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Abstract: Based on daily flows recorded in the period 1971-2010, the synchronous occurrence of
the annual (AMAXq), winter (WMAXq), and summer (SMAXq) maximum specific runoffs in 39
sub-catchments of the Warta River catchment (WRC) in Poland was analyzed. First, trends in
the flows were detected using the non-parametric Mann-Kendall (M-K) test. Then, the degree
of the synchronous and asynchronous occurrences of the maximum specific runoffs (MAXq) in
respective sub-catchments in relation to the Gorzéw Wielkopolski gauge closing the WRC was
calculated. Finally, the reasons for the detected spatial and temporal differences were discussed.
The study revealed a noticeable variability of the analyzed parameters. The highest synchronicity
of AMAXq and WMAX(q in relation to the closing Gorzéw Wielkopolski gauge was revealed in
the man-made Kosciariski and Mosinski canals and in the sub-catchments of the Note¢, Welna,
and lower Prosna rivers. While compared to AMAXq and WMAXgq, the summer maxima showed
relatively lower degrees of synchronicity, an increase in the synchronous occurrence of SMAXq in
the southern part of WRC, and a decrease in its central part were identified. It was concluded that
the stronger synchronicity of WMAXq resulted from the nival regime of the investigated rivers.
Consequently, the annual maxima were most often associated with the winter half-year. The detected
differences of synchronicity of the annual and seasonal runoffs are conditioned by climate, more
specifically by the course of winter and resulting from it snow cover thickness, and also the amount
and intensity of rainfall in summer.

Keywords: time series analysis; copula; synchronicity; specific runoff; river regime; Central Europe

1. Introduction

Hydrological analyses often search for determining relations and dependencies between
hydrological, climatic, and physiographic parameters of a catchment and measuring the strength
of the identified relationships. In recent years, such studies have gained increasing attention,
due to the advancing climate change, and consequently, the more frequently observed variations of
the hydrological cycle. For example, Budyko [1,2] proposed a model allowing detecting relations
between climate, evapotranspiration, and runoff. The model has been proved useful for predicting
catchment energy and water balances [3]. It was applied among others to assess the climate
change-induced modification of potential evaporation and runoff sensitivity in the Yellow River Basin in
China [4], which is characterized by limited water resources. However, some researchers [5-7] pointed to
its limitations, such as the mutual independence of precipitation, evaporation, and evapotranspiration.
For these reasons, [7] proposed a hydrological model that is able to conduct a spatially explicit
assessment of changing hydrological regime in terms of the blue and green water dynamics in
temperate mid-latitude river basins.
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Recently, in the multidimensional analyses of hydro-meteorological data, the copula function
has been widely applied. Copulas were introduced by [8], and originally they were used in
economic sciences, primarily in the analysis of market and credit risks [9,10]. The main advantage
of the copulas is their wide applicability, since the copula function relaxes the normality assumption
and allows determining correlations of data regardless of their statistical distributions. Investigating
the synchronous occurrence of hydrological phenomena is one of these analyses in which the copula
function can be used. Its successful applications include analyses of relationships between the flow
volume and the amount of sediment carried by river water [11-13], and between the river flow
and the outlets of its two tributaries [14], as well as studies of variability of flow synchronicity in
different periods [15]. That method was used to analyze dependences of the maximum annual [16]
and annual average [17] water levels of coastal lakes in Poland in relation to water levels of the Baltic
Sea. For example, relationships between precipitation and droughts in Beijing [18], and the probabilistic
behaviors of the Standardized Precipitation Index (SPI)based droughts in Guangdong Province in
South China [19] were also investigated with the help of the copulas.

In this research, based on data collected at a number of water gauges, the copula function
was applied to determine the spatial and temporal differentiation of the synchronous occurrence of
the maximum runoffs in a relatively large-scale catchment, more specifically in the Warta River
catchment (WRC) in Poland. The analyses were carried out at three different time intervals,
namely in the whole hydrological year (November-October), and in the winter (November—April)
and summer (May—-October) half-years, respectively. Such a temporal approach refers to the division
of the hydrological year in Poland, and it is justified by clearly different water supply conditions
in the Central European river catchments in winter and summer. This allowed detecting seasonal
differences in the course of the analyzed maximum flows. In this study, the synchronous occurrence
(synchronicity) means an event in which the occurrence of the maximum flows at two gauges in
the analyzed period (hydrological year, winter half-year, and summer half-year) falls within the same
probability range (for more details, see Section 2.2.3).

The Warta River is a mid-size European river, a tributary of the Odra River, located in the central
and western part of Poland and draining the North European Plain to the Baltic Sea [20]. For centuries,
the Warta River has played the key role in the socio-economic development of the Greater Poland
(Wielkopolska) region, including its administrative capital: the city of Poznan [21,22]. While it is one
of the most productive agricultural regions of Poland, most of the WRC is situated in the driest part of
the country. According to [23], the climatic water balance of the vegetation period (April-September)
for 1970-2004 ranged between —200 and —250 mm, showing the lowest data in the area lying to the east
of Poznan. In the second part of the 20th century, the mean annual precipitation in Poznan was only 543
mm [24]. As a result, the observed water deficits in WRC make this area of special interest to scholars.
Numerous researchers, as for example [25-28], investigated the risk and uncertainty aspects of low
flows of the Warta River in relation to the projected climate changes. Some studies have been carried
out on both seasonal [29-31] and long-term [32-35] variability of flows and elements of the water
balance in WRC. Other analyses aimed to identify changes in the hydrological regime of the Warta
mainstream and rivers in its catchment [36-39].

While a wide spectrum of studies on the hydrology of WRC has been carried out, the encounter
probability of the synchronous runoff maxima in that area has not been addressed yet. In order
to overcome that research gap, this research aimed at recognizing and better understanding
the synchronous occurrence of the runoff maxima in respective sub-catchments of WRC.

The results of this study would give an answer to the following elementary question: To what
extent do the elementary catchments behave similarly (in terms of the maximum flows) to the catchment
as a whole, closed by the Gorzow Wielkopolski gauge? This is of particular importance in rational
water resources management, including flood protection, reservoir water storage, and water supply in
WRC, which has one of the poorest water resources in Europe.
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2. Materials and Methods

2.1. Materials and Study Area

Daily flows in WRC are measured at 72 gauges located on 39 rivers. In this study, data recorded
at 58 water gauges (Figure 1) in the period 1971-2010 were used. They were derived from resources of
the Institute of Meteorology and Water Management—National Research Institute in Warsaw, Poland.

The Warta River is the third longest river in Poland: its total length is 808 km. It is the largest
right-bank tributary of the Oder (Odra) River, and most of its catchment area (54,519 km?) lies below
200 m a.s.l. [33]. However, it has relatively diversified terrain and extends from highlands in the south
through lowlands of Central Poland to the lake district in the north. The study area covers WRC from
its source in the Krakéw-Czestochowa Upland to the water gauge in Gorzow Wielkopolski (No. 13 in
Figure 1), which controls 52,186 km? of the WRC.

The catchment area is divided by two proglacial stream valleys: the Toruni-Eberswalde Valley
includes the lower and middle Note¢ River and the lower Warta River, and the Warsaw-Berlin Valley
includes the middle part of the Warta River. In this context, as far as the basin is concerned, it is
important to note that the hydrographic net is well developed. The rivers with big longitudinal slopes
are in the northern and southern parts of the catchment area [33]. In the whole WRC, sandy soils cover
45% of the land, loamy soils cover 41% of the land, and organic and alluvial soils cover 14% of the land.
Arable land constitutes 48%, grassland constitutes 10.3%, forests constitute 30.2%, and “other” occupies
11.5% of the area, being a region of intensive agriculture [40].

According to the Koppen—Geiger classification of climates, WRC lies within the transition zone
between a humid continental (Cfb) and oceanic climate (Dfb) with relatively cold winters and warm
summers [41]. Wos [24] described its climate as warm, with both marine and continental features,
shaped primarily by the polar air masses formed over the Northern Atlantic Ocean. The average
annual air temperature in the study area is about 7.5-8.5 °C, and the average annual precipitation
varies from 520 mm in the north-eastern part of the catchment (the Kujawy region) to 675 mm in
the southern uplands [24].

The specific runoff in WRC shows considerable spatial differences, with the highest values in
the southern (uplands) and northern (lake district), and the lowest in the central part. In the upper
Noteé River, an average specific runoff is below 2 dm?:s~!-km? (less than 70 mm), which makes that area
has the lowest specific runoff in the whole of Europe, recorded only in the Caspian Lowland. According
to [42] for the period 1921-1970, the specific mean runoff was 4 dm3-s~1.km?, which equaled 127 mm,
and the runoff coefficient was 23.9%. The annual runoff in WRC is also spatially diversified—the highest
values, exceeding 200 mm, and locally even 300 mm, are recorded in its northern and southern parts.
Noticeably lower runoffs (below 150 mm, locally even below 80 mm) are in the central and western
parts [43]. The average annual runoff for WRC at the Gorzéw Wielkopolski gauge is only 127 mm
(Table 1), which makes this region one of the poorest in Europe in terms of water resources. The highest
annual groundwater runoff, similarly to the annual surface runoff, is in the upper part of WRC. In its
central and western parts, it rarely exceeds 100 mm, with the local minima in the central part even lower
than 40 mm. The average annual groundwater runoff in WRC at Gorzéw Wielkopolski gauge is 97 mm
(Table 1). The highest percent share of the groundwater runoff is recorded in the Warta sub-catchments
located in the northern part of the study area (Table 1). According to some researchers [44-49], these
sub-catchments have different drainage structure with a clearly dominant share of groundwater runoff.
There is a noticeable difference between the northern part of WRC and its other parts in terms of
variability (stability) of the maximum annual flows. Relatively high stability is recorded in the middle
reaches of the Note¢ River and in sub-catchments of its right tributaries, such as the Gwda, Drawa,
and Pitawa rivers [43]. By contrast, low stability is concluded in the upper reaches of the Warta River
and in partial catchments of the Note¢, Sama, Powa, and Mogilnica rivers [43].

According to division by [50], rivers of the study area represent three sub-types of nival hydrological
regime, namely weakly, moderately, and strongly developed [43]. Rotnicka [51] applied Ward’s
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hierarchical grouping to distinguish 12 types of hydrological periods for rivers of the Odra River
basin and the West Przymorze (Pomerania) catchments in Poland. It was found that most rivers in
the central part of WRC represented the contrasting, five-period regime, with the deep low-water
period in summer and autumn, and the high-water period in spring. In the rest of the WRC, the rivers
represented mainly the four-period regime with the average low-water period in summer-autumn,
and the high high-water period in early spring. Much less contrasting types of regimes are represented
by rivers in the northern and southern parts of WRC, including the three-period lowland type of regime
with the average low-water period in summer—autumn and the low high-water period in late winter or
early spring (the Drawa River) or even the one-period type of regime (the upper Gwda River).

The geographical position of the study area and location of the analyzed water gauges are shown
in Figure 1.
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Figure 1. Location of water gauges in the Warta River catchment (numbering of gauges in accordance
with Table 1): 1—gauges with full continuity of source data and with statistically insignificant trends in
all analyzed periods, 2—gauges with full continuity of source data and with statistically significant
trends in one or two analyzed periods, 3—gauges excluded from final analysis, i.e., gauges with
incomplete source data or with statistically insignificant trends in all analyzed periods, 4—gauge
Gorzéw Wielkopolski closing the Warta River catchment.

Basic data on the Warta River and its tributaries analyzed in terms of the synchronous
and asynchronous occurrences of the runoff maxima are given in Table 1.
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Table 1. Major characteristics and flow regime of the analyzed rivers in the Warta River catchment in 1971-2010.

. Catchment Total Flow H ~ Groundwater Flow Flow Variability (Cv) Flow Type of River
No. River Gauge 5 . :
Area A (km?) (mm) (mm) (%) Daily  Annual  Min Max Irregularity Regime *

1 Warta Kreciwilk 66 384 262 68.2 0.610 0.226 0.205  0.548 44 1

2 Warta Poraj 390 233 125 56.3 0.881 0.379 0.295  0.838 101 1

3 Warta Mstow 988 205 123 60.3 0.761 0.317 0.250  0.579 71 2

4 Warta Bobry 1800 193 124 66.1 0.668 0.317 0457 0573 245 2

5 Warta Dzialoszyn 4088 192 132 66.8 0.647 0.265 0.234  0.552 35 2

6 Warta Burzenin 5437 186 125 67.0 0.630 0.274 0.252  0.599 35 2

7 Warta Sieradz 8140 177 125 67.7 0.599 0.248 0.204  0.495 27 2

8 Warta Nowa Wies Podgérna 20,763 146 95 64.7 0.612 0.277 0.281  0.527 29 2

9 Warta Poznari 25,126 128 87 64.3 0.621 0.295 0.267 0518 29 2
10 Warta Oborniki 26,789 135 87 64.1 0.626 0.296 0.278  0.489 30 2
11 Warta Wronki 30,684 129 83 64.5 0.636 0.309 0.249  0.503 25 2
12 Warta Skwierzyna 31,268 127 88 66.2 0.620 0.303 0.254 0505 25 2
13 Warta Gorzéw Wielkopolski 52,186 127 97 74.0 0.520 0.264 0.251  0.408 17 2
14 Liswarta Niwki 218 221 114 524 0.931 0.249 0.336  0.431 168 2
15 Liswarta Kule 1557 159 93 56.0 0.869 0.297 0.345  0.607 115 2
16 Olesnica Niechmiréw 592 132 56 421 1.362 0.443 0399 0721 312 3
17 Widawka Szczercéw 721 249 207 83.1 0.410 0.250 0.350  0.670 34 2
18 Widawka Rogozno 1268 208 170 747 0.524 0.244 0.302 0525 31 1
19 Widawka Podgoérze 2354 186 128 65.9 0.689 0.260 0.327 0491 54 1
20 Grabia Lask 472 180 96 53.4 1.061 0.305 0.393  0.575 192 3
21 Grabia Grabno 811 165 82 483 1.110 0.329 0.334 0523 115 3
22 Nieciecz Widawa 242 131 48 36.9 1.468 0.542 0918 0.716 10,267 3
23 Ner Dabie 1712 189 113 55.5 0.720 0.275 0.378 0417 116 2
24 Kietbaska Koscielec 476 167 127 67.8 0.547 0.223 0.333  0.486 34 2
25 Powa Posoka 332 113 44 38.6 1.335 0.434 0.658  0.861 3550 3
26 Czarna Struga Trabczyn 423 115 40 34.2 1.434 0.489 0.813  0.721 3043 3
27 Wrzeénica Samarzewo 360 93 37 39.0 1.329 0.545 0.593  0.684 278 3
28 Prosna Gorzéw Slaski 164 171 92 53.9 1.358 0.270 0.307  0.703 407 2
29 Prosna Mirkéw 1255 130 64 47.7 1.018 0.286 0.380  0.541 156 2
30 Prosna Piwonice 2938 123 68 52.1 0.959 0.316 0.386  0.574 127 2
31 Prosna Bogustaw 4304 118 61 495 0.968 0.342 0.356  0.579 131 2
32 Niesob Kuznica Skakawska 246 123 67 524 1.052 0.283 0401 0717 554 3
33 Otobok Otobok 447 115 47 41.6 1.287 0.386 0445  0.547 550 3
34 Kanat Kosciariski Koscian 1247 98 43 44.6 1.004 0.506 0.870  0.603 334 3
35 Kanat Mosinski Mosina 2492 78 40 51.2 1.021 0.513 0.727 0546 244 3
36 Mogilnica Konojad 663 77 26 33.1 1.440 0.653 0.704  0.797 1325 3
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Groundwater Flow

No. River Gauge Catchment2 Total Flow H Flow Variability (Cv) Flow ) Type o‘f River
Area A (km?) (mm) (mm) (%) Daily  Annual  Min Max Irregularity Regime *
37 Kopel Gluszyna 369 105 36 36.3 1.288 0.532 0594  0.611 705 3
38 Cybina Antoninek 171 107 58 54.5 0.936 0.442 0.834 0.541 1707 3
39 Gléwna Wierzenica 222 102 38 37.5 1.185 0.593 0.670  0.679 1800 3
40 Wetna Prusce 1130 95 52 52.7 1.032 0.556 0.681  0.747 410 3
41 Wetna Kowandéwko 2597 107 53 50.7 1.068 0.550 0.638  0.774 182 3
42 Flinta Ryczywot 276 75 35 46.5 1.170 0.522 0.883  0.555 728 3
43 Sama Szamotuly 395 85 38 433 1.362 0.673 0.802  0.945 1025 3
44 Obra Zbaszyn 1291 111 56 53.1 0.842 0.431 0.730  0.407 158 3
45 Obra Bledzew 2618 111 60 56.0 0.657 0.339 0.537  0.320 49 2
46 Paklica Miedzyrzecz 279 114 64 56.2 0.615 0.256 0.692  0.359 166 2
47 Noteé Lysek 306 89 43 49.6 1.126 0.568 0.814 0.773 11,100 3
48 Noteé No¢ Kalina 440 99 54 54.1 0.977 0.470 0559  0.627 334 3
49 Noteé Pakosc 2 1620 110 63 59.5 0.979 0.588 0562  0.878 131 2
50 Noteé Ujscie 1 6308 94 53 56.0 0.719 0.437 0.472 0432 52 2
51 Notec Ujscie 2 11,255 132 97 73.3 0.462 0.268 0.253  0.292 11 2
52 Noteé Krzyz 12,610 134 98 72.9 0.451 0.261 0.255  0.275 11 2
53 Note¢ Nowe Drezdenko 15,970 144 116 78.1 0.394 0.216 0.202  0.270 9 2
54 Noteé (Western) Gebice 182 109 55 54.8 0.926 0.519 0.747  0.742 393 2
55 Gasawka Znin 148 116 66 55.5 0.952 0.544 0.787  0.671 1713 3
56 Lobzonka Wyrzysk 635 127 60 49.6 0.880 0.400 0480 0.470 352 2
57 Gwda Gwda Wielka 426 259 205 79.2 0.525 0.282 0259  0.363 23 2
58 Gwda Ptusza 2052 174 122 69.3 0.378 0.186 0.183  0.246 10 2
59 Gwda Pita 4704 181 144 77.6 0.353 0.177 0218 0.244 8 2
60 Nizica Szczecinek 161 165 104 63.9 0.761 0.339 0.539  0.381 2280 2
61 Czernica Czarne 411 211 147 69.9 0.597 0.270 0.191 0.487 18 2
62 Czarna Okonek 104 113 61 53.5 0.993 0.331 0.440  0.648 209 2
63 Pitawa Nadarzyce 347 232 205 88.1 0.283 0.153 0.277  0.230 10 1
64 Pitawa Zabrodzie 1368 178 151 84.1 0.330 0.190 0.240  0.270 8 1
65 Dobrzyca Wiesiotka 892 161 128 82.3 0.401 0.207 0.218  0.445 11 2
66 Glomia Dobrzyca 569 157 95 60.4 0.717 0.272 0.379  0.553 164 2
67 Drawa Stare Drawsko 67 201 104 51.4 1.064 0.476 0478  0.655 240 3
68 Drawa Drawsko Pomorskie 609 215 161 71.1 0.554 0.236 0.289  0.334 22 2
69 Drawa Drawno 1267 226 184 81.4 0.384 0.189 0.238  0.253 10 2
70 Drawa Drawiny 3298 205 182 88.9 0.280 0.123 0.194 0.233 6 1
71 Mierzecka Struga Mierzecin 533 104 83 79.5 0.500 0.223 0.426 0.305 69 2
72 Miata Chetst 292 136 108 79.6 0.372 0.201 0.362  0.269 44 1

* Types of river flow regimes: 1—nival weakly developed, 2—nival moderately developed, 3—nival strongly developed. Source: after [43], modified.
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2.2. Methods

2.2.1. Data Analysis

At the preliminary stage of the research the continuity of the source data recorded at the respective
water gauges in the multi-year period 1971-2010 was analyzed. As a result, among the original
72 gauges, 58 were selected for further studies. Next, values of the maximum annual, winter,
and summer flows were converted into the annual (AMAXq), winter (WMAXq) and summer (SMAXq)
specific runoffs (dm>s~!-km~2), respectively, and then verified with the use of the non-parametric
Mann-Kendal test.

2.2.2. Mann-Kendal (M-K) Test

In the second stage of the study, tendencies of fluctuations of calculated data sets at the respective
gauges were analyzed. This involved the application of the rank-based non-parametric Mann-Kendall
(M-K) test, which detects trend in temporal sequences [52]. The M-K test is applicable in cases when
the data values x; of a time series can be assumed to obey the model:

xi = f(t) + 1

where f(t) is a continuous monotonic increasing or decreasing function of time, and the residuals ¢; can
be assumed to be from the same distribution with zero mean. Therefore, it is assumed that the variance
of the distribution is constant in time.

The M-K test statistic S is calculated using the formula:

n-1
)
k=1

where x; and x are the time-series observations in chronological order in yearsjand k, j > k, respectively,
n is the length of time series, and:

n

sgn(xj - xk) 2)
k+1

1 ifXj—Xk>0
sgn(xj—xk) = 0 ifx—-xx =0 . 3)
-1 ifxj—-xc <0

An upward (increasing) or downward (decreasing) trend is determined by a positive or negative
value of Z. First, the variance of S is computed by the following equation, which takes into account
that ties may be present:

9
VAR(S) = % n(n—1)(2n+5) - Z tp(tp — 1)(2tp + 5) @)
p=1

where q is the number of tied groups, and t;, is the number of data values in the py, group.
The values of S and VAR(S) are used to compute the test statistic Z as follows:

51 ifS>0
VAR(S)
7 = 0 ifS =0 . (5)
S+l ifS<0
VAR(S)

Then, the null hypothesis of no trend, Hy, is tested in order to accept or reject it. The x;
observations are randomly ordered chronologically, contrary to the alternative hypothesis H;, where
there is an increasing or decreasing monotonic trend. In this study, the null hypothesis (Hy) was that
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there had been no trend in AMAXq, WMAX¢q, and SMAXq over time. The alternate hypothesis (H;)
was that there had been a trend (increasing or decreasing) over time.

The test statistic Z (normal approximation) is computed if all time series are longer than 10.
The statistic Z has a normal distribution. The absolute value of Z can be compared to the standard
normal cumulative distribution in order to identify if there is a monotone trend or not at the specified
level of significance.

A huge number of studies used the M-K non-parametric test because of ease of usage and flexibility
to missing values, but also because of appealing features such as skewed distribution, as presented in
the papers of [53,54].

2.2.3. Application of the Copula Theory

The concept of copula was introduced by [8], which defined copula as a joint distribution
function of standard uniform random variables. Modeling joint distribution using copula relaxes
the restriction of traditional flood frequency analysis by selecting marginals from different families
of probability distribution functions for flood characteristics [55]. Copulas are a powerful tool for
modeling and sampling multivariate, nonlinearly interrelated data [18].

First, the best matching statistical distributions were selected for the analyzed data series.
Karmakar and Simonovic [55] suggested that the following distributions reflected the maximum
values in series of hydrological data: Weibull, Gamma, Gumbel, and log-normal. Parameters of
the distributions were estimated by means of the maximum likelihood method. For the purpose of
an assessment of the goodness of fit of a given distribution in the data series, the Akaike information
criterion (AIC) was applied [56], which was calculated from the following formulas:

AIC = Nlog (MSE) + 2(no. of fitted parameters), 6)
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). (7)

The best model is the one that has the minimum AIC value [56].

In the next step, the copula method was used to construct the joint distribution of MAXq at the given
gauge and at gauge Gorzow Wielkopolski closing WRC. In general, a bivariate Archimedean copula
can be defined as:

Co(u,0) = ¢~ Yp(u) +¢(v)] )

where u and v are marginal distributions, the 6, subscript of copula C, is the parameter hidden in
the generating function ¢, and ¢ is a continuous function called a generator that strictly decreases
and is convex from I = [0,1] to [0,¢(0)] [57].

The Archimedean copula family is often applied in hydrological studies, for example in flood
frequency analyses. It was found that 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 [58].

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 [59,60]. 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 2).
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Table 2. Copula function, parameter space, generating function ®(t), and functional relationship of
Kendall’s 79 with a copula parameter for selected single-parameter bivariate Archimedean copulas.

Copula Family Co(u,v) Generator ¢(t) Parameter O¢ Kendall’s 7g
~1
Clayton max((u‘e +o70-1) 9,0) (0 -1) [—1,00)\{0} T =0/(2+6)
1
Gumbel-Hougaard exp{—[(—ln w)? + (=In 0)9] 9} (-Int)? [1,00) (6-1)/6
—Ou _1 —0v _1 —ot_
Frank Finf1 4 D] —inel=l (o0, 0\[0]  1+4[D1(6) ~1]/0

where Dy (x) is Debye function, for any positive integer k.

k (%
Dk(X) = k_" o et—ldt' (9)

The best-fitted joint distribution was selected through comparison to the empirical joint distribution
using the Akaike information criterion (AIC), as mentioned earlier.

In the analysis, all water gauges were compared with the water gauge in Gorzow Wielkopolski
closing WRC. For each compared pairs of series, based on previously calculated parameters of statistical
distribution of marginal data series, 5000 hypothetical points were randomly generated. They were
used for the selection of the best-fitted copula family for a given pair of data series and then for
the development of an appropriate copula. Based on empirical pairs (red points in the Figure 2) of
values for particular years and randomly generated hypothetical points (gray one in the Figure 2),
graphs with probability curves (expressed in return periods) were developed (Figure 2).
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Figure 2. Example of combined accumulated curves of the probability of exceedance of the maximum
specific runoffs and the determination of sectors (1-9) with their various degrees of synchronicity
or asynchronicity.

The next stage involved calculation of the degree of synchronicity (synchronous occurrence)
and asynchronicity (asynchronous occurrence) of AMAXq, WMAXq, and SMAXq, respectively. 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 presented (Figures 2 and 3).
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Figure 3. Copula plots of gauges with the maximum synchronicity and asynchronicity of the maximum

runoffs in analyzed periods.

Then, the obtained data were analyzed based on probabilities of 62.5% and 37.5% [11,14].
Nine sectors were designated, representing different relations between probable values of MAXq.
Based on generated points with a distribution imitating the shared distribution of values from
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comparable water gauge stations and their participation in particular sectors (Figure 2), three sectors
with the synchronous occurrences of MAXq were designated:

e Sector 1: LHqg-LHqRr (X < Gga5%, Y < Re5%);
e Sector 5: MHqG-MHgqr (Ge2.5% < X < G37.5%, Re2.5% < Y < R37.5%);
° Sector 9: HHqg-HHqr (X > G375%, Y > R375%);

and six sectors with the asynchronous occurrences:

e  Sector 2: LHqG-MHqR (X < Gg2.5%, Re2.5% <Y < R375%);
e  Sector 3: LHqg-HHqRr (X < Gea5%, Y > Raz59,);
e  Sector 4: MHqG-LHqR (Ge2.5% < X < G375%, Y < Re25%);
e  Sector 6: MHqg-HHqR (Gea5% < X < Gz7.5%, Y > Ra75%);
e  Sector 7: HHqg-LHqRr (X > G375, Y < Rep5%);
e  Sector 8: HHqg-MHqRr (X > G375%, Re2.5% < Y < R3759%).

where X = the values of x coordinates of generated points, Y = the values of y coordinates of
generated points, Ggp 59, = the value of MAXq with a probability of exceedance of 62.5% at the Gorzow
Wielkopolski gauge, Ga7 59, = the value of MAXq with a probability of exceedance of 37.5% at the Gorzow
Wielkopolski gauge, Rgp 59, = the value of MAXq with a probability of exceedance of 62.5% at the relative
gauge, R37 50, = the value of MAXq with a probability of exceedance of 37.5% at the relative gauge,
q = specific runoff, LH = “low high”, MH = “mean high”, and HH = “high high”.

The percent share of points in sectors 1, 5, and 9 allowed determination of the degree of
synchronicity of MAXq between the two analyzed gauges in a given time unit. The asynchronous
occurrence was additionally divided into two types of asynchronicity: moderate (the percent share of
points in sectors 2, 4, 6, 8) and high (the percent share of points in sectors 3 and 7), respectively.

The synchronous and asynchronous occurrences of AMAXq, WMAXq, and SMAXq were
determined through a calculation of threshold values of probability ranges:

e  Probable MAXq with a probability of occurrence of <62.5% was designated as LHg;

e  Probable MAXq with a probability of occurrence in a range >62.5% and <37.5% was designated
as MHg;

e  Probable MAXq with a probability of occurrence >37.5% was designated as HHq.

For example, the occurrence of LHq in a given river (water gauge) is a synchronous event if
LHgq also occurs in the Warta River at the Gorzéw Wielkopolski gauge in a given time unit, and it is
asynchronous if MHq or HHq occurs.

The sum of respective synchronous and asynchronous events is always 100%.

For example, if the synchronous occurrence of AMAXq in a given sub-catchment compared to
AMAXq recorded at gauge Gorzéw Wielkopolski is 75%, this means that in 3 out of 4 years, the probable
AMAXq at a given gauge is within the same probability range as the probable AMAXq for WRC closed
by gauge Gorzow Wielkopolski.

In turn, the asynchronous situation may be exemplified by the occurrence of the high MAXq in
the Warta River at gauge Gorzéw Wielkopolski (e.g., a “100-year water”, p = 1%) and the occurrence of
a low MAXq in one of the partial catchments (e.g., at the level of p = 90%).

In the description of the results, the term “synchronicity”/“asynchronicity” means
the synchronous/asynchronous occurrence of MAXq relative to the Gorzéw Wielkopolski gauge
closing the whole WRC.

The mathematical and statistical processing of analysis results employed statistical procedures
included in MS Excel and RStudio software. QGIS and MS Publisher software was used to visualize
the obtained results.



Water 2020, 12, 1782 12 of 27

3. Results

3.1. Mann—Kendall (M-K) Test

Ozga-Zieliriska et al. [61] recommended the use of only statistically homogenous and trendless
data sets for calculating the maximum flows. Moreover, in this study, the Gorzéw Wielkopolski gauge
showed no statistically significant trends, so comparing it with gauges having statistically significant
trends would have disturbed the analysis. Consequently, based on the M-K test results, gauges with
statistically significant trends at the level o < 0.05 were excluded from further analyses. That procedure
was carried out separately for each group (annual, winter half-year, and summer half-year) of data.
This resulted in a selection of 47 gauges for the analyses of the annual maxima, 45 for the winter
half-year maxima, and 47 for the summer half-year maxima, respectively (Table Al).

3.2. Synchronous Occurrence of Specific Runoffs

3.2.1. Annual Maximum Specific Runoff (AMAXq)

Analysis of the spatial differentiation of the degree of the synchronous and asynchronous
occurrences of AMAXq in the hydrological year (Figures 3-5, Table A2) proved that the largest
(70-80%) synchronicity was observed in sub-catchments of the central part of the study area, including
the Wrzesénica River, the man-made Kosciariski and Mosiniski canals, the Welna and Flinta rivers,
and the Note¢ River sub-catchment (without the upper and middle reaches of its right tributaries).
Relatively lower synchronicity (below 65%) was recorded in the sub-catchments located in the southern
(the upper Warta, Liswarta, Widawka, and upper Prosna rivers) and northern (the upper Gwda,
Nizica, Czernica, Czarna and Pitawa rivers—51.8%, and the Drawa River along its whole course) parts
of the study area. Generally, in relation to the Gorzéw Wielkopolski gauge, AMAXq in the partial
catchments of larger rivers showed higher synchronicity, while in sub-catchments of smaller rivers,
higher asynchronicity was more pronounced. The average synchronous occurrence of AMAXq in all
analyzed sub-catchments was about 65.7%, while its average asynchronous occurrence reached 34.3%
(28.8% of the moderate and 5.5% of the high asynchronicity).

Along the course of the Warta River mainstream, an increasing asynchronous occurrence of
AMAXq was observed. As a rule, the shorter distance to the closing of the Gorzéw Wielkopolski
gauge, the greater degree of synchronicity of the analyzed events (Figures 4 and 5). The maxima in
the upper Warta catchment, between its source and the Poraj gauge, showed the lowest synchronicity
(and the highest asynchronicity). This is the only case in the whole study area, in which most calculated
events (53.9%) were asynchronous, which was conditioned by both relatively large distance between
gauges Poraj and Gorzéw Wielkopolski, and clearly different types of flow regime between the rivers
in the upper (upland) and lower (lowland) reaches of the WRC.

In turn, at the Skwierzyna gauge, located on the Warta mainstream about 30 km above gauge
Gorzéw Wielkopolski, and above the mouth of the Noteé¢ River, the synchronicity AMAXq was
higher than 92%, while high asynchronicity was not detected. Relatively, the highest synchronicity
of AMAXq was also concluded in the man-made Ko$cianiski Canal (above 79%), the middle Welna
River (78%), and the Mosiniski Canal (77%). The synchronous occurrence of AMAXq increased along
the Prosna and Gwda rivers, but it did not change much in the Note¢ and Drawa rivers. In some
cases, the decreasing probability of the synchronous occurrence of AMAXq along the river course
was detected, as for example in the Welna River (78% at gauge Prusce, 73% at gauge Kowanowko)
and the Grabia River (57.8% at gauge Lask, 55.8% at gauge Grabno). These may occur when a tributary
with a lower synchronicity of MAXq discharges into such a river, as for example the Flinta River,
the right tributary of the Wetna River, for which the synchronicity of AMAXq at gauge Ryczywot
was 72.5%.

Besides the southern part of the Warta River catchment, the high asynchronicity of AMAXq was
also recorded in the northern, lake-district part of the Note¢ River sub-catchment. In the highlands,
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the high asynchronicity reached nearly 18% in the upper WRC at the Poraj gauge, and it exceeded
10% in the study area below the Mstow gauge, in the sub-catchments of the upper Liswarta, upper
Prosna, and lower Grabia rivers. In the northern part of the WRC, asynchronicity higher than 5% was
detected in eight sub-catchments, including the Pitawa River, where it exceeded 10% (13.4% at gauge
Nadarzyce). In the sub-catchments of the central part of the WRC, high asynchronicity was below 5%,
and only in the Obra River was it slightly higher (6.2%).

Figure 4. The percent share of separated types of the annual maximum specific runoff (AMAXq)
dependencies between analyzed sub-catchments and the Gorzéw Wielkopolski gauge closing the Warta
River catchment (WRC) (in the hydrographic order).
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Figure 5. The pie charts showing the percent share of the synchronous and asynchronous occurrences
of the annual maximum specific runoffs (AMAXq) in the Warta River catchment (WRC).

3.2.2. Winter Maximum Specific Runoff (WMAXq) (November—April)

Compared to AMAXq the synchronous occurrence of WMAXq in most catchments was slightly
higher (Figure 3, Figure 6, and Figure 7, Table A2). The synchronicity was lower only at 13 gauges,
of which five gauges were located in the Noteé¢ River sub-catchment, including two in the middle
and lower Gwda River and three in the upper and middle Note¢ River. Relatively lower synchronicity
was also detected at the Burzenin gauge on the Warta River mainstream.

The average synchronous occurrence of WMAXq calculated for all analyzed sub-catchments was
about 66.2%, while the asynchronous occurrence was 33.8% (28.8% of the moderate and 5% of high
asynchronicity).

The general increase in the synchronous occurrence of WMAXq can be explained by the nival
moderately developed or nival strongly developed regimes of most rivers in WRC (Table 1). Such
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rivers are characterized by the spring season floods caused by snowmelt. In the study area, the spring
thaw is usually a regional phenomenon, increasing the snowmelt flow in most of WRC. Consequently,
when the size of the snowmelt flow is similar in the catchment, the synchronous occurrence of WMAXq
is observed; when the snowmelt flow is only a local (sub-catchment) phenomenon, its asynchronous
occurrence is recorded. Hence, it can be assumed that the degree of synchronicity of WMAXq depends
on the snow cover depth (similar or different in the respective sub-catchments) and, in general, weather
conditions (cold and snowy or warm and snowless winter).

Similar to AMAXgq, these recorded in the winter half-year (WMAXq) showed higher synchronicity
in the sub-catchments of the central part of the study area, while they were lower in the northern
and southern parts of WRC. Once again, an exception was the upper Warta River above the Poraj
gauge (Figure 3, Figure 6, and Figure 7, Table A2), where in most cases, the WMAXq values were
asynchronous. However, this asynchronous occurrence in the winter half-year decreased to 51.7%,
including 14.4% of the high asynchronicity. Only in two sub-catchments, i.e., of the Pitawa (12.5%)
and upper Liswarta (11.8%) rivers, was the high asynchronicity of WMAXq higher than 10%. Compared
to AMAXg, the high asynchronicity of WMAXq averaged for the whole WRC decreased by about 0.5%,
while the averaged moderate asynchronicity remained at the same level (28.8%).

In comparison to the annual maxima, the percent share of the synchronous occurrence of WMAXq
in the sub-catchments of the man-made KoScianiski and Mosiniski canals and the Welna River decreased
by about 3.5%. However, they still showed one of the highest synchronicities (73.6-75.6%) in the whole
study area. A noticeably higher synchronous occurrence of WMAXq was detected in the lower reaches
of the Note¢ River (77.3% at gauge Nowe Drezdenko), while it was slightly lower in the sub-catchments
of the Olesnica, Wrzesnica, Prosna (Piwonice and Bogustaw gauges), Welna, and middle Note¢ rivers.

Figure 6. The percent share of separated types of the winter maximum specific runoff (WMAXq)
dependencies between analyzed sub-catchments and the Gorzéw Wielkopolski gauge closing the Warta
River catchment (WRC) (in the hydrographic order).
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Figure 7. The pie charts showing the percent share of the synchronous and asynchronous occurrences
of the winter maximum specific runoffs ((WMAXq) in the Warta River catchment (WRC).

3.2.3. Summer Maximum Specific Runoff (SMAXq) (May—October)

Compared to the annual and winter half-year, SMAXq (Figure 3, Figure 8, and Figure 9, Table A2)
had the lowest average synchronicity (63.5%), which resulted in the highest average asynchronicity
of the studied events (36.5%), including the moderate asynchronicity of about 30% and the high
asynchronicity of 6.5%. However, compared to the values calculated for AMAXq, the direction of
changes was different.

In the summer half-year, there was a clear increase in the synchronicity of the maximum flows
in the southern part of WRC. It was particularly visible in the upper WRC above the Poraj gauge,
where the percent share of the synchronous occurrence of SMAXq in relation to AMAXq increased by
about 10%. An increase of 4.5-5.5% was also recorded in the sub-catchments of the upper Liswarta
and upper Prosna rivers, and of 2-3% in the Widawka, lower Grabia and Ner rivers. A similar increase
in the northern part of the study area was concluded only in the sub-catchment of the Note¢ River
below the No¢ Kalina gauge. In the southern part of the WRC, the summer synchronicity decreased
only in the sub-catchment of the Olesnica River.

The synchronous occurrence of SMAXq along the Warta River mainstream above the Sieradz
gauge increased (or remained at a similar level), while it decreased in the middle and lower reaches
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(by 10.7% at the Oborniki gauge). This variability can be explained by the more frequent occurrence
of summer floods caused by heavy rainfall in the southern than in the central part of the study area.
The maximum flows in the Warta River mainstream below the Sieradz gauge were remarkably reduced
by the Jeziorsko Reservoir, and consequently also the synchronous occurrence of SMAXq in the middle
reaches of the Warta River was lower.

Changes of the SMAXq synchronicity in the central and northern parts of WRC were opposite to
these recorded in its southern part. The percent share of synchronous events in the summer half-year
compared to AMAXq decreased in all catchments except for the Mosiriski Canal (increase by 1.7%)
and the Note¢ River at gauge No¢ Kalina (increase by 5.6%). The largest increase in the asynchronicity
of SMAXq in the central part of WRC was recorded in the Wrze$nica River and the Koscianski Canal
(by 13%), which was followed by the Czarna Struga (about 8.3%) and the sub-catchment of the middle
and lower Prosna River, including its tributary: the Niesob River (7.5-8%). Changes were similar in
most of the sub-catchments of the Note¢ River, where an increase of the asynchronous events from
0.7% to 9% was detected, with the largest in the tributaries of the Gwda River (increase between 5.5%
and 9%).

It is worth noting that while the highest asynchronicity of AMAXq and WMAXq of the Warta
River in relation to the Gorzéw Wielkopolski gauge was detected in the upper WRC (the Poraj gauge),
in the summer half-year, the highest asynchronicity was concluded in the sub-catchments of the Pitawa
(51.2%) and Czarna (52.6%) rivers. In addition, the asynchronous SMAXq higher than 40% was found
in other 16 sub-catchments (Figures 8 and 9, Table A2).

Figure 8. The percent share of separated types of the summer maximum specific runoff (SMAXq)
dependencies between analyzed sub-catchments and the Gorzéw Wielkopolski gauge closing the Warta
River catchment (WRC) (in the hydrographic order).

In addition, the spatial distribution of the high asynchronicity of SMAXq was clearly different from
that observed in the case of AMAXq and WMAXgq; the SMAXq values exceeding 10% were recorded in
the sub-catchments of the Pitawa, Czarna, Gwda (below gauge Ptusza), Niesob, Czarna Struga, Drawa
(below gauge Drawsko Pomorskie), and Grabia (below gauge Lask) rivers (Figure 6). Among these
sub-catchments, there were no partial catchments of the Warta River mainstream. However, the percent
share of the high asynchronicity above the Mstow gauge reached 9.9%, while above the Poraj gauge,
it exceeded 9.4%. The lowest values (below 1%) of the high (extreme) asynchronicity of SMAXF in
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the Warta mainstream were recorded at the Poznan gauge and below it, and also in the man-made
Mosiriski Canal.

In general, since the annual maxima occur more frequently in the winter half-year, the detected
synchronicity of SMAXq is relatively lower compared to WMAX(q (and AMAXq).

High asynchronicity
Synchronicity ‘ : j\‘

Moderate asynchronicity Z\
A
2

25 0 25 50 km

Figure 9. The pie charts showing the percent share of the synchronous and asynchronous occurrences
of the summer maximum specific runoffs (SMAXq) in the Warta River catchment (WRC).

4. Discussion and Conclusions

The research aimed at detection of the synchronous and asynchronous occurrences of the maximum
annual and seasonal (winter and summer) flows in respective sub-catchments of WRC in relation to
the Gorzoéw Wielkopolski gauge closing the study area. In the first part of the study, the source data
recorded at 72 gauges in the multi-year period 1971-2010 were checked in terms of their continuity.
This resulted in a selection of 58 data sets for further analyses. Next, the M-K test was applied to detect
statistically significant trends in the analyzed data series; the gauges with statistically significant trends
at the level o < 0.05 were excluded, and finally, 47 water gauges for the analyses of AMAXq, 45 for
the WMAXgq, and 47 for SMAXq, respectively, were identified. Then, the copula function was used to
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calculate the synchronous and asynchronous encounter probabilities and the degrees of synchronicity
and asynchronicity of respectively AMAXq, WMAXq, and SMAXq at the respective gauges in relation
to the Gorzow Wielkopolski gauge closing the WRC.

It needs to be underlined that since the analyzed maximum flows resulted from different water
supply conditions (snowmelt and rainfall) in the proposed procedure of model construction, besides
the annual period, two different seasons (winter and summer) were also considered. Otherwise, based
only on the maximum annual flows in the whole hydrological year, the analysis may have led to
wrong conclusions. One example is that two, in fact, unrelated maximum flows (one occurred as
a result of snowmelt, the other caused by intense summer rainfall) would have been recognized as
the synchronous events. This confirms that the applied method should be adapted to the particular
(individual) characteristics of the analyzed catchment.

It was found that there was a noticeable spatial and temporal variability of the synchronous
and asynchronous occurrences of the maximum flows in the study area. This variability was associated
with the seasonal changes of water supply, and also the physical-geographical conditions of water
circulation in WRC, which for example have an impact on the percent share of groundwater flow in
the total flow, noticeably higher in the southern and northern parts of the study area (see Table 1).
In particular, the differences were distinctively marked in its southern part, including the upper reaches
of the Warta River mainstream and the upper sections of its tributaries: the Liswarta and Prosna
rivers. The most asynchronous occurrences of AMAXq and WMAXq were identified at the Poraj
gauge on the Warta River mainstream, while in the case of SMAXEF, the northerly Pitawa River showed
the highest degree of asynchronicity. In general, MAXq in these sub-catchments showed the weakest
relationships (synchronicity) with the maxima recorded at the Gorzéw Wielkopolski gauge.

At the same time, the highest synchronicity with the maximum flows at the Gorzow Wielkopolski
gauge was found at gauges located on the man-made Kosciariski and Mosifiski canals, as well as in
the sub-catchments of the Note¢, Welna, and lower Prosna rivers. In the summer half-year, an increase
in the synchronous occurrence of MAXq in the southern part of the Warta River catchment (compared
to the annual and winter maxima), and a decrease in its central part were identified. For each of
the analyzed half-years, the reasons for the detected spatial differences in the degree of synchronicity
were discussed. It was concluded that the stronger synchronicity of WMAXq resulted from the nival
regime of the studied rivers. Consequently, the annual maxima are most often recorded in the winter
half-year. The detected differences of synchronicity of the annual and seasonal flows are conditioned
by climate, more specifically by the course of winter and different snow cover thickness, and also
the amount and intensity of rainfall in summer, which supports the thesis about different water supply
conditions and courses of the maximum flows in the respective seasons.

The WRC belongs to the most developed and productive agricultural regions of Poland,
but at the same time with only about 127 mm of the average annual flow, it is one of the driest parts of
the country, and also one of the poorest regions in Europe in terms of available water resources. This
makes the WRC of particular interest to researchers aiming to recognize its hydro-climatologic [27-39]
characteristics, and predict future runoff trends in that area in relation to the projected climate
change [25,26]. However, while these analyses focus mostly on variations of flows recorded in
separated gauging stations, there is lack of research on probabilistic relationships between them in
terms of the synchronous and asynchronous occurrences of the annual and seasonal flow maxima in
WRC. This paper is the first attempt to fill this gap and determine dependencies between the maximum
flows, and on this basis detect their spatial and temporal differences in that area with the help of
selected Archimedean copulas.

The copula function is a very useful tool allowing such analyses. A growing number of papers
prove that copulas can be successfully applied in hydrology. These include analyses of relationships
between the river flow volume and sediment [12,13], and the synchronous—-asynchronous encounter
probability of the annual flows at the confluence of two streams [62]. The copula method was also used



Water 2020, 12, 1782 20 of 27

to determine correlations between the maximum [16] or mean [17] annual water levels in the Polish
coastal lakes with the Baltic Sea water levels.

It is also worth noting that while previous papers investigated the synchronous occurrence of
the annual flows at two or three water gauges, this research analyzed the synchronicity of the annual
and seasonal maximum flows recorded in nearly 50 profiles in the WRC, which allowed determining
the catchment-scale spatio-temporal variability of MAXq. It also resulted in detecting the sensitivity
of this relatively large hydrographic unit to the occurrence of the flood events in its respective
parts (sub-catchments), which are shaped by specific physical-geographical characteristics (including
the varied hydro-geological, morphological, and climatic conditions) of the WRC.

These findings, besides broadening knowledge on the hydrology of the third largest river system
in Poland, also have a considerable practical (applicative) potential. Forecasting the maximum flows
in WRC with the use of the copula function can help to reconsider existing regional plans of water
resources development and enhance their management, in terms of flood protection, reservoir water
storage, and water supply in the region characterized by one of the poorest water resources in Poland
and Europe. These include reducing the risk of overlapping flood waves on the Warta River so that
they do not pose a threat to cities located along it, as for example Poznan, and the management of
the flood water storage in the existing Jeziorsko Reservoir on the Warta mainstream. Moreover, results
of the analyses can be taken into account in case of the planned for construction of the Wielowie$
Klasztorna Reservoir on the Prosna River, which is designed to protect the southern Wielkopolska
against floods, but also mitigate the droughts that have been recorded more and more frequently in
the region.

It should be noted that river catchments with similar physical-geographical conditions and patterns
of water supply in the yearly cycle may exhibit similar behavior. Therefore, this study may serve as
a reference point for analyses in such catchments. However, in the case of rivers displaying different
flow regimes, the presented methodology may require modification and adaptation to the local
conditions of water supply, and the occurrence and course of high-water periods, for example in terms
of division of the hydrological year into smaller temporal units. The presented study is the first analysis
of that kind concerning a relatively large hydrographic unit. As such, it may serve as a starting point
for the construction of more detailed whole-basin models in terms of synchronicity of the flow maxima.

Nevertheless, the analysis of only one variable (the maximum outflow) characterizing
the hydrology of a given area (catchment) is an obvious simplification. In fact, a river catchment
is a complicated system that depends on many factors, including climate (e.g., precipitation,
temperature), geomorphology (land slope, depressions, retention, and infiltration capacity of soil)
geology (permeability of rocks), human activity (land use, hydro-engineering structures), etc. Moreover,
although the obtained values of synchronicity allow determining the probability of co-occurrence of
the analyzed flow maxima, they do not answer the question of to what extent the flow maxima in a given
sub-catchment influences the formation of floods in another sub-catchment. So, it would be useful to
create a correlation matrix of the ‘peer-to-peer’ relationships, in which the strength of interdependence
(co-occurrence) would be determined for any pair of gauges. In this study, the two-dimensional (2D)
copula functions were used. So, the three-dimensional (3D) copulas, successfully used in hydrological
analyses, should also be applied to construct multidimensional joint distributions for catchments
characterized by different runoff regimes.

The future research should also concentrate on further, more detailed analyses of the synchronous
occurrence of the maximum flows of single flood waves recorded in the WRC after individual pulses
of an increased water supply, e.g., after sudden snowmelt or heavy rain. The constructed models can
focus not only on the synchronous occurrences of the maximum flows, but also on the flow minima,
and include the flood and drought risk analysis in measurable economic dimensions.
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Appendix A
Table A1l. Results of the Mann—-Kendall (M-K) test Z statistics.
Maximum
No.* River Gauge
Annual  Winter Half-Year =~ Summer Half-Year

2 Warta Poraj -1.54 -1.92 -1.55
3 Warta Mstéw —-0.52 -0.92 —-0.36
5 Warta Dziatoszyn -1.43 -1.72 -1.57
6 Warta Burzenin -1.18 -1.51 -1.46
7 Warta Sieradz -1.01 -1.31 -1.20
8 Warta Nowa Wies Podgoérna =230 —2.34 -0.62
9 Warta Poznan -2.02 -2.13 -0.93
10 Warta Oborniki -1.89 —2.00 -0.83
11 Warta Wronki =211 =2.11 -0.96
12 Warta Skwierzyna -1.90 —2.02 -0.94
13 Warta Gorzéw Wielkopolski -1.64 -1.60 -1.08
14 Liswarta Niwki 043 —-0.55 -0.69
16 Olesnica Niechmiréw -1.26 -1.21 -0.92
17 Widawka Szczercow -3.32 -3.95 =2.60
18 Widawka Rogozno =2.69 —2.84 -1.46
19 Widawka Podgorze -1.07 -1.07 -1.13
20 Grabia Lask -1.54 -1.90 -0.29
21 Grabia Grabno 0.12 -0.09 —-0.44
23 Ner Dabie -1.82 —2.06 -0.98
26 Czarna Struga Trabczyn 0.31 0.27 -1.15
27 Wrzeénica Samarzewo -1.22 -0.63 -0.96
28 Prosna Gorzéw Slaski -0.48 -0.21 -1.95
29 Prosna Mirkéw -1.99 =211 =2.57
30 Prosna Piwonice -1.50 -1.60 -1.61
31 Prosna Bogustaw -1.76 -1.71 -1.58
32 Niesob KuZnica Skakawska -0.57 —-0.44 -1.48
33 Ofobok Otlobok 0.72 0.59 -1.11
34 Kanat Koscianski Koscian -1.78 -1.32 -1.31
35 Kanal Mosiriski Mosina —-0.64 -0.01 -1.05
36 Mogilnica Konojad -0.34 -0.02 —-0.65
37 Kopel Gluszyna 0.14 0.93 0.31

38 Cybina Antoninek -0.05 0.41 -0.63
40 Welna Prusce -1.32 -0.91 -1.33
41 Wetna Kowanéwko -0.98 —-0.54 -1.74
42 Flinta Ryczywot -1.06 -0.33 =2.07
43 Sama Szamotuty -0.96 —-0.44 -1.06
44 Obra Zbaszyn -1.36 -1.36 —=2.69
45 Obra Bledzew =2.23 =247 -0.75
47 Noteé Lysek -1.25 —-0.93 —-0.69
48 Noteé No¢ Kalina -0.35 -0.26 -0.29
49 Noteé Pakos¢ -1.51 -1.26 —-0.47
50 Note¢ Ujscie 1 -1.67 -1.43 =2.07
52 Noteé Krzyz -1.88 -1.62 -2.18
53 Note¢ Nowe Drezdenko -1.46 -1.34 —2.04

54 Note¢ Gebice —-2.24 -1.79 -3.34
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Maximum
No.* River Gauge
Annual Winter Half-Year = Summer Half-Year

55 Gasawka Znin -2.23 =2.07 -2.05
57 Gwda Gwda Wielka -0.52 -0.30 0.08

58 Gwda Ptusza 0.54 0.99 0.58

59 Gwda Pita -0.73 —-0.24 -1.89
60 Nizica Szczecinek -0.71 -0.69 -0.37
61 Czernica Czarne -1.12 -1.00 -1.00
62 Czarna Okonek -0.72 -0.38 -0.84
63 Pitawa Nadarzyce -1.33 -0.73 -1.58
64 Pitawa Zabrodzie —2.56 —2.40 —2.47
65 Dobrzyca Wiesiétka =2.25 -1.98 =211
68 Drawa Drawsko Pomorskie -0.94 -0.98 -0.35
69 Drawa Drawno -1.52 -1.00 -1.46
70 Drawa Drawiny -0.90 -0.79 -1.91

* Numbering of the gauges in accordance with Figure 1. Statistically significant trends at p < 0.05, p < 0.01, p < 0.001.
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Table A2. The percent share of the synchronous and asynchronous occurrences of the annual (AMAXq), winter (WMAXq), and summer (SMAXq) maximum specific

runoffs in respective gauges in relation to the Gorzow Wielkopolski gauge closing the Warta River catchment (WRC) (numbering of the gauges in accordance with

Figure 1).
ANNUAL (XI-X) MAXIMA WINTER (XI-IV) MAXIMA SUMMER (V-X) MAXIMA
No. River Gauge
S*(%) MA*(%) HA*(%) S*(%) MA*(%) HA*%) S*(%) MA*(%) HA* (%)

2 Warta Poraj 46.10 35.96 17.94 48.26 37.32 14.42 56.64 33.98 9.38
3 Warta Mstéw 51.46 36.16 12.38 60.46 32.40 7.14 55.88 34.20 9.92
5 Warta Dziatoszyn 57.26 33.50 9.24 59.86 32.32 7.82 62.98 31.02 6.00
6 Warta Burzenin 60.18 32.54 7.28 57.90 33.36 8.74 60.00 33.22 6.78
7 Warta Sieradz 61.02 31.48 7.50 62.48 31.04 6.48 67.66 28.34 4.00
8 Warta Nowa Wie$ Podgérna - - - - - - 72.48 25.32 2.20
9 Warta Poznan - - - - - - 77.16 21.92 0.92
10 Warta Oborniki 87.82 12.10 0.08 - - - 77.12 22.06 0.82
11 Warta Wronki - - - - - - 80.58 19.04 0.38
12 Warta Skwierzyna 92.06 7.94 0.00 - - - 86.38 13.56 0.06
14 Liswarta Niwki 51.12 35.22 13.66 53.14 35.02 11.84 55.74 34.6 9.66
16 Oles$nica Niechmiréw 66.5 29.96 3.54 73.26 24.76 1.98 62.18 31.18 6.64
18 Widawka Rogozno - - - - - - 58.52 33.04 8.44
19 Widawka Podgorze 59.46 32.74 7.80 63.14 30.14 6.72 61.74 31.42 6.84
20 Grabia Lask 57.82 33.52 8.66 63.90 30.20 5.90 56.20 33.76 10.04
21 Grabia Grabno 55.80 33.88 10.32 58.40 33.30 8.30 58.62 32.08 9.30
23 Ner Dabie 65.70 30.12 4.18 - - - 68.36 28.50 3.14
26 Czarna Struga Trabczyn 63.46 30.92 5.62 68.58 28.60 2.82 55.18 33.96 10.86
27 Wrzesnica Samarzewo 72.56 25.76 1.68 72.24 25.16 2.60 59.70 32.78 7.52
28 Prosna Gorzéw Slaski 55.60 34.32 10.08 61.44 32.34 6.22 61.00 32.44 6.56
30 Prosna Piwonice 69.08 28.18 2.74 75.44 23.30 1.26 61.60 31.32 7.08
31 Prosna Bogustaw 70.30 27.04 2.66 72.78 25.42 1.80 62.30 31.14 6.56
32 Nies6b Kuznica Skakawska 62.70 30.66 6.64 61.76 31.68 6.56 55.24 33.58 11.18
33 Otobok Otobok 65.22 30.12 4.66 67.56 29.04 3.40 61.38 31.06 7.56
34 Kanat Koscianiski Koscian 79.24 20.34 0.42 75.62 22.82 1.56 66.34 29.24 4.42
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ANNUAL (XI-X) MAXIMA

WINTER (XI-IV) MAXIMA

SUMMER (V-X) MAXIMA

No. River Gauge
S * (%) MA* (%) HA* (%) S*(%) MA* (%) HA* (%) S*(%) MA* (%) HA* (%)

35 Kanat Mosinski Mosina 76.94 22.30 0.76 73.58 24.58 1.84 78.66 20.60 0.74
36 Mogilnica Konojad 65.40 30.52 4.08 67.72 28.22 4.06 61.12 31.58 7.30
37 Kopel Gluszyna 68.52 27.82 3.66 69.42 27.02 3.56 63.76 30.62 5.62
38 Cybina Antoninek 65.58 30.20 422 65.82 29.20 4.98 61.10 32.44 6.46
40 Welna Prusce 78.08 21.04 0.88 74.26 24.04 1.70 74.12 24.18 1.70
41 Welna Kowanéwko 73.32 24.62 2.06 74.56 24.10 1.34 71.38 25.76 2.86
42 Flinta Ryczywot 72.54 25.08 2.38 70.84 26.58 2.58 - - -
43 Sama Szamotuty 64.98 30.50 452 63.90 29.90 6.20 64.38 30.08 5.54
44 Obra Zbaszynh 63.40 30.36 6.24 66.48 28.86 4.66 - - -
45 Obra Bledzew - - - - - - 63.44 30.72 5.84
47 Note¢ Lysek 74.48 24.16 1.36 71.32 26.18 2.50 74.44 23.84 1.72
48 Noteé No¢ Kalina 69.56 27.90 2.54 63.78 29.96 6.26 75.14 23.42 1.44
49 Note¢ Pakos¢ 2 74.66 23.96 1.38 72.54 25.18 2.28 68.40 28.20 3.40
50 Noteé Ujscie 1 72.94 25.22 1.84 73.74 24.54 1.72 - - -
52 Note¢ Krzyz 73.36 24.72 1.92 76.30 22.40 1.30 - - -
53 Note¢ Nowe Drezdenko 73.56 24.42 2.02 77.30 21.58 1.12 - - -
54 (Ziﬁf;m) Gebice ; ; - 64.88 29.78 5.34 ; ; ;
57 Gwda Gwda Wielka 63.24 30.74 6.02 65.74 29.04 5.22 57.72 33.36 8.92
58 Gwda Ptusza 63.98 30.54 5.48 61.20 32.10 6.70 55.02 33.20 11.78
59 Gwda Pita 71.52 25.68 2.80 69.78 27.62 2.60 64.70 30.20 5.10
60 Nizica Szczecinek 57.68 33.16 9.16 62.20 31.32 6.48 56.30 34.34 9.36
61 Czernica Czarne 62.06 31.66 6.28 62.64 31.44 5.92 57.22 32.94 9.84
62 Czarna Okonek 58.96 3294 8.10 64.42 30.22 5.36 52.56 34.12 13.32
63 Pitawa Nadarzyce 51.82 34.78 13.40 52.46 35.02 12.52 51.16 35.18 13.66
68 Drawa Drawsko Pomorskie 57.60 33.34 9.06 63.46 31.04 5.50 55.64 34.20 10.16
69 Drawa Drawno 58.82 32.86 8.32 62.50 31.06 6.44 56.36 33.96 9.68
70 Drawa Drawiny 57.86 32.88 9.26 64.00 29.58 6.42 58.14 33.56 8.30

* Note: S—synchronicity; MA—moderate asynchronicity; HA—high asynchronicity;

trend (see Table Al).

“_n

means that the given data series were not analyzed due to the detected statistically significant
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