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Key points

e Combined SWAT and AdH/PTM models have been used to track the sed-
iment fractions delivered from the Carpathian catchment to the drinking
water reservoir.

o Loads of the mineral fractions are expected to increase significantly during
high flow months as a result of climate change.

o Increased mobility of fine particles in the reservoir can be a risk due to
their role as contaminant carriers.
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Abstract Transport of sediment particles from the source of their origin to a
deposition area is of utmost importance, especially in catchments very prone to
erosion. Especially, since future climate changes are predicted to enhance sever-
ity of the sediment transport issues, particularly in catchments with dammed
reservoirs, which capacity and water quality can be extremely altered. In the
current study we tracked, with a monthly step, two mineral and one min-
eral/organic sediment fraction delivered from the Carpathian Mts. catchment
(Raba River) to the drinking water reservoir (Dobczyce). This was possible by
combining SWAT and AdH/PTM models on the digital platform - Macromodel
DNS. Moreover, we have applied a variant scenario analysis including RCP 4.5
and 8.5, and land use change forecasts. The results highlighted the differences
between the two analyzed hydrological units and showed large variability of the
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sediment load between months. The predicted climate changes will cause a sig-
nificant increase of mineral fraction loads (silt and clay) during months with
high flows. Due to the location and natural arrangement of the reservoir, silt
particles will mainly affect faster loss of the first two reservoir zones capacities,
which is consistent with their intended use as traps for larger fractions. The
increased mobility of the finer particles (clay) in the reservoir may be more prob-
lematic in the future. Mainly due to their binding pollutant properties, and the
possible negative impact on drinking water abstraction from the last reservoir
zone.

Introduction

Natural processes, such as erosion, sediment transport and its depo-
sition can shape the land surface, and influence the structure and
function of river catchment ecosystems worldwide [Guillén Ludena et
al., 2017; Vercruysse et al., 2017; Wu et al., 2018; Stahly et al., 2020;
Hu et al., 2021; Feng and Shen., 2021]. However, these processes
are very sensitive to both climate change and land use, especially in
mountainous areas [Hohmann et al., 2018; Dibike et al., 2018; Zhao
et al., 2018; Aksoy et al., 2019; Zhang et al., 2020]. Already, many
mountain catchments are struggling with an increase in soil loss
due to intensification of rainfall, and consequently, surface runoff
[Halecki et al., 2018a-b; Borrelli et al., 2018; Mostowik et al., 2019;
Berteni and Grossi, 2020; Ciampalini et al., 2020]. Moreover, the
forecasted changes in precipitation and temperature suggest that an
intensity of this phenomenon may increase significantly [Borrelli et
al., 2020; Gianinetto et al., 2020; Szaliniska et al., 2020]. Tt also turns
out that in such areas even favorable changes in land use (LU), as-
sociated with a significant increase in the area of forests, naturally
stabilizing the soil, may turn out to be insufficient to stop the nega-
tive effects of the climate changes [Orliniska-WozZniak et al., 2020a].

The consequences will be particularly severe in catchments with
dammed reservoirs, trapping most of the sediment particles. Sed-
iment entrapment has long been a major factor in reducing the ca-
pacity and deterioration of water quality in many reservoirs around
the world, endangering their durability, human health, and safety
[Zarfl and Lucia, 2018; Bilali et al., 2020; Huang et al., 2021]. Multi-
ple studies have shown today, as a result of the increase in sediment
loads transported by rivers into reservoirs, that each year about 1%
of their total capacity in the world is lost [Antoine et al., 2020]. In
order to effectively stop, or at least mitigate this negative trend, it
is necessary to precisely predict the effects of climate and land use
changes in river catchment systems. Environmental models can play
a key role in this, and research with their use has been conducted
for many years, allowing i.e., to estimate sediment loads introduced



into the reservoir, the effectiveness of the reservoir as a sediment
trap, loss of reservoir volume, and finally to identify areas of sedi-
ment deposition [Croley et al. 1978; Banasik et al. 1993; Garg and
Jothiprakash 2010; Wisser et al. 2013; Charafi 2019; Bladé Castellet
2019]. Unfortunately, they very often do not take into account im-
portant elements such as the fate of individual grain fractions, the
movement of sediments downstream from the reservoir, or more, the
role of reservoir backwater. The river and the reservoir form two
separate entities in terms of hydrology, with a complex and stochas-
tic nature of the processes of transport, and deposition of sediment
particles [Idrees et al., 2021]. As a result, integration attempts in
the river and dam reservoir model are still rare, making it difficult
to keep track of the sediments during simulation.

We attempted to face this challenge by using the capabilities of the
digital platform - Macromodel DNS [Wilk et al., 2018a; Orliniska-
Wozniak et al., 2020a; Szaliniska et al., 2021], allowing for integra-
tion of two advanced environmental models (SWAT and AdH/PTM)
[Arnold et al., 2012; Burgan et al., 2019; MacDonald et al., 2006].
For the first time, these tools were combined as modules on the
platform, thus obtaining a unique ability to precisely track sediment
particles of individual fractions from their source, through trans-
port, and ultimately to their deposition in a designated reservoir
zone [Kimmel et al. 1990; Thornton et al. 1996; Green et al, 2015].
Moreover, the conducted analyzes included four detailed variant sce-
narios which took into account both monthly changes of climate
(precipitation and temperature) in short- and long-time horizons,
as well as changes in land use (forest and urban areas). This en-
abled the precise indication of critical periods for the sediment load
increase in the reservoir. The developed tool was used for the moun-
tain catchment of the upper Raba River, located in the Polish part of
the Carpathian Mountains, and flowing into the Dobczyce Reservoir.
This area is distinguished by intensity of meteorological phenomena
and water erosion [Milu$ et al., 2019; Orlinska-WozZniak et al., 2020a;
Szalinska et al., 2020]. Moreover, land use forecasts indicate a grad-
ual increase in forest cover in this area [Kozak et al., 2017; Price et
al. 2017]. The reservoir itself is the main source of drinking water
for one of the largest agglomerations in Poland, and serves as flood
protection. Ultimately, it was possible to track two mineral (SILT,
CLAY) and one organic-mineral fraction (SMAG), taking into ac-
count the different nature of the catchment area and reservoir, and
their different sensitivities to future changes. As a consequence, we
were able to show the effects of the implementation in the variant
scenario model, both for the catchment area, and subsequent zones
of the dammed reservoir in a monthly time step.



Data and Methods
2.1 Study area

The study area consists of two parts, the upper Raba River catch-
ment (RR), and the Dobczyce Reservoir (DR) (Figure 1). The upper
Raba River flows 60 km from its source, located in the Carpathian
Gorce Mts. (780 m a.s.l.), to the Dobczyce dammed reservoir (265 m
a.s.1.). The RR catchment covers an area of 768 km? [Mazurkiewicz-
Boron 2016; Operacz 2017; Miku$ et al., 2019], and has a typi-
cally mountainous character with almost 43% of the area covered
by slopes over 25%, and overgrown by forest (Figure 2). The moun-
tainous nature of this catchment also manifests with a fast reaction
to precipitation. The river features very large amplitudes of water
levels and flows, with maximum values recorded in the snow melt
period, and early-summer long-lasting rainfall events. The studied
catchment is covered generally by clays, and its lower slopes are used
mostly for agricultural activities (over 40%). The entire area is well
known as being particularly vulnerable to water erosion [Partyka,
2002; Kijowska-Strugala et al., 2017; Halecki et al., 2018].

The Dobczyce Reservoir was created as a result of dam construction
(1986) undertaken to provide drinking water supplies for approx. half
a million people, and to regulate the river flows [Mazurkiewicz-Boron
2016; Hachaj, 2019]. It is a multipurpose dam reservoir supplying
people with drinking water, protecting against floods and droughts,
producing electricity, and being a place for fish farming. The created
reservoir has an area of approx. 10.7 km? (length of 8 km and
width of 1.6 km), and an average depth of 12 m (maximum of 35
m) [Hachaj and Szlapa, 2017; Zemelka et al., 2019; Wilk-WoZniak
et al., 2021]. The reservoir is divided into four zones (Figure 3)
including a riverine part (A), backwater (B), My§lenice basin (C),
and Dobczyce basin (D) closed by the dam cross-section (OUT).
The entire area of the upper Raba River catchment belongs to the
Carpathian climatic region of Poland [Kedra and Szczepanek, 2019;
Hachaj and Kolodziejczyk 2020] where the topography has a great
influence on climatic conditions [Wypych et al., 2017; Wypych et al.,
2018]. Average annual air temperature is around 7°C, however, the
annual temperature amplitude reaches 21°C. The average rainfall
ranges from about 700 mm to about 1600 mm at the higher altitudes
[Gorezyca et al., 2018]. The growing season lasts about 200-210 days
(April to mid-October).



Figure 1. The research area with division into the upper Raba River
catchment (RR), and the Dobczyce Reservoir (DR).
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Figure 2. The upper Raba River catchment (RR) with soil, land use



type, and terrain slopes.
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Figure 3. Division of the Dobczyce Reservoir (DR) into four zones
[source: Google Maps].

2.2 Modeling tool

To achieve the goal of the study, i.e., to track sediment particles from
their source to the deposition area, the DNS (Discharge-Nutrient-
Sea) digital platform (Macromodel DNS) has been used as a mod-
eling tool. The Macromodel DNS, developed at the Institute of
Meteorology and Water Management - National Research Institute
[Wilk et al., 2018b; Wilk and Orlinska-Wozniak, 2019], provides an
interactive platform allowing for integration of the SWAT (Soil and
Water Assessment Tool) module (version 2012) [Arnold et al., 2012;
Abbaspour et al. 2015] with other modeling tools (modules) to track
different processes of the sediment/contaminant transport in a catch-
ment [Wilk et al., 2018a; Szaliiska et al., 2020; Orliriska-WoZniak
et al., 2020a; Szalinska et al., 2021]. The RR catchment module
has been created in the SWAT module (Figure 4) with use of the
following data:

o map of Poland hydrographical divisions, scale of 1:10,000 (source: IMGW-



PIB, resolution: 5 m);

digital elevation model (DEM), scale of 1:20,000 (source: IMGW-PIB,
resolution: 10 m);

land use map - based on Corine Land Cover (CLC 2012), and agrotech-
nical data from the Local Data Bank (Figure 2b) (source: Copernicus
Programme, resolution 20 m);

soil map - detailed data on soil types, scale of 1:5,000 (Figure 2¢) (source:
Institute of Soil Science and Plant Cultivation, resolution 2.5 m);

meteorological data (1992-2016, e.g., precipitation and temperature) for
75 stations located directly in the catchment, and within 20 km from its
borders (source: IMGW-PIB).

Subsequently, the created RR module has been used to simulate
sediment yields from the catchment (land phase) and sediment loads
(river phase) delivered to the reservoir (DR). Moreover, the SWAT
module has been also used to estimate the sediment loads discharged
into the DR in future time horizons under climate and land use
changes.

To simulate sediment transport and deposition processes into the
DR, two additional modules have been incorporated into the DNS
digital platform. Hydraulic conditions in the DR for sediment load
scenarios have been modeled with use of the AdH (Adaptive Hy-
draulics Model) module, while the particle transport within the DR
has been simulated with the use of the PTM (Particle Tracking
Model) module (Figure 4) [Burgan and Icaga, 2019; Jiang et al.,
2021]. The DR module has been created with use of the following
data:

numerical model of the Dobczyce Reservoir bottom from the Cracow Uni-
versity of Technology, Faculty of Environmental and Power Engineering
(CUT FEPE) own data of the DR bottom shape;

backwater shape updated based on the IMGW-PIB bathymetry map from
2008, scale of 1:10,000.
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Figure 4. Modeling flow-chart.
2.2.1 SWAT module

The module of the RR applied in the current study catchment has
been adopted from the model built for the entire Raba River catch-
ment area, calibrated and validated for flow and sediment as de-
scribed previously [Szaliniska et al., 2020; Orliniska-Wozniak et al.,
2020a). The upper part of the catchment (Figure 1) has been sepa-
rated using the GIS tool and the catchment boundaries, respective
to the Myslenice calculation profile, located directly upstream from
the DR. The land phase of the model (sediment yields) has been
simulated for all RR 17 sub-catchments, delineated as hydrological
response units (HRUs) combining unique land use, soil type, and
slope features. The sediment yield estimations (SYLD) have been
based on the Modified Universal Soil Loss Equation (MUSLE), em-
bedded in the SWAT module, according to Eq. (1) [Williams, 1975;
Vigiak et al., 2015]:



sed = 11.8 * (Qgyyp * Qpeak * aI"%HRU)O'SG * Kygrp * Cusie * Pusie *
LSysre * CFRG (1)

where: sed is the sediment yield on a given day (metric tons), Q¢
is the surface runoff volume (mmH20/ha), g, is the peak runof
rate (m3/s), area HRU is the area of the HRU (ha), Kygpp is the
USLE soil erodibility factor (0.013 metric ton m2hr/(m3-metric ton
cm)), Cygpp is the USLE cover and management factor, Py g is
the USLE support practice factor, LSy gr, 5 is the USLE topographic
factor, and CFRG is the coarse fragment factor.

To simulate the river bed phase of the sediment transport, the
Kodoatie method [Kodoatie 2000] also available in the SWAT mod-
ule, has been used according to Eq. (2).

in
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where: conc is the maximum sediment concentration (t

sed,ch,mx
m—3); v%, is mean flow velocity (m s—1); y is mean flow depth (m);
S is energy slope (m m—1); Q,, is water entering the reach (m3); a,
b, ¢, and d are regression coefficients for different bed materials; W
is channel width at the water level (m), and W,,,, is bottom width

of the channel (m).

This method is considered to be particularly effective for suspended
and small sediment particles [Simons et al., 2004; Neitsch et al., 2011,
Yen et al., 2017]. Therefore, the sediment loads for the My$lenice
calculation profile has been estimated for the following fractions
(mineral: CLAY - 0-0.004 mm, SILT - 0.004-0.062 mm, and min-
eral/organic: SMAG - 0.03 mm) [Lu et al., 2015; Ayaseh et al., 2019;
Orliiska-Wozniak et al., 2020a).

The climate change predictions were based on data from Euro-
CORDEX, RCM models [Rummukainen, 2016; Dosio, 2016], and
Global Climate Models - GCM [Yang et al., 2019]. They included
RCP4.5 and RCP8.5 emission scenarios for the short-term (HI,
average for 2026-2035) and long-term (H2, average for 2046-2055)
time horizons. The scenarios employed to estimate sediment load
discharged into the DR were adopted from the Polish Development
of Urban Adaptation Plans (UAP) [MPA, 2021a; MPA, 2021b],
which have been described in detail in previous studies [Orlifiska-
Wozniak et al., 2020b; Szaliiska et al., 2021]. Briefly, besides
the baseline scenario, four climate scenarios (VS1-VS4) have been
created covering predicted temperature and precipitation changes
under the short-term (H1) and long term (H2) perspective (Figure
5a) as follows:

e VS1 - RCP4.5 H1 - average for 2026-2035;



e VS2 - RCP4.5 H2 - average for 2046-2055;
e VS3 - RCP8.5 H1 - average for 2026-2035;
e VS4 - RCP8.5 H2 - average for 2046-2055.
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Figure 5. Forecasted changes in climate: temperature and precipita-
tion (a); together with forecasts of changes in LU of forest areas (b),
and urbanized areas (c).

Along with the climate change predictions, the LU future
changes have also been taken into consideration, and were
included in each VS since they occur concurrently. The es-

timate projected on LU change impacts on sediment loads
in the RR were based on results of the FORECOM project
(http://www.gis.geo.uj.edu.pl/FORECOM/index.html), and trans-
posed into the analyzed area with use of the DYNA-Clue model
for the future time horizon of 2060 [Kozak et al., 2017; Price et al.
2017]. Briefly, LU scenarios included future changes in the forest
cover and growth of urban areas (based on population density).
Depending on the scenario, one of the following forecasts was
assigned to each RR sub-catchment: trend (growth of forest and
urban areas by 23% and 10%, respectively), or liberal (growth of
forest and urban areas, respectively by 30% and 15%) (Figure 5b-c)
[Orliniska-WozZniak et al., 2020a].

2.2.2 AdH/PTM module
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To execute the sediment transport and deposition simulations in the
DR, previously built and validated data using the comparative anal-
ysis with the real AdH/PTM model data [Hachaj and Szlapa, 2017;
Hachaj, 2018; Hachaj, 2019], was adapted in the current study. AdH
is a 2D depth-averaged finite element hydrodynamic modeling tool
for simulating estuary water flow and hydrodynamics in reservoirs
and lakes. It uses the finite element method to solve two-dimensional
momentum conservation equations for water - in the Eulerian frame
for both x and y directions [Berger, 2010] according to Eq. (3):

\Jv2+o? 9
wﬁa: +UUOU*Cf*v +96z+9*vw CQ*Hy*v(aaj)l ay )+

02 402
Eaa

where: vx, vy — velocity components in x and y directions, respec-
tively [m/s]; fx [m/s2] — unitary force in the x direction, represented
by wind-induced surface friction, wave impact; fy [m/s2] — unitary
force (wind, waves...) in the y direction; Cf [1/s] — Coriolis factor; g
[m/s2] — gravitational acceleration, ” ” [m] — water surface elevation,
H [m] — depth, C [m1/2/s] — Chezy roughness coeflicient, [m2/s]
kinematic viscosity coefficient, and p [Pa] — external pressure.

In the current approach, the boundary conditions of the DR AdH
model, i.e., inflow rate and water surface elevation level (WSE), were
adapted to include monthly Average High Flow (AHQ) and normal
water surface level - 269.9 m a.s.l. The simulation was performed
with the default bottom roughness parameter, and water density, as
well as the neglected impact of wind, wave, and Coriolis forces. The
AHQ values [Wrzesinski and Sobkowiak, 2020; Luong et al., 2021]
were calculated using flow data simulated by the SWAT module for
each VS according to Eq. (4):

AHQm — Zle ma‘;m,y (Qd> (4)

where: AHQ - average high flow for a given month, Y - number of
years within the data series, and max(Q) - the highest daily flow
observed within a calendar month (m index of AHQ and the max
operator) of a given year (y index of the max operator).

Based on the planar velocity field calculated by the AdH module, the
particle’s behavior over time (entrainment, advection, diffusion, set-
tling, deposition, burying, etc.) the DR was simulated with the PTM
module. At each time-step, PTM performs calculations to determine
local characteristics of the environment (Euler frame, mesh-based),
and the behavior of each tracked representative particle (Lagrange
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frame, particle-based). The potential transport rate of sediment par-
ticles was calculated by the Soulsby-van Rijn method based on Eq.
(5), while the other equations used by PTM, including the calcula-
tion of the particle trajectory is presented in [Niel, 2006].

§ 2.4
— —2 —2\ 2
a =AU ((U + 3T,7) - Ucr) (5)

where: qt — total transport rate; As — coefficient dependent on grain
size; U — depth-averaged planar velocity; Uw — average wave orbital
velocity; CD — wave drag coefficient; and Ucr — critical (threshold)
velocity for motion/suspension regimes U.

The calculation profile of MyS$lenice, previously used as the closure
of the RR part in the SWAT module, was selected as the source
of the sediment for the PTM simulation in the DR part. To en-
sure that all the model-generated representative particles will start
their movement in the water, the source area was set as an ellip-
soid with the center point on 1.9 m above the bed and with the
vertical and horizontal radii of 1 and 25 m, respectively. These di-
mensions were determined by the shape of the river bed in the place
where the sediment source is located and allowed for the maximum
filling of the selected profile with the shape of an ellipsoid. Simu-
lations were performed using sediment density of 2650 kg/m3 and
1240 kg/m3 for mineral particles and mineral/organic aggregates,
respectively [Czuba et al., 2015]. As for the particle diameter the
following values have been adopted: CLAY d= 0.002mm (dev=1.25),
SILT d=0.05mm (dev=1.2), SMAG d=0.03 mm (no deviation). In
order to ensure better visualization possibilities, the number of gen-
erated representative particles of each of the three different kinds was
chosen to be roughly proportional to the appropriate mass loads cal-
culated by the SWAT module for a given month. Differences from
exact proportions are the effect of randomization. Note, that for all
the analyses shown below, the exact number of generated represen-
tative particles has negligible impact on the results. This is because
the analyses use only a fraction comparison (e.g., what percentage
of the total number of particles is deposited in a given catchment in
a given month), which does not depend on the size of the random
sample as long as the sample is large enough.

Results
3.1. The upper Raba River (RR) simulations
3.1.1. Sediment loads

The average sediment monthly loads (tons per month - t/m) for
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the Myslenice calculation profile produced with use of the SWAT
module have been presented in Table 1. For all the three analyzed
sediment fractions (SMAG, SILT, and CLAY) high variability of
loads is clearly visible with the coefficient of variation (CV) ranging
from 85 to 191%. Following monthly distribution, two periods can
be distinguished, one from October till April, and the second one
from May to September. During the first one, average loads reached
about 6 t/m for the SILT fraction, and 220 t/m for CLAY. While
the loads for SMAG were negligible for this period. During the
second period, a distinct increase of the loads could be noticed, up
to 2.6 t/m for SMAG, 223 t/m for silt, and 785 t/m for CLAY on
average. Generally, the CLAY fraction dominates the sediment loads
introduced into the DR, reaching over 66% of the total load in June,
when the maximum values during the year are observed.

Table 1. Average monthly sediment fraction loads for the Mys$lenice calculation
profile for the baseline and variant scenarios (t/m).

Month
Nowv
Dec
Jan
Feb
Mar
Apr
May
Jun

Jul
Aug
Sep
Oct

Baseline VSs1 Vs2
SMAG SILT CLAY SMAG SILT CLAY SMAG SILT CLAY SMAG
0.00 2.0 108.6 0.00 1.2 80.3 0.00 1.7 1115 0.00
0.00 0.2 52.5 0.00 4.0 162.3 0.00 2.3 168.1 0.00
0.00 0.4 65.2 0.00 1.2 99.8 0.00 0.4 108.0 0.00
0.00 5.3 165.9 0.00 28.9 2459 0.00 22.1 442.0 0.00
0.00 23.9 430.5 0.00 9.2 484.9 0.00 19.8 755.1 0.00
0.00 5.3 545.3 0.04 99.7 1773.1 0.01 73.0 1621.0 0.05
0.93 122.3 1047.9 0.34 59.1 774.8 0.31 68.7 734.8 0.22
6.91 616.0 12240 6.88 512.6 1072.2 3.93 447.2 10234 376
1.95 2133 7454 0.82 157.7 599.8 0.53 105.4 518.7 0.58
3.44 1302 5713 037 61.4 3265 0.11 266 2179 117
0.10 34.1 337.6 0.01 13.5 216.0 0.02 15.4 234.2 0.01
0.00 7.3 170.8 0.01 24.9 311.5 0.04 49.3 395.6 0.02

average 1.11 96.7 4554 0.71 81.1 512.2 0.41 69.3 527.5 0.48

v

1.91 1.8 09 2.77 1.8 1.0 2.71 1.8 0.9 2.26

Vs3
SILT
11
2.4
1.2
293
15.2
117.1
42.3
376.1
136.0
78.2
7.5
24.1
69.2
1.5

CLAY
92.2
147.0
107.0
235.4
471.4
1990.1
604.5
887.5
502.7
367.9
193.6
286.8
490.5
1.1

SMAG
0.00
0.00
0.00
0.00
0.06
0.03
0.30
3.09
0.48
1.73
0.07
0.02
0.48
1.99

VsS4
SILT
1.4
3.9
0.6
27.6
53.0
114.6
713
301.4
127.6
103.2
34.3
231
71.8
1.2

CLAY
1123
170.8
108.3
557.8
762.9

1957.1
698.8
850.0
553.3
427.9
264.6
2553
559.9

0.9

Under the variant scenarios (VS1-VS4) the temporal pattern of sedi-
ment loads has been generally maintained, with elevated values dur-
ing the May-October period, and their decrease during the remaining
months of the year (Table 1). However, differences in the scenarios’
impact on particular sediment fractions should be noticed. For the
SMAG fraction, a decrease of the loads under all discussed scenarios
is visible when compared to the baseline scenario. For the remaining
fractions, deviations from this pattern are apparent, especially for
CLAY. An increase of the clay fraction loads is evident during the
winter and spring months (except for May), reaching extreme val-
ues in April, elevated by 197-265% when compared to the baseline
scenario. During the remaining months, an increase in September
is also noticeable, by 49.5-131.6% of the baseline load. The similar
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pattern of the load changes under the variant scenarios has been
also detected for SILT, with the April loads for this fraction growing
from 5.3 t/m, up to over 110 t/m under VS3 and VS4.

3.1.2. The Average High Discharges (AHQ)

The monthly AHQ values for the My$lenice calculation profile, subse-
quently used for the AdH/PTM module simulations, were obtained
from the SWAT for the baseline and variant scenarios (Table 2). In
the baseline scenario, the increase of the flow values can be observed
from May to September, reaching up to 147 m3/s in June. During
the remaining months of the year (October-April) the AHQ flows
vary from 16 m3/s for December to 58 m3/s in October. Under the
variant scenarios, the extension of the AHQ elevated values can be
observed due to the increase of the flows from October to April, even
by 45 m3/s for VS3 and VS4. During the remaining months the de-
crease of the AHQ can be observed, even by 49 m3/s in August for
VS2).

Table 2. Monthly average AHQ values (m3/s) for the Myslenice
calculation profile.

Month Base WVSI VS2 WVS3 VWS4

Nov 37 34 38 33 40
Dec 16 38 33 32 38
Jan 19 20 22 19 23
Feb 30 4 49 45 51
Mar 51 54 59 56 52
Apr 39 83 73 84 84
May 121 105 1035 98 111
Jun 147 141 128 128 128
Jul 99 87 8l 82 B3
Aug 115 86 66 99 110

Sep 89 65 70 61 85
Oct 58 79 96 78 56

3.2. The Dobczyce Reservoir (DR) simulations

As a result of the AdH/PTM simulations, the percentages of each
SMAG, SILT and CLAY fractions that were deposited in individ-
ual zones of the reservoir, under the baseline and variant scenarios,
have been determined (Figure 6). Generally, on average over 86% of
the all fractions flowing into the DR has been deposited within the
reservoir in the baseline scenario, however, this process displayed a
strong seasonal pattern, and also varied from fraction to fraction.
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For SMAG, the presence of particles belonging to this fraction have
been detected generally between May and September, with 26-47%
of these particles deposited only in zone B of the DR, and 52-70%
in C. The SMAG portion introduced into zone D was small, at the
level of 0.2-3.8%, while the outflow of these particles from the DR
(OUT) has been observed only in June, reaching 0.7% of the total
SMAG particles. For the SILT fraction, the majority of these parti-
cles have been deposited into the first two zones of the DR (A and
B), however, the share of particles in each zone displayed a seasonal
pattern. From October to April, SILT particles were mostly retained
in the first zone of the DR (A, 42-71%), while their share in the next
zone was relatively smaller (B, 27-48%). In this period the share of
this fraction reaching zone C was at the level of 2-9%, while their
further transport into zones D and OUT was almost negligible. In
the remaining months of the year, May-September, the SILT parti-
cles have been mainly deposited into zone B (67-72%), and partially
into C (16-23%). The transport and deposition of this fraction into
zones D and OUT was at the level of 1-4%. For the CLAY, a simi-
lar seasonal pattern could be observed, however, the localization of
these particles’ final deposition zones differs from the SILT fraction.
Generally, between October and April these particles are deposited
into zones B and C (23-47% and 30-40%, respectively), while the
share reaching D is estimated at 4-13%. Also, the elevated share of
CLAY particles transported downstream from the reservoir (OUT)
should be noticed in October, November, and March (17-35%). For
the May-September period, this process of particle transport down-
stream from the reservoir dominates, with 46-60% of the total num-
ber of CLAY particles estimated in the OUT zone. The remaining
share of these particles is distributed between zones B, C, and D,
with higher values for C (19-23%).
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Figure 6. Percentage shares of the sediment fractions (SMAG, SILT, CLAY)
deposited in the individual Dobczyce Reservoir zones.

The impact of the adopted variant scenarios on the SMAG section
is expressed by the extension of the period when these particles are
transported and deposited into the DR. For the baseline scenario
these processes were confined to May-September, while under the
VS1-VS3 scenarios also April and October are marked with SMAG
deposition into the DR zones B and C. While under VS4, March
is also included in this process. As for other zones of the DR, the
share of these particles was either 0 (A), or at the level similar to
the baseline scenario (0.1-3.3%). For the SILT fraction, the simi-
lar pattern of temporal changes could be expected under VS1-VS4.
Although the majority of these particles will still be deposited into
the first two DR zones, the period when particles are retained in
zone A will be shortened from October-April to November-March to
favor a higher percentage of particles settling into zone B (on aver-
age by 21%). For the CLAY fraction, the variant scenario impact
is expressed mainly by extension of the period in which these par-
ticles flow downstream of the DR (OUT). In the baseline scenario,
this process lasted from March to November, while in the VS1-VS3
scenarios December and January are also marked as meaningful for
the CLAY particle transport to the lower part of the Raba River.
In turn, from May to September the amount of the CLAY fraction
reaching OUT will decrease by an average of 9%, depositing these
particles mainly into zones B, C, and D.
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Discussion

Dammed reservoirs pose a huge impact on entire aquatic ecosys-
tems disrupting many natural processes, including sediment trans-
port within the river through its effective entrapment [e.g. Sund-
borg, 1992; Vorosmarty et al., 2003; Sedlacek et al., 2017; Dong et
al., 2019]. Excessive sediment deposition threatens, not only reser-
voir capacity and functionality, but also creates an additional threat
to the reservoir water quality since sediment particles are consid-
ered effective carriers of contaminants [e.g., Szaliniska et al., 2013;
Zhu et al., 2019; Jalowska and Yuan, 2019; Aradpour et al., 2020;
Babek et al., 2020]. For a holistic assessment of sediment inflow
impact on a reservoir, exhaustive information on its catchment as a
sediment source is required. In the current study such information
has been collected through previous research performed on the Raba
River catchment for the land and river phases of the sediment trans-
port [Orlinska-Wozniak et al., 2020; Szaliriska et al., 2020]. Briefly,
the mountainous part of this catchment located upstream from the
Dobczyce Reservoir is very prone to erosion, therefore, multiple anti-
erosion structures were constructed in 70’s along the main river and
its tributaries. However, currently the majority of these structures
are overfilled and require renovation [Korpak et al., 2008; Lenar-
Matyas et al., 2015]. The mountainous character of this area also
demonstrates the hydrometeorological conditions typical for the en-
tire area of the Polish Carpathian Mts., with average rainfall values
reaching 1600 mm accompanied by frequent torrential rains, espe-
cially during the summer. These conditions combined with a high
share of slopes above 25%, and many areas still used for agriculture
(41%), cause intensive loss of soil fractions from the land phase of
the catchment. Moreover, they are the reasons behind large fluctu-
ations in flows and frequent floods affecting sediment transport in
the river bed [Kijowska-Strugala and Kiszka, 2018]. These features
had a decisive impact on sediment loads introduced into the DR sim-
ulated for the Myslenice calculation profile with the first module of
the DNS digital platform - SWAT.

The obtained results showed high sediment loads, average of 184
t/m, displaying elevated temporal variability, with an average coef-
ficient of variation (CV) of 153%. During the year, two periods can
be distinguished: May-September when over 76% of the total annual
sediment load flows through the My$lenice profile, and October-April
when the rest of this load is delivered to the DR. As for the share of
the individual fractions, mineral fine particles constitute over 99%
of the total load, with CLAY and SILT contributing 82% and 17%,
respectively. Such a dominant share of these fractions results from
the natural conditions in the studied catchment [Szarek-Gwiazda
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and Sadowska, 2010], where clay soils cover more than 95% of the
area (Figure 2). Moreover, frost lasting more than 100 days per year
in this part of the Carpathian Mts. also promotes erosion of soils,
especially of those fine-grained. The high content of fine fractions
facilitates groundwater capillary forces, causing exfoliation of the
surface layers during periods of freezing temperatures [Augustowski
and Kukulak, 2017]. Apart from the two mineral fractions (CLAY
and SILT), a small amount of mineral-organic agglomerates (SMAG)
also has been observed (0.2%), mostly during the May-August pe-
riod. The period of their appearance coincides with the period of
high flows, but also favorable conditions for the biomass production
in the river (e.g., temperature, solar radiation, and agricultural ac-
tivities) [Lee et al., 2019; Hoffman et al., 2020].

The subsequent fate of the sediment particles downstream from the
Myslenice calculation profile has been tracked with the second mod-
ule of the DNS digital platform, AdH/PTM. Due to the RR width
increase in the outlet section and the water flow decrease, zone A
favors deposition of larger particles. Although the SWAT model
practically did not simulate mineral fractions above 0.062 mm in our
approach, due to the natural catchment conditions and the choice
of the Kodoatie sediment transport routing method, as more suit-
able for suspended sediment simulations [Yen et al., 2017, extensive
sandbanks are noticeable in the mouth of the RR (Figure 3). This
phenomenon is caused by a combination of multiple natural features
and processes, including presence of less fine-grained soils in the last
sub-catchment of the RR (Figure 2), and urban use in this part of
the area, supplying sand particles due to construction work and win-
ter maintenance of the local roads. Moreover, other mineral particles
lose their driving force of advection and begin to settle in this zone,
especially during the October-April period, when the average flow
(av. 35 m3/s) favors the deposition of 60% of all sediment particles
(56% of SILT and 4% of CLAY) (Figure 7). With the increasing
flow, up to 114 m?3/s on average during the May-September period,
sediment deposition is limited to only 6% of their total load.

In zone B, the DR water level fluctuations result in alternating cycles
of sedimentation and resuspension in this part of the DR (backwater)
[Szlapa and Hachaj, 2017]. As a consequence, deposition of particles
not settled in zone A is favored here. Especially of the SILT larger
fractions (Figure 7), which are retained up to 70% during the May-
September period. For the finer particles of the CLAY fraction, this
zone is also the major deposition zone (34%), especially during the
lower flow period (October-April). Furthermore, over 40% of the
SMAG fraction is deposited during the May to September period
in this zone. Due to their lower density, SMAG particles are larger
than mineral particles of the same mass which results in their slower
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settling velocity and higher drag force [Hoffmann et al., 2020]. As a
consequence, SMAG particles can be transported much further than
mineral particles of the same mass, which explains the lack of their
deposition in zone A.

In zone C, with depth increasing to over 9 m and flow continuing to
decline, the sediment-carrying potential becomes even weaker. This
zone is the last which receives large amounts of SILT fractions (up
to 18% on average in May-September), and accumulates over 57%
of the SMAG particles. Moreover, a distinctive pattern of bedforms,
created by the settling particles, is noticeable in this zone in the form
of numerous ripple marks (Figure 7). Behind each of them, planar
velocity drops and a local downward velocity component appears.
This causes the particle accumulation in the form of underwater
dunes with bigger grains deposited on the stoss side (represented by
more orange shades), and smaller ones on the lee side (colored more
towards red). Furthermore, each of the subsequent dunes accumu-
lates (on average) finer material than the previous one. A similar
pattern of bedforms is also visible for the SMAG particles (Figure
7)

The last zone of the DR (D), is characterized by the greatest depth
(over 16 m) and the presence of the drinking water intake. Dur-
ing high flows (May-September) even more than 60% of the CLAY
fraction load flows into this zone, which requires special attention
due to the adsorption of contaminants on fine particles [Szalifiska et
al., 2013; Palma et al., 2015; Riigner et al., 2019]. Since only 10%
of this load settles into this part of the DR, it is not really prone
to the loss of capacity. However, the remaining particles are trans-
ported downstream of the DR (OUT) to the lower part of the RR
catchment.
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Figure 7. Sediment fraction distribution in the Dobczyce Reservoir under the
baseline scenario.

The impact of the future climate changes, for the land and river
phases of the sediment transport in the RR catchment, has under-
lined the role of the spring and winter season, mainly due to the
increase of precipitation [Orlinska-Wozniak et al., 2020; Szalinska et
al., 2020]. Moreover, the detailed simulations [Hachaj et al., 2021]
have shown that such increases of sediment yields and loads could
not be attenuated by the forecasted land use changes in this area,
e.g., 30% increase of forest area at the expense of agricultural land
use. In the current study, where the climate change predictions
with a monthly step were applied, a more detailed temporal pattern
of sediment transport has been elucidated. In particular, a consid-
erable increase of precipitation observed especially in April (up to
81% under VS4), but also in December, February, and October (up
to 76% under VS1) in all the discussed scenarios (Figure 5), will
ultimately affect the mineral and organic fraction of sediments de-
livered into the My§lenice calculation profile. Currently (baseline
scenario), during these four months, a total of just over 18 t/m of
SILT, and 934 t/m of CLAY flows through this profile. Whereas
the future climate changes will lead in these months to the average
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SILT load increase by 154 t/m (VS3), and by more than 2000 t/m
(VS4) for CLAY. Since the pattern of precipitation changes will be
reversed during May-September (Figure 5), a decrease of sediment
loads in the Mys$lenice profile can be expected in these months, when
compared to the baseline scenario. Indeed, the load of transported
fractions will be reduced in these months by 430 and 1160 t/m for
SILT and CLAY, respectively. These monthly changes require fur-
ther attention, however, it has been already recognized that this
area is likely to experience substantial climate exposure leading to
further alterations in the ecosystem [Hlasny et al., 2016].

The climate change scenarios applied to the reservoir simulations
emphasize a fundamental difference between both parts of the dis-
cussed system. While even a small change of parameters (such as
precipitation, temperature, or land cover) causes a rapid hydrologi-
cal reaction of the mountainous river catchment; and consequently
alters the intensity of erosion, and sediment transport, and fate; the
response of the reservoir is very disparate. The flow velocity field,
which is crucial for the range of the sediment particles transport,
remains sensitive to flow rate changes only in zones A and B of the
DR (river and backwater). Therefore, these two zones will remain
the main depositional sections of the DR, especially for larger par-
ticles, even under flood conditions [Szlapa 2019]. Directly behind
the backwater zone, the sudden extension of the reservoir’s cross-
sectional area and a slowdown of the water flow, radically changes
the sediment transport possibilities in further parts of the DR. There-
fore, when the SILT fraction behavior in the DR is discussed, only
changes in particle numbers and a slight shift in temporal pattern in
zones A and B can be noticed. Regardless of the selected scenario,
a pronounced increase, by an astounding 800%, of the SILT fraction
can be expected in these two zones (Table 1, Figure 8). As for the
monthly distribution, since the high-flow period has been extended
from May-September in the baseline scenario, to April-October in
the V1-V4 scenarios, therefore, a similar extension in retention effec-
tiveness of SILT particles in zone B is visible (Figure 8). This leads
towards increasing the rate of the reservoir volume loss in time, and
consequently causes a transition of the backwater zone (B) towards
the dam at the cost of the intermediate zone (C). The lacustrine zone
(D) stays unaffected by this SILT rate increase. Moreover, a similar
pattern is also noticeable for the SMAG particles. Although their
spatial pattern remains the same under the adapted scenarios, i.e.,
their appearance is restricted only to zones B and C, their temporal
distribution is noticeably different, as it is extended to include even
March under V4. It should be also noted that an extended period
of allochthonous organic material delivery to the reservoir can pro-
mote further development of the autochthonous organic matter due
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to the favorable conditions in the DR [Szlapa et al., 2017]. As for
the CLAY particles, the reservoir response to the applied scenarios
will completely differ. The altered high flow period, April-October,
will increase the mobility of these particles, pushing them to flow to
the last reservoir zone (D), and even downstream from the reservoir
(OUT). Generally, the share of this fraction flowing to zone D will
be increased even by 30% (December) when compared to the base-
line scenario, but only an average of 10% of them will settle there.
Since this zone is used as a source of drinking water, the extended
presence in this part of the reservoir should be further investigated
due to their role as a contaminant carrier, as previously discussed
[Szalitiska et al., 2021].
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Figure 8. Sediment fractions’ distribution in the Dobczyce Reservoir
under the selected variant scenarios (VS1 and VS4).

Conclusions

In the current study we have tracked the selected fractions of sedi-
ment particles (SMAG, SILT, and CLAY) from their source of origin
(Raba River catchment) to the deposition area being in a dammed
reservoir (Dobczyce Reservoir). This research was possible due to
the combined performance of two models (SWAT and AdH/PTM)
under the umbrella of the Macromodel DNS digital platform. The
results underlined the fundamental difference between both hydro-
logical units, i.e., river catchment and dammed reservoir. Although
the studied river catchment is extremely prone to erosion, and un-
der the forecasted climate change will respond in increasing sediment
loads, this response will eventually be attenuated by the reservoir.
Due to the very fortunate location and natural setup of the studied
reservoir, the two first zones will maintain their trapping role for
the larger particles (SILT), even during periods of highly increased
sediment delivery periods under the adopted climate and land use
scenarios. Although, special attention must be paid towards accel-
eration of the capacity loss for this part of the reservoir. As for the
finer particles (CLAY), their increased mobility into the reservoir
is clearly visible both under short- and long-term scenarios which
raises concerns due to their contaminant binding affinity, and pos-
sible impact on drinking water. Moreover, our study clearly shows
that a seasonal approach to climate change predictions is quite dis-
torted, and monthly predictions are recommended, especially when
necessary measures to evaluate sediment fate in a catchment are
discussed.
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