analysis in selected sites of South-Western Poland, based on the analytical methods used in other European 
countries. The intermediate objective was to assess the possibility of using the TLM method and the SGI for 
monitoring groundwater drought based on data from the National Geological Institute – National Research 
Institute. Investigations demonstrated that both methods gave results that complemented existing information 
on droughts in Poland in the last 30 years. Studies show that in the 1990s there was groundwater drought, not 
only atmospheric and agricultural drought described by Bąk and Łabędzki (2002), Bobiński, Meyer (1992, 
1992), Bartczak (2014).
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INTRODUCTION

There are many definitions of drought in the scientific 
community, depending on different reasons for their 
formulation (Hayes et al. 2010). Usually, drought is 
defined as a period of significantly reduced precipi-
tation, which results in limited accessibility to water 
(Wilhite and Glantz 1985, Tallaksen and van Lanen 
2004, Mishra and Singh 2010). In temperate latitudes 
an intensity of a drought is related to high air tempera-
ture and increased evaporation (Feyen and Dankers 
2006, Lehner et al. 2006, van Loon 2015).

Shortage of precipitation and intensive evaporation 
lead to depletion of water resources in the soil. The 
beginning of soil drying then can be observed. In the 
next phase, water content in lower layers decreases 
until the groundwater level drops. When the extracted 
groundwater resources are not renewed by infiltrating 
precipitation, groundwater level in wells also drops, and 

water supply to the sources and watercourses decreas-
es. This process in interrupted when the resources are 
replenished by an abundant and long-lasting precipita-
tion, which feeds the aquifer through infiltration (Strze-
bońska-Ratomska 1994). The rate of replenishment 
of groundwater resources is also influenced by other 
non-meteorological factors. These are mainly physical 
properties of a terrain, hydraulic properties of an aquifer 
and anthropogenic factors, especially the water abstrac-
tion rate (Chen et al. 2002, Whittemore 2016, Leelar-
uban et al. 2017).

In recent years, research on groundwater droughts 
was conducted with a variety of methods producing dif-
ferent results – among them the Threshold Level Meth-
od and the method of standardised drought indicators. 
The first method is referred to as TLM. Initially, it was 
used for determining low flows in rivers, over time its 
application was extended to groundwater level. Accord-
ing to TLM, drought is a period, in which the level of 
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the groundwater table is equal to or lower than the as-
sumed limit level (Hisdal et al. 2004,  Fleig et al. 2006, 
van Loon 2013, 2015). Among the index methods, most 
commonly used is SGI (Standardized Groundwater 
Level Index), calculated on a basis of long-term se-
quences of groundwater position measurements  (Bhui-
yan et al. 2006, Bloomfield and Marchant 2013).

Determining drought cycles is of great importance 
in water management during shortage of water or in 
preceding periods. The application of aforementioned 
methods provides with a basis for setting the informa-
tion thresholds i.e. a threat of drought, drought occur-
rence, or a critical situation. Water management teams 
from Netherlands, Italy and the United Kingdom set 
an example for improving operations by these meth-
ods (Rijkswaterstaat 2014, Arpa CIMA 2005, von 
Christierson et al. 2011).

The aim of this paper was to analyse groundwater 
droughts in selected time periods in the observation 
points of south-west Poland, by applying analytical 
methods used in other European countries. The findings 
of the analysis will broaden available knowledge about 
past droughts in Poland. Previous studies on drought in 
this country practically neglected groundwater short-
age, and focused on atmospheric, agricultural and hy-
drological droughts. The intermediate objective of the 
study was to assess the potential of TLM method and 
SGI indicator to monitor groundwater droughts in re-
gard to data from the state environmental monitoring 
carried out by National Geological Institute – Nation-
al Research Institute. The analysis of the history of 
groundwater droughts allows to fully assess the impact 
of climate volatility on groundwater and facilitate the 
determination of areas that are particularly exposed to 
droughts (Kubicz and Stodolak 2017).

METHODOLOGY

There is not one universal method for assessing 
groundwater droughts. Therefore, this paper puts to 
work two different and currently most common meth-
ods in the international literature. The first one – TLM 
(Treshold Level Method) – determines the threshold 
level of groundwater table allowing to learn the peri-
ods of groundwater droughts (Hisdal et al. 2004, Fleig 
et al. 2006, van Loon 2013, 2015). According to TLM 
method, a threshold level for drought is related to an 

element of an environment or the economy sector af-
fected by the drought, for example, the amount of wa-
ter needed for proper functioning of water-dependent 
ecosystems, the amount of water needed for irrigation 
of agricultural areas, as well as for industrial and ener-
gy purposes, or the demand for drinking water (Hisdal 
et al. 2004, Lloyd-Hughes 2014). Due to lack of rele-
vant information, determining drought levels for each 
of these elements would be extremely difficult. That is 
why for practical reasons the threshold values are set 
for the analysed area or research point. Usually, it is 
the 75–90 percentile range for long-term observations 
of low levels (Hisdal et al. 2004, Fleig et al. 2006, Tal-
laksen et al. 2009). An average low water table level 
for long-term period (SNG) was adopted in the study 
as a threshold level. It is recommended by Kazimier-
ski and others (Kazimierski et al. 2009, Kubicz and 
Dąbek 2016). A  drought can be indicated, when the 
groundwater table has repeatedly and systematically 
dropped below the adopted SNG value. It is assumed 
that a groundwater drought can be identified, when the 
average monthly water table level for at least 3 months 
drops below the SNG level (Tarka and Staśko 2010). 
Shorter period is defined as a low flow. Kazimierski et 
al. (2009) added that the conditions ranging from me-
dium low to the half-way between medium low and the 
lowest of the low ones observed in the long-term pe-
riod SNG ≥ AG > ½ (SNG + NNG), indicate an occur-
rence of shallow drought. In turn, the position of water 
table below half of that distance AG ≤ ½ (SNG + NNG) 
indicates an occurrence of deep drought (where: WNG 
– the highest position out of the lowest water table po-
sitions (i.e. the highest of the low position defines the 
upper limit of the low positions zone), SNG – a medi-
um low water table position, NNG – the lowest water 
table position, so-called the lowest of low positions).

The paper also employed an index method known 
as SGI (Standardized Groundwater Level Index) cal-
culated by groundwater level (Bloomfield and March-
ant 2013, Musuuza et al.  2016). SGI is an equiva-
lent to SPI (Standarised Precipitation Index) used to 
evaluate precipitation shortages proposed by McKee 
et al. (1993, 1995) and SWI (Standarised Water Level 
Index), which was introduced by Bhuiyan (2006) to 
monitor the shortages of surface waters and ground-
water. The value of the used indicator is a standardized 
deviation of groundwater level from median values in 
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the studied time period. In order to match normally 
distributed homogeneous data strings, the recom-
mended in the literature 2-parameter logarithmic func-
tion ln was used (Ozga-Zielińska and Brzeziński 1994, 
Vicente-Serrano et al. 2012). The correspondence of 
distribution of the transformed variable f (X) with 
a  normal distribution was examined using the Pear-
son’s χ2 test. The positive value of the test allowed to 
calculate the values of the grounds of the equation (1):

	 SGI f X= −( ) µ
δ

	 (1)

where:
	 f(X)	– � standardised average level of  groundwater 

position,
	 µ	 – � average value of a standardised sequence of 

groundwater table position X,
	 δ	 – � standard deviation of standardised average 

level of groundwater position.

According to McKee et al. (1993, 1995) all values 
of the SGI indicators are negative during droughts and 
also in at least one month these values ​​are smaller than 
or equal to –1,0. A drought breaks when the indica-
tor value rises above zero. For indicators that meet the 
condition X < 0, a common 4-grade drought intensity 
assessment was adopted (see: Table 1).

MATERIAL AND FIELD OF RESEARCH

The analysis included measurements of groundwa-
ter table levels in five measurement points belonging 
to research and observation network of the Nation-

al Geological Institute – National Research Institute 
(PIG – PIB). The measurement points were in follow-
ing localities of the Lower Silesian Voivodeship: Piła-
wa Górna in the Sudeten Foreland, Białobrzezie in the 
Silesian Lowlands and Słup in the Silesian-Lusatian 
Lowlands; and in the Opole Voivodeship: Dobrzeń 
Mały and Łącznik in the Silesian Lowlands (Kondrac-
ki 2002) (see: Fig. 1). By the hydrogeological division 
the gauge stations Piława Górna, Słup, Białobrzezie 
and Łącznik are located in the 15th hydrogeological 
region (Wrocław region), Dobrzeń Wielki in the 12th 
region (Silesian-Cracow region) (Paczyński 1995). 
All points are situated in the basin of the Odra Riv-
er. The average monthly values of groundwater level 
position were calculated for the analysis based on the 
measurement of water table depth in test wells per-
formed once a week on Mondays at 600  UTC. The 
data covered years from 1987 to 2014 at the station in 
Piława Górna, 1989–2014 in Białobrzezie and Słup, 
and 1987–2014 in Dobrzeń Mały and Łącznik. A sum-
mary of basic information about measurement points 
is shown in Table 2.

Table 1. Classification of drought intensity acc. to McKee 
et al. (1993, 1995)

SGI Intensity of drought

< –2,0 extreme drought 

–1,99 ÷ –1,5 severe drought

–1,49 ÷ – 1,0 moderate drought

–0,99 ÷ 0,0 mild drought

Table 2. Summary information about the measurement points

Point number II/601/1 II/633/1 II/636/1 II/692/1 II/732/1
Site Piława Górna Łącznik Dobrzeń Mały Słup Białobrzezie
Stratygraphy Pt Q Q Pg+Ng Q
Lithology gneiss sands medium-grained sands basalts sands

Groundwater level in the 
analyzed period, m a.s.l.

mean 16,16 7,41 3,18 10,99 2,74
min 24,61 7,98 4,03 13,98 5,61
max 10,86 6,16 2,37 10,35 1,82

Footwall depth relative to soil surface, m a.s.l. 45 21 9 15,2 12

Water table met during drilling, m a.s.l. 13,5 5,3 1,5 12,65 1,2
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RESULTS

The variability of groundwater table position at the 
measurement points are shown in Figure 2. The hori-
zontal line indicates the threshold level that marks an 
occurrence of a low flow (in case of short periods of 
decrease) or droughts (for periods of at least a 3-month 
decrease of water table level) in accordance with TLM 
methodology. For observations in Piława Górna the 
threshold level, marked as SNG, was 16.16 m b.g.l. In 
Łącznik this level was set at 7.41 m b.g.l., in Dobrzeń 
Mały – 3,18 m b.g.l., in Słup – 10,99 m b.g.l. and in 
Białobrzezie – 2,74 m b.g.l. This method allowed to 
distinguish from 2 (Piława, Dobrzeń Mały, Biało-
brzezie) to 7 (Słup) periods of drought in groundwa-
ter. All measurement points registered droughts during 
the period from 1990 to 1996. Groundwater droughts 
at the observation point in Słup were interrupted in 
this period by 2 short episodes (3–4 months) and one 

23-month long. The longest and uninterrupted drought 
occurred in Piława Górna. In years that followed a few 
more droughts were reported. The most significant 
were groundwater droughts at the observation points 
in Słup (in 2000–2001, 2003–2005) and in Łącznik (in 
2002–2005) (see: Figures 2, 3).

Droughts were noted the most often in the Piła-
wa Górna (37.5%) and the least, 19.9%, in Biało-
brzezie (see: Table 3). By assuming the intensity of 
a drought as a criterion for division, it was shown that 
at all the measurement points the frequency of shallow 
droughts prevailed over deep droughts. At the mea-
surement points in Piława Górna, Dobrzeń and Słup 
the frequency values for shallow droughts were simi-
lar and came in the range of 21.3–23.5%. The shallow 
droughts occurred the most often in Słup. The mea-
surement point in Białobrzezie is characterised by the 
least total time of shallow droughts (10.6%). In the 
case of deep droughts, these were recorded most fre-

Fig. 1. Location of measurement points against the main tributaries of the Odra basin
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Fig. 2. Histograms showing the variability of groundwater level in the measurement points with a marked limit value below 
which a hydrological drought is noted

Fig. 3. Groundwater drought periods according to TLM 
method in selected measurement points

quently in Piława Górna (14.6%), and least – in Do-
brzeń Mały (4.3%) (see: Table 3).

The variability course of SGI was presented in Fig-
ure 4, while the periods of droughts at the measurement 
points were indicated in Figure 5. According to the ad-
opted classification of the calculated index SGI at the 
measurement points from 1 (Piława Górna, Dobrzeń 
Mały, Białobrzezie) to 3 (Słup) periods of ground-
water droughts were distinguished. A simultaneous 
occurrence of a drought at four of the five measure-
ment points was observed in the period 1990–1996. 
In the period between October 1992 and November 
1993 drought appeared in all locations (see: Fig. 5). 
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Table 3. Number of months and frequency of groundwater drought with different intensity according to the TLM method

Site, observation period
Shallow drought Deep drought Total

number of 
months

frequancy
%

number of 
months

frequancy
%

number of 
months

frequancy 
%

Piława Górna 1987–2014 77 22,9 49 14,6 126 37,5

Łącznik 1987–2014 58 17,6 42 12,8 100 30,4

Dobrzeń Mały 1987–2014 70 21,3 14 4,3 84 25,5

Słup 1989–2014 71 23,5 32 10,6 103 34,1

Białobrzezie 1989–2014 32 10,6 28 9,3 60 19,9

Fig. 4. Histograms showing the variability of the SGI in the measurement points
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The frequency of periods of drought according to SGI 
was from 30.1% to 39.5% (see: Table 4). The frequen-
cy of periods with mild drought ranged from 9.1% in 
Dobrzeń Mały to 21.9% in Łącznik, with moderate 
drought from 4% in Białobrzezie to 19.5% in Dobrzeń 
Mały. Whereas, most frequently a severe drought 
came in the range from 1.8 (Łącznik) – 8.6% (Piława 
Górna); and an extreme drought from 0% (Łącznik, 
Dobrzeń Mały) to 8.6% (Białobrzezie). The SGI index 
showed that the most severe drought held in Piława 
Górna from January 1995 to April 1996. It was a peri-
od of 16 months of extreme drought that was preceded 
by 6 years of drought with intensity from mild to se-
vere. Additionally, attention was drawn to two periods 
of extreme drought in Białobrzezie (12.1992–03.1994 

and 12.1994–09.1995), being part of a longer water 
shortage period in 1992–1996 (see: Fig. 4).

The analyses refer to existing research on droughts 
in Poland. According to studies of Bobiński and Mey-
ers (1992, 1992), Bąk and Łabędzki (2002) and Bart-
czak (2014) in the last fifty years deep droughts oc-
curred in the following years: 1951, 1953, 1959, 1963, 
1964, 1969, 1971, 1976, 1982–1984, 1988–1995, 
2000–2003. The mentioned authors focused on atmo-
spheric, agricultural and hydrological droughts. This 
paper provides with calculation and analysis revealing 
that in the 1990s the drought also reached groundwater 
level at all posts. Its extension until the end of 1996 
was noted, too. No groundwater drought was record-
ed in 2000–2003, while it is pointed out that at some 
measurement points this drought appeared only late in 
2002 and lasted until 2006. Similar results were ob-
tained in studies of groundwater shortage in Western 
Pomerania (Kubicz and Stodolak 2017).

CONCLUSIONS

1.	 The analysis proves that the TLM method and SGI 
indicator can be applied to drought research in Po-
land based on measurement data from National 
Research Institute.

2.	 Obtained results complement existing knowledge 
on droughts in Poland in the last thirty years. 
The analyses showed that in the 1990s not only 
there was atmospheric and agricultural drought, 

Fig. 5. Groundwater drought periods according to SGI 
method in the measurement points

Table 4. Number of months and frequency of groundwater drought with different intensity according to the SGI 

Site, 
observation 

period

Mild drought Moderate drought Severe drought Extreme drought Total

number 
of 

months

frequancy
%

number 
of 

months

frequancy 
%

number 
of 

months

frequancy 
%

number 
of 

months

frequancy 
%

number 
of 

months

frequancy 
%

Piława Górna  
1987–2014 40 11,9 14 4,2 29 8,6 18 5,4 101 30,1

Łącznik 
1987–2014 72 21,9 52 15,8 6 1,8 0 0,0 130 39,5

Dobrzeń Mały  
1987–2014 30 9,1 64 19,5 9 2,7 0 0,0 103 31,3

Słup  
1989–2014 47 15,6 25 8,3 15 5,0 6 2,0 93 30,8

Białobrzezie 
1989–2014 64 21,2 12 4,0 6 2,0 26 8,6 108 35,8
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as described by Bąk and Łabędzki (2002), Bo-
biński and Meyer (1992, 1992), but groundwater 
drought, too.

3.	 The analyses indicated a possible shift in time 
of groundwater drought in relation to the oth-
er types of droughts. For further research on 
droughts in Poland the author recommends 
taking into account the delayed reaction of the 
aquifer system to the shortage of precipitation, 
causing in the first place atmospheric and agri-
cultural drought.

4.	 The SGI indicated fewer droughts than the TLM 
method, which was more sensitive to short-term 
droughts. The indicator method did not register 
temporary fluctuations in groundwater level.

5.	 Both methods indicated the greatest water short-
ages in Białobrzezie in 1992–1995.
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METODA TLM ORAZ WSKAŹNIK SGI JAKO WYZNACZNIKI SUSZY W WODACH GRUNTOWYCH

ABSTRAKT

Dotychczasowe badania suszy na terenie naszego kraju praktycznie pomijały aspekt niedoboru wód grunto-
wych, a koncentrowały się na suszach atmosferycznej, rolniczej i hydrologicznej. Dlatego jako cel niniejszej 
pracy przyjęto przeprowadzenie analizy występowania susz wód gruntowych w wybranych punktach Polski 
południowo-zachodniej, w oparciu o metody analityczne stosowane w innych krajach europejskich. Celem 
pośrednim była ocena możliwości wykorzystania metody odcięcia TLM oraz wskaźnika SGI do monitoro-
wania suszy wód gruntowych na postawie danych z państwowego monitoringu środowiska prowadzonego 
przez Państwowy Instytut Geologiczny – Państwowy Instytut Badawczy. Wynikiem badań jest stwierdzenie, 
że zaproponowana metoda i wskaźnik mogą być wykorzystane w analizach dotyczących suszy w Polsce. 
Uzyskane wyniki stanowią uzupełnienie dotychczasowych informacji na temat susz w Polsce w ostatnim 
30-leciu. Analizy wykazały, że w latach 90. XX wieku wystąpiła nie tylko susza atmosferyczna i rolnicza 
opisywana przez Bobińskiego i Meyera (1992a, 1992b), Bąka i Łabędzkiego (2002), Bartczaka (2014), ale 
także susza w poziomie wód gruntowych.  

Słowa kluczowe: susza wód gruntowych, standaryzowany wskaźnik poziomu wód gruntowych SGI, metoda 
odcięcia TLM
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