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Abstract: On the basis of daily precipitation and discharges recorded in 1974–2013 relations between
precipitation and runoff in the Kłodzka Valley (KV) in south-western Poland were analyzed. The
degree of synchronicity between them was determined using the bivariate Archimedean copulas.
This study aims at identifying and then describe in a probabilistic way the precipitation and runoff
relations in the area playing an important role in the formation of water resources, but also particularly
exposed to flooding. It was found that isolines of the synchronous occurrence of precipitation and
total runoff in the Nysa Kłodzka catchment controlled by gauge Kłodzko had a zonal distribution,
with the synchronicity values decreasing from south-east to north-west of the study area. This
proves that its eastern part is more hydrologically active, compared to the western part, and as such
it determines the amount of water resources of the study area. The decrease in synchronicity is
influenced by the type and spatial distribution of precipitation, the structure of water supply, and
the geological structure of the study area. Moreover, probabilistic methods applied in this research
differ from those used in previous research on the hydrology of KV, as we propose using the copula
functions. The method presented can be used to evaluate the availability of water resources in areas
playing a key role in their formation on different scales.

Keywords: precipitation; runoff; Archimedean copula; synchronicity; river regime; rainfall-runoff
modeling; central Europe

1. Introduction

The hydrological cycle has many interconnected components, with runoff connecting
precipitation to bodies of water [1]. A wide range of rainfall-runoff models are currently
used by researchers and practitioners; however, the applications of these models are highly
dependent on the purposes for which the modeling is made [2]. There is much rainfall-
runoff modelling that is carried out purely for research purposes as a means of formalizing
knowledge about hydrological systems. The demonstration of such understanding is an
important way to develop an area of science. However, the ultimate aim of prediction
using models must be to improve decision making about a hydrological problem, whether
that be in water resource planning, flood protection, mitigation of contamination, licensing
of abstractions, or other areas [3]. While there are many examples of studies focusing
primarily on the hydrological consequences of the assumed rainfall [4–8], the researches
have rarely analyzed the precipitation-runoff relationship in terms of the water resource
forming and the river regime types in the given area.

The Kłodzka Valley (hereinafter referred to as KV) in south-western Poland is an area
particularly vulnerable to catastrophic floods, in particular triggered by excessive rainfall
during the summer months. It is located in the Sudetes Mountains, which along with the
Sudeten foreland is the second richest in water resources of the regions of Poland, after
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the Carpathians [9]. KV is a part of the Odra River basin, which belongs to the Baltic Sea
drainage basin. Extreme rainfall, most often leading to floods in the upper and middle
Odra basin, is usually associated with low pressure centers (of frontal origin) moving over
Poland from southern Europe along the Vb route according to Van Bebber’s classification.
These rainfall events are long-lasting, even up to several days [10]. Moreover, apart from the
weather, the morphological conditions of the area (altitude, exposure, terrain, etc.) usually
play an important role in shaping the distribution of the fields of intense precipitation.
Particularly important is the orographic forcing of humid air masses, flowing from the
northern sector, on the orographic barrier, which in the Odra River basin are formed by the
Sudetes. Hence, the highest sums of one- or several-day rainfall with high intensity occur
in the mountains. Thus, the amount of water discharged from mountain catchments has
the most important and largest share in the formation of floods on the Odra River [11].

There have been numerous case studies focusing on the extreme floods recorded in
KV. They were devoted to the estimation of the precipitation volume causing summer
floods [11], the history of summer floods during the last centuries [12], or the role of torren-
tial rains and floods in modeling the relief of KV [13]. Besides these studies based on the
recorded datasets, there were also theoretical models constructed for the KV rivers [14–17].
Among the scientific contributions of these papers, the discovery of a meaningful level
of differences between the daily maximum and mean design discharges and between the
rate of change of flood magnitude can be mentioned [14]. Important from the practitioners’
point of view, in [15] a new system for computing the multi-model ensemble predictions of
water levels (called HydroProg) is proposed, applied in the process of real-time modeling
and forecasting of river flow in the upper Nysa Kłodzka catchment.

While the aforementioned studies focus on the analysis of floods in KV or on the
overall catchment response to the occurrence of precipitation, there are few analyses related
to the total water abundance in that area. Olichwer [18] studied the long-term variability of
water resources in the Kłodzko region through the characteristics of the total and ground-
water runoff. In analyzing the variability of the total and groundwater runoff, decreasing
long-term trends in the total and groundwater runoff can be observed. It is primarily
affected by very noticeable declining trends during the summer period, which is related to
both the total and groundwater runoff. Perz [19] identified the characteristics of the flow
regime of the rivers in KV in terms of the runoff, the structure, and the spatio-temporal
variabilities. He determined that the runoff conditions in the analyzed sub-catchments
were different and found that the rivers in KV had different regime characteristics, and
that there were significant differences in the total runoff, from 375 mm in Kłodzko to
above 700 mm in the Wilczka River. The differences were also concluded in terms of the
groundwater runoff and its contribution to the total runoff, which ranged between 31%
and 53%.

As can be seen from the above review, numerous researchers analyzed relations
between extreme precipitation and runoff in KV. However, there is a lack of research on
the water resources and relations between average values of precipitation and runoff in
that area. This study aims at filling this research gap by identifying and then describing
elements of the water balance, and more specifically precipitation and runoff relations in
the area playing an important role in formation of water resources, but also particularly
exposed to flooding. Moreover, probabilistic methods applied in this research differ from
those used in previous research on hydrology of KV, as we propose to use the copula
function, which has been widely recognized in studies on the synchronous occurrence of
hydrological and meteorological phenomena in a catchment. Recently the bivariate copulas
have been successfully applied to analyze dependencies between precipitation and runoff
in the Upper Huai River Basin in China [20], the maximum runoff synchronicity and its
spatial differentiation in the Warta River catchment in Poland [21], and the maximum and
mean flow synchronicity in the Upper Indus River Basin in Pakistan [22].
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2. Study Area and Methods
2.1. Study Area

KV is located in the south-western part of Poland, and in this paper it is understood as
an area drained by the upper section of the Nysa Kłodzka River and its tributaries to gauge
Kłodzko (Figure 1). According to the physical-geographical regionalization of Poland by
Kondracki [23] KV belongs to the sub-province Sudetes with the Sudetes Foreland, and to
two macro-regions: The Central Sudetes and the Eastern Sudetes. That area includes the
following meso-regions: The Upper Nysa Trench, the Śnieżnik Massif, the Złote Mountains,
the Bardzkie Mountains, the Bystrzyckie Mountains, the Orlickie Mountains, the Table
Mountains, the Kłodzka Valley (KV), and the Ścinawka Depression [23,24].
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Figure 1. Study area and its geographical position in Poland.

According to [23,24], KV is a tectonic ditch running longitudinally and dividing
the Sudetes into the central and eastern parts. In the western part it is bordered by the
Bystrzyckie Mountains, and in the eastern part by the Śnieżnik Massif, the Złote Mountains,
and the Bardzkie Mountains [23]. KV does not have a clearly defined northern border,
with the Lower Ścinawka River and the Noworudzkie Lowering being its extensions [23].
The study area is characterized by relatively large differences in altitude: The Three-
Seas Peak is 1145 m a.s.l., while the lowest part of the Kłodzko town is situated about
280 m a.s.l. (Figure 1). In terms of geology, KV is characterized by little variability [13];
the pre-Cambrian metamorphic rocks and sedimentary rocks of the Cretaceous period are
dominant. On the other hand, KV is diversified in terms of structure and texture, as well as
rock resistance to erosion and weathering processes [13]. The study area has an undulating
and hilly, mid-mountain relief, with river valleys characterized by a distinct morphological
expression and a different degree of development of the channel system as its important
element [13]. Besides river sediments in the valleys, there are remnants of moraine covers
and stagnant clays, resulting from the double overlapping by the continental glacier

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Water 2021, 13, 1229 4 of 15

through the passes of the Bardzkie Mountains [23]. The bottom of the valley is partially
covered with loess, on which fertile soils have developed. This was of key importance to
the development of agriculture, which on turn resulted in significant deforestation of that
area [23].

The 182-km long Nysa Kłodzka is the left tributary of the Odra (Oder) River, the
second-longest river of Poland. The Nysa Kłodzka is the main river of KV. It has its
source in the Śnieżnik Massif, on the slope of the Three-Seas Peak, at an altitude of over
1000 m a.s.l. Initially, the river runs along the Upper Nysa Ditch, which is its natural
drainage channel [25]. Then it flows into Kłodzka Valley, where it retains its mountain
character until it flows out of the Bardo Mountains. Then, it begins to meander and becomes
a lowland river. Its main tributaries within the analyzed area are: The Wilczka (18.2 km),
Bystrzyca (25.5 km), Biała Lądecka (52.7 km), and Bystrzyca Dusznicka (33 km) rivers.
Their mountainous character along with the topography and geology of their watersheds
make these watercourses very prone to floods triggered by sudden or prolonged rainfalls
and thaws. For example, the summer flood of July 1997, known as the “millennium flood”,
caused huge material losses not only in the Kłodzko region, but also in cities along the
Oder River, including Wrocław, killing several dozen people in total. The amount of flood
losses is also significantly increased by the concentration of assets in the form of buildings
and infrastructure in the river valleys and along the watercourses. For example, the subsoil
in the Bystrzyca River watershed is largely made of low-thickness loams [16], which are
characterized by a medium water permeability. Therefore, they contribute to increasing
surface runoff and faster formation of floods on watercourses.

In terms of climate the upper part of the Nysa Kłodzka catchment is classified as the so-
called Kłodzko climatic region of the Sudetes climate district [26]. The lowest temperatures
are recorded in the Bystrzyckie Mountains (annual average 4.9 ◦C), while the highest in
the foreland of the Opawskie Mountains (above 8 ◦C) [26]. The annual precipitation in the
analyzed area is varied spatially. In general, higher values are recorded in mountains, that
is in the south, west, and east of that area, especially in the watershed of the Bystrzyca
Dusznicka and Wilczka rivers, and the upper Biała Lądecka River (Figure 1). On the other
hand, the precipitation decreases in the central and northern parts of the area, that is within
the lower parts of KV (Figure 1). Among the analyzed rainfall stations, the highest annual
precipitation is recorded in Zieleniec (1279 mm), while the lowest is in Kłodzko (577 mm)
(Table 1). There are noticeable variations in precipitation on the multi-annual and monthly
bases. According to the Köppen–Geiger classification of climates [27] the study area lies
within the zone of cold climate with relatively cold winters and warm summers (Dfb).
Wrzesiński [28,29] classified the river regime of the study area as nival-pluvial and pluvial-
nival. Perz [19] based on the data from 1971–2015 classified rivers of KV into two of five
types of regimes: Type 2-nival moderately developed, characteristic of the upper section of
the Nysa Kłodzka above gauge Międzylesie and its left-bank tributaries-the Bystrzyca and
the Bystrzyca Dusznicka rivers, and type 4-nival-pluvial regime, characteristic of the Nysa
Kłodzka River below gauge Międzylesie, as well as the Biała Lądecka and Wilczka rivers
(Figure 1, Table 2).

2.2. Data Sets

The study is based on the values of daily precipitation and runoff collected in KV
in the multi-year period 1974–2013. Precipitation data were recorded at 11 rain gauge
stations (Figure 1, Table 1), while runoff data at eight water gauge stations, three of which
are located on the Nysa Kłodzka River, and five on its tributaries—the Wilczka, Bystrzyca,
Biała Lądecka and Bystrzyca Dusznicka rivers (Figure 1, Table 2).

In has to be noted that, in case of the Bystrzyca River catchment, the average and
probable values were calculated, but they were not presented in the results, because
of the lack of rain gauge in that catchment, towards which the synchronicity could be
analyzed. Additionally, for the purpose of interpolation of the average and probable values
of precipitation, data from the Niemojów rain gauge station were applied; however, they

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Water 2021, 13, 1229 5 of 15

were not included in the synchronicity analysis because of location of that gauge beyond
the analyzed area. Interpolation of the precipitation values was conducted by means of the
Inverse Distance Weighting (IDW) interpolation method.

Table 1. Basic characteristics of analyzed rain gauge stations.

Rain Gauge
Station

Coordinates Altitude
(m a.s.l.) Annual Precipitation (mm)

Latitude Longitude

Bielice 50◦16′ N 17◦00′ E 695 935.9
Chocieszów 50◦27′ N 16◦29′ E 405 765.2

Kłodzko 50◦26′ N 16◦36′ E 356 577.2
Międzygórze 50◦13′ N 16◦46′ E 585 985.4
Międzylesie 50◦09′ N 16◦40′ E 450 860.3
Niemojów 50◦09′ N 16◦34′ E 570 1005.8

Nowy Gierałtów 50◦18′ N 16◦57′ E 635 900.4
Ołdrzychowice 50◦21′ N 16◦43′ E 340 747.5

Podzamek 50◦25′ N 16◦43′ E 400 765.3
Polanica-Zdrój 50◦25′ N 16◦31′ E 390 873.3

Zieleniec 50◦19′ N 16◦23′ E 845 1277.8

Table 2. Basic characteristics of analyzed river gauges.

River Gauge
Coordinates Altitude

(m a.s.l.)
Catchment
Area (km2)

Runoff Depth
(mm)

River Regime
Type 1Latitude Longitude

Nysa Kłodzka
Międzylesie 50◦09′ N 16◦39′ E 426 49.7 444 2

Bystrzyca Kłodzka II 50◦17′ N 16◦39′ E 338 260.0 481 4
Kłodzko 50◦26′ N 16◦39′ E 281 1084.0 375 4

Wilczka Wilkanów 50◦14′ N 16◦41′ E 363 35.1 715 2
Bystrzyca Bystrzyca Kłodzka I 50◦17′ N 16◦39′ E 340 64.0 484 2

Biała Lądecka
Lądek Zdrój 50◦20′ N 16◦52′ E 421 166.0 649 4

Żelazno 50◦22′ N 16◦40′ E 317 305.0 508 4

Bystrzyca Dusznicka Szalejów Dolny 50◦25′ N 16◦34′ E 305 175.0 388 2
1 Types of river regime: 2—nival moderately developed; 4—nival-pluvial (Source: [19,28,29] modified).

All data sets were obtained from the resources of the Institute of Meteorology and
Water Management—National Research Institute in Warsaw, Poland.

2.3. Methods

The copula functions have been applied to analyze the synchronous and asynchronous
occurrence of precipitation and runoff in river catchments situated in KV. In this study
the bivariate Archimedean copulas were used. The concept of copula was introduced
by Sklar [30], who defined copula as a joint distribution function of standard uniform
random variables. Results of many researchers proved that copulas can be a powerful tool
for modeling and sampling multivariate, nonlinearly interrelated hydro-meteorological
data [31].

First, the best matching statistical distributions (from Weibull, Gamma, Gumbel, and
log-normal) were selected for the analyzed data series. The maximum likelihood method
was used to estimate values of distribution parameters. The goodness of fit of a given
distribution in the data series was checked by means of the Akaike information criterion
(AIC) [32]:

AIC = Nlog (MSE) + 2 (no. of fitted parameters), (1)

where MSE is the mean square error, and N is the sample size, or

AIC = −2log (maximum likelihood for model) + 2 (no. of fitted parameters). (2)

The best fitted distribution type is the one that has the minimum AIC value [32].
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Next, the joint distribution of Pt (mm) and Rt (mm) was constructed. It was made
for data from each precipitation gauge located in a given catchment with data from a
water gauge (closing this particular catchment). In other words it was made only for each
pair of hydrologically connected precipitation and runoff data sets, to avoid analyzing
random/accidental statistical relations between gauges without hydrological connection.

In general, a bivariate Archimedean copula can be defined as:

Cθ (u,v) = φ−1 {φ(u) + φ(v)}, (3)

where u and v are marginal distributions, the θ, subscript of copula C, is the parameter
hidden in the generating function φ, and φ is a continuous function called a generator that
strictly decreases and is convex from I = [0, 1] to [0, φ (0)] [33].

The Archimedean copula family is often applied in hydrological studies [34], for
example in flood frequency analyses. It was found that a copula-based flood frequency
analysis performs better than a conventional flood frequency analysis, as joint distribution
based on a copula fits the empirical joint distribution (i.e., from observed data using a
plotting position formula) better than the established standard joint parametric distribution.

A large variety of copulas belongs to the Archimedean copula family and can be
applied when the correlation between hydrological variables is positive or negative. The
proofs of these properties have been reported by Genest and Favre [35]. For this reason,
one-parameter Archimedean copulas, including the Clayton family, the Gumbel–Hougaard
family, and the Frank family, were used in this study. The Gumbel–Hougaard and Clayton
copula families are appropriate only for positively correlated variables, while the Frank
family is appropriate for both negatively and positively correlated variables (Table 3).

Table 3. Copula function, parameter space, generating function φ(t), and functional relationship of Kendall’s τθ with a
copula parameter for selected single-parameter bivariate Archimedean copulas.

Copula Family Cθ(u,v) Generator φ(t) Parameter θ∈ Kendall’s τθ

Clayton max
((

u−θ + v−θ − 1
)− 1

θ , 0
)

1
θ

(
t−θ − 1

)
[−1, ∞)\{0} τ = θ/(2 + θ)

Gumbel–Hougaard exp
{
−
[
(−ln u)θ + (−ln v)θ

] 1
θ

}
(− ln t)θ [1, ∞) (θ − 1)/θ

Frank −1
θ ln

[
1 + (e−θu−1)(e−θv−1)

e−θ−1

]
−ln e−θt−1

e−θ−1
(−∞, ∞)\{0} 1 + 4[D1(θ)− 1]/θ

Dk(x) =
k
xk

∫ x

0

tk

et − 1
dt. (4)

where Dk(x) is Debye function, for any positive integer k (order of the function).
The best-fitted joint distribution was selected through comparison to the empirical

joint distribution using the Akaike information criterion (AIC), as mentioned earlier.
For each pair of series, based on previously computed statistical distribution param-

eters of marginal data series, 5000 hypothetical values were randomly generated. They
were used for the selection of the best-fitted copula family for a given pair of data sets and
next for the forming of an appropriate copula. Based on empirical value pairs (red points
in Figure 2) for particular years and computed hypothetical points (marked with gray in
Figure 2), graphs with probability curves (expressed in return periods) were generated
(Figure 2).

All these steps allowed calculating the degree of synchronicity (synchronous occur-
rence) and asynchronicity (asynchronous occurrence) of Pt and Rt. For each pair of gauges,
probability curves at a level of 62.5% (once in 1.6 years), 37.5% (once in approximately
2.7 years), 20% (once in 5 years), 10% (once in 10 years), 2% (once in 50 years), 1% (once
in 100 years), 0.5% (once in 200 years), and 0.2% (once in 500 years) were generated
(Figures 2 and 3).
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Figure 3. Examples of copula plots of gauges with: (A) the maximum synchronicity (gauges: Bielice–Kłodzko) and (B) the
maximum asynchronicity (gauges: Polanica–Zdrój–Kłodzko) of the Pt and Rt in 1974–2013.

Then, the obtained data (generated value pairs) were analyzed in basis 62.5% and
37.5% probability levels [36,37]. According to these levels, nine sectors were designated.
They represent different relations between probable values of Pt and Rt. Based on generated
value pairs with a distribution imitating the joint distribution of values from compared
gauges and their participation in particular sectors (Figure 2), three sectors with the syn-
chronous occurrences of Pt and Rt were designated:

• Sector 1: LPt–LRt (X ≤ Pt62.5%, Y ≤ Rt62.5%);
• Sector 5: MPt–MRt (Pt62.5% < X ≤ Pt37.5%, Rt62.5% < Y ≤ Rt37.5%);
• Sector 9: HPt–HRt (X > Pt37.5%, Y > Rt37.5%);

and six sectors with the asynchronous occurrences:

• Sector 2: LPt–MRt (X ≤ Pt62.5%, Rt62.5% < Y ≤ Rt37.5%);
• Sector 3: LPt–HRt (X ≤ Pt62.5%, Y > Rt37.5%);
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• Sector 4: MPt–LRt (Pt62.5% < X ≤ Pt37.5%, Y ≤ Rt62.5%);
• Sector 6: MPt–HRt (Pt62.5% < X ≤ Pt37.5%, Y > Rt37.5%);
• Sector 7: HPt–LRt (X > Pt37.5%, Y ≤ Rt62.5%);
• Sector 8: HPt–MRt (X > Pt37.5%, R62.5% < Y ≤ Rt37.5%).

where X = the values of x coordinates of generated points, Y = the values of y coor-
dinates of generated points, Pt62.5% = the value of Pt with a probability of exceedance of
62.5%, Pt37.5% = the value of Pt with a probability of exceedance of 37.5%, Rt62.5% = the
value of Rt with a probability of exceedance of 62.5%, Rt37.5% = the value of Rt with a
probability of exceedance of 37.5%, L = “low”, M = “medium”, and H = “high”.

The percent share of generated points in sectors 1, 5, and 9 allowed determination
of the degree of synchronicity of Pt and Rt (i.e., between compared precipitation gauge
and water gauge on a river). The asynchronicity may be divided into two types: Moderate
(the percent share of points in sectors 2, 4, 6, 8—“low-medium”, “medium-low”, “medium-
high”, and “high-medium” relations) and high (the percent share of points in sectors 3 and
7—“high-low” and “low-high” relations), respectively.

In other words, the synchronous and asynchronous occurrences of Pt and Rt were
determined through a calculation of threshold values of probability ranges:

• Probable values with a probability of occurrence of <62.5% were designated as
LPt/LRt;

• Probable values with a probability of occurrence in a range >62.5% and <37.5% were
designated as MPt/MRt;

• Probable values with a probability of occurrence > 37.5% were designated as HPt/HRt.

The sum of percent share of synchronous and asynchronous events is always 100%.
For instance, the occurrence of LPt in a given precipitation gauge is a synchronous

event if in the same time unit LRt occurs in the catchment (closed by water gauge) which the
precipitation gauge is located in, whereas it is the asynchronous one if MRt or HRt occurs.

If the synchronicity of Pt and Rt in a given catchment is 60%, this means that in three
out of five years, the probable Pt at a given gauge is within the same probability range as
the probable Rt.

In turn, the asynchronicity can be exemplified by the occurrence of high Pt in the
given catchment (e.g., a “100-year precipitation”, p = 1%) and the occurrence of low Rt in
the same catchment (e.g., at the level of exceedance probability p = 90%). As in the example
above, if the synchronicity is 60%, the asynchronicity is 40%, which means that statistically
the asynchronous event should occur average twice for every five years.

In the Section 3, the term “synchronicity”/“asynchronicity” means the synchronous/
asynchronous occurrence of Rt relative to the Pt in the described catchment. Interpolation
both of the synchronicity and precipitation values was conducted by means of the IDW
interpolation method.

For the mathematical and statistical processing MS Excel and RStudio software were
used. QGIS and MS Publisher software was employed to visualize the obtained results.

3. Results
3.1. Probable Values of Pt and Rt

The values of the total runoff in the study area are varied (Figure 4A). They reach
the highest values in the eastern part of KV, in the Wilczka (about 740 mm) and Biała
Lądecka river catchments (655 mm in gauge Lądek–Zdrój and 512 mm in gauge Żelazno,
respectively), while in the whole Nysa Kłodzka catchment area closed by gauge Kłodzko
it is significantly lower (about 380 mm). The average precipitation has a specific spatial
pattern: Its higher values are recorded in the elevated areas, that is in the western, eastern,
and southern parts of KV, and the values decrease towards the north (Figure 4A). The
highest average annual rainfall is recorded in the upper Bystrzyca Dusznicka catchment
(about 1250 mm).
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probability of 0.2%.

In general, the spatial distribution of the annual precipitation totals with the ex-
ceedance probabilities of 10% (Figure 4B), 1% (Figure 4C), and 0.2% (Figure 4D) follows the
distribution of average values of precipitation and runoff (Figure 4A). In the case of the
exceedance probabilities of 10% (Figure 4B) and 1% (Figure 4C), the highest precipitation is
expected at gauge Zieleniec located in the Bystrzyca Dusznicka catchment, analogically to
the annual averages. However, the spatial distribution of precipitation with the exceedance
probability of 0.2% is different, and the highest values of annual precipitation can be
expected in the Biała Lądecka catchment (over 1850 mm).

The probable values of the annual runoff refer spatially to the annual precipitation
totals. Much higher values, similar to the mean values (Figure 4A), are characteristic for
the Wilczka and Biała Lądecka catchments, and the upper part of the Nysa Kłodzka River.

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

3.2. Synchronicity of Pt and Rt

The results shows different degrees of the synchronous occurrence of the river runoff
with the annual precipitation recorded in the catchment (Table 4). The strongest relationship
has been demonstrated between precipitation recorded in rain gauge Zieleniec and runoff
in the Bystrzyca Dusznicka River sub-catchment controlled by water gauge Szalejów Dolny
(65.7%), then precipitation in rain gauge Międzylesie and runoff in the Nysa Kłodzka River
catchment controlled by water gauge Międzylesie (64.8%), and also precipitation in rain
gauge Bielice and runoff in the Nysa Kłodzka River catchment controlled by water gauge
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Kłodzko (64.4%). By contrast, the least synchronous were the precipitation totals recorded
in rain gauge Polanica–Zdrój and runoff in the Nysa Kłodzka River catchment controlled
by water gauge Kłodzko (49.1%), and also precipitation in rain gauge Ołdrzychowice and
runoff in the Biała Lądecka River sub-catchment down to Żelazno (49.4%).

Table 4. The percent synchronicity and asynchronicity of precipitation and runoff in analyzed rain gauge stations and water
gauges in KV.

Rain Gauge Station
Sectors

Syn.
Asyn.

1 5 9 2 4 8 6 3 7 Total Moderate High

Nysa Kłodzka River at gauge Międzylesie

Międzylesie 27.7 10.2 26.9 7.2 7.5 7.4 7.7 2.4 2.9 64.8 35.2 29.8 5.3

Nysa Kłodzka River at gauge Bystrzyca Kłodzka II

Międzylesie 26.4 8.8 22.6 7.2 6.2 10.1 10.2 3.7 4.8 57.8 42.2 33.7 8.5
Międzygórze 22.6 7.9 23.3 9.0 9.7 8.0 7.6 6.0 5.9 53.7 46.3 34.4 11.9

Nysa Kłodzka River at gauge Kłodzko

Międzylesie 26.9 8.9 24.5 6.0 6.3 9.7 10.3 3.7 3.7 60.4 39.6 32.3 7.3
Międzygórze 27.8 8.8 25.4 6.7 6.8 9.3 9.2 2.9 3.2 62.0 38.0 32.0 6.1

Bielice 26.7 10.2 27.5 8.5 8.2 7.2 6.5 2.3 2.9 64.4 35.6 30.5 5.1
Nowy Gierałtów 25.5 9.1 25.5 8.2 9.4 7.4 7.0 4.2 3.8 60.0 40.0 32.0 8.0
Ołdrzychowice 23.9 8.1 24.8 9.0 9.1 7.8 7.1 5.1 5.1 56.8 43.2 33.0 10.2

Zieleniec 24.3 7.9 21.0 7.3 7.1 9.6 10.2 6.4 6.1 53.3 46.7 34.2 12.5
Chocieszów 25.6 8.0 21.6 6.7 6.6 10.2 10.2 5.5 5.6 55.2 44.8 33.7 11.1

Polanica-Zdrój 22.4 7.5 19.2 7.6 7.7 9.9 10.1 7.3 8.2 49.1 50.9 35.4 15.5
Podzamek 22.5 8.3 24.1 9.2 9.2 8.3 8.0 5.1 5.3 54.9 45.1 34.7 10.4
Kłodzko 26.4 8.5 22.3 7.3 6.8 9.3 9.9 4.8 4.9 57.1 42.9 33.3 9.7

Wilczka River at gauge Wilkanów

Międzygórze 25.6 9.1 26.3 8.3 9.4 7.1 6.2 4.1 3.8 61.0 39.0 31.1 7.9

Biała Lądecka River at gauge Lądek Zdrój

Bielice 25.3 9.1 28.9 8.2 8.7 6.3 7.2 3.1 3.1 63.3 36.7 30.5 6.2
Nowy Gierałtów 26.8 8.7 25.5 8.3 7.9 8.3 8.3 3.1 3.0 61.0 39.0 32.8 6.1

Biała Lądecka River at gauge Żelazno

Bielice 25.9 9.5 26.4 8.4 8.9 7.3 7.1 3.0 3.4 61.9 38.1 31.7 6.4
Nowy Gierałtów 27.1 8.9 24.3 6.3 6.3 10.0 9.3 3.4 4.4 60.3 39.7 31.9 7.8
Ołdrzychowice 21.5 7.3 20.5 7.4 7.8 10.3 10.1 7.5 7.5 49.4 50.6 35.6 15.0

Bystrzyca Dusznicka River at gauge Szalejów Dolny

Zieleniec 28.6 9.6 27.4 6.9 7.2 7.3 8.0 2.4 2.4 65.7 34.3 29.5 4.8
Chocieszów 26.6 8.3 24.9 6.7 6.9 10.0 9.2 3.7 3.7 59.8 40.2 32.8 7.4

Polanica-Zdrój 23.4 7.4 21.1 7.8 7.5 10.0 10.9 5.9 6.0 51.9 48.1 36.2 11.9

It can be seen that in many cases precipitation in the upper parts of the catchment area
is more synchronous with runoff from a given catchment recorded in profiles closing that
catchment, while the degree of synchronicity between precipitation recorded in rain gauges
located close to these profiles is noticeably lower (Table 4, Figure 5). Such cases include the
Nysa Kłodzka River catchment controlled by water gauge Bystrzyca Kłodzka II, and the
Biała Lądecka River sub-catchment controlled by water gauge Bystrzyca Dusznicka. This
proves the key importance of precipitation in the upper parts of the catchment area for
the formation of total runoff in the Nysa Kłodzka River catchment. This is due both to the
volume of precipitation (it is higher in the upper parts of the catchment area, Figure 4A), as
well as the shape and geological structure of the terrain-higher parts of the mountains being
characterized by steeper slopes, which is translated into the transformation of most of the
precipitation into surface runoff, reducing water retention and its subsequent transpiration.

Isolines of the synchronous occurrence of Pt and Rt in the Nysa Kłodzka River catch-
ment controlled by gauge Kłodzko have a zonal distribution, with synchronicity values
decreasing from south-east to north-west (Figure 5). This is disturbed in the north-western
part of the area, due to the much lower (49.1%) synchronicity detected in gauge Polanica–
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Zdrój in the Bystrzyca Dusznicka River catchment. The characteristic run of the isolines
indicates stronger relationships between precipitation and runoff occurring in the southern
and eastern parts of the area (the upper reaches of the Nysa Kłodzka River, and the Wilczka
and Biała Lądecka catchments). This indicates a greater share of precipitation in this part of
the area in the formation of the total annual runoff. In other words, it can be concluded that
the eastern sub-catchments have larger contribution to the formation of the water resources
in the study area. Interestingly, sub-catchments with higher synchronicity between precipi-
tation and runoff have also relatively higher annual precipitation; an exception to this rule
is the catchment area of the Bystrzyca Dusznicka River, where, with the highest precipita-
tion in the whole study area (1277.8 mm at gauge Zieleniec), the synchronicity with water
gauge Kłodzko reaches 53.3% (Table 4, Figure 5). The higher synchronicity of the eastern
part of the study area can be attributed to its geology and soil permeability—it is built
mostly of Precambrian metamorphic rocks, contrary to the Cretaceous sedimentary rocks
prevailing in the western part. Moreover, higher synchronicity may result from relatively
large slopes (30◦) characteristic for the Śnieżnik Massif and the Bialskie Mountains [13].
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Figure 5. Synchronicity (%) of precipitation and runoff in the Nysa Kłodzka catchment closed by gauge Kłodzko.

4. Discussion and Conclusions

KV is one of the most important areas in Poland in terms of formation of the country’s
water resources. At the same time it is one of the areas most vulnerable to floods in Poland.
While most recent studies have analyzed extreme hydro-meteorological events in KV, this
research has concentrated on relations between average precipitation and runoff in that
area. The study confirms the findings of Olichwer [18], who classified the Nysa Kłodzka
River catchment as an area of high hydrological activity. That author analyzed the water
resource abundance along the Nysa Kłodzka River in individual sub-catchments closed
by river gauges Międzylesie, Bystrzyca Kłodzka II, and Kłodzko, respectively, focusing
on the total and groundwater runoff. While such an approach allowed for determination
of the long-term variability of water resources in KV, the adopted method of dividing
the area made it impossible to detect differences between the eastern and western parts
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(sub-catchments) of the Nysa Kłodzka River catchment. As a result, it was also impossible
to obtain the full picture of the complex hydrological relationships of this area. In contrast,
the results of our study have proved that, in order to study water resources of a given area,
analysis of their changes along the river may be insufficient. Thus, it seems to be justified
to investigate water resources of each sub-catchment separately and analyze its impact on
the formation of water resources in the whole area, of which it is a part.

It has been revealed that the eastern part of KV is more hydrologically active, while the
western part is more hydrologically inert than the eastern one. By hydrological activity we
mean contribution of precipitation in respective sub-catchments to runoff in the analyzed
area (the Nysa Kłodzka River catchment closed by water gauge Kłodzko). It can be
concluded that the eastern sub-catchments are richer in terms of water resources. It should
be noted that these are rivers with frequent floods, including catastrophic floods [13].
The greater hydrological activity of the eastern (right) tributaries of the Nysa Kłodzka
River is also evidenced by the greater variability of the flow of these rivers and greater
abundance of water resources [19]. In the analyzed area, a diversified structure of both
the water supply (precipitation) and runoff is also observed. While precipitation in the
highest situated areas is similar, and even in the Bystrzyca Dusznicka sub-catchment (rain
gauge Zieleniec) in the western part of the area is clearly higher (above 1270 mm), the total
runoff is higher in the eastern sub-catchments. In the western part, the component of the
total runoff from the snowmelt supply in the spring season is more significant, while in
the eastern part the volume of the snowmelt runoff is similar, but the contribution of the
summer rainfall grows considerably. That differentiation results from both the location
and exposure of the sub-catchments, as well as the meteorological conditions triggering
floods in the study area [9,10]. A consequence of the different water supply structure
of the KV rivers is also a noticeable differentiation of the runoff regime. In the eastern
part of the Nysa Kłodzka River catchment they represent the nival-pluvial type, while in
the western part the nival type, with a much lower runoff in the summer season [19,29].
The KV rivers also differ in the terms of the stability and uncertainty of the flow regime
characteristics [28,38,39]. Rivers in the eastern part of the area (as Wilczka, Biała Lądecka)
and the upper Nysa Kłodzka are characterized by greater entropy (uncertainty) of the flow
height than in the western part. On the other hand, the uncertainty of the monthly runoff
distribution is higher in the case of the left (western) tributaries of the Nysa Kłodzka River,
which proves their greater equalization in the annual cycle than in the case of the right
(eastern) tributaries. The Bystrzyca Dusznicka River in the western part of the upper Nysa
Kłodzka River catchment is also characterized by the lowest stability of the maximum
monthly flows, which makes their uncertainty the highest.

This study is part of the analysis of the synchronous occurrence of hydro-meteorological
phenomena using the copula function. In a similar approach, relationships between the
amount of rainfall [40] and runoff [21,22,37,41], as well as between the flow and the amount
of material transported by water [36,42,43], and also relations between snowmelt flood
volume and peak discharge [44], and between the water levels of coastal lakes and sea
water levels [45] were analyzed. These papers are evidence of successful application of
the copulas in hydro-meteorological studies, but these methods also have their limitations.
The major one is data availability and the necessity of using homogenous data sets of the
same length and derived from the same observation period. In our research we faced
some problems, including the lack of a rain gauge station located in the Bystrzyca River
catchment (Figure 1), which made it impossible to analyze the Pt–Rt synchronicity in
this catchment.

Another limitation refers to the used copula types; in our study, the bivariate (2D)
copula functions were used, but there is a potential to use, e.g., the three-dimensional
(3D) copulas, successfully applied in hydrological analyses. Multi-dimensional vine cop-
ulas were used for example in adopting a pair-copula function to analyze the encounter
frequency of high–low annual runoff-sediment yields between different stations [43],
developing probabilistic projections of multidimensional river flood risks at a convection-
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permitting scale [46], prediction of streamflow and the refinement of spatial precipitation
estimates [47], or analyzing extreme storm surges induced by tropical cyclones [48].

The next significant issue, raised in the copula-related research, is uncertainty and
reliability of the constructed models. It has to be noted that there is a lack of sufficient efforts,
which should be made to uncover the underlying uncertainty, e.g., in the vine copula-
based flood risk assessments [46]. On the other hand, there are proofs that probabilistic
forecasting can be more informative (e.g., in providing the prediction uncertainty) than
other deterministic models [47].

This research is a proposal to further develop and adapt the copula-based methodology
in studies on the precipitation-runoff relationships and water resources of a given area.
It also confirms the applicative value of the copula theory: The method presented can
be used to evaluate the availability of water resources in areas playing the key role in
their formation on different scales. Prospective related studies on water resources in KV
should seek interdependencies in the precipitation and runoff patterns, and other relations
between these variables (analyzed jointly and separately), also in the winter and summer
half-years of the hydrological year.

To conclude, major highlights of the implemented research are as follows:

• Copulas can be used in studies on regional precipitation-runoff relations and to
determine probabilistic values of analyzed variables.

• The precipitation-runoff relationship can be presented as the synchronous occurrence
of these variables, and graphically depicted using isolines of synchronicity.

• The eastern tributaries of the Nysa Kłodzka River are more hydrologically active than
the western ones, and they determine the amount of water resources of the study area.

• The regime features of rivers in KV depend on the type and distribution of precipita-
tion over the year, and consequently on its relation with runoff in the sub-catchments
of the Nysa Kłodzka River and its tributaries.
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6. Młyński, D. Analysis of Problems Related to the Calculation of Flood Frequency Using Rainfall-Runoff Models: A Case Study in
Poland. Sustainability 2020, 12, 7187. [CrossRef]
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