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Abstract: The study aims to identify long-term trends in the changes of drought occurrences using
the Mann-Kendall (MK) test and the Theil-Sen estimator. Trend research was carried out on the
example of the catchment area of the Upper Noteć River, which covers an agricultural area of Poland
with some of the lowest water reserves. The meteorological droughts were identified based on the
Standardized Precipitation Index (SPI), while the hydrological droughts were determined on the basis
of the Standardized Runoff Index (SRI) in various time scales (1, 3, 6, 9 and 12 months) in the period
of 1981–2016. The relationship between SPI and SRI was determined on the basis of the Pearson
correlation analysis. The results showed that statistically significant trends (at the significance level
of 0.05) were identified at 3 out of 8 meteorological stations (downward trend at Kłodawa station
and upward trend for drought at Sompolno and Kołuda Wielka stations). Statistically significant
hydrological droughts showed an increase in occurrences at the Łysek station, while a downward
trend was noted at the Noć Kalina station. No trend was found at the Pakość station. The analysis of
the correlation between meteorological and hydrological droughts showed a strong relationship in
dry years. The maximum correlation coefficient was identified in longer accumulation periods i.e.,
6 and 9 months. The example of the catchment of the Upper Noteć River points to the necessity of
using several indicators in order to assess the actual condition of the water reserves.

Keywords: meteorological drought; hydrological drought; trends; central Poland

1. Introduction

Drought is a natural disaster characterized by long-term water scarcity [1–3]. Drought
is one of the most serious natural threats that causes damage to various aspects of the
environment, society, and economy [4,5]. No universal definition of drought has been
established due to the wide variability in water supply and demand worldwide [6,7]. There
are four categories of drought in the literature: meteorological, agricultural, hydrological,
and socioeconomic [8–13]. Drought damage is a serious issue in numerous countries
around the world. Due to its nature, drought is difficult to monitor, and its effects are often
poorly documented. Among the various sectors of the economy, agriculture is one of the
most vulnerable to drought, where its effects are also most noticeable [14–16]. Numerous
reports and scientific articles indicate that forecasts of future climate conditions suggest an
increase in the frequency and intensity of droughts in some regions of the world [17–21].
The increase in the frequency of drought occurrence in recent years has not been limited
to arid and semi-arid regions [22–26], but has been gradually becoming more common in
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regions with a temperate and humid climate [27–32]. Poland, which has one of the most
limited water resources in Europe [33], is among those regions experiencing an increase in
drought frequency [34]. The distribution of water resources in Poland has been diversified
in terms of time and space. In the current climate, many regions of the country often suffer
from water scarcity. In the future, this scarcity may become even more serious, and the
availability of water resources might become limited. In recent years, only slight changes
in annual precipitation totals have been recorded in Poland, however a noticeable shift
has been observed in seasonal and monthly precipitation distribution [35,36]. Moreover,
there have been quite significant changes in thermal conditions, characterized by a great
increase in air temperature over a multi-year period [37]. As a result of these changes,
temporary difficulties in water supply have been recorded in some areas of Poland [38].
This problem will be particularly harmful for the agricultural regions of the country. Polish
agriculture is largely dependent on precipitation, which is highly variable both in terms
of its temporal and spatial characteristics. Plant production is reliant mainly on water
obtained from precipitation and available to plants by means of water-retentive soil [39].
In the event of a drought in agricultural areas, crop irrigation is required, especially during
the growing season [40].

Drought studies in Poland have been conducted at a regional and local level. Previ-
ously published drought analyses mainly refer to the classification of drought types using
various drought indicators [41–43], monitoring of drought conditions [44–47], as well as
the characteristics of the drought, including its duration, intensity, size and frequency [48].

This study focuses on the research of drought trends in the period of 1981–2016, in a
particularly drought-susceptible area of Poland. The analysis of drought trends in the long
term might indicate the direction of possible near-future changes. The case study focuses
on the catchment of the Upper Noteć River, which is a heavily exploited agricultural area
with some of the lowest reserves of water.

The main objectives of this study included:

(1) the identification of meteorological droughts based on SPI indicators, and hydrological
droughts based on SRI indicators in various time scales (1, 3, 6, 9 and 12 months)

(2) trend determination using the Mann-Kendall (MK) test and Theil-Sen estimator
(3) the determination of a relationship between SPI and SRI by means of Pearson’s

correlation analysis.

The obtained results will help the departments of state administration, responsible
for water resources management, make informed decisions and establish a long-term local
development strategy, regulating the sustainable management of water resources.

2. Materials and Methods
2.1. Study Area and Dataset

The research was carried out in Poland, a region located in a temperate climate zone
with a predominance of polar-sea air masses. The amount of precipitation in Poland varies
temporally and spatially. The average annual precipitation in Poland recorded in the period
of 1981–2010 was 603 mm. The lowest annual precipitation total of 500 mm was observed
in the central part of the country, and the highest—970 mm, in the south of Poland [49].
The area covered by the analysis includes the Upper Noteć catchment, closed by the water
gauge in Pakość (Figure 1). The catchment area up to the Pakość station is 2301.98 km2.
This catchment is located in the historical region of Kujawy, which is extremely important
for agriculture. Arable land within the catchment area accounts for 76.07% of the catchment
area, while forest areas account for 11.4%. It is also the region with the lowest annual
precipitation in Poland and the area with the highest water shortages in agriculture [50].
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Figure 1. Study area. Source: (a) own elaboration made with [51,52]. Map elaborated in the coordinate system: WGS
84/UTM zone 34N; (b) own elaboration made with [52–54], location of the stations based on [55,56] and Table 1, location
of the lignite open pits based on [56,57]. Meteorological station Izbica Kujawska is out of catchment area according to
coordinates from Table 1. Location of the hydrological station Pakość is determined by cartographic issues. Map elaborated
in the coordinate system: WGS 84/UTM zone 34N.

Table 1. Annual sum of atmospheric precipitation in the period of 1980–2016.

Meteorological Station
Altitude
(m a.s.l.) Latitude Longitude

Total Precipitation during the Year (mm)

Average Maximum/Year Minimum/Year

Izbica Kujawska 120 52◦26′ N 18◦46′ E 529.3 817.6/2010 309.6/2011
Pakość 75 52◦48′ N 18◦05′ E 513.5 704.1/2010 291.4/1989

Kołuda Wielka 85 52◦44′ N 18◦09′ E 500.1 810.7/1980 212.5/1989
Strzelno 105 52◦38′ N 18◦11′ E 542.5 816.9/1980 246.6/1989

Sompolno 96 52◦23′ N 18◦31′ E 516.0 847.6/2010 302.7/1989
Gniezno 124 52◦33′ N 17◦34′ E 506.6 708.5/2010 282.2/1982

Janowiec Wielkopolski 95 52◦46′ N 17◦29′ E 519.6 760.2/2010 275.5/1982
Kłodawa 120 52◦15′ N 18◦55′ E 531.2 763.2/2001 306.4/1989

The data used in this work are derived from historical series of daily precipitation
totals recorded at 8 meteorological stations (Izbica Kujawska, Kołuda Wielka, Pakość,
Sompolno, Strzelno, Gniezno, Janowiec Wielkopolski, Kłodawa). Air temperature measure-
ments were obtained from the Kołuda Wielka station. Discharge data were obtained from
3 hydrological stations: Łysek, Noć Kalina and Pakość. Meteorological and hydrological
data for the period of 1980–2016 were obtained from the Institute of Meteorology and Water
Management—National Research Institute. Daily values were converted into monthly
values for the purpose of extended calculations.

In terms of annual precipitation, the Upper Noteć area is one of the regions with the
lowest precipitation in Poland. Total annual precipitation in the period of 1980–2016 ranged
from 500.1 mm (Kołuda Wielka) to 542.5 mm (Strzelno) (Table 1). The highest precipitation
totals were recorded in 2010 at most meteorological stations. The exceptions were Kłodawa,
with the maximum precipitation occurring in 2001, and Kołuda Wielka and Strzelno, with
the maximum recorded precipitation in 1980. The lowest precipitation totals were recorded
at most stations in 1989, with the exception of the stations in Gniezno and Janowiec, where
the lowest annual precipitation were recorded in 1982, and Izbica Kujawska, where the



Atmosphere 2021, 12, 1098 4 of 20

lowest totals occurred in 2011. Air temperature measurements were carried out only at
the meteorological station in Kołuda Wielka. The average annual air temperature at the
meteorological station in Kołuda Wielka in 1980–2016 was 8.5 ◦C, and the highest average
annual air temperature was recorded in 1989 (9.8 ◦C) (Figure 2).

Figure 2. Average annual air temperature and average precipitation sums at the Kołuda Wielka meteorological station in
the period of 1980–2016.

In terms of hydrology, the catchment area of the Upper Noteć is categorised as one
of the areas with the most limited water resources [58]. According to Tomaszewski and
Kubiak-Wójcicka [59], the average long-term unit runoff of the Noteć measured at the
Pakość water gauge in the period of 1951–2015 amounted to 2.41 dm3·s−1·km−2. This is
the lowest unit runoff value recorded in Poland, with an average of 5.5 dm3·s−1·km−2 [34].
Both precipitation and discharge in the catchment area of the Upper Noteć River are among
the lowest in Poland. During the analysed period of 1980–2016, the unit runoff of the Noteć
River at the Pakość station was 2.21 dm3·s−1·km−2. The highest values of the maximum
discharge were recorded in July 1980 at all hydrological stations. The maximum discharge
at the Pakość station was 69.3 m3·s−1 (unit runoff 30.1 dm3·s−1·km−2), and the lowest
discharge was recorded in October 2003 (0.23 dm3·s−1·km−2) (Table 2). At the Noć Kalina
station, the lowest discharge was recorded in September 1989 and August 1992. However,
the lowest discharge at the Łysek station was recorded from August to December 2015 and
in January 2016, at which time virtually no discharge occurred in the watercourse bed.

Table 2. Hydrological characteristics of the Noteć River in the period of 1980–2016—annual discharge.

Hydrological
Station

The Catchment
Area (km2)

Average
Multi-Year
Discharge
(m3·s−1)

Maximum
Discharge
(m3·s−1)

Minimum
Discharge
(m3·s−1)

Łysek 303.32 0.74 10.7 0.001
Noć Kalina 426.11 1.47 16.7 0.05

Pakość 2301.98 5.08 69.3 0.53

2.2. Standardized Precipitation Index (SPI) and Standardized Runoff Index (SRI)

Two indicators were used to determine droughts: the Standardized Precipitation
Index (SPI), which defines meteorological droughts, and the Standardized Runoff Index
(SRI), which defines hydrological droughts. Data from 8 meteorological stations: 5 located
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within the catchment area of the Noteć River (Pakość, Strzelno, Sompolno, Izbica Kujawska,
Kołuda Wielka) and 3 in its close vicinity (Kłodawa, Gniezno and Janowiec Wielkopolski)
were used to determine meteorological droughts.

The Standardized Precipitation Index (SPI) is one of the most frequently used indica-
tors of a meteorological drought, and was developed on the basis of the normalization of
precipitation probabilities [60]. This indicator defines a precipitation deficit and allows the
monitoring of droughts in different time frames. The SPI is recommended by the World
Meteorological Organisation (WMO) for determining the phenomenon of drought [61].
For more information on the formulation of SPI, its advantages and limitations, see
papers [62–64].

The SPI was calculated on the basis of monthly precipitation totals for 5 meteorological
stations in the upper catchment area of the Noteć River (Izbica Kujawska, Strzelno, Kołuda
Wielka, Sompolno and Pakość) and 3 stations in its close vicinity (Kłodawa, Gniezno and
Janowiec Wielkopolski). The daily precipitation data were aggregated into monthly time
scales, and fitted to a two-parameter gamma distribution function. The SPI was calculated
for each month at different timescales. Therefore, 5 different time series were analysed, i.e.,
1-, 3-, 6-, 9- and 12-months. SPI values define the deviation from the median expressed in
units of standard deviation, which was calculated according to the formula:

SPI, SRI =
f (x)− u

σ
(1)

SPI, SRI—Standardized Precipitation Index, Standardized Runoff Index
f (x)—transformed sum of precipitation, discharges
µ—mean value of the normalized index x
σ—standard deviation of index x

In order to calculate the SPI, the compliance of the distribution of the transformed
variable f (P) with the normality distribution was tested using the x2—Pearson normality
test [65].

The Standardized Runoff Index (SRI) is calculated according to the same procedure
as the SPI, however it is based on the discharge data [66–69]. A 2-parameter logarithmic
function was used as a normalizing function when calculating the SRI [70]. The detailed
calculation method is presented in the study [9,47]. The probabilities were transformed
into standard normal distribution. The application of SPI allows for the differentiation of
the intensity of a drought using a set of SPI thresholds: −1, −1.5, −2 and 1.0, 1.5, 2 for
moderate, severe and extreme droughts and precipitations, respectively [28].

The proposed approach is based on the assessment of water resources under different
hydroclimatic conditions and the determination of different intensity classes. The adoption
of standardized indicators allowed for the classification of drought intensity, which is
presented in Table 3. Extreme events were identified for the indicator values above 1.0,
when rainy periods occur, and for the indicator values below−1.0, when there are droughts.

Table 3. The classification scale for SPI and SRI values.

SPI, SRI Value Category

SPI/SRI ≥ 2.0 Extremely wet
2.0 > SPI/SRI ≥ 1.5 Severely wet
1.5 > SPI/SRI ≥ 1.0 Moderately wet

1.0 > SPI/SRI > −1.0 Normal
−1.0 ≥ SPI/SRI > −1.5 Moderately dry
−1.5 ≥ SPI/SRI > −2.0 Severely dry

SPI/SRI ≤ −2.0 Extremely dry
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2.3. Mann–Kendall Test

The Mann–Kendall test [71,72] is a non-parametric statistical method used to de-
termine whether a time series has a monotonic upward or a downward trend. It is a
rank-based procedure that is particularly suitable for data with abnormal distribution that
contain outliers and non-linear trends [73].

The Mann–Kendall S statistic is described with the Formula (2):

S =
n−1

∑
k=1

n

∑
j=k+1

sgn(xj − xk) (2)

sgn
(
xj − xk

)
=


+1 i f

(
xj − xk

)
> 0

0 i f (xj − xk) = 0
−1 i f (xj − xk) < 0

(3)

where:

xj and xk—values of the variable in individual years j and k, where j > k,
n—the series count (number of years).

Positive “S” values represent an upward trend, while negative values indicate a
downward one. The calculation of “sgn (xj − xk)” is done via Equation (3).

The S statistic shows a tendency to quickly move towards normality, and for n > 10
this statistic has an approximately normal distribution with the mean of 0 and the variance
described by the Formula (4):

Var(S) = [n(n− 1)(2n + 5)]/18 (4)

The normalized Z test statistic is determined by the Formula (5):

Z =


S−1√
Var(S)

i f S > 0

0 i f S = 0
S+1√
Var(S)

i f S < 0
(5)

In the Mann–Kendall test, the null hypothesis is that there is no significant trend
in the data series. The trend is significant if the null hypothesis cannot be accepted.
The acceptance region at the significance level of α = 0.05 is defined by the range of
−1.96 ≤ Z ≤ 1.96 (no significant trend), while the rejection region was determined by
Z < −1.96 (significant downward trend) and Z > 1.96 (significant upward trend), where Z
is the normalized test statistic [47].

The non-parametric Mann–Kendall test is commonly used to quantify trends in hy-
drometeorological time series [74,75], despite some limitations [76–79].

2.4. Sen’s Slope

The Mann–Kendall test is an effective method of identifying trends in a time series,
but does not indicate the magnitude of the trends. The test might be supplemented with a
non-parametric Sen’s method. In order to estimate the actual slope of the existing trend,
the non-parametric Sen’s method was used [80]. The main advantage of the Sen’s slope
estimator is its resistance to the presence of extreme values [81].

The slope β expressed by the Theil–Sen estimator (β) is described by the Formula (6):

β = Median
((

xj − xk
)
/(j− k)

)
(6)

A positive value of β indicates an upward (increasing) trend, and a negative value
indicates a downward (decreasing) trend in the time series.

The Mann–Kendall test and Theil–Sen estimator were performed by means of a
RStudio [82] with packages: “readxl” [83] and “trend” [84]. Information about what
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equations are used in the “trend” package for Mann–Kendall test and Theil–Sen estimator
is available at [85].

QGIS ver. 3.10.9 and QGIS ver. 3.10.9 with GRASS ver. 7.8.3. were used in the study.
Additionally, GIMP ver. 2.10.18 and Inkscape ver. 1.0.1 were used as graphic tools. In
preparation of the Figure 3 the Inverse Distance Weighting (IDW) interpolation was used.

Figure 3. Spatial distribution of the number of months with SPI ≤ −1.0 in the period of 1981–2016. Source: (a–e) own
elaboration made with [52], Table 4, Tables 6 and 7. Location of the stations based on [55,56] and Table 1. Meteorological
station Izbica Kujawska is out of catchment area according to coordinates from Table 1. Location of the hydrological station
Pakość is determined by cartographic issues. Maps elaborated in the coordinate system: WGS 84/UTM zone 34N.
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Table 4. Meteorological drought parameters (SPI) in different time scales in the period of 1981–2016.

Parameters of Droughts SPI−1 SPI−3 SPI−6 SPI−9 SPI−12

Izbica Kujawska

Number of months with SPI ≤ −1.0 67 73 75 59 59
Number of months with SPI ≥ 1.0 58 68 68 63 65

Minimum value of the index −3.00 −2.81 −2.30 −2.93 −2.53
Maximum value of the index 3.59 2.83 2.53 2.47 2.33

Sompolno

Number of months with SPI ≤ −1.0 66 71 72 68 63
Number of months with SPI ≥ 1.0 61 57 66 67 66

Minimum value of the index −3.50 −2.61 −2.70 −2.55 −2.57
Maximum value of the index 3.25 2.67 2.65 2.93 2.77

Strzelno

Number of months with SPI ≤ −1.0 62 68 60 64 56
Number of months with SPI ≥ 1.0 70 67 66 69 68

Minimum value of the index −3.27 −3.01 −3.09 −3.13 −2.99
Maximum value of the index 3.37 2.94 2.39 2.90 2.28

Kołuda Wielka

Number of months with SPI ≤ −1.0 62 66 66 62 49
Number of months with SPI ≥ 1.0 65 68 72 55 55

Minimum value of the index −3.43 −2.71 −3.32 −3.47 −3.38
Maximum value of the index 3.16 2.90 2.37 2.75 2.62

Pakość

Number of months with SPI ≤ −1.0 70 69 71 74 71
Number of months with SPI ≥ 1.0 66 70 69 69 72

Minimum value of the index −3.54 −2.83 −2.80 −2.67 −2.69
Maximum value of the index 2.80 2.64 2.35 2.90 2.12

Gniezno

Number of months with SPI ≤ −1.0 70 70 68 72 79
Number of months with SPI ≥ 1.0 64 65 67 67 61

Minimum value of the index −3.43 −2.95 −2.73 −2.73 −2.66
Maximum value of the index 2.50 2.37 2.45 2.70 2.10

Janowiec Wielkopolski

Number of months with SPI ≤ −1.0 71 67 72 70 71
Number of months with SPI ≥ 1.0 66 62 66 65 68

Minimum value of the index −3.22 −2.83 −2.70 −2.79 −2.72
Maximum value of the index 2.73 2.26 2.35 2.09 2.07

Kłodawa

Number of months with SPI ≤ −1.0 73 81 66 65 61
Number of months with SPI ≥ 1.0 52 72 74 68 69

Minimum value of the index −3.09 −2.92 −2.60 −2.72 −2.46
Maximum value of the index 3.26 2.26 2.35 2.58 2.35

2.5. Pearson’s Correlation Analysis

The Pearson correlation coefficient (r) was used to detect the relationship between
meteorological droughts and hydrological droughts. With the use of this coefficient, it was
possible to determine the linear relationship between the SPI and SRI variables in different
accumulation periods. The value of the correlation coefficient is in a closed range [−1, 1].
The greater its absolute value, the stronger the linear relationship between the variables.
0—means there is no linear relation, 1—means a positive relation, and −1—means a
negative relation between the variables.
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3. Results and Discussion
3.1. The Characteristics of Droughts in the Period of 1981–2016

SPI values were calculated separately for all eight weather stations for the time scales
of 1, 3, 6, 9 and 12 months. Depending on the selected accumulation period, the range of SPI
values was different for individual meteorological stations, as follows: SPI−1 from −3.54
to 3.59, SPI−3 from −3.01 to 2.94, SPI−6 from −3.32 to 2.65, SPI−9 from −3.47 to 2.93
and SPI−12 from −3.38 to 2.77 (Table 4). The longer the indicator’s accumulation period,
the lower the drought intensity. The most intense meteorological droughts were recorded
in the following periods: 1982–1985, 1989–1996, 2002–2006, 2008–2009. The number of
months with drought occurrences varied, depending on the period of accumulation and
distribution of individual meteorological stations. In the 1-month accumulation period, the
number of months with drought occurrences (values ≤ −1.0) ranged from 62 to 73 months
i.e., from 14.3% to 16.9% of all the months in the analysed multi-year period of 1981–2016.
On the other hand, wet months with SPI values ≥ 1.0 lasted from 52 to 71 months i.e., from
12.0% to 16.4% of the analysed time period. In the case of SPI−1, the droughts lasted the
longest in Kłodawa, and were the shortest in Kołuda and Strzelno. The highest number of
months with drought occurrences (SPI ≤ −1.0) in the 3-month accumulation period was
recorded at the Kłodawa station (81 months), and the lowest in Kołuda Wielka (66 months).
In the longer accumulation periods i.e., 6, 9 and 12 months, the number of months was
similar and amounted to 60 to 75 months for SPI−6, 59 to 74 months for SPI−9 and 59 to
79 months for SPI−12.

Greater differentiation was recorded in the cases of hydrological drought occurrences
(SRI) at the station in Łysek, Noć Kalina and Pakość (Table 5). The SRI values in Łysek were
characterized by the largest range i.e., from −5.22 to 2.00. The most intense droughts were
recorded from April to December of 2016, which was related to relatively minor discharges
of the Noteć River during this period. At the Noć Kalina station, the SRI values recorded
were from −3.16 to 2.49. The most intense hydrological droughts were recorded from May
to September of 1990, depending on the period of accumulation. The SRI values in Pakość
were characterized by a lower amplitude and ranged from −2.33 to 3.05. The number of
months with SRI values below−1.0 ranged from 75 to 81 months, and in Noć Kalina—from
77 to 101 months.

Table 5. The Parameters of a hydrological drought (SRI) in different time scales in the period of 1981–2016.

Parameters of Droughts SRI−1 SRI−3 SRI−6 SRI−9 SRI−12

Pakość

Number of months with SPI ≤ −1.0 75 77 77 81 79
Number of months with SPI ≥ 1.0 68 67 73 75 76

Minimum value of the index −2.33 −2.20 −2.20 −1.93 −1.71
Maximum value of the index 2.34 2.30 2.83 3.05 2.71

Noć Kalina

Number of months with SPI ≤ −1.0 77 83 86 101 99
Number of months with SPI ≥ 1.0 72 76 67 58 59

Minimum value of the index −3.16 −3.10 −2.79 −2.23 −2.25
Maximum value of the index 2.49 2.31 1.97 2.05 1.92

Łysek

Number of months with SPI ≤ −1.0 29 28 28 30 36
Number of months with SPI ≥ 1.0 26 31 31 32 40

Minimum value of the index −5.22 −5.18 −5.09 −4.96 −4.77
Maximum value of the index 1.52 1.64 1.40 2.00 1.77

The hydrological droughts (SRI ≥ −1.0) at the station in Łysek were characterized by
a short duration, from 6.5% to 8.3% of the analysed period, and high intensity. The number
of wet months (SRI ≥ 1.0) ranged from 6.0% to 9.3% of all the months of the analysed
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multiannual period. The largest number of months with SRI values ≤ −1.0 was recorded
at the Noć Kalina station i.e., from 17.9% to 23.4% of the analysed multi-year period, while
the wet months constituted between 13.4% and 17.6% of this period. The hydrological
station in Pakość closes the catchment area of the Upper Noteć River. The lower intensity of
hydrological droughts at the Pakość station and their much shorter duration compared to
the Noć Kalina and Łysek stations may have resulted from anthropogenic activities carried
out in the area. These activities were mainly related to the lignite open pits, which ran
south of the Łysek and Noć Kalina stations (Lubstów), as well as the operation of a new
open pit mine located north of the Łysek station (Tomisławice).

The spatial distribution of the number of months with meteorological drought oc-
currences in the catchment area of the Upper Noteć is shown in Figure 3. The number
of months with droughts in the accumulation period of 1 month does not present large
spatial differentiation. Larger differences are noticeable in the period of 3- and 12-month
accumulation. In the case of SPI−3, the months with droughts in the southern part of
the catchment lasted the longest, while in the SPI−12 period they were the longest in the
western part of the catchment.

Figure 4 shows the average values of SPI from 8 stations as well as the development
of hydrological drought occurrences (SRI) recorded at the station in Pakość. The number of
months with averaged meteorological droughts is between 13.4 and 15% of all the analysed
months. As presented in Figure 4, the development of hydrological droughts is related to
meteorological droughts.

Figure 4. Cont.
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Figure 4. The development of meteorological and hydrological droughts in the period of 1981–2016 for different accumula-
tion periods (n = 1, 3, 6, 9 and 12), SPI—average values from 8 stations, SRI for Pakość.
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3.2. Trends in Meteorological and Hydrological Drought Occurrences

The results of the trend analysis for a series of SPI values (time scales of 1, 3, 6, 9 and
12 months) for individual meteorological stations are presented in Table 6. A statistically
insignificant trend was noted at most meteorological stations. Out of eight meteorological
stations, a statistically significant upward trend was recorded at only two stations, and a
downward trend at one station (the drought intensified). The downward trend in the SPI
value for the meteorological station in Kłodawa means that the meteorological drought
increases in the period of accumulation of 3–12 months. The Z value obtained for the
Kłodawa station was relatively high and ranged from −1.817 to −4.317, and the Theil–
Sen slope was between −0.0007 and −0.0018. The test results for the Kłodawa station
(Tables 6 and 7) show that the expected Z value is negative for the indices, and the Theil–Sen
slope is also always negative.

Table 6. Results of trend analysis SPI in different time scales in the period of 1981–2016 at meteorological stations.

Stations Parameters
SPI

SPI−1 SPI−3 SPI−6 SPI−9 SPI−12

Kłodawa

Z −1.817 −2.429 −3.179 −3.755 −4.318
S −5.45 × 103 −7.28 × 103 −9.53 × 103 −1.12 × 104 −1.29 × 104

var_S 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106

p-value 0.0692 0.0151 0.0015 0.0002 1.58 × 10−5

Sen’s slope −0.0007 −0.0010 −0.0013 −0.0016 −0.0018
N D D D D

Izbica
Kujawska

Z −0.434 0.125 0.251 0.033 −0.451
S −1.30 × 103 3.76 × 102 7.54 × 102 9.90 × 101 −1.35 × 103

var_S 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106

p-value 0.6646 0.9005 0.8017 0.9739 0.6523
Sen’s slope −0.0002 5.4386 × 10−5 0.0001 1.50 × 10−5 −0.0002

N N N N N

Sompolno

Z 1.253 2.180 2.413 2.090 1.648
S 3.76 × 103 6.54 × 103 7.24 × 103 6.27 × 103 4.94 × 103

var_S 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106

p-value 0.2102 0.0293 0.0158 0.0366 0.0994
Sen’s slope 0.0005 0.0009 0.0010 0.0009 0.0007

N I I I N

Strzelno

Z 1.223 1.728 2.034 1.341 0.908
S 3.67 × 103 5.18 × 103 6.10 × 103 4.02 × 103 2.72 × 103

var_S 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106

p-value 0.2214 0.0840 0.0412 0.1801 0.3641
Sen’s slope 0.0005 0.0007 0.0008 0.0006 0.0004

N N I N N

Gniezno

Z 0.453 1.272 1.916 1.790 1.506
S 1.36 × 103 3.81 × 103 5.75 × 103 5.37 × 103 4.52 × 103

var_S 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106

p-value 0.6503 0.2035 0.0553 0.0734 0.1322
Sen’s slope 0.0002 0.0005 0.0008 0.0007 0.0006

N N N N N

Janowiec Wlkp.

Z −0.109 −0.100 −0.048 −0.683 −0.931
S −3.27 × 102 −3.01 × 102 −1.45 × 102 −2.05 × 103 −2.79 × 103

var_S 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106

p-value 0.9134 0.9203 0.9617 0.4946 0.3517
Sen’s slope −4.40 × 10−5 −3.78 × 10−5 −1.81 × 10−5 −0.0003 −0.0004

N N N N N
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Table 6. Cont.

Stations Parameters
SPI

SPI−1 SPI−3 SPI−6 SPI−9 SPI−12

Kołuda Wielka

Z 1.700 3.251 4.178 5.084 4.336
S 5.10 × 103 9.75 × 103 1.25 × 104 1.52 × 104 1.30 × 104

var_S 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106

p-value 0.08918 0.0012 2.95 × 10−5 3.69 × 10−7 1.45 × 10−5

Sen’s slope 0.0007 0.0013 0.0016 0.0019 0.0016
N I I I I

Pakość

Z 0.175 0.834 1.207 0.844 0.284
S 5.27 × 102 2.50 × 103 3.62 × 103 2.53 × 103 8.51 × 102

var_S 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106

p-value 0.8607 0.4044 0.2274 0.3986 0.7768
Sen’s slope 7.48 × 10−5 0.0003 0.0005 0.0003 0.0001

N N N N N

Description: N—no significant trend, D—significant decreasing trend, I—significant increasing trend.

Table 7. Results of trend analysis SRI in different time scales in the period of 1981–2016 at hydrological stations.

Stations Parameters
SRI

SRI−1 SRI−3 SRI−6 SRI−9 SRI−12

Łysek

Z −5.342 −5.412 5.692 −5.974 −6.2735
S −1.60 × 104 −1.62 × 104 −1.71 × 104 −1.79 × 104 −1.88 × 104

var_S 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106

p-value 9.19 × 10−8 5.97 × 10−8 1.25 × 10−8 2.32 × 10−9 3.53 × 10−10

Sen’s slope −0.0013 −0.0014 −0.0015 −0.0017 −0.0019
D D D D D

Noć Kalina

Z 4.076 3.798 3.032 2.444 2.214
S 1.22 × 104 1.14 × 104 9.09 × 103 7.33 × 103 6.64 × 103

var_S 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106

p-value 4.58 × 10−5 0.00014 0.0024 0.0145 0.0268
Sen’s slope 0.0017 0.0016 0.0013 0.0010 0.0008

I I I I I

Pakość

Z −0.784 −1.032 −1.134 −1.428 −1.488
S −2.35 × 103 −3.10 × 103 −3.40 × 103 −4.28 × 103 −4.46 × 103

var_S 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106 8.99 × 106

p-value 0.433 0.3019 0.2566 0.1533 0.1368
Sen’s slope −0.0003 −0.0004 −0.0005 −0.0006 −0.0007

N N N N N

Description: N—no significant trend, D—significant decreasing trend, I—significant increasing trend.

The upward trend in the SPI value at the stations in Sompolno and Kołuda Wielka
indicates that the phenomenon of meteorological drought is decreasing. The highest Z val-
ues, between 3.25 and 5.08, were obtained during the 3-, 6-, 9- and 12-month accumulation
periods, while the Theil–Sen slope values were between 0.009 and 0.0019.

In the case of hydrological droughts, a statistically significant downward trend was
recorded at the Łysek station in all analysed periods of accumulation. This means a notice-
able increase in drought occurrences in the analysed multi-year period of
1981–2016. Z values were negative and ranged from −5.34 to −6.27, while Theil–Sen
values were between−0.0013 to−0.0019. An upward trend was recorded at the Noć Kalina
station. Z values ranged from 2.21 to 4.07, while the Theil–Sen slope ranged from 0.0008
to 0.0017. In the case of Pakość station, the trend was statistically insignificant. The Z
value calculated in the 12-month accumulation period in Pakość approaches the region of a
trend acceptance, which might indicate that the trend in Pakość in the longer accumulation
period is determined by the occurrence of hydrological droughts at the Łysek station.
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Spatial distributions of trends (significant and insignificant) for a series of SPI and SRI
values for the 1, 3-, 6-, 9- and 12-month time scales are shown in Figure 3.

3.3. Correlations between SPI and SRI Values

In order to establish the relationship between meteorological droughts occurring in
the catchment area of the Upper Noteć and hydrological droughts, an analysis of the
correlation between the SPI and SRI indices was carried out using the Pearson correlation
analysis. The results showed that the strongest correlation between SPI and SRI in the
analysed period of 1981–2016 was obtained at the 12-month time scale (r = 0.51) (Figure 5).
In the case of individual years, the highest correlation indicators between hydrological and
meteorological droughts varied depending on the length of the accumulation period. The
strength of the relationship between SPI and SRI in the catchment area of the Upper Noteć
River was higher for long accumulation periods (6 and 9 months), and lower for the short
ones (1 and 3 months). The highest correlation values for the 1-month accumulation period
were recorded in 1998 (r = 0.76), while for the 3-month accumulation period the highest
values were recorded in 1982 (r = 0.83) and 1996 (r = 0.81). For the 6-month accumula-
tion period, the maximum correlation index was recorded in 1987 (r = 0.94) and in 1982
(r = 0.91). High values were obtained in 1987 for the 9-month accumulation period
(r = 0.94) and the 12-month accumulation period (r = 0.90).

3.4. Discussion

Understanding the changes in the intensity of droughts in the past and being able to
predict expected changes over different time scales is incredibly important, as precipitation-
driven hydrological processes (e.g., evapotranspiration and surface and groundwater
discharge) affect all water reserves [86]. In this study, we found that in the analysed
period of 1981–2016, there was a relationship between the occurrence of meteorological and
hydrological droughts. The strength of this relationship varied. The analysed multi-year
period of 1981–2016 showed a high variability, from dry years (SPI ≤ −1.0) to wet years
(SPI ≥ 1.0), which can be concluded from the SPI values in various time scales. The driest
years included 1982, 1989, 1992, 2003 and 2015. In these years, meteorological droughts
covering not only the region of Poland, but parts of Europe, were recorded. Meteorological
droughts which have occurred in Europe since the beginning of the 21st century, and
were accompanied by heat waves in 2003, 2006, 2010, 2015, are great examples of such
phenomena [87–91].

In the studied area, an increase in the intensity of meteorological droughts (down-
ward trend) was observed at only one out of eight meteorological stations. A statistically
significant, clear upward trend in SPI drought was identified at two stations. More dis-
tinct trends, but opposite in direction, were observed in the case of hydrological droughts
recorded at the stations in Łysek and Noć Kalina. The obtained statistics for the Pakość
station, calculated in the 12-month accumulation period, point to the rejection of the null
hypothesis on the lack of a statistically significant trend. The same direction of changes
in the trend was recorded at the Łysek and Pakość stations. This means an increase in the
intensity of hydrological droughts. In the longer accumulation period, the occurrence of
hydrological droughts at the Łysek station determines the hydrological droughts at the
Pakość station.

The strength of the relationship between meteorological droughts and hydrological
droughts shows significant variation. This variation is not only the result of the size of
the annual sums of precipitation, but also if an increase in air temperature in the analysed
area (Figure 2), which leads to an increase in evapotranspiration [92]. Anthropogenic
activities related to the operation of a lignite open pit have a significant impact on the
analysed area. Some of the water from the mine drainage was directed to the Noteć
River above the Noć Kalina station. The amount of water varied in individual years and
depended on the location of the exploitation operations. According to Wachowiak [93], in
the period of 1995–2009 the Upper Noteć was flooded with some of the mine water from
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the drainage of the Lubstów open pit. Since 2009, there have been cases of mine water
discharge from the Tomisławice open pit via the Pichna River. The correlations between
meteorological and hydrological droughts were variable, in some years the strength of the
relationship was high (positive correlation), while in other years the relationship was low
(negative correlation).

Atmosphere 2021, 12, x FOR PEER REVIEW 14 of 21 
 

 

In the case of Pakość station, the trend was statistically insignificant. The Z value calcu-
lated in the 12-month accumulation period in Pakość approaches the region of a trend 
acceptance, which might indicate that the trend in Pakość in the longer accumulation pe-
riod is determined by the occurrence of hydrological droughts at the Łysek station. 

Spatial distributions of trends (significant and insignificant) for a series of SPI and 
SRI values for the 1, 3-, 6-, 9- and 12-month time scales are shown in Figure 3. 

3.3. Correlations between SPI and SRI Values 
In order to establish the relationship between meteorological droughts occurring in 

the catchment area of the Upper Noteć and hydrological droughts, an analysis of the cor-
relation between the SPI and SRI indices was carried out using the Pearson correlation 
analysis. The results showed that the strongest correlation between SPI and SRI in the 
analysed period of 1981–2016 was obtained at the 12-month time scale (r = 0.51) (Figure 
5). In the case of individual years, the highest correlation indicators between hydrological 
and meteorological droughts varied depending on the length of the accumulation period. 
The strength of the relationship between SPI and SRI in the catchment area of the Upper 
Noteć River was higher for long accumulation periods (6 and 9 months), and lower for 
the short ones (1 and 3 months). The highest correlation values for the 1-month accumu-
lation period were recorded in 1998 (r = 0.76), while for the 3-month accumulation period 
the highest values were recorded in 1982 (r = 0.83) and 1996 (r = 0.81). For the 6-month 
accumulation period, the maximum correlation index was recorded in 1987 (r = 0.94) and 
in 1982 (r = 0.91). High values were obtained in 1987 for the 9-month accumulation period 
(r = 0.94) and the 12-month accumulation period (r = 0.90). 

  
Atmosphere 2021, 12, x FOR PEER REVIEW 15 of 21 
 

 

  

 
Figure 5. Correlation coefficient r between average SPI and SRI in Pakość for different periods of accumulation in the 
period of 1981–2016 (n—number of accumulated months). 

  

Figure 5. Correlation coefficient r between average SPI and SRI in Pakość for different periods of accumulation in the period
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The Pearson correlation analysis shows that there is a relationship between meteoro-
logical and hydrological droughts in the study area. However, it should be emphasized
that these results should not be directly interpreted. In the correlation analysis, a non-
linear relationship can be inadequately described or undetected [94]. Non-linear models
(polynomial, exponential and logarithmic) for the relationship between meteorological and
hydrological droughts were analysed in the research conducted by Salimi et al. [95].

The research on the correlation between droughts conducted by Tokarczyk and Szal-
ińska [44] for catchments with large areas showed that the largest correlations between SPI
and SRI occurred for longer periods of accumulation. Similar relationships between mete-
orological and hydrological droughts were obtained for other catchments in Poland [43].
In the case of the catchment area of the Upper Noteć River, the relationships between
meteorological and hydrological conditions are not natural. The flow regime depends on
the amount of water discharged in particular periods, and on the retention capacity of
lakes, which is particularly noticeable at the Pakość station. The amount of water accu-
mulated in the Pakość reservoir, through which the Noteć flows, is regulated by a water
accumulating weir.

4. Conclusions

The study analysed the trends in meteorological and hydrological drought occurrences
in the long-term period of 1981–2016, for the catchment area of the Upper Noteć River. The
identification of a meteorological drought was carried out with the use of an SPI, based
on monthly precipitation totals from eight meteorological stations. Hydrological drought
was determined by means of an SRI for the monthly discharges of the Noteć, which were
obtained from three hydrological stations. Non-parametric Mann–Kendall tests and the
Sen slope were used to determine trends. The following conclusions might be drawn:

- Statistically significant trends, at the significance level of 0.05, were identified at
three out of eight meteorological stations, based on the Mann–Kendall test and the
Sen slope.

- An increase in meteorological drought occurrences was recorded at the Kłodawa
station (downward trend), while a decrease in droughts was recorded at the Sompolno
and Kołuda Wielka stations.

- Hydrological droughts showed an upward trend at the Łysek station, while a decrease
in the trend was recorded at the Noć Kalina station, and both were statistically
significant. No changes in the trend were found at the Pakość station.

- The analysis of the correlation between meteorological and hydrological droughts in
individual years showed a strong relationship in dry years e.g., 1982 and 1989. The
maximum correlation index was 0.94 and was identified over longer accumulation
periods i.e., 6 and 9 months.

- The anthropogenic effects related to the operation of an open cast lignite mine may
have had an impact on the relationship between droughts.

The example of the catchment area of the Upper Noteć River indicates that the man-
agement of water resources requires the use of at least several indicators that will allow
an assessment of the actual state of water reserves. Using the SPI to detect meteorological
droughts can be used as a drought warning system [96]. In some cases, the value of the
SRI depends on the way water is managed within the catchment area. The size of the
runoff may be disturbed by anthropogenic factors. Effective water resource management
strategies require constant monitoring of water reserves, which should be consulted among
various stakeholder groups related in particular to industry, and agriculture.

Author Contributions: Conceptualization, K.K.-W., A.P. and D.K.; methodology, K.K.-W. and A.P.;
software, K.K.-W. and A.P.; validation, K.K.-W. and A.P.; formal analysis, K.K.-W., A.P. and D.K.;
resources, K.K.-W. and A.P.; data curation, K.K.-W. and A.P.; writing—original draft preparation,
K.K.-W.; writing—review and editing, K.K.-W., A.P. and D.K.; visualization, A.P.; supervision,



Atmosphere 2021, 12, 1098 17 of 20

K.K.-W., A.P. and D.K.; project administration, K.K.-W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Nalbantis, I.; Tsakiris, G. Assessment of Hydrological Drought Revisited. Water Resour. Manag. 2009, 23, 881–897. [CrossRef]
2. Chen, S.-T.; Kuo, C.-C.; Yu, P.-S. Historical trends and variability of meteorological droughts in Taiwan. Hydrol. Sci. J. 2009, 54,

430–441. [CrossRef]
3. Roodari, A.; Hrachowitz, M.; Hassanpour, F.; Yaghoobzadeh, M. Signatures of human intervention—Or not? Downstream

intensification of hydrological drought along a large Central Asian river: The individual roles of climate variability and land use
change. Hydrol. Earth Syst. Sci. 2021, 25, 1943–1967. [CrossRef]

4. Bae, H.; Ji, H.; Lim, Y.-J.; Ryu, Y.; Kim, M.-H.; Kim, B.-J. Characteristics of drought propagation in South Korea: Relationship
between meteorological, agricultural, and hydrological droughts. Nat. Hazards 2019, 99, 1–16. [CrossRef]

5. Faridatul, M.; Ahmed, B. Assessing Agricultural Vulnerability to Drought in a Heterogeneous Environment: A Remote Sensing-
Based Approach. Remote Sens. 2020, 12, 3363. [CrossRef]

6. Dai, A. Drought under global warming: A review. Wiley Interdiscip. Rev. Clim. Chang. 2011, 2, 45–65. [CrossRef]
7. Tian, L.; Yuan, S.; Quiring, S. Evaluation of six indices for monitoring agricultural drought in the south-central United States.

Agric. For. Meteorol. 2018, 249, 107–119. [CrossRef]
8. Wilhite, D.A.; Glantz, M.H. Understanding: The Drought Phenomenon: The Role of Definitions. Water Int. 1985, 10, 111–120.

[CrossRef]
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