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Abstract

Reservoirs created by damming rivers significantly modify abiotic and biotic environmental components.
A major consequence is the accumulation of sediments and nutrients, degrading water quality through eu-
trophication. This study focused on the Sulejow Reservoir in Central Poland, examining nutrient balance,
phytoplankton blooms using Sentinel-2 satellite data, and wind-driven surface currents with the CCHE2D
hydrodynamic model. Eight Sentinel-2 images from the 2020 vegetation season and the Normalized Differ-
ence Chlorophyll Index (NDCI) were used to assess phytoplankton distribution. Results indicate the reservoir
mainly acts as a nutrient sink, but under low-flow and intense bloom conditions, it can become a nutrient
source. Coupling remote sensing with hydrodynamic modeling effectively interpreted flow patterns and nutri-
ent dynamics. For the first time, the influence of eddy structures and wind on phytoplankton distribution in the
lacustrine zone was demonstrated.
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Introduction

In modern water management and envi-
ronmental protection, particular attention
is paid to the nutrient loads transported by
the rivers. High nutrient concentrations are
responsible for eutrophication processes in
natural lakes, artificial reservoirs, and coast-
al sea waters. This phenomenon, defined as
the excessive enrichment of aquatic ecosys-
tems with nutrients, leads to primary pro-
duction surges and phytoplankton blooms.
(Harper, 1992). One of the earliest studies
on eutrophication related to massive cyano-
bacterial bloom on Lake Haruna (Japan) in
1933 (Yoshimura, 1933). The driving fac-
tor of lake eutrophication, as manifested in
phytoplankton blooms, is phosphorus flux
(Schindler, 2012). Two forms of phosphorus
are measured at water quality monitoring
stations - dissolved phosphate ions and total
phosphorus (TP). Total phosphorus measures
all phosphorus found in a sample, both dis-
solved and particulate (organic).

Phytoplankton blooms are composed of
a mixture of cyanobacteria and algae. Cyano-
bacteria is a group of heterogeneous bacteria
that have existed for 3.5 billion years and have
the ability to colonise all environments, from
thermal springs to arctic lakes. Cyanobacteria
have undergone many adaptations, including
the ability to conduct oxygenic photosynthe-
sis, and have the potential for nitrogen fixa-
tion. One of their representatives is the genus
Microcystis, which is commonly found around
the world (Whitton & Potts, 2002).

The occurrence of cyanobacteria in artifi-
cial reservoirs is of global concern. The Sule-
jow Reservoir experiences cyanobacterial
blooms every year, all having the ability to
produce cyanotoxins (Szczukocki et al., 2014).
Cyanotoxins, as secondary metabolites,
affect aquatic organisms at all taxonomic
levels, including different groups of algae,
macrophytes, zooplankton, and fish (Zan-
chett & Oliveira-Filho, 2013; Godlewska et
al., 2018). In the Sulejéw Reservoir, the domi-
nant species of bloom-forming cyanobacte-
ria is usually Microcystis aeruginosa which
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forms large colonies ranging from 100 um to
even 2 cm in size (Komdrek, & Anagnostidis,
1999; Mankiewicz-Boczek et al., 2016). Artifi-
cial reservoirs on lowland rivers, such as the
Sulejéw Reservoir in Poland, are especially
prone to eutrophication due to nutrient-rich
inflows from large catchments, extended
water retention times, and sedimentation.
Easily available nutrients are used in primary
biological production, resulting in phyto-
plankton blooms dominated in summer by
cyanobacteria (Tarczyrska et al., 1997). Zie-
minska-Stolarska and Kempa (2021) conclud-
ed that nutrient loads from agricultural areas
and septic tank discharges are the primary
contributors to poor water quality and inten-
sified eutrophication in the Sulejéw Reservoir.

Blooms are formed when there is a high
concentration of algae within a particular
lake area, accompanied by some form of the
physical mechanism that concentrates cells
further (Glibert et al., 2005). Lakes with high
retention times offer favourable conditions
for cyanobacteria because cyanobacteria
have slow growth rates relative to other algal
groups (Paerl, 1988). Also, water column sta-
bility is important because cyanobacteria can
regulate their buoyancy and depth of submer-
gence, maintaining an optimal position in the
water column for light harvesting. Another
parameter that increases cyanobacterial
concentration is a high-water temperature of
25-50°C. However, cyanobacteria are very
sensitive to the rapid cooling of the water.
A drop in the temperature by 5°C in a few
days may destroy the blooms (Tarczynska
et al,, 1997).

Phytoplankton blooms can be observed
from satellite platforms equipped with mul-
tispectral scanners. Remote sensing offers
several significant advantages: (1) it provides
a synoptic view of the study site, which allows
the user to obtain information on the entire
aquatic system surface; (2) it can acquire
data from remote, inaccessible locations;
and (3) it can record data over time, provid-
ing a historical dataset for more comprehen-
sive monitoring (Hadjimitsis & Clayton, 2009;
Palmer et al., 2015).
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The major techniques are based on opti-
cal sensing through the detection of coloured
phytoplankton pigments, for example phyco-
cyanin (Ryan et al,, 2011). Examples of detec-
tion of phytoplankton using phycocyanin and
Landsat satellite images are shown in (Vin-
cent et al,, 2004; Kumar et al,, 2020; Zhao
et al,, 2020).

New satellite data are available from the
European Space Agency (ESA) Sentinel-2 mis-
sions (European Space Agency (Sentinel-2),
2015). The Multispectral Imager (MSI) sensor
of Sentinel-2 provides 13 spectral bands cov-
ering spectrum from visible and near-infrared
(VNIR) to shortwave infrared (SWIR) wave-
lengths. It has good spatial resolution of 10 m
in bands B2, B3, B4 and B8. A short revisit
time (2-3 days at mid-latitudes) is important
for monitoring water bodies showing high
dynamics controlled by hydrological process-
es (European Space Agency, 2020).

Sentinel-2 data can be used to monitor
small and highly dynamic water bodies like
coastal lagoons (Matthews, 2011) or subal-
pine lakes (Bresciani et al., 2018). There is also
an example of using Sentinel-2 data for lakes
water quality monitoring for the purpose of
reporting on inland waters ecological sto-
tus according to the European Union Water
Framework Directive (Ansper & Alikas, 2018).

Hydrological control of the phytoplank-
ton bloom includes the nutrient loads and
balance, and the timing of the fluxes. These
data come from water quality monitoring
stations and hydrological gauges and require
long-term observations.

Large reservoirs are complex water bod-
ies with flow conditions typical of lakes (the
so-called lacustrine zone), transitional zones,
and riverine zones. Hydrodynamic models
can be used to differentiate these zones and
understand the pattern of water circulation
(Carrick et al., 1994; Kawara et al, 1998;
Tufford & McKellar, 1999; Verkhozina et al,,
2000). One-dimensional (1D) models, such as
HEC-RAS, are commonly utilized to calculate
key hydraulic parameters in cross-sections,
such as water level, areq, velocity, and shear
stress. For instance (Hama Karim et al,

20240q) used HEC-RAS to delineate the river-
ine, transitional, and lacustrine zones in the
Sulejéw Reservoir, aiding in the understand-
ing of the longitudinal gradients of water
quality parameters from the backwater area
to the dam.

The use of two-dimensional (2D) models,
exemplified by the CCHE2D model, has been
prominent in studying flow and sedimenta-
tion processes in large reservoirs in Poland
(Magnuszewski et al., 2010, 2018). Unlike 1D
models, which primarily calculate parameters
in cross-sections, CCHE2D allows for a more
comprehensive analysis by considering spa-
tial variations in water flow, for example
average velocities in verticals.

Furthermore, three-dimensional (3D) hy-
drodynamic models, such as one developed
in a previous study (Ziemifska-Stolarska et al.,
2015), offer even more detailed insights into
velocity patterns, revealing the complex pat-
tern of wind-driven water circulation in the
lacustrine zone.

In this paper, we focus on the application
of a 1D and 2D hydrodynamic models to ana-
lyze flow dynamics combined with satellite
imagery in order to investigate a pattern of
the phytoplankton bloom formation.

Materials and Methods
Study area

The Pilica River is the biggest tributary on
the left bank of the Vistula River in Poland.
It stretches for 342 km and has a catchment
area of 9,258 km? (Fig. 1). The Sulejéw Res-
ervoir was built between 1969 and 1973 to
supply drinking water to the fast-expanding
metropolis of tédZ, situated about 50 km
north-west of the reservoir. The reservoir
has an earth dam located in Smardzewice
village, measuring 154 m in height and
spanning 1210 m in length. It is 15.5 km
long, with a maximum width of 2.1 km, cover-
ing a surface area of 22 km?. The reservoir
serves multiple purposes, including flood
management and hydropower generation.
Agricultural land covers 60% of the Pilica
River basin, while forests occupy 31%. The
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Figure 1. Location of the Sulejéw Reservoir on the Pilica River
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Pilica River catchment, particularly the Sule-
jow Reservoir’s differential catchment, experi-
ences significant anthropogenic pressure due
to high population density and large volumes
of municipal wastewater discharge (Magnu-
szewski et al., 2014).

The two main rivers supplying the Sule-
jow Reservoir are Pilica and its left tribu-
tary, the Luciqza River. The long-term aver-
age discharge of Pilica at Sulejéw gauge is
22.8 m®s7, while that of Lucigza at Ktudzice is
3.03 m3s™. The water turnover in the Sulejow
Reservoir is long, with an average discharge
of more than 30 days. This feature enhances
the sedimentation processes through stable
hydrodynamic conditions in the reservoir
(Hama Karim et al., 2024q). Although the
reservoir has a large volume, sedimentation
is not very intense. A previous study (Pieron
et al,, 2021) estimated that the reservoir lost
approximately 46,000 m? of water annually
over 50 years due to sedimentation.

Kludzice

gejow
6

A Hydological post

Lucigza

e Water quality post
©  Meteorological station

The occurrence of cyanobacteria has
been consistently observed every year since
the reservoir began operating and was one
of the reasons for closing the surface water
intake for the tdédZ city waterworks (Tar-
czynska et al., 1997). The Sulejéw Reservoir
receives inflow from the Pilica and Luciqza
rivers at its backwater area, monitored by
hydrological gauges (Sulejow and Ktudzice).
Water quality at the inflow to the reser-
voir is measured at water monitoring posts
(Sulejéw and Przygtéw) (Fig. 2). Below the
dam, there are hydrological posts in Spata
and Zawada, while a water quality post is
located in Smardzewice. Hydrological gaug-
es operated by the Institute of Meteorology
and Water Management (IMGW) provide
information on daily discharges (IMGW-
-PIB, 2024). Water quality posts are operated
by the Chief Inspectorate of Environmental
Protection (GIOS) in a monthly sampling
interval.

Smardzewice

0 1J0 km

Figure 2. Location of the IMGW hydrological gauges and GIOS water quality monitoring stations of the

Sulejéw Reservoir
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Hydrological control of the
eutrophication

Urbaniak et al. (2012) has shown that the
Sulejéw Reservoir was a trap for suspended
particulate matter (SPM). In 2006, the mean
inflow concentration of SPM in the backwa-
ter area was 13.56 mg-dm®* and the mean
outflow concentration was 7.48 mg-dm?. The
research showed an annual significant reduc-
tion of nutrients and SPM concentrations and
retention in the reservoir compared with 1992,
which amounted to 28% of TP, and 45% of SPM.

From the long-term observation data, the
period 2004-2009 was selected which has
a complete list of hydrological (discharge
Q m*s") and water quality (Total Phospho-
rous TP concentration g-m?®) parameters. This
period is representative for the long-term riv-
er discharge of the Pilica and Lucigza rivers.
TP loads are calculated at monthly intervals
at the inlet and outlet of the reservoir.

We have used a methodology to calculate
the TP load at the outlet of the reservoir from
concentrations measured at the Smardzewice
monitoring point below the dam and the aver-
age monthly discharge from the Spata gauge

80
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minus the discharge from the Wolbérka River
tributary, controlled at the Zawada gauge.

Monthly values of TP load at the inlet to
the reservoir (Sulejéw and Przygtéw monitor-
ing points) and at the outlet of the reservoir
(Smardzewice monitoring point), together
with the average monthly discharge values
of the Pilica and Luciqza rivers, are shown in
Figure 3. Additionally, the average discharge
of the Pilica and Luciqza rivers in July to Sep-
tember periods is marked. This graph shows
that most of the time, as the load below the
reservoir is smaller than the load at the back-
water inlet, Sulejow Reservoir acts like a trap
for a TP. In the period of summer, when dis-
charge of Pilica and Lucigza rivers is low, and
there is a vegetation period with phytoplank-
ton bloom, the Sulejéw Reservoir turns into
source of TP.

Hydraulic control of the phytoplankton
blooms

The geometry of the reservoir is represented
as a 5 m resolution DTM (Digital Terrain
Model), which was calculated from precise
bathymetric measurements. Measurements
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Figure 3. Monthly values of TP load years 2004-2009 at the inlet to the reservoir (Sulejéw and Przygtéw
monitoring points) and at the outlet of the reservoir (Smardzewice), together with monthly discharge
and average discharge in months July-September of Pilica and Lucigza rivers (July-September mean

discharge - MQ)
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performed in 2016 by Lowrance HDS-3
sonar include 440,000 echo sounding points
(Jaskulski et al., 2018).

To understand the longitudinal distribu-
tion of velocities in the Sulejéw Reservoir, the
one-dimensional (1D) hydrodynamic model
HEC-RAS, developed by the US Army Corps
of Engineers, Hydrologic Engineering Center,
was applied. Geometry of the reservoir as
a set of cross-sections was obtained from
5 m resolution DTM. The number 73 cross-
sections were set with an average spacing of
200 m. One Manning roughness coefficient
n=0.025 has been designed for all cross-sec-
tions. That value represents an earth, a fairly
uniform channel without vegetation. The
lower boundary condition was set as a water
head elevation at the dam, while the upper
boundary condition is the combined average
discharge of Pilica and Luciqza rivers.

More detailed picture of velocities pattern
at the Sulejéw Reservoir was obtained using
the CCHE2D hydrodynamic model developed
at the National Center for Computational
Hydro Science and Engineering (NCCHE)
at the University of Mississippi, USA. This
is a two-dimensional (2D) depth-averaged,
unsteady, turbulent open-channel flow model
based on the depth-averaged Navier-Stokes
equations, incorporating the impact of wind
on water surfaces, so the model may be used
for cases in which water flow is affected by
the wind field. Examples of CCHE2D use for
rivers and reservoirs may be found in previ-
ous works (Altinakar et al., 2005; Kalinowska
et al., 2012; Kalinowska & Rowinski, 2012;
Magnuszewski et al., 2010, 2018), and also
a detailed description of the model (Jia &
Wang, 20071).

The two-dimensional computational grid
and bed profile necessary for the velocity
simulations were prepared using the CCHE_
MESH generator developed by NCCHE. The
final computing mesh had a dimension of
| = 80 x J = 700 elements. The simulations
were run for 60-second time steps. The upper
boundary condition was the discharge of the
Pilica River and Lucigza River, and the lower
boundary condition was o water head at
the dam profile. All boundary conditions for
water flow and wind action simulations were
obtained from the IMGW hydrological and
meteorological stations.

For both models’ verification, the results
of water surface leveling in cross-sections
located at 150.25, 151.05 and 151.65 km
at the reservoir backwater, measured in the
field on 2011-08-30, were used. Comparison
of calculated by the model water levels and
measured in the field by leveling is shown in
Table 1. The maximum difference between
the simulated and measures water surface
elevation is 4 cm in case of CCHE2D model.

Instrumental measurements for the verifi-
cation of velocities in the lacustrine zone are
problematic because of the slow current and
the problem of instrument anchorage. Litera-
ture (Zieminska-Stolarska et al., 2015) shows
an example of time averaged ADCP measure-
ments in the Sulejéw Reservoir for 3D hydro-
dynamic model verification. Velocities meas-
ured by this method in the lacustrine part of
the reservoir are similar to our results from
2D modeling

The Sulejéw Reservoir does not show ther-
mal stratification, which allows nutrients circu-
late easily in the biosystem and intensify pri-
mary production. Surface water temperature

Table 1. Comparison of water surface elevation (m a.s.l.) calculated by HEC-RAS and CCHE2D models

and measured in the field by leveling

Location of the cross-section HEC-RAS CCHEID Field
[km] levelling
150.25 166.63 166.60 166.63
151.05 166.63 166.60 166.63
151.65 166.63 166.60 166.64
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measured close to the dam in the lacustrine
part of the reservoir in the May-October
period in 2015 and 2016 showed that the
temperature reached 25°C in mid-June of
2016 and at the beginning of August 2016.
In 2015, high water temperatures in the
lacustrine part of the Sulejéw Reservoir were
recorded at the beginning of July and lasted
(except for weekly periods) until mid-August
2015 (Ziemiriska-Stolarska et al., 2019).

Remote sensing data for phytoplankton
detection

The distribution of phytoplankton blooms on
the Sulejow Reservoir was documented using
Sentinel-2 satellite imagery available from
the archive SatdEnvi (https://satdenvi.imgw.
pl). The availability of cloud-free images were
taken into consideration for the reservoir dur-
ing the vegetation period (May-October) in
the years 2016-2024. The highest number of
images used in the study was 8 images in the
year 2020. The year 2023 was not included
due to maintenance works in the reservoir,
which required lowering water surface. For
the other years, authors got cloud free imag-
es ranging from 1-6 images per year during
the vegetation period (May-October).

Downloaded images were processed
by SNAP (v8) which is a free open toolbox
designed for processing data from the Senti-
nel missions. Processing included resampling
original scene data to the subset represent-
ing reservoir.

In many water bodies, concentrations of
phytoplankton are strongly influenced by
the occurrence of dissolved organic material
and suspended sediments (Magnuson et al,,
2004). To overcome this limitation, numer-
ous algorithms have been proposed to quan-
tify chlorophyll-a (Chl-a) in turbid productive
waters using remote sensing data and red
and near-infrared (RED-NIR) bands. These
algorithms use different numbers of bands:
(1) two bands (Tzortziou et al., 2007; Moses
et al,, 2009), (2) three or four bands (Gons,
2002; Dall'Olmo & Gitelson, 2005; Gons
et al,, 2008; Le et al,, 2009).

Geographia Polonica 2025, 98, 2, pp. 211-229
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Phytoplankton pigment concentration
(Chl-a) is the most commonly derived param-
eter in water-quality remote sensing mainly
because it can be used as a proxy for phyto-
plankton concentration. Basic ratio of reflec-
tance at about 700 nm to that near 670 nm
is widely used for estimating Chl-a concen-
tration in inland and coastal waters (Mat-
thews, 2011).

In this study, we use the Normalized Dif-
ference Chlorophyll index (NDCI) formula
based on two band ratios (Mishra & Mishra,
2012) showed in Equation (1):

(B5-B4)
(BS5-B4) (1)

NDCl =

where:

B5 (705 nm) and B4 (665 nm) are Sentinel-2
spectral bands. The values of the NDCI index
for a single scene (2020-08-02) with the highest
contrast between water and phytoplankton range
from 0.5 to -0.04. Negative values represent pure
water without phytoplankton. This index highlights
areas of increased phytoplankton biomass and is
particularly useful for detecting and quantifying
algal blooms. Sentinel-2 bands B5 and B4 were
selected for their specific sensitivity to chlorophyll-
a absorption and reflectance. We choose NDCI
because the literature overview shows it as a reli-
able tool for assessing phytoplankton dynamics in
eutrophic water bodies, it has a simple form and
is easy to interpret.

A comparison of the eight NDCl images
from the year 2020 is shown in Figure 4. As
additional information, the wind direction
and velocity at the moment of image sensing
were obtained from synoptic meteorological
station in Sulejéw operated by the Institute of
Meteorology and Water Management.

To show the places of most frequent and
intensive phytoplankton bloom on the Sulejow
Reservoir NDCl values from eight Sentinel-2
images have been summarized. The bloom
intensity hotspots are located in the lacus-
trine zone of Sulejow Reservoir (upper part)

(Fig. 5).


https://sat4envi.imgw.pl/
https://sat4envi.imgw.pl/
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Figure 4. Distribution of phytoplankton blooms on the Sulejéw Reservoir in 2020: documented using the
NDCI index, calculated from bands B4 and B5 of Sentinel-2 satellite images. Below the date of image
recording, wind direction and velocity are given, and arrows show wind direction
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Figure 5. The sum of NDCI indexes, calculated from eight Sentinel-2 images recorded in the period
2020-07-01 till 2020-10-06, showing the most frequent and intensive occurrence of phytoplankton
blooms on the Sulejéw Reservoir, with km of river chainage

Results and Discussion

The results of the 1D HEC-RAS model show
the longitudinal profile of the velocity in cross
sections (Fig. 6). Upstream from the dam in
the longitudinal profile of the reservoir, it can
be a delineated zone with lacustrine condi-
tions which stretch from the dam to 145 km.
Riverine conditions are characteristic for the
reach 148-152.6 km. Finally, a transition zone
between the riverine and lacustrine parts of
the reservoir stretches from 145-148 km. The
average in the cross-sections velocity distri-
bution in the reservoir shows that in the lacus-
trine zone, there is practically standing water
with velocities in the order of 0.01-0.02 m-s™.

This pattern of the velocity distribution is
more visible from results of CCHE2D model
calculations. Lacustrine zone between the
dam and 148 km has very low velocities
and covers the deepest part of the reservoir.

Geographia Polonica 2025, 98, 2, pp. 211-229

There are two zones of accelerated veloci-
ties in the reservoir narrowing at reach 148-
150 km (Fig. 7).

Low velocities of flow and large depth of
the reservoir in the lacustrine zone enhance
the sedimentation conditions. Field sampling
of the bottom sediments and analysis of the
total organic carbon, total phosphorous, and
cadmium concentrations show that this area
acts like deposition zone (Hama Karim et al,,
2024b).

In this study, we use the NDCI index to
determine the location and intensity of phy-
toplankton blooms on the Sulejéw Reservoir.
The sum of the values of the NDCI indexes,
calculated from the eight images registered
in 2020, shows where the phytoplankton
occurs most frequently. It has been shown
that the most intensive occurrence of phyto-
plankton blooms is found in a lacustrine zone
of the Sulejéw Reservoir between 137 km and
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Figure 6. Longitudinal profile of Sulejéw reservoir showing distribution of average velocity in the cross-
sections calculated by HEC-RAS model for the conditions of long-term average discharge and normal

water head at the dam

Figure 7. Distribution of depth average velocities (m-s”) in the Sulejéw Reservoir calculated by CCHE2D
model for the conditions of long-term average discharge and normal water head at the dam

145 km. This pattern confirms the hydraulic
differentiation of the reservoir obtained from
hydrodynamic models.

The distribution of phytoplankton bloom
cover shows that it starts to develop in July
near the dam and reaches maximum levels in
August, then starts to diminish at the begin-
ning of October (Fig. 4). That sequence is con-
firmed by the former studies on the reservoir
by Zieminska-Stolarska et al. (2019). Unfor-
tunately cloud cover on Sentinel-2 images
limits the number of images available during
the vegetation period, so it is impossible to
analyze the phytoplankton bloom in higher

time resolution. It is possible to add the NDClI
images from many years to get the long-term
average picture of most common and inten-
sive phytoplankton bloom.

The drawback for detecting the intensity
and location of phytoplankton blooms on
reservoirs in middle latitude regions is cloud
cover, which makes the optical satellite imag-
es unsuitable. The maximum number of Senti-
nel-2 cloud-free images during the vegetation
period in the years 2016-2024 was only 8 (in
2020). In unfavourable conditions, there may
be only a few images available, which does
not provide sufficient time resolution to study
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the dynamic development of phytoplankton
blooms during the vegetation period.
Presented results explain mechanism of
changing the balance of TP in the reservoir.
The sum of the NDCI index, calculated from
eight Sentinel-2 images (period July-October
2020), shows that the most intensive and fre-
quent phytoplankton blooms can be found in
the lacustrine part of the Sulejéw Reservoir.
The comparison of TP loads at the inflow and
outflow of the reservoir shows that, during
the summer months and under low-flow con-
ditions, the reservoir acts as a source of nutri-
ents. The TP load leaving the reservoir through
the dam spill is higher than the inflow from
the Pilica and Lucigza rivers (Fig. 3). This can
be explained by the fact that in the lacustrine
zone, intensive phytoplankton bloom, which
contains an organic part of TP, is transported
by the flow of water through the reservoir.
This pattern corresponds with the chemi-
cal properties of the bottom sediments.
The highest concentrations of TP is found

Q littoral

@ sediment trap
@ thalweg lacustrine
@ accelerated flow

[7 old river channel

Peshang Hama Karim et al.

in the bottom sediments in the area of the
former Pilica River thalweg at the lacustrine
zone (Hama Karim et al.,, 2024b; Zieminska-
-Stolarska et al., 2020) (Fig. 8). That part of
the reservoir’s bottom sediments may act as
pool of TP responsible for an internal nutri-
ent loading mechanism, supplying cyanobac-
teria with phosphorus during phytoplankton
bloom.

Internal nutrient loading from bottom sedi-
ments significantly contributes to summer
phytoplankton blooms. Studies (Kalinowska
et al, 2012; Kalinowska & Rowinski, 2012)
identified the lacustrine zone as a hotspot for
TP accumulation in sediments, particularly
in areas with fine-grained deposits. In these
zones, wind action creates secondary circula-
tion patterns, such as eddies, which influence
bloom distribution (Altinakar et al., 2005).

In the lacustrine part of the reservoir, the
flow velocities are very low, and the water cir-
culation pattern is controlled not only by res-
ervoir geometry but also by wind. Image form

sum NDCI
I 15
I-O.S

0 3 km
1 ]

Figure 8. The Sulejow Reservoir lacustrine zone in 2020; summarized NDCl index, and concentration of
TP in bottom sediments (mg-L?) with different sedimentation conditions
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2020-08-12 shows that wind blowing from
NE direction can relocate the phytoplankton
bloom from lacustrine zone toward the transi-
tional zone of the reservoir (see Fig. 4).

Wind can create also circulation patterns
in the surface of the water in the lacustrine
zone of the reservoir. Two cases of the effect
of the wind on surface water velocities were
studied using the CCHE2D model. These
were following days: 2020-07-28 and 2020-
08-02. The pattern of vectors showing sur-
face water circulation was displayed on top
of NDCl images.

The pattern of surface currents caused
by S wind velocity 4 m-s™ and NDCl index on
2020-07-28 at the lacustrine zone is shown
in Figure 9. The inflow to the reservoir was
10.5 m3s™" and the water head at the dam
was 166.60 m a.s.|.

The pattern of surface currents is caused
by wind direction SW and velocity 2 m-s™ at
the lacustrine part of the Sulejéw Reservoir
and NDCI index on 2020-08-02 (Fig. 10).

Wind S force4 ms™.

0
L
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The inflow to the reservoir was 9.9 m*s™ and
the water head at the dam was 166.57 ma.s.l.

Both cases show that wind affected flow in
the lacustrine zone created circulation struc-
tures - eddy dipoles. Eddy dipoles are two
coupled counter-rotating eddies separated by
a central jet between them. Eddy dipoles locat-
ed between 140 km and 143 km increase the
concentration of phytoplankton. The study of
Zieminska-Stolarska et al. (2015) with the use
of 3D hydrodynamic model ANSYS FLUENT
14.0 has shown a similar general pattern of
eddies on the Sulejéw Reservoir.

Eddies forming at the right bank of the
reservoir near-shore expansion close to the
dam (138 km) are located away from the for-
mer Pilica River thalweg and do not create
convergence zones, which would increase the
concentration of the phytoplankton.

A similar approach in larger-scale ocean-
ographic studies was used by researchers
(Mohn & White, 2007) who selected seven
years (1998-2004) of remotely sensed data

Pilica River channel

0.5
. NDCI
-0.06

Eddy iofation direction

2 km
)

Figure 9. The Sulejéw Reservoir lacustrine zone; summarized NDCI index; the result of a simulation
shown as a pattern of surface currents caused by S wind velocity 4 m-s-" and NDCl index on 2020-07-28
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Pilica River channel
0.5
. NDCI
-0.05
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Figure 10. Lacustrine part of the Sulejéw Reservoir - NDCl index, calculated from Sentinel-2 image from
2020-08-02; and velocity field of surface currents, calculated using the CCHE2D model at wind direction

SW and velocity 2 m-s

to create monthly climatological fields, and
numerically simulated the spatiotemporal
characteristics of chlorophyll-a in the waters
of Porcupine and Rockall Bank in the north-
-eastern Atlantic.

In another study (Soontiens et al.,, 2019),
researchers applied combined hydrodynamic
modelling with remote sensing data to devel-
op a hydrodynamic model of algal bloom
transport for Lake Erie, and remotely sensed
chlorophyll-a data from the European Space
Agency’s Sentinel-3A OLCI sensor.

Hensen et al. (1989) tried to monitor SPM
by comparing satellite remote sensing retriev-
al with numerical simulation. In their work,
they modelled SPM distribution using a cou-
pled hydrodynamic and dispersion model and
analysis of Landsat TM data in Laguna de
Terminos, Campeche, Mexico.

Another study (Kouts et al., 2006) com-
bined MERIS satellite remote sensing data
with numerical modelling to study Pakri Bay
in the southern Gulf of Finland to improve the
understanding of sediment dynamics. The
results show good agreement with the in-situ
measurements and simulated SPM dynamics
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in clear waters, with an SPM concentration of
lower than 20 mg-dm?.

Remote sensing data on chlorophyll-a and
suspended sediment distribution can also
be used to verify hydrodynamic models. The
pattern of sediment flux from the river to the
reservoir is visible on multispectral and hyper-
spectral images and may be compared to the
field of suspended sediment concentration
calculated by the 2D model (Sabat-Tomala
et al, 2018).

The work of Ginzburg et al. (2024) on
Lake Sevan has shown that eddies can form
at inland water bodies and their patterns
can be recorded by satellite images. Imag-
es showed that eddy circulation elements
largely determine the spatiotemporal vari-
ability of phytoplankton distribution on the
lake surface.

Attempts were made to find the relation
between NDCI index values and chlorophyll-
a concentrations. The problem encountered
in many studies is that spectral channels
in the blue-green part of the electromag-
netic spectrum are heavily affected by the
presence of constituents such as Colored
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Dissolved Organic Matter (CDOM), detritus,
tripton, and suspended sediment (Mishra &
Mishra, 2012).

In this study, we use NDCl index as a meth-
od for visualization of phytoplankton bloom
pattern and distribution. Obtained results
are in accordance with field measurements
of chlorophyll-a concentrations performed in
years 2015-2016 using stationary measuring
instruments mounted on a buoy. Maximum
concentrations were measured in the lacus-
trine region of the reservoir from mid-June to
mid-August (Zieminska-Stolarska et al., 2019).

Conclusions

In this study, remote sensing and hydrody-
namic modelling results were used for the
first time to show the location of phytoplank-
ton blooms along the Sulejéw Reservoir. The
Sulejéw Reservoir is a large and complex
water body and therefore, remote sensing
data can provide a synoptic view on phyto-
plankton distribution.

The calculation of TP load has shown that
under low-flow conditions during the summer
months (July-September), the reservoir can
act as a source, supplying the lower reach of
the Pilica River with TP. This is caused due to
the high concentration of the organic form
of phosphorus enclosed in phytoplankton
blooms in the lacustrine part of the reservoir.

In the lacustrine part of the reservoir, the
flow velocities are very low, and the water cir-
culation pattern is controlled not only by res-
ervoir geometry but also by wind. Image form
2020-08-12 shows that wind blowing from
NE direction can relocate the phytoplankton
bloom from lacustrine zone toward the transi-
tional zone of the reservoir

Coupling remote sensing data and hydro-
dynamic numerical modeling helps in under-
standing the pattern of phytoplankton bloom.
Phytoplankton can be seen as a natural trac-
er that shows the pattern of circulation in
the Sulejow Reservoir. This property is useful
for hydrodynamic model verification. For the
first time in the study of the Sulejéw Reser-
voir, it was possible to show that the structure

of eddies in the lacustrine zone of the res-
ervoir affects phytoplankton distribution.
Further studies can be made since eddies
increase water residence time in the reservoir
and can also create a vertical flux of nutrients
from the deeper parts of the reservoir.
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