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Abstract: The paper presents the results of stationary, detailed studies on the variability of the mu-
tual share of two fluvial loads, i.e., suspended solids and dissolved material during floods caused
by rainstorm, continuous rainfalls and snowmelt in selected rivers (Silnica, Sufraganiec) draining
small catchments in central Poland, including two characterized by a high level of urbanization.
Irrespective of the origin of the flood, the share of suspended solids load did not exceed 80% in
urbanized catchments, in suburban catchments—44%, and in forest catchments—32%. In the for-
mer, the gradient of the increase in the share of suspended solids and concentration time in the first
phase of the flood was several times higher than in the other catchments. It was proved that statis-
tically significant relationships exist between the share of sealed surfaces (roads, car parks, roofs,
etc.) in the total catchment area and the average share of suspended solids, both in the rising and
falling phase of the flood wave, regardless of their origin. Similar relationships were documented
by analyzing: the density of the drainage network (storm sewers, roads, etc.) —the share of suspen-
sion. The obtained results have an interesting cognitive aspect and in practice are used for the de-
velopment of hydrotechnical documentation related to water management in the city.
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1. Introduction

Fluvial transport is characterized by constant changes in the proportion between the
suspended solid loads and dissolved material. In the literature on fluvial geomorphology,
many works compared the size of load of transported suspended solids and dissolved
material in the areas of diverse land use types [1-6]. Many researchers believe that the
internal structure of fluvial transport indicates the diversity of supply sources in the catch-
ment and reflects contemporary geomorphic processes taking place in the riverbed and
in the catchment area [7-15]. This phenomenon is particularly visible during floods, when
the size of the transported loads of suspended solids and dissolved material varies in time
and changes rapidly [2,4,10,16]. The nature of the use of the area and the manner of de-
veloping riverbeds condition and modify flood waves propagation as well as mechanisms
and intensity of fluvial processes [17-27]. In recent decades, interest in the hydrology of
urbanized areas has significantly increased due to design needs as well as the need to
protect cities from floods and to improve the quality of water in watercourses [28-38].
Research regarding fluvial aspects in urban catchments, and above all, in the areas and
sources supplying riverbeds as well as dynamics and the volume of fluvial transport was
conducted in various countries around the world [39—45]. Rivers that drain small, urban-
ized catchments are characterized by the uneven hydrological regime, similarly to the
mountain rivers which take most of their annual material load during floods [46—49].
There are only a few works devoted to fluvial transport in urban catchments during floods
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[39,43,50-52]. Difficulties in conducting research in the catchments of small rivers that
drain urban areas, especially in the situation of growing pressure from urbanization, con-
sist of, among others, the lack of accessibility to detailed hydrological and fluvial data. It
especially concerns such series that would cover the period of research in the same catch-
ment before the development of the city as well as during its expansion and functioning.

The question is whether urbanization, and in particular, the share of poorly permea-
ble and impervious areas (roads, parking lots, roofs, etc.), density of drainage network
(roads, storm channels, etc.), water reservoirs, adjustment of riverbeds and winter road
maintenance, can significantly influence the shaping of the relationship between sus-
pended solid loads and dissolved material during floods of diverse origin.

The aim of the present work is then to present the variability of mutual relations be-
tween the basic components of fluvial transport, i.e., loads of suspended solids and dis-
solved material during floods caused by rainstorms, continuous rainfalls and snowmelts,
in urbanized catchments compared to forest and suburban catchments, located in the city
of Kielce (Poland).

2. Materials and Methods
2.1. Study Area

The research concerned two small rivers flowing through the city of Kielce (200,000
inhabitants) (central Poland). The Silnica river flows through its center, and the Sufraga-
niec flows on the outskirts of the city. These rivers drain the neighboring catchments of a
similar area (49.4 km? and 62.0 km?), geological structure (Paleozoic structures) and relief
(average slope of 50%o). The studied catchments, however, differ significantly in the use
of the area, especially regarding the share of impervious surfaces (from 1.7% to 30.2%).
Five (5) outlets were located in the Silnica catchment: Sil (Dgbrowa)—forest sub-catch-
ment, Si2 (Piaski)—suburban sub-catchment, Si3 (Jesionowa)—with water reservoir
catchment, Si4 (Pakosz) and Si5 (Biatogon) —urban sub-catchments; and three (3) in the
catchment of the Sufraganiec: Sul (Grzeszyn)—forest sub-catchment, Su2 (Niewachlow)
and Su3 (Pietraszki) —suburban sub-catchments (Figure 1, Table 1).

In the upper part of the Silnica catchment, as far as the Sil outlet, forests cover 72.9%
of the overall catchment area (Table 1). In the lower sub-catchments: Si2, Si3 and Si4, the
share of forests decreases and the surface of sealed areas increases (roads, hardened park-
ing lots, buildings). These surfaces are poorly permeable and are characterized by very
low retention [44,53]. Therefore, water flows easily down these surfaces, along with accu-
mulated substances of natural and anthropogenic origin [54]. There is a retention reservoir
(recreational) with an area of 10.5 ha and a capacity of 170 thousand m? between the Si2
and Si3 outlets. It is not used for economic purposes (no collection of water and its dis-
charges, no hydropower plant). The water level in the reservoir is regulated sporadically.
The average annual suspended sediment load in this reservoir is approx. 23 Mg, and the
load-bed —approx. 21 Mg. The result is a slowly growing delta at the rate of approx. 1 m
per year, which did not cause a significant decrease in the volume of the reservoir during
the study period. In the catchment, as far as the Si4 outlet, which is located below the
center of Kielce, the share of sealed areas is 30.2%.

Below, as far as the Si5 outlet, the surface of forests and meadows increases slightly,
and one of the sealed areas decreases to 27.6% [50]. The drainage system in the studied
catchments was described by using density indicators: of road network, and covered and
open canals (km-km-2). Their highest values occur in the urban part of the Silnica catch-
ment (Si4), reaching 12.6 and 4.9 km-km-2, respectively. In the Sufraganiec catchment, the
participation of forests also decreases down along the catchment. In the catchment closed
by the Sul outlet, this share is of 65.5%, and as far as the Su2 outlet, which is located in
the mouth of the river, it decreases to 46.7%. At the same time, the share of poorly perme-
able or impermeable areas increases here from 1.7% to 6.7%, respectively.



Water 2023, 15, 90

3 of 23

The average annual precipitation in Kielce is of 630.1 mm (in the multi-year period
of 1951-2022), and the average annual air temperature—7.4 °C. The snow cover appears
in December, and its duration is up to 90 days [55].

The Silnica and the Sufraganiec rivers were hydrometrically controlled in 1998-2003
as part of the stationary hydrological and fluvial monitoring of Kielce. Currently, these
rivers are not subject to constant observations, but only expeditionary research is con-
ducted on them during selected hydrometeorological events. The average annual specific
runoff in the upper part of the Silnica catchment was 10.26 L-s"-km~2 (Sil) and then de-
creased to 7.55 L-s-'-km-2 (5i3). This is the effect of evaporation losses from the water res-
ervoir [50]. Below the center of Kielce, in the Si4 outlet, an abrupt increase in the average
annual specific runoff by 44.2% (10.89 L-s"km~2) was recorded. This was related to the
impact of the urbanized area, reduced interception, surface retention, infiltration and
evaporation, and, at the same time, an increase in surface runoff and accelerated drainage
through the road and rainwater drainage systems [44]. In the outlet closing the catchment
of Silnica (Si5), a decrease in the discussed values by 18.1% (8.91 L-s-!-km-2) was recorded.
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Figure 1. Land use and outlets in the Silnica and Sufraganiec catchments. 1—outlet, 2—watershed
divide, 3—river, 4—road, 5—water reservoirs, 6—forests, 7—permanent grassland, 8 —green areas,
9—orchards and gardens, 10—arable land, 11 —impervious areas (buildings, roads, parking lots,
etc.). Source: own study based on the Topographic Data Base BDOT10k [56].
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Table 1. Physiographic parameters and selected types of land use and land use indicators for the
Sufraganiec and Silnica river catchments. Colors represent catchments: red —urban, orange—sub-
urban, green—forest, blue—with a reservoir.

Physiographic Parameters Land Use

M 1 A
_Mean Slope Average Density Density of

1 . i _ ) .
River Outlet rea River . Catch- Catch- For- Mead- ArableImpervious of Road Covered and
(Name) Lenght River ment ests ows land  Areas
(km?) km) (%) ment Height (%) (%) (%) %) Network Open Canals
R 7 R * (ankm?) (km-km=)
(m asl.)
—- 9.23 427 1486 645 360.8 729 129 3.6 4.6 4.84 1.16
Si2
6 1548 8.78 11.66 59.0 339.0 512 15.0 9.9 12.7 6.08 1.58
(Piaski)
g 5i3
k= . 17.88 9.88 10.67 58.8 331.8 449 153 9.1 174 7.14 1.99
= (Jesionowa)
426 1449 837 520 3024 296 163 4.3 30.2 12.67 4.97
4937 1781 733 532 2974 327 170 41 27.6 11.83 4.65
—0-13.61 450 2098 68.1 355.7 655 117 170 1.7 2.03 0.46
[}
& sw
e , 4225 9.69 12.08 543 3304 590 97 23.0 3.4 2.88 0.83
£ (Niewachléw,
A Su3
193 1588 838 488 313.0 46.7 147 257 6.7 5.27 1.72

(Pietraszki) 61.

The average annual specific runoff in the Sufraganiec catchment decreased with the
increase in the catchment area from 9.22 L-s"-km=2 (Sul) to 8.74 L-s-km~2 (Su2), and in the
lower part, its increase by 1.2% was observed (Su3—8.84 L-s-'-km2) [53]. In the studied
comparative catchments, the largest multi-year specific runoff was recorded on the Silnica
in the Si4 and Si5 outlets (respectively: 423 and 433 L-s-km2), located below the city cen-
ter. This is the hydrological effect of urbanisation [44].

2.2. Methods

The analysis concerns 11 selected floods that occurred at the turn of the 20th and 21st
centuries (in the years 1998-2003), i.e., in a period that can be considered transitional, also
due to the effects of progressive climate change in Poland. These changes are documented,
among others, by increased totals and intensity of precipitation. As a consequence, this
leads to an increase in the frequency and size of flash floods, as well as changes in the
relations between discharged fluvial loads.

The floods that occurred both in the summer and winter half-years were analyzed.
In the first case, there were four (4) floods caused by rainstorms and three (3) floods by
continuous rainfalls (in the warm front zone or associated with extensive convergence
zones), and in the second case—four (4) floods were caused by spring and mid-winter
snowmelts.

Next, a detailed interpretation was made in relation to three (3) flood waves, repre-
senting each of the above-mentioned genetic types of floods. This case study included the
analysis of simultaneous waves that occurred in all studied catchments (8) in the follow-
ing periods: 21-22 July 2001 (caused by rainstorms), 30 July—2 August 2000 (caused by
continuous rainfall), 27 February-10 March 1999 (caused by snowmelt). The first of these
occurred in the most humid month (total rainfall 294.2 mm) and year (948.1 mm) in the
multi-year period 1951-2022, which were 3.2 times and 1.5 times higher, respectively, than
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the long-term averages. Numerous precipitation events, mainly convective, caused sev-
eral floods, which resulted in significant losses in the municipal infrastructure of Kielce
[44]. The second of the analyzed floods is distinguished by an exceptionally long duration
(28 h) and a total amount (65.8 mm). Precipitation lasting more than 24 h is an extremely
rare precipitation event, the frequency of which in Kielce is on average 2.3 per year [57].
In addition, the probability of exceeding this amount of precipitation is 2% (50-year aver-
age) [58]. Moreover, the flood caused by snowmelts was exceptionally large, because it
was preceded by an almost 40-day period of snow cover accumulation. At the same time,
there was an intensive accumulation of clastic material (sand) and chemical pollutants
(salts) of considerable volume on sealed surfaces and in the snow cover. It was associated
with winter maintenance of roads and the emission of dominant energy and transport
pollutants. The uniqueness of this flood also resulted from the fact that it was only of the
radiation type (no rainfall). A similar hydrometeorological situation did not occur in the
next 20 years. Hydrometric measurements during the analyzed floods included water lev-
els (floating gauges and limnigraphs), flows, precipitation depth (pluviographs).

Comparative analysis of the runoff in the catchments of different areas was carried
out by calculating relative indices: specific runoff (3—L-s-km2), suspended solids (Ls—
mg-s-km-2) and specific dissolved material load (Ld —mg-s-1-km-2) for a given time inter-
val, using the following formulas:

Ls=Y%Cs-Q-At (1)
Ld=Y1Cd- Q- At )

where 7 is the number of measurements; Cs and Cd are concentration of suspended solids
and dissolved material, respectively (mg-L-); Q is discharge (L-s!); and At is the time in-
terval valid for a given measurement (s).

The studies of fluvial processes then concerned the measurements of suspended sol-
ids, conductivity and water temperature, which were carried out every hour (rain-in-
duced floods) and every 2 h (snowmelt floods). Water samples were taken with two 1 L
bottle bath meters. Water and sediment samples were analyzed at the Laboratory of the
Institute of Geography of the Jan Kochanowski University of Kielce. Concentration of sus-
pended solids (Cs—mg-L-') was determined by the filtration method, using quantitative
filters of medium hardness and an electronic balance with a measurement accuracy of
0.0002 g. The conductivity was tested with the conductometric method, and the obtained
values were converted to the concentration of dissolved material (Cd—mg-L-") using the
method of Markowicz and Pulina [59].

The share of Is suspension (%) in the total transported loads was calculated according
to the formula:

s = Ls
(Ls+La)

-100% 3)

Parameters of the waves showing the course of the suspended solids load (peak, rise
time, duration of the rising and falling phases) were determined by analyzing the sedi-
mentogram (Figure 2). The beginning/end of the wave is at the point of inflection of the
rising/falling limb, where an intensive increase/decrease in the share of suspended solids
in the total loads of suspension and dissolved material begins.
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Figure 2. [llustration (interpretation) of different wave characteristics.

In order to determine the functional dependencies, the relationships between the se-
lected development indicators (the area of sealed areas and the density of roads and ca-
nals) and the average share of suspended solids in individual types of genetic floods were
calculated. The relationships were determined separately for the rising and falling phases
of the sedimentogram wave. The model adjusted R-squared values and p-values were re-
ported. These optimal relationships are illustrated by graphs. All of the analyses were
performed using Statistica software ver. 14.0 [60].

3. Results and Discussion
3.1. Hydrological and Fluvial Features of Floods of Various Origins— Statistical Approach

Statistical characteristics of selected flood parameters of diverse origins are presented
in Figure 3. The analysis of the charts shows that with regard to all features, the urbanized
catchments (Si4, Si5) stand out against the background of the discussed catchments. The
highest average and maximum specific runoff were found in these catchments during
floods caused by continuous rainfall (respectively: avg. 44.5 L-s--km=2 and max. 458.3 L-s-
L.km=2 and 37.7 L-s-"-km=2and 403.7 L-s-I-km2). These catchments are also characterized by
high values of the maximum specific runoff after rainstorm (Si4—458.3 L-s"-km2, Si5—
291.7 L-s7-km-2), exceeding more than 20 times the average specific runoff in other catch-
ments during the same flood. It is interesting that the median of specific runoff during
floods of snowmelt origin was the lowest in the urbanized catchments, although the max-
imum values observed in them were high and similar to those obtained in the suburban
catchments (Su2, Si5). These results confirm the different importance of sealed surfaces in
the process of runoff formation during diverse types of floods. Accelerated melting of the
snow cover and increased evaporation within urban roads, car parks, developed areas,
etc. (in February and March) reduce surface retention and, consequently, reduce river run-
off during the main phase of spring or mid-winter snowmelt. On the other hand, high-
intensity rainstorms (in July) accelerate the surface water runoff in the urbanized areas
with significantly limited infiltration and interception.

In the outlets of the urbanized catchments (Si4, Si5), the highest concentrations of
suspended solids occurred in all types of floods, especially the snowmelt-induced ones
(Figure 3). Their maximum values were respectively: 1463 mg-L-' and 1112 mg-L-'. Mean-
while, during the floods of the same origin, in the outlets of the forest and suburban catch-
ments, they ranged from 34 mg-L-! (Sul —forest catchment) to 182 mg-L-! (5i2 —suburban
catchment). There were also no statistically significant differences between the medians
in these catchments. The contrast in the course of suspended solids transport in the ur-
banized areas and other catchments was conditioned by the different size, efficiency and
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permeability of the supply areas and sources of sediment supply to the riverbeds that
sometimes reach the watershed. The most efficient supply sources were roads and the
rainwater drainage system, whose total density in the urbanized catchments reached 17.6
km-km-2 and was then several times higher than in the forest catchments (2.5 km-km-2).
These roads mostly require winter maintenance treatments, i.e., the use of sand with salt
[61].

During the floods caused by rainstorm, the highest spatial and temporal variation of
Cs was also found in particular studied outlets (Figure 3). The maximum Cs in the outlet
of the forest catchment was 42 mg-L-! (Sul), in the suburban area—117 mg-L-! (Su3), and
below the centrum of Kielce, it reached as much as 865 mg-L-' (Si4). The average values of
Cs in all the outlets of forest and suburban catchments were comparable with the values
obtained in other upland catchments of central Poland [62]. The described distribution of
suspension concentration indicates fundamental differences in the efficiency of supply
sources and suspension transport mechanisms in the urbanized and other catchments. In
the former, the efficiency of the sources of sediment supply to the canals and the dynamics
of suspension transport were several times higher for similar specific runoff.

On the other hand, the floods caused by continuous rainfall are characterized by the
lowest Cs values: medium (from 12 to 54 mg-L-') and maximum (from 52 to 546 mg-L-1).
Although the delivery of the suspended material from the urbanized areas still plays a
dominant role here, due to the low average rainfall intensity, the time of its delivery to the
riverbed is prolonged [63].

It is worth noting that a small water reservoir captures a significant part of the trans-
ported suspension during the year (approx. 16% during the year, and 12% during floods),
which is reflected in lower values of Cs in the outlet S5i3 recorded below the dam.

The highest concentration of dissolved material (Cd) was associated with the floods
of snowmelt origin. In the winter season, a mixture of salt and sand is commonly used for
the winter maintenance of roads, parking lots and sidewalks. Salt solutions are delivered
to the riverbed by the surface runoff process [64]. In the urbanized catchment, the maxi-
mum Cd reached 1159 mg-L-' (5i4) (Figure 3), and in the forest catchment, it only reached
213 mg-L-! (Sul). In turn, the values of the average Cd in the same outlets were respec-
tively: 479 mg-L-'and 138 mg-L+!. A similar spatial distribution of the concentration of this
material, but with its lower values, was observed during the floods caused by rainfall
(continuous, rainstorm).

The specific suspended sediment load (Ls) showed a very large spatial and temporal
variation, clearly referring to the course of the specific runoff and the use of the catchment.
As a result, its highest values Ls were recorded during the rainstorm-induced floods in
the urbanized catchments (270 g-s-'-km—2—5i4, 187 g-s-!-km—2—S5i5), and the lowest—in the
forest catchments (2.1 g-s-km-2—Sul, 4.0 g-s"-km-2—S5il). Similar relationships between
the impact of the urbanized area and the size of the suspension load were indicated by
Smith and Wilcock [12], and Russell et al. [65].

The floods of snowmelt origin and those associated with continuous rainfall were
characterized by much lower values of discharged specific suspended sediment load. Gel-
lis [51] drew attention to this phenomenon, indicating that long-term or previous rainfall
events flush sediment from the system.
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Figure 3. Statistical characteristics of specific runoff (g), concentration of suspended solids (Cs) and
dissolved material (Cd), specific suspended sediment load (Ls), specific dissolved sediment load (Ld)
and share of suspension load (Ls) during floods caused by rainstorm (blue), continuous rainfall
(green) and snowmelt (gray) in the catchments of Silnica (A) and Sufraganiec (B).

A characteristic feature of the specific dissolved material load (Ld) during floods of
diverse origin was its relatively small spatial differentiation (Figure 3), conditioned
mainly by the volume and variability of the specific runoff from the catchment in partic-
ular outlets. During the peak of the floods, the rivers are supplied with low-mineralized
surface runoff water. Ld reached the highest values during the snowmelt. In the urbanized
catchment, it was 98 g-s-km2 (5i4), in the suburban catchment—30 g-s-km=2 (Su3) and
in the forest only—11 g-s--km-2 (Sul).

The share of suspended solids (Is) in the fluvial transport of the two considered types
of loads in the range of maximum values during the rainstorm floods varied from 19%
(Si3—with a water reservoir) to 79% (Si4). The share was almost two times lower in the
group of suburban catchments (40%), and the lowest—in the forest catchments (32%). A
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similar range of variabilities and their spatial arrangement was documented during the
floods caused by continuous rainfall and snowmelt. The analysis showed that the origin
of the flood did not determine the amount of suspended solids, but it was determined by
the way the catchment was used.

3.2. Analysis of the Course of Selected Floods

Out of 11 floods of diverse origin, one representative of each category, i.e., a flood
caused by rainstorm, continuous rainfall and snowmelt, was selected for further detailed
analysis of the suspension share. Firstly, selected hydrometeorological conditions of the
occurrence of these hydrological events were presented (precipitation —during the rain-
induced floods, water temperature—during snowmelt floods), and then the hydrographs
for specific runoff, concentration of suspension and dissolved material (Figure 4) as well
as their loads were showed on separate charts for the Silnica and the Sufraganiec catch-
ments (Figure 5).

3.2.1. Causes of Floods

The flash flood on 21 July 2001 was caused by rainstorm with a rainfall total of 32.1
mm (over the Silnica catchment area) and 31.7 mm (the Sufraganiec catchment area) and
the maximum hourly intensity of 13.3 and 14.6 mm-h-!, respectively (Figure 4). The effec-
tive precipitation in the catchment of the Silnica reached 3.4 mm, and in the catchment of
the Sufraganiec, it reached 5.7 mm. The surface runoff coefficient in the urbanized catch-
ment (5i4) was then 46% higher than in the suburban catchment (Su3).

A flood caused by continuous rainfall occurred during 30 July—2 August 2000 and
was caused by the rainfall lasting 28 h (in the Silnica catchment) and 26 h (in the Sufraga-
niec catchment), with a total amount and maximum intensity of 65.8 mm and 63.4 mm,
and 5.9-7.1 mm-h-!, respectively (Figure 4). In the Silnica catchment, the amount of effec-
tive precipitation was 19.1 mm, and in the Sufraganiec catchment, it was 11.6 mm. The
preceding precipitation within 120 h was over 40 mm in both catchments [45].

A snowmelt flood (radiation type) in both catchments occurred during 27 February-
10 March 1999 (Figure 4). In the first three days of the flood, the air temperature during
the day increased to 7.1 °C, and at night it dropped to —4.3 °C. In the following days, the
air temperature reached even 12.6 °C, and at night it did not fall below 0 °C. Within the
city, as a result of a much faster increase in air temperature than in the neighboring areas,
the snow cover started to melt faster, which contributed to an increase in the temperature
of the river water (Figure 4). In the Silnica riverbed, the average water temperature in-
creased in the section Sil1-5i2, from 1.1 to 1.8 °C. Melting of the ice cover on the retention
reservoir contributed to a slight drop in water temperature in the outlet of Si3 to 1.7 °C,
and in another outlet located within the city (5i4) it increased abruptly to 3.3 °C. The snow
cover pollution on roads, parking lots and sidewalks absorbed more sunlight and ablated
faster. In this section of the Silnica, about 90 outlets of rainwater channels were docu-
mented, including eight (8) with permanent outflow, through which water with a temper-
ature of several degrees higher than in the river flowed in. During this flood, the diurnal
cycle of water temperature changes was particularly noticeable. They also had the lowest
amplitude of water temperature. On the other hand, in the Sufraganiec riverbed, the av-
erage water temperature in the forest outlet (Sul) was 1.0 °C, and in the suburban one—
1.9 °C (Su3).

3.2.2. River Runoff

During the flood caused by rainstorm, the maximum specific runoff (g) in the forest
catchment (Sul) reached 38.3 L-s1-km-2, while in the urbanized one (Si4) —348.1 L-s-km-
2 (Figure 4). The surface runoff coefficient in the urbanized catchment of the Silnica
reached 28.9% (Si4) and was higher than the value determined in the catchment of the
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Sufraganiec (18.3%—Su3). The flood wave concentration time in the Silnica catchment
was 2.5 h, and in the Sufraganiec catchment—6.5 h.

The maximum specific runoff associated with continuous rainfall occurred in the ur-
banized catchments: in the catchment of the Silnica, it reached 306.2 L-s1-km-2 (Si4), and
in the catchment of the Sufraganiec 121.2 L-s""km2 (Su3). The concentration time in the
forest catchment was about 5 h longer than in the urbanized catchment.
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Figure 4. Course of precipitation (P), water temperature (tw), specific runoff (g), suspension concen-
tration (Cs), concentration of dissolved material (Cd) during selected floods caused by rainstorm,
continuous rainfall and snowmelt in the catchments of the Silnica (A) and the Sufraganiec (B). The
colors indicate catchment areas: red —urbanized, orange—suburban, green—forest, blue—with a
water reservoir. For the snowmelt flood, the shape of its wave and its parameters in the forest and
suburban catchments were similar. The peak of the runoff occurred on the fifth day from the begin-
ning of the flood, and the maximum specific runoff ranged from 94.0 L-s"-km= (Sul) to 121.3 L-s-
1.km2 (Su2). The most even runoff occurred in the Si3 outlet, which was influenced by the retention
reservoir. The maximum specific runoff reached the value of 79.1 L-s-:-km2, whereas the largest
daily amplitude of runoff changes occurred in the outlets located below the city center (Si4 and Si5).
This intensification of the dynamics of the daily rhythm of runoff is a characteristic feature of ur-
banized catchments. During this flood, there were several distinct runoff peaks, and the largest of
them (respectively: Si4—159.5 L-s™-km= and Si5—140.2 L-s"!-km) took place two days ahead of the
peaks in the remaining outlets. The reasons for this phenomenon include limited infiltration, earlier
melting of the snow cover and acceleration of surface runoff in the urbanized areas. In these two
outlets, on the fifth day from the beginning of the flood, a fairly rapid decrease in the runoff was
noted, while in the other outlets, it was only when the culmination occurred. Significant shortening
of the flood wave subsidence time in the urbanized catchments is the result of limited, and in some
places, even disappearing, subsurface and groundwater runoff. A similar mechanism of formation
of the meltwater runoff and its spatial variation were documented during other floods of this origin
[50].

3.2.3. Concentration of Suspended Solids

During the summer flash flood, the maximum Cs in the Sul outlet (closing the forest
catchment) was 27.9 mg-L-, and in the Si4 outlet (urbanized catchment), it was over 30
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times higher and reached 865.3 mg-L-. It should be emphasized that in the studied catch-
ments, concentration showed a similar spatial distribution to the specific runoff (Figure
4).

The highest values of Cs during the flood caused by continuous rainfall were found
in the outlets closing the catchments with the highest degree of urbanization: Si4—545.9
mg-L-' and S5i5—411.2 mg-L-'. However, these values were much lower than during the
flood caused by the rainstorm, while their spatial differentiation was similar. The maxi-
mum value of the Cs in the remaining catchments did not exceed 115 mg-L-! (Si2).

During the snowmelt-induced flood, the highest Cs was observed in the afternoon
hours in the outlets of the urbanized catchments: 1463.2 mg-L (Si4) and 1112.3 mg-L-!
(Si5) (Figure 4). At the same time, in the forest and suburban catchments, they ranged
from 31.2 to 115.3 mg-L-. The contrast in the course of suspended solids transport in the
urbanized and other catchments was conditioned by the different size, efficiency and per-
meability of the supply areas and sources of sediment supply to the riverbeds that some-
times reach the watershed. Roads were the most efficient supply sources here. A study by
Bak et al. [66] during a snowmelt flood (February 23, 2012) in a stormwater catchment (62
ha) located in the city of Kielce showed that the average Cs was as high as 5514 mg-L-.
The importance of roads in the delivery of sediment to river beds was presented in Poland
[67-71].

The analyzed flood was preceded by a long period (38 days) with low water levels
and snow cover. This favored the deposition of sand used for winter road maintenance.
The peak of the suspended solids concentration in the examined outlets was delayed by
several hours in relation to the peak of the discharge. The smallest differences in time were
recorded in the outlets closing the urbanized catchments. Low water temperature during
snowmelt floods causes its high viscosity, which favors the retention of clastic material in
suspension and its transport over longer distances than during summer rain-induced
floods [72,73].

3.2.4. Concentration of Dissolved Material

The greatest variation in the time of concentration and the peak of the dissolved ma-
terial occurred in the flood caused by the rainstorms. In the first phase of the flood, the
greatest decrease in the Cd was recorded in the outlets closing the urbanized catchments,
and the smallest in the outlets: Si3 (below the water reservoir) and Sul (forest catchment)
(Figure 4). The decrease in Cd was the result of accelerated water circulation in the catch-
ments with a large share of sealed surfaces, a dense drainage network and small retention
capacity. In the Si4 and Si5 outlets, the lowest Cd (respectively: 199 and 241 mg-L-') oc-
curred during the peak flow of the runoff, and in the remaining outlets with a delay of 1
to 7 h. It was related to the phenomenon of more concentrated waters being displaced by
infiltrating rainwater. After the flood wave passed, the Cd increased the fastest in the out-
lets closing the urbanized catchments, reaching the pre-flood level after less than a day. It
was there that the surface runoff ended the soonest and the river in this section was again
supplied mainly with the water from the water reservoir and canals with a permanent
outflow. In the latter case, the increased Cd was caused by impurities.

During the flood caused by continuous rainfall, in its first phase, the largest decrease
in the Cd occurred in the outlets Si4 and Si5, and the smallest—in Si3 and Sul (Figure 4).
In the first case, it was related to the rapid surface runoff through the urban drainage
system and direct precipitation onto the water surface of the riverbed which is wide in
this section. Only in the Si4 and Si5 outlets, the lowest Cd (129 and 120 mg-L-") occurred
during the peak flow of the runoff, in the others with a delay of 3 to 9 h, and below the
water reservoir—only after 19 h. This delay resulted from the displacement of old highly-
mineralized waters from the catchment area, including from the retention reservoir. The
phenomenon of displacement of water from the catchment area during floods caused by
continuous rainfall had been presented in many works [74-76]. Low Cd lasted the longest
in the urban section of the Silnica. Due to the difficult infiltration, its supply with intra-
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cover runoff waters was the most limited here. In the remaining catchments, where the
time of contact with the ground was longer, the increase in the Cd was faster. After the
flood wave, the growth rate of Cd was the highest in the outlets located below the urban-
ized area. This is the result of a rapid change in the way the river is supplied, because
surface runoff from the city area ended earlier than in other catchments, and at the same
time the importance of subsurface runoff and water inflow from the upper part of the
catchment, including the retention reservoir, has increased.

The highest Cd occurred in the first phase of the snowmelt flood, before the peak of
the specific runoff. Its maximum values were recorded during the increase in flows in the
afternoon, reaching in the urbanized catchments: 993 mg-L-! (Si4) and 956 mg-L- (Si5)
(Figure 4). At the same time, in the forest and suburban catchments, they ranged from 168
mg-L- (Sul) to 519 mg-L-! (Si2). High values of Cd in the urbanized catchments and the
increased ones in the suburban catchments resulted from the use of salt for winter road
maintenance [77-79]. In the urban section, the supply of dissolved material to the canal
clearly decreased only on the third day of the flood. During the peak flow of the runoff,
the lowest Cd (98 mg-L') occurred only in the Sul outlet (forest catchment), and in the
remaining outlets with a delay of 10 h (Su3) to about 60 h in the urbanized catchments
(279 and 291 mg-L). The largest shift in time in the outlets closing the urbanized catch-
ments proves that the large resources of dissolved material originate from transport pol-
lution. Then, a slow increase in Cd was recorded in all the outlets, and the largest was
observed in the Si4 and Si5 outlets. According to [73], the increase in the Cd in the second
phase of the flood is a reflection of the formation of supply sources during the flow re-
gression.

3.2.5. Specific Suspended Sediment Load

During the flood caused by the rainstorm, the highest values of the specific sus-
pended sediment load (Ls) and its greatest spatial differentiation were recorded (Figure
5). The maximum Ls occurred in the urbanized catchment—270 g-s-km2 (Si4), and was
similar to the load during an overflow in a small, urbanized catchment area [80]. Specific
suspended sediment load in forest and suburban catchments did not exceed 4 g-s-'-km=
(Su3).

The values of Ls during the flood caused by continuous rainfall were much lower
(max. 79 g-s-km2—Si4) and showed less spatial differentiation than during the flash
flood (Figure 5). In the outlets of the forest and suburban catchments, the differences in
suspended solids transport were not so clear and varied in the range from 2.9 g-s--km-2
(Sul) to 13.4 g-s-km2 (5i2).

During the snowmelt flood, the Ls showed a greater daily irregularity than the run-
off. In the urbanized catchments, the Ls reached the highest values: 207 g-s--km2 (5i4) and
127 g-s-km-2 (5i5), and in the others only from 2.0 (Sul) to 10.1 g-s-"-km (Si2) (Figure 5).

In general, regardless of the origin of the flood, the maximum transport of the sus-
pension load took place during the peak of the flow or in the phase of wave propagation.
Rivers with an unbalanced hydrological regime carry the majority of the annual load of
the material during floods [46,81].

During the floods that occurred in the mountain catchments of southern Poland (Car-
pathians) and lasting up to a high percentage of days a year, over 95% of the annual Ls is
carried away, and during catastrophic floods—even 10 times more than in an average year
[73]. On the other hand, in the upland catchments of central Poland, the share of flood
waters in the discharge of suspended solids reaches 70% of the annual load [82], and in
the urbanized catchments, it may even exceed 90% [50]. The fluvial system associated with
urban development favors the occurrence of extensive areas of linear sediment supply,
which in many cases, may directly reach the watershed. In addition, poorly permeable or
impermeable surfaces are conducive to the rapid formation of surface runoff and the
flushing of particulate matter accumulated during rainless periods. Rivers draining the
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area of northern Poland (flowing into the Baltic Sea) discharge about 80% of the annual
load of suspension during floods [76].

3.2.6. Specific Dissolved Material Load

During the flood caused by the rainstorm, the distribution of the dissolved material
load (Ld) was clearly related to the course of the river outflow. The maximum values of
Ld occurred in the urbanized catchments: Si4—68 g-s-'-km2, Si5—70 g-s-km=2 and they
coincided with the outflow peaks. On the other hand, in the suburban catchments, with
the visible influence of urbanization processes, it varied from 9 g-s--km=2 (Su2) to 19 g-s-
Lkm=2 (Su3). In forest catchments, this load ranged from 3.3 g-s--km2 (Sul) to 12.7 g-s-
1.km (Sil) (Figure 5).

A characteristic feature of the flood caused by continuous rainfall was a relatively
low temporal and spatial variability of the Ld (15.4-42.4 g-s-'-km2). The highest value was
found in the Si3 outlet below the water reservoir, from which the retained water with an
increased Cd material flowed out. Among the analyzed flood types, all the discharge
curves of the Ld were most similar to the outflow hydrograph (Figure 5).

The Ld in the snowmelt flood showed a very large spatial and temporal variation,
clearly referring to the use of the catchment area of the specific runoff course (Figure 5).
The maximum values of the Ld occurred in the urbanized catchments: in the Si4 and Si5
outlets —99 and 85 g-s-!"km?, respectively, and in the remaining areas, they ranged from
11.4 to 27.8 g-s~'-km-2 (Figure 5).

3.2.7. Share of Suspended Solids

The greatest spatial and temporal differentiation of the suspended solids (Is) share
was recorded during the flash flood in July 2001. It is worth emphasizing that the sum of
the 5-day rainfall preceding the flood was 34 mm, so the soil moisture conditions were
close to average. The shortest time of concentration in the Is was observed in the outlets
closing the urbanized catchments (Si4: t =3 h, Is = 76.7%; Si5: t =5 h, Is = 73.2%). At the
same time, in the remaining outlets, this share ranged only from 5.7% to 9.0%, and peaked
after 6-15 h. The maximum Is were much lower than during floods of another origin (Sil:
Is= 13.8%, Su3: Is= 20.7%). The most even course of the sedimentogram was recorded in
the Si3 outlet located below the water reservoir (Figure 5).

During the largest rain-induced flood caused by continuous rain, the changes in the
percentage of suspended solids in the total load showed a similar spatial distribution as
in the previous flood, but in the urbanized catchments they reached lower values in the
peaks, and in the remaining ones higher. The maximum Is was found after four (4) and
five (5) hours from the beginning of the flood in the outlets closing the catchments with
the highest degree of urbanization (Si4: Is= 75.4%, Si5: Is= 69.6%), while at the same time
in the other catchments, it ranged from 4.0% (Su3) to 14.7% (5il). It was only after 9-13 h
that the maximum occurred in them, reaching 24.2% in Sul and 43.5% in Si2 (Figure 5).
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Figure 5. Specific suspended sediment load (Ls) and specific dissolved sediment load (Ld) and share
of suspended load (Is) during floods caused by rainstorm, continuous rainfall and snowmelt in the
catchments of the Silnica (A) and the Sufraganiec (B). Colors represent catchments: red —urban, or-
ange —sub-urban, green —forest, blue —with a reservoir during a typical radiation snowmelt flood,
the daily rhythm of changes in the Is in the studied outlets was related to changes in air temperature.
It was particularly clear in the Si4 and Si5 outlets. At that time, the highest Is and its high daily
variation were recorded there. Its highest values (respectively: 70.3% and 69.2%) were observed in
the afternoon, in the 50th and 54th hour from the beginning of the flood. At the same time, in other
sections, it ranged from 6.3% (5i3) to 19.1% (Su3). However, the largest Is (respectively: 10.4% and
32.0%) occurred here only after 102 and 74 h from the beginning of the flood (Figure 5).

3.3. Average Share of Suspended Solids and Dissolved Material Loads during Floods

The research results concern 11 floods of diverse origin, including those caused by
rainstorm and continuous rainfall (four and three, respectively) and spring and mid-win-
ter snowmelt (four).

During the floods caused by rainstorm, the average value of the percentage share of
the suspended solids load in the total loads (dissolved material and suspended solids)
was significantly different in urbanized areas and other catchments (forest and suburban)
(Figure 6). In the former, the average Is was over two times higher. In the Si4 outlet, it
amounted to 24.5%, and in the Si5 outlet 25.9% (Table 2). The highest hourly Is occurred
in the above-mentioned outlets, reaching 79.3% and 75.3%, respectively. In the catchments
with other use, this share did not exceed 40%, which indicates the dominant importance
of the transport of dissolved material in all phases of the flood (Figure 6, Table 2).
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Figure 6. Average (a) and maximum (b) values of the hourly share of the suspended solids load (Is
in %) in the total load (Ls + Ld) during floods caused by rainstorm (blue), continuous rainfall (green)
and snowmelt (gray) in the catchments of the Silnica and the Sufraganiec.

During the floods caused by continuous rainfall, the average Is was still recorded in
the urbanized catchments, but with less dominance in comparison to flash floods. A de-
crease in these values was documented only in the former, both in terms of the average
and maximum values (Table 2).

During the snowmelt-induced floods, both the average and maximum values of Is in
the outlets located below the city center were documented, but the latter were the lowest
among the discussed types of floods (70.3%—Si4, 69.3%—Si5). During the snowmelt
floods in as many as four outlets, the highest values of the Is were recorded (Figure 6,
Table 2).

Table 2. Average and maximum values of the hourly share of the suspended solids load (Is in %) in
the total load (Ls + Ld) during floods of diverse origins.

Is (%)
River Outlet Rainstorm (N =4) Continuous (N =3) Snowmelt (N =4)
Mean Max Mean Max Mean Max

DS 01 318 106 348 104 375

Si2 11.6 40.1 12.6 43.5 12.8 37.0

Silnica Si3 10.5 19.0 12.5 38.3 9.8 32.9
24.5 79.3 22.6 77.6 24.0 70.3

25.9 75.3 23.2 69.6 24.8 69.3

10.1 24.3 10.9 28.7 9.0 28.7

Sufraganiec Su2 10.2 23.2 11.1 27.8 12.2 39.3
Su3 12.8 35.7 13.1 32.0 17.5 44.4

The bolded font indicates the maximum value in the particular outlet. Colors represent catchments:
red —urban, orange —sub-urban, green—forest, blue—with a reservoir.
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The variability of the suspended solids transport during the year is mainly influenced
by the dynamics of snowmelt and the amount and intensity of the rainfall, as well as the
stock and the possibility of supplying the material from various sources. During floods,
the major volume of the annual load of suspended solids is carried out of the catchment.
During catastrophic floods, the load carried may be greater than during several “average”
years [2,73,83]. For example, from the catchment area of Kamienica Nawojowska in 1970,
as much as 99.7% of the annual Ls was discharged during floods [84]. Such transport dy-
namics characterizes mountain rivers with high flow irregularities. Upland rivers, char-
acterized by moderate irregularity of flow, discharge a smaller Ls during floods [54,85].
For example, the Biata Nida discharges up to 71% of the annual Ls during floods [62], and
the Lososina up to 89% [86].

The average time of occurrence of the maximum Is shows a great diversity depending
on the flood origin and land use in catchments. The shortest average concentration time
characterized the floods caused by rainstorm: from 4.3 to 5.5 h in the outlets of urbanized
catchments, 6.5-8.0 h in the forest catchments, and 7.5-12.3 h in the suburban catchments
(Figure 7). The average number of hours counted until the peak of the suspended solids
share during the flood caused by continuous rainfall ranged from 9.7 h (5i4) to 24 h in the
catchment with a water reservoir (Si3). Definitely the longest concentration times were
recorded during the snowmelt floods, but their spatial arrangement was similar to the
previous one (Si4—20.8 h, Si3—33.8 h) (Figure 7).

Based on the conducted analysis, the distribution of the Is in the longitudinal profile
of the Silnica was significantly influenced by the water reservoir located above the Si3
outlet. This reservoir, despite the fact that it is small and flows through, modifies the share
of the suspended solids transport, i.e., it “quenches” it during the floods caused by rain-
storm, and increases its value during the floods caused by continuous rainfall and snow-
melt.

15 -
10 -
5
0
Si1 Si2 Si3 Si4 Si5 Sul  Su2  Su3
outlets o1 @2 o3

Figure 7. Average number of hours counted until the peak of Is share (%) (rising time) in the catch-
ment of the Silnica outlets (A) and the Sufraganiec outlets (B). 1—rainstorm, 2—continuous rainfall,
3—snowmelt.

3.4. Selected Characteristics of Catchment Use Vs. the Share of Suspended Solids during Floods

The above analyses showed that the percentage share of the suspended solids (total
of two loads: suspended solids and dissolved material) in the particular outlets of the
Silnica and the Sufraganiec was clearly differentiated and conditioned by the manner of
use of particular catchments. In order to determine the functional dependencies, the rela-
tionships between the selected development indicators (the area of sealed areas and the
density of roads and channels) and the average share of suspended solids in particular
types of genetic floods were calculated. The relationships were determined separately for
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the rising and falling phases of the sedimentogram wave. This is due to a different mech-
anism of load delivery to the riverbed and fluvial transport processes.

With the increase in the catchment management indices, the share of the suspended
solids load in relation to the dissolved material increased in all types of floods. In their
initial phases, the growth gradient was definitely higher than in the phases after the peak.
The relationships are described by logarithmic equations with high coefficients of deter-
mination, at the significance level from 0.001 to 0.01 (Figure 8). With regard to the area of
sealed areas, as the areas of material and water supply to riverbeds, the highest value of
the coefficient of determination was reached in the rising phase of waves caused by rain-
storm (adj. R? = 0.89), and the lowest—by snowmelt (adj. R? = 0.79). In the falling phase,
the empirical data matched slightly less in the above-mentioned types of waves, except
for the floods caused by continuous rainfall (adj. R? =0.90). Similar relationships between
these variables (with a high Pearson correlation coefficient) in relation to the flood waves
in the streams of eastern Melbourne were presented by [87]. The positive correlation with
more than 99% confidence between and human activities across a wide area of central
Japan was presented Siakeu et al. [88].

The impact of the density of roads and channels as a drainage system of the catch-
ments (especially the urbanized ones) turned out to be even more important than the one
discussed above, as higher values of determination coefficients were obtained both in the
rising and falling wave phases in all types of floods. In the rising wave phase during the
rain/induced floods, higher matching values were obtained (adj. R? = 0.94-0.95) than in
the snowmelt flood (adj. R? = 0.89). In the rising flood phase, the coefficients of determi-
nation were slightly lower and shaped in a similar way in all the analyzed flood types
(rainfall: adj. R? = 0.91-0.95; snowmelt adj. R? = 0.78). It should be noted that the largest
deviations from the trend line were recorded in the Si3 outlet, which is related to, among
others, the sedimentation of the suspended solids and debris dragged in the bowl of the
reservoir, as well as with the precipitation and absorption of chemical substances taking
place in it.
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Figure 8. Relations between the indicators: average share of sealed areas (Iz %) and density of roads
and channels Drc (km-km™) and the share of suspended solids load (Is %) in three (3) types of floods
in their rising (solid line) and falling (dashed line) phases, in the catchments of the Silnica and the
Sufraganiec. Colors indicate catchment areas: red —urbanized, orange—suburban, green—forest,
blue—with a water reservoir.

The conducted analysis indicates that in the studied catchments, as the sealed sur-
faces, including hardened roads, and the density of the road and channel network in-
crease, the value of the average Is during floods of diverse origins will continue to increase.
Despite some similarities, it should be emphasized that the share of Ls compared to the
load of dissolved material Ld will be the highest during flash floods and the lowest during
snowmelt.

4. Conclusions

In the rivers draining small catchments located in Kielce, as in the whole of Poland,
in terms of annual average values, the transport of dissolved material definitely domi-
nates over the clastic material. However, during floods, this relation changes significantly,
especially in the urbanized catchments.

This is the result of the impact of diverse areas and sources of supply affecting the
mechanisms of clastic and dissolved material supply to riverbeds and its discharge. The
internal structure of fluvial transport indicates that it is a reflection of the dominant type
of land use in the catchment, under conditions of diverse anthropopressure. The variabil-
ity of the mutual relations between the two types of loads discharged from the river catch-
ments depends on the genetic type of the flood and its phase. It is particularly visible in
the urbanized catchments, where the outflow regime is unbalanced and resembles the
outflow rhythm of mountain rivers.

During floods of diverse origin, the average percentage share of the suspended solids
load in the total load of suspended solids and dissolved material differs significantly. The
highest spatial and temporal differentiation of the Is was observed during the rain-in-
duced floods (caused by both the rainstorm and the continuous rainfall). Its largest share
occurred in the outlets of the urbanized catchments and reached 80%, and in the remain-
ing ones, it ranged only from 4 to 15%. In the urbanized catchments, the time of occurrence
of the maximum Is during the flash flood was definitely shorter than during the flood
caused by the continuous rainfall. During the snowmelt floods, the Is showed a clear daily
rhythm of changes (similarly to the runoff), which in turn was related to the changes in
air temperature. This rhythm was particularly visible in the outlets located below the city
center, i.e., those closing the sub-catchments with the largest sealed areas. In these outlets,
the maximum /s was of approx. 70%, and in the outlets of the forest and suburban catch-
ments—in the range of 6-19%.

The findings are:

. The land use, and in particular, the share of sealed surfaces, the density of the drain-
age network, water reservoirs, regulation of riverbeds and seasonal human activity,
including the use of sand and salt for winter road maintenance, modify (in the forest
and suburban catchments) and determine (in the urbanized catchments) both the
spatial and temporal distribution of the Is in the fluvial transport.

. In the urbanized catchments, in comparison to the forest, agricultural and suburban
ones, the role of summer rain-induced floods in shaping the outflow is clearly in-
creasing, and of those caused by the snowmelt—in shaping the fluvial transport. The
transformation of the flood waves of the suspended solids share in the urbanized
areas consists, among others, a significant shortening of their concentration time in
the first phase of the flood (rising limb).

e  Urbanized areas, compared to other types of land use of similar size, produce much
more dissolved substances and fine-grained sediment, and this has a significant
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impact on the dynamics, size and variability of the share of particular types of load
in fluvial transport during floods.

e  Defined relationships between selected indicators of management of particular sub-
catchments and the Is in fluvial transport, with high and statistically significant coef-
ficients of determination, make it possible to forecast changes in the structure of flu-
vial transport as anthropogenic transformations in the catchment increase.

The obtained results, in addition to the cognitive aspects, have a utilitarian signifi-
cance because they have been used for almost 20 years in the spatial planning of Kielce,
especially in the drafting of the documentation of hydrotechnical facilities for the pur-
poses of their reconstruction, dredging riverbeds and organizing flood protection of the
city [89]. The presented results constitute a case study and can be used for comparative
analyses of catchments characterized by a similar way and arrangement of land use.
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