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Abstract: The aim of the research presented in this paper was the recognition of potentials and drawbacks of
visible light photos taken by the Sentinel-2 satellites as a source of data for hydrodynamic issues regarding
dammed reservoirs located in the Polish Carpathian foothills. The authors analyzed the photos of five
reservoirs: Goczatkowice, Tresna, Dobczyce, Czorsztyn and Solina. Depending on the object’s geographic
location, one can expect one or two photos taken during each 5-day period. No more than 1/5 of the taken
photos of the given locations contain a non-obscured view of the water bodies. Visibility varies throughout
the year along with the expected clear sky percentage; and the probability of obtaining a clear picture is lower
than this value. In the Polish Carpathians, the best visibility occurs in August, while the worst in December.
The chance of getting a clear view is lower during high discharge periods than in low discharge ones. In the
clear photos the authors identified density currents of different nature: turbidity, reverse turbidity (i.e. clear
water entering a turbid area), eutrophic and thermal. The currents can also be seen as sub-glacial ones. The
shapes of the visible currents can be used for calibration and validation of hydrodynamic numerical models
of the reservoirs. The authors obtained a good accordance between the shapes of the currents visible on the
photos and the water velocity field predicted by a numerical simulation with the FESWMS model for the
hydrological and meteorological input variables set to follow the actual conditions that day.
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1. INTRODUCTION

Dammed storage reservoirs are important
elements of the local and regional river system. They
are established by building a dam at a given river
cross-section and they are designed to play one or
more of the following functions: flood and drought
protection, energy production, industrial and drinking
water supply, recreation, aquatic life habitats and
refuges, and more. As such, their quality state and
ecological potential are subjects of interest for water
management. Therefore, every potential source of
data about them is worth considering from the water
management related research projects.

The Sentinel-2 satellite missions (Gatti &
Bertolini, 2015; Gatti & Galoppo, 2018) are aimed
towards multi-scope and multi-purpose monitoring of
the Earth surface. This includes collecting data about
vegetation, soils, inland and coastal waters etc.
Sentinel-generated data were the base for numerous

recent scientific papers concerning for example: lake
overgrowing (Robak et al., 2016), lake water quality
issues (Liu etal., 2017; Karaoui et al., 2019), landslide
monitoring (Lacroix et al., 2018), tree species
identification (Karasiak et al., 2017), water demand
assessment (Vanino et al., 2018). In all those cases the
satellite monitoring was an enhancement or even a
replacement of traditional onsite measurements.
Traditional means are expensive and time consuming
as well as spatially limited (Silva et al., 2008; Sojka,
2019). While satellites are very expensive on their
own, once they are on their orbits, they can generate
extensive amount of spatially broad data at a small cost
per obtained data unit. High resolution of the Sentinel-
2 satellite photos (10 meters per pixel) along with
frequent recurrence of the data (currently the Sentinel-
2 satellites take a photo of a given place at least once
every five days) make them a good material for
comparative studies (Sojka et al., 2019).
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The Remote Sensing of Environment journal
devoted a special issue (Vol. 157, 2015) solely to the
remote sensing of inland waters (Palmer, 2015).
Another special issue of this journal (Vol. 225, 2019)
focuses on scientific and applied usage of the Sentinel
satellite images. According to Dérnhofer & Oppelt
(2016) Web of Knowledge query, the number of
scientific papers containing phrases “<lake|inland>
water <quality|lecology>" and “remote sensing” was
continuously growing during the years 2000-2014.
This is the effect of the increasing amount and
accessibility of the appropriate data. Currently the
daily download of the Sentinel-2 data exceeds 7 TB.

The aim of the research presented in this paper
was the recognition of the potentials and drawbacks
of visible light photos taken by the Sentinel-2
satellites as a source of data for hydrodynamic issues
regarding dammed reservoirs located in the Polish
Carpathian foothills.

2. MATERIALS AND METHODS

2.1. Study sites

The objects chosen for the study are five big
dammed reservoirs located in the upper Vistula
Dobczyce,

catchment:  Goczatkowice, Tresna,

[ state border

Czorsztyn and Solina.

The last four are strictly Carpathian reservoirs,
the first one is located outside the Carpathians, but
over % of its catchment lies within this region. They
are depicted on the map (Fig. 1) along with the ranges
of the upper Vistula catchment and the Polish
Carpathians; their characteristics have been
summarized in Table 1.

A brief description of the reservoirs follows:

e Czorsztyn: It is the first and the biggest (in
terms of capacity) reservoir of the Dunajec river
cascade; the other reservoirs on the Dunajec are:
Sromowce, Roznéow and Czchow. It is a multi-
purpose reservoir used for flood and drought
protection, energy production and recreation (Jagu$ &
Rzetata, 2010; Jokiel et al.,, 2017). As it is a
mountainous  reservoir, the weather in its
surroundings tends to change frequently and rapidly
(Wos, 1996; Jagus & Rzetata, 2010).

» Dobczyce: The primary function of this
reservoir is supplying water for the city of Krakow. It
serves as the main source of drinking water for the
city. As such, it is closed for recreation. Its secondary
functions are flood and drought protection and energy
production, (Hennig, 1991; Jokiel et al., 2017). This
reservoir is among top priority objects of concern for
the authors’ home Department.
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Figure 1. Study area location.
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Table 1. Dam reservoirs characteristics (based on: Hennig, 1991; Hachaj, 2007; Bielak, 2009, Augustyn, 2010; Jagu$ &
Rzetata, 2010; Bartoszek & Czech, 2014; Jachniak & Suchanek, 2015; Neverova-Dziopak & Drozdzik, 2017; GUS
2017; Jokiel et al., 2017).

Reservoir Czorsztyn | Dobczyce | Goczatkowice | Solina | Tresna
River Dunajec Raba Mata Wista San Sota
Coordinates N 49°26' | N 49°52' N 49°56' N 49°23' | N 49°43'
E 20°18' | E 20°05' E 19°55' E 22°27' | E 19°12'
Section of river [km] 173.3 60.1 42.8 325.2 40.0
Area at maximum accumulation [km?] 11.00 10.11 32.00 22.00 9.64
Total capacity at maximum accumulation [min m?] 231.9 137.9 166.7 472.0 96.1
Damming height [m] 56.0 30.5 14.0 57.5 23.0
Average depth [m] 11.0 10.2 55 22.0 9.4
Max depth [m] 49.5 28.0 13.0 60.0 28.0
Average water surface level [m a.s.1.] 520 268 257 420 343
Catchment area [km?] 1147.0 768.0 523.0 1189.0 | 1037.0

* Goczalkowice: It is a multi-purpose
reservoir. It serves for flood and drought protection;
it is a water source for the Silesian agglomeration and
there are “Natura 2000 bird protection areas there.
Limited sailing is permitted on its waters (Bogdat et
al., 2015; Jokiel et al., 2017).

* Solina: It is the deepest reservoir in Poland
and one with the highest capacity (Koszelnik, 2013;
Bartoszek & Czech, 2014). It is a mountainous
reservoir and its catchment is in % covered by forests
(Bartoszek & Czech, 2014). Its tasks are energy
generation, recreation as well as flood and drought
protection (Hennig, 1991; Majewski, 2013; Jokiel et
al., 2017).

* Tresna: The biggest reservoir of the Sota
river cascade (the other reservoirs are Porgbka and
Czaniec). Similarly, to most other reservoirs in the
region, it is multi-purpose and is used for recreation,
energy generation and flood and drought protection.
(Jokiel et al., 2017).

2.2. Data collection and processing

Sentinel is a set of space missions performed
by the European Space Agency (ESA,2019). It is a
part of the European Union Copernicus program
(Copernicus, 2019). There are six missions planned in
total, named Sentinel-1 to Sentinel-6. The Sentinel-2
mission involves a pair of two identical satellites,
Sentinel-2A (operational since June 2015) and
Sentinel-2B  (operational since March 2017)
(ESA,2019). Both satellites are on sun-synchronized
orbit. They take their photos at 10:30 local solar time.
With two satellites, the revisit time is 5 days; due to
overlapping some areas may be photographed more

frequently. Both satellites are equipped with a high
resolution multi-spectral instrument (MSI) that
registers data with 13 spectral channels in the visible,
near infrared, and short wave infrared spectral range.
The width of the path on the Earth surface covered by
those instruments is 290 km. In the visible range,
there are 3 bands present: 492 nm (blue), 559 nm
(green), and 665 nm (red), each of them with 10 m
spatial resolution. There is a 478 ms offset between
taking a photo in red and green bands and another 527
ms offset between green and blue ones, so for objects
moving slower than 10 m/s all three colors overlap
properly. (Gatti & Bertolini, 2015; Lavrova et al.,
2016; Robak et al., 2016; Gatti & Galoppo, 2018;
Rapinel et al., 2019; Sojka et al., 2019; MSI
Instrument — Sentinel-2 MSI Technical Guide —
Sentinel Online, 2019).

The Copernicus program offers free access to
the image data generated by the Sentinel missions.
The authors used the EO Browser (2019) to access
and download the data. In principle, there are two
types of visible light images provided, named L1C
and L2A. The L1C version is the original RGB image
as caught by the satellite sensors. The L2A is digitally
filtered to reduce the bluish coloration and other
optical effects caused by the atmosphere. While L2A
photos look more natural and sharper than L1C, they
actually do not contain more information than the
other. Both versions of the same photo of the
Dobczyce reservoir taken on 2017.05.28 are shown in
Fig. 2 (A and C).

At the current stage, the authors focused
primarily on visual identification of hydrodynamic
phenomena that occur in storage reservoirs.
Therefore, the images have been processed to
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increase contrast of water areas. For the reservoirs,
marquees (masks) have been defined to cover the
flooded areas. Within these marquees, the global
contrast has been increased linearly without clipping
and/or disturbing the color balance. Outside the
marquees, the images have been turned into grayscale
by making each channel luminosity equal to the
average value of the RGB channels for each pixel.
Processed images are presented to the right of their
unprocessed counterparts in Fig. 2 (B and D).

2.3. The FESWMS model

Observational data have been compared with
the FESWMS model (Froehlich, 2003; Hachaj et al.,
2014) outcome. FESWMS is a depth averaged flow
model that simulates movement of water in rivers,
estuaries, storage reservoirs, and coastal waters.
FESWMS applies the finite element weighted
residuals method to solve systems of equations that
describe two-dimensional depth averaged surface
water flow. It can be used to simulate flows in
surface-water bodies where vertical velocities and
accelerations are small in comparison to those in
horizontal directions. It can simulate both steady and
time-dependent surface water flows.

Equations describing depth-averaged surface-
water flow are found by integrating the three-
dimensional mass and momentum transport equations
with respect to the vertical coordinate. The vertically
integrated continuity equation is:

0z, 0q; 0Jq,

ot tax Ty =0 @

where: z,, — water surface elevation, q: — unit

flow rate in the horizontal x direction, g2 — unit flow
rate in the horizontal y direction, gn - total
inflow/outflow rate per unit area.

The equation describing momentum transport
in the x direction is as follows:
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where: B - momentum flux correction
coefficient that accounts for the variation of velocity in
the vertical direction, H — water depth, z, — bed
elevation, g — gravitational acceleration, p — water
density (considered constant), y, Ty — bed shear
stresses acting in the x and y directions, s, sy — surface
shear stresses acting in the x and y directions (usually
caused by the wind), t«, Ty — internal shear stresses
caused by turbulence, Q — Coriolis parameter.

The equation describing momentum transport
in the y direction is fully symmetrical to the above.

3. RESULTS AND DISCUSSION
3.1. General visibility of the reservoirs

Currently, when two Sentinel-2 satellites are
on their orbit, in the Upper Vistula catchment one can
expect a pair of L2A and L1C images of a given area
to be taken either once or twice every five-day period.
In the majority of the catchment area, photos are
taken twice, with a pattern “PnPnn” where P denotes

Figure 2. The Dobczyce reservoir area potos taken by Sentinel-2 satellites:

A: "L1C" photo: B: processed image "L1C"; C: "L2A" photo; D: processed image "L2A"
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a day with photos taken and n denotes a day with no
photo taken. Occasional malfunctions may cause a
photo not to appear on a day it is expected, but they
do not disturb the pattern; they just replace a single
“P” with an “n” within the sequence. Such
malfunctions may concern both L2A and L1C images
or only one of them; in the latter case there is still one
image available in the given day.

The satellites photograph the Earth below with
no regard to the visibility conditions in the
photographed area. Obscuring the view by a cloud
cover has been mentioned as a common nuisance in
several papers regarding the use of the Sentinel data
for aquatic objects, e.g. (Gonzéalez-Jorge et al., 2018;
Condé et al., 2019; Pahlevan et al., 2019). This factor
is highly sensitive to the geographical location of the
object in question; while (Karaoui et al., 2019)
seemingly have no problems with clouds when
working with satellite images of a storage reservoir
located in Morocco, any study regarding dammed
reservoirs in central Europe should take this issue into
account.

For the purpose of this paper the authors
reviewed all the Sentinel-2 photos of the five Polish
reservoirs described in the previous section
(Czorsztyn, Dobczyce, Goczatkowice, Solina, and
Tresna) from the beginning of the Sentinel-2 mission
(June 2015) until the end of May 2019. The photos
have been classified into five categories with respect
to the visibility of the reservoir:

A. Clear view. No clouds or mist/fog obscure
the reservoir surface. The details are visible, the
image contrast and saturation are good. Such photos
may be analyzed automatically or manually.

B. Unclear view. Small clouds may partially
cover minor areas within the given reservoir and/or
the weather may be misty, and as such decrease the
contrast and saturation of the whole image or some of
its parts. Manual analysis is feasible. Automatic
analysis is possible with caution, as the algorithms
may give misleading results.

C. Obscured view. Big parts of the reservoir in
question are cloud-covered. Some phenomena may be
detected and recognized, but the image does not
qualify for any systematic analysis, especially an
automatic one.

D. Invisible. The reservoir is totally covered
and none of its features is visible.

E. Corrupt. The image exists in the data base,
but it does not show the object.

The results are presented in Tab. 2 and Fig. 3.

Table 2. Visibility of five Polish storage reservoirs in the
Sentinel-2 photos (June 2015 — May 2019).

| 5.|E | =2
T _— ) o
Reservoir [ < 2 | 2 2| 88| 0% | we
§ S o5 E @
o m O =
Czorsztyn | 19.7% | 9.2% | 15.2% | 55.7% | 0.2%
Dobczyce | 18.7% | 13.5% | 11.6% | 56.2% | 0.0%
G"Vf,izgéko 81% | 64% | 57% | 295% | 50.4%
%
Gs\fiiilko 16.3% | 12.9% | 11.5% | 59.5% | 0.0%
Solina | 20.4% | 11.3% | 11.8% | 56.3% | 0.2%
Tresna | 18.8% | 8.3% | 12.6% | 60.2% | 0.0%

e P

Figure 3. The Goczatkowice reservoir area photos of “L1C” type taken by Sentinel-2 satellites:
A clear view: B: Unclear view; C: Obscured view; D: Invisible.
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The high percentage E-rated photos of the
Goczatkowice reservoir is a consequence of its
geographical location: about every other photo of this
area has the reservoir on its edge. As a result, only the
easternmost part of the reservoir appears on those
photos. This is the consequence of the way that the
Sentinel-2 satellites collect their data, as described
above, not an error; a picture containing the whole
reservoir is taken once every five days. The star-
marked row of the Tab. 2 presents the visibility of the
Goczatkowice reservoir taking into account only the
photos with the whole object present in a photo. For
the other reservoirs, the fraction of E-rated photos is
close to zero.

For non-corrupt photos one can expect 16-21%
of clear reservoir images and 27-33% of images that
are at least satisfactory (categories A and B
combined).

It should be noted that the fraction of
satisfactory images can be lower than expected if one
takes into account the average fractions of sunny and
cloudy days in a given region. Water bodies can
generate local clouds of fog. Such situations are shown
in Fig. 4. Fig 4A presents the area of the Czorsztyn
reservoir. The sky is clear all around, but a thick cloud
of fog lies over the water surface, which qualifies the
image into the “D” category. (The bright crescent in
the upper part of the image is not an artifact: there is a
ski resort there.) Fig 4B shows the Tresna reservoir
with clouds of mists over the water surface (which
gualifies the photo into the “C” category) while the
surroundings of the reservoir are clear.

Table 3. Probabilities of getting a clear (“A”- rated) or
good (“A” or “B”- rated) image of a reservoir in a given
month and average percentage of clear sky in the same

month.
“A”-rated | “A”&“B”-
photo rated photo p(élrizrnf:g o

percentage | percentage
January 14 19 15
February 20 25 18
March 15 25 26
April 20 39 37
May 20 34 33
June 12 33 32
July 13 28 33
August 34 46 35
September 30 43 38
October 26 30 30
November 16 20 18
December 11 14 15

Table 3 presents a monthly breakdown of
visibility integrated for all 5 considered reservoirs for

non-corrupt photos only. It shows that the highest
chance of, getting A- or B-rated photo is in August
while the lowest is in December. As expected, the
chance of obtaining a good photo in a given month is
well correlated with the average clear sky percentage
during that month: the correlation coefficient between
the average clear sky percentage and the chance of
getting “A” or “B” rated photos in a given month is
0.90, while 0.82 is required for the correlation
significance level of 1%o. If only “A” rated photos are
taken into account, the correlation between the
chance of getting such a photo in a given month and
the average percentage of clear sky during that month
is 0.56, resulting in 6% of correlation significance
level.

Figure 4. Czorsztyn (A) and Tresna (B) reservoirs view
obscured by local mists.
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3.2. Currents visibility

Mass transport in reservoirs is often
accomplished by currents. Numerous studies have
been performed on the so-called turbidity currents,
when turbid water (a mixture of water and sediment)
enters a clear water body like a reservoir, a lake, or an
estuary, see e.g.: (De Cesare et al., 2001; Schleiss et
al., 2009; Hu et al., 2015; He et al., 2018). Turbidity
currents form a subset of a more general phenomenon
of density currents (Thornton et al., 1996; Chen &
Fang, 2015; Abbasi et al., 2016; Goleij et al., 2017).
As the name suggests, the density of water within the
current differs from the density of stagnant water
around. This may be caused by particles suspended in
water (like sediment for turbidity currents but also
small life forms like phytoplankton), by different
salinity or by different temperature of the water. It is
noteworthy that the difference may be positive as well
as negative — e.g. eutrophic water may form a density
current in clear water and vice versa.

plunge
point *

./ surface
e == current

deep
current

Figure 5. Types of currents in a flow-through lake or
reservoir — vertical cross-section (Ford, 1990).

Lake and reservoir currents usually originate
from one of the inflows of the water body in question.
When reaching deeper parts of the reservoir, currents
may remain on the surface or they may plunge (Savage
& Brimberg, 1975; Akiyama & Stefan, 1984; Dai &
Garcia, 2009; Cortés et al., 2014), and propagate
further as deep or bed currents — see Figure 5.

In planar view, all the surface currents in
storage reservoirs can be divided into four categories
as shown in Figure 6. They are as follows:

A. Open currents. They start at the mouth of the
main reservoir in flowing river and end in the main
reservoir outflow. Usually there can be only one open
current in a given reservoir (thus called the main
current) or no open currents at all.

B. Half-open currents. They start at the mouths
of significant reservoir inflows, then they either
plunge or disperse. Less commonly, they may appear
close to the reservoir outflow and lead to that outflow.

C. Loop currents. They form closed shapes that
may resemble whirlpools; however, they are neither
real nor potential whirls (or vortices) as those

phenomena are understood in hydrodynamics, see
(Williams et al., 2011). So, it is more appropriate to
call them “loops” or “circulations” instead.

D. Fragmentary currents. They appear in a
certain spot of the reservoir surface and disappear in
another. They can be understood as parts of larger
structures that have other parts submerged.

A B
B ot i
C s L.__) , D ] e ,-:

Figure 6. Types of surface currents In a flow-through
Lake or reservoir — planer view:
A: open current; B: half-open currents; C: loop current;
D: fragmentary currents (Hachaj, 2019).

Currents contribute to the evolution of a wide
range of sedimentary structures and other
morphological features in flow-through lakes and
artificial reservoirs (De Cesare et al., 2001; Schleiss
et al., 2009; Meiburg & Kneller, 2010). As such they
are object of interest for many fields of earth science.
Moreover, since their driving mechanism is still not
known in detail, they are also interesting to those who
research the motion of liquids in macro scale at a
more fundamental level. On the other hand, as they
are responsible for the course of a large variety of
hydrodynamic driven phenomena at biochemical
levels, they are also important from the point of view
of environmental science. They also contribute to
many water management related issues — like
designing the protection zones for water supply inlets,
or maintaining the right balance between various
tasks that the given reservoir was built for.

Fiure 7. A turbidity current in the Dobczyce reservoir
2019.05.18.

Visible light Sentinel-2 photos may deliver
information about the currents in reservoirs as long as
the current can be visually distinguished from the
surrounding waters. This applies primarily to
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turbidity currents (Fig. 7) and eutrophic water
currents (Fig. 8). Moreover, in an inverted setup,
where clear water enters a turbid or eutrophic area,
the resulting current can also be distinguished (Fig.
9).

Figure 8. An eutrophic current in the Goczatkowice
reservoir.

Figure 9. A clear water current entering the Dobczyce
reservoir 2018.05.10 (the line visible in the eastern part of
the reservoir is a trail of a jet plane).

3.3. High discharge turbidity currents

The propagation of high discharge waves
through reservoirs is another area of interest in
reservoir hydrodynamics where satellite imaging can
help, as the turbidity currents induced by high
discharge (a.k.a. flooding) conditions can be visible
on satellite photos.

Figure 10 contains histograms of the daily
measured inflow discharge entering the Dobczyce
reservoir along with their average (red line) and mean
(blue line) values. Please note that both axes are
logarithmic. Panel T (“total”) shows the histogram of
all the measured values, panel P (“photo”) presents
the histogram for the values measured only during the
days a Sentinel photo has been taken. The four
following panels “A” to “D” contain the inflow
discharge histograms for the days when appropriately
ranked photo has been taken. Comparison of T and P
frames leads to the finding that the histograms are
similar in shape and their mean values and average
values are close to each other as shown in Table 4. On
the other hand, the frames dependent on the reservoir
visibility differ from one another: as expected, good
visibility is coupled with lower discharges and vice
versa. Intuitively: rainy weather is associated both

with cloudy sky and more water in rivers.
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Figure 10. Histograms of the inflow discharge
entering the Dobczyce reservair;

T: all daily values between June 2015 and May 2018;
P: values for the days a Sentinel photo is available;
A: values for the days an A-rated photo is available;
B: values for the days a B-rated photo is available;
C: values for the days a C-rated photo is available;
D: values for the days a D-rated photo is available.

Table 4. High water periods on the Dobczyce reservoir
(July 2015 to May 2019).

S S S S S

S| % | 2S5 S%| 28| 8%

S| o |Te|lSeofeTe

© | g |4g|agdsas

o o o o o

Average | g3 | 101 | 72 | 69 | 7.9 | 123
Inflow

Mean | g | 49| 20 | 35 | 42 | 63
Inflow

Table 5 presents all the high-water periods that
occurred on the Dobczyce reservoir from the
beginning of the Sentinel missions until the end of
May 2019. In accordance with (Hachaj, 2019), the
authors took the daily measured inflow discharge
value of 50m?/s as the threshold of “high discharge”.
As the beginning of a given high discharge event, the
day when the discharge reaches 80% of the threshold
value (i.e. 40m®/s) was taken; as the end of the event,
the day when the discharge falls below 40m®/s was
taken. There were 15 high discharge periods
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Table 5. High water periods on the Dobczyce reservoir (July 2015 to May 2019).

No. High water periods Photo
since to A B C D
1 |22.02.2016 | 24.02.2016
2 | 15.05.2016 | 16.05.2016
3 | 18.07.2016 | 19.07.2016 19.07
4 |05.10.2016 | 08.10.2016 07.10
5 |23.02.2017 | 26.02.2017 24.02
6 |29.04.2017 | 01.05.2017 30.04
7 |21.08.2017 | 22.08.2017 21.08
8 |[22.09.2017 | 26.08.2017 22.09
9 |24.10.2017 | 26.10.2017 25.10
10 |29.10.2017 | 01.11.2017 30.10 | 01.11
11 | 19.07.2018 | 22.07.2018 | 22.07 19.07
12 | 23.02.2019 | 24.02.2019 24.02
13 | 29.04.2019 | 02.05.2019 30.04
14 | 15.05.2019 | 18.05.2019 | 18.05 15.05
15 | 23.05.2019 | 27.05.2019 | 25.05 23.05
Total 3 1 1 12

registered that met the above criteria. They last
between 2 and 5 days. It should be mentioned that the
events 9 and 10 as well as 14 and 15 were separated
by days on which the inflow discharge dropped below
20m®/s and therefore they should be treated as
separate events.

There are two main causes of flood discharges
— the first being thaw and the second long and/or
heavy rainfall. Out of the events presented in Table 5,
numbers 1, 5, and 12 are thaw ones, the others were
caused by rainfall. The four rightmost columns of the
table show the dates the Sentinel photos were taken
during the flooding events. Out of the 15 photos
taken, 11 show only the cloud cover over the
reservoir, two caught some fragments of the reservoir
and only 3 (20% of the total number) contain a clear
picture of the Dobczyce reservoir. Out of the 5 photos
ranked “C” or more, 4 were taken on the last day of
the event. This can be explained by the fact that the
same clouds that cause the rainfall can also obscure
the view of the reservoir. The only exception is event
15, when there was still rainfall present upstream the
Raba river, but the sky over the reservoir was clear.

Therefore, the Sentinel-generated material
regarding high discharges is still insufficient for
detailed analyses. But even now some preliminary
comparisons with model predictions can be
performed. Figure 11 presents the Dobczyce reservoir
taken 2018.07.22. The appropriate values of inflow
and outflow discharges on that day were Qin=37m?s,
Qout = 62m3/s; on the previous day they were Qin=
83md/s, Qout= 78m>/s respectively. The wind speed on

that day was in range of 1.3m/s with changing
directions, which justifies neglecting the wind impact
on the water velocity field.

Figure 11. Turbidity current visible on the Dobczyce Lake
during a high-water event 2018.07.22.

Figure 12 presents a map of the planar average
velocity field calculated by the FESWMS model with
adaptive roughness procedure (Hachaj, 2013) applied
for the windless weather and inflow and outflow
discharges set at Qin = 40m%/s, Qout = 65m°/s. The
shape of the simulated main current follows the shape
of the real turbidity current quite well. Some
additional features like the clockwise loop in the
southern bay and the backward current along the
northern bank are also reproduced properly in the
model. The only noticeable difference is the fact that
the turbidity current is not visible close to the dam. In
this region, it may get submerged and as such its
contrast with the surroundings may be too low to be
recognizable, so it is not possible to determine
whether it follows the model prediction or not.
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Figure 12. Water velocity map generated with the
FESWMS model for the Dobczyce reservoir for the
hydrometeorologic conditions as they were 2018.07.22.

To some extent, turbidity and eutrophic currents
may be recognized in the photos even when they are
not flowing on the surface, but as deep currents,
beyond their plunge points, as long as water around is
clear and the light penetration at the level of the
submerged current is high enough. The issue of
submerged currents recognition seems to be a
promising field of future research; with a proper
calibration, changes in the current colour could
possibly be mapped on the depth the current moves at.

3.4. Sub-glacial currents

Sentinel-2 visible light images have already
been proven to be a good data source regarding ice
covering of inland waters (Magnuszewski, 2018).
They may also provide some information about sub-
glacial flow, as the water currents may be visible
through the ice, provided that there is no snow on it.
Figure 13 presents a thaw discharge that forms a
turbidity current in the Dobczyce reservoir on
2017.02.27 (3 days after high water event 12 shown
in Tab 4). That day the reservoir inflow and outflow
were: Qin = 11m%s, Qout = 21m?/s, values that are
considered “moderate” for that reservoir, but the
turbidity current that formed a few days before, when
the inflow exceeded 55m?/s, is still clearly visible,
allowing a comparison with results of numerical
simulations of sub-glacial water flow. Performing
such simulations with a suitable hydrodynamic model
is one of the close future plans of the authors.

Figure 13. Sub-glacial density current in the Dobczyce
reservoir 2017.02.27.

Another example of sub-glacial currents visible
is shown in Figure 14. Here the discharge is smaller
than it was in the previous case: Qin = 3.7m%s, Qout =
3.6m?%/s. There are meander-like forms visible to the
north of the old river bed and embankments that are
still present within the reservoir (Fig. 15). This
suggests that the flow chooses that part of the reservoir,
while water in the southern part remains stagnant. The
flower-like radial shape in the northwestern part of the
reservoir could possibly be connected with ground
water leakages to the reservoir that are known to be
present within this water body (Siudy et al., 2006;
Trzewik, 2012). As a single image, the photo shown in
Figure 14 is difficult to interpret, but it marks a
promising direction of future research, as upcoming
satellite images to compare it with will appear.

Figure 14. Sub-glacial flow in the Goczatkowice reservoir
2018.03.24.

Figure 15. Bathymetric map of the Goczatkowice reservoir.

3.5. Thermal currents

Currently the authors identified two photos that
can be interpreted as depicting thermal currents: the
first is shown in Figure 16, taken 2017.05.28. The
discharge that day was moderately low: inflow Qi, =
5.2m3/s, outflow Qou= 7.7m%s. The wind was mostly
eastern (NE to SSE) up to 3 m/s. There were almost
no clouds so the solar exposition was high and the
temperature that day reached 29°C. The preceding
decade was also warm (maximal temperatures 21-
29°C) compared to the previous one (maximal
temperatures 14-26°C). This allows to set a
hypothesis that the disturbances visible in the photo,
especially ones in the deep, eastern part of the
reservoir, are of thermal nature.
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Figure16. Sspected thermal currents visible on the
Dobczyce reservoir 2017.05.28.

The second photo containing suspected thermal
currents has been taken 2019.06.12 and it shows the
Goczatkowice reservoir (Fig. 17). The discharge that
day was low: Qin = 1.6m?/s, outflow Qout = 3.6m%/s. The
wind speed was up to 4m/s, and its direction was
changing from ENE to SSW. As in the previous case
the sky was almost clear and the maximal temperature
reached 30°C. During the preceding week the daily
maximal temperature was growing each day after a
previous relatively cold period of maximal
temperatures lower than 20°C. In the photo it can be
seen that most of the observed currents start
perpendicularly to the southern shallow banks; their
propagation from shallow southern shore towards the
deeper parts of reservoir generally follow the slope of
the reservoir bed (Fig. 17). This backs the hypothesis
that gravity and density differences of thermal origin
are the driving forces there, rather than wind.

Figure 17. Suspected thermal currents visible on the
Goczatkowice reservoir 2019.06.12.

4. CONCLUSIONS

Satellite visible light photography can be a
source of data regarding hydrodynamic phenomena
that occur in storage reservoirs. The Sentinel-2
satellites provide 10m resolution images once or
twice every five days, depending on the object’s
location. However, in Central Europe, cloudy weather
causes a substantial percentage of images to be unfit
for analysis. In the Polish Carpathian region one can
expect that only up to about 1/5 of the photographs
will show the whole reservoir without any obscuring
clouds or mists. If some minor obscuring is

acceptable, the fraction of the images that can be
considered “good” increases up to about 1/3. The
expected visibility varies throughout the vyear,
following the expected clear sky percentage for a
given period. In the Polish Carpathians, the best
visibility occurs in August, while the worst in
December. Due to the fact that both the discharge in
a reservoir and its visibility depend on weather, one
should expect lower mean and average discharges for
the days “clear” or “good” photos are taken.

The features that give an insight into the
reservoir hydrodynamics that are visible on satellite
photos are density currents. They can be:

e Turbidity currents that occur during and
shortly after high discharge periods.

* Clear (a.k.a. reverse turbidity) currents, when
clear water enters a still turbid reservoir; such
currents occur at the end of high discharge periods.

* Eutrophic currents that appear after a warm
period when eutrophicated water is carried out of the
eutrophication zones.

» Thermal convection currents that appear in
reservoirs late spring and mid-autumn. (However, the
authors found only images containing suspected
spring thermal currents in the photos of the Upper
Vistula catchment reservoirs.)

 Sub-glacial turbidity currents occurring
during thaws.

The shapes and sizes of visible currents may
provide an additional mean to calibrate and validate
numerical models of reservoir hydrodynamics (like
the authors used the photo of the Dobczyce reservoir
to validate the predictions of the FESWMS model).

Among the directions of future research
regarding the Sentinel-2 photos of the Polish
Carpathian reservoirs the authors would like to point
out:

» Checking the possibility of density currents
identification in non-visible electromagnetic bands
captured by Sentinel-2.

» Development and implementation of an
algorithm of current recognition, at least for the
“clear”, A-rated photos.

« Calibration of a sub-glacial flow numerical
model using the Sentinel-2 images.

Since the Sentinel-2 satellites are fully
operational now, the number of photos in the ESA
database is expected to continuously increase,
yielding more and more data for further analyses.
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