& remote sensing m\@

Article

Thermal Profile Dynamics of a Central European River Based
on Landsat Images: Natural and Anthropogenic
Influencing Factors

Ahmed Mohsen 12, Timea Kiss 3, Sandor Baranya ¢, Alexia Balla ! and Ferenc Kovacs *

1 Department of Geoinformatics, Physical and Environmental Geography, University of Szeged,
Egyetem Str. 2-6, 6722 Szeged, Hungary; ahmed_mohsen250@f-eng.tanta.edu.eg (A.M.);
csumpsz@gmail.com (A.B.)

2 Department of Irrigation and Hydraulics Engineering, Tanta University, Tanta 31512, Egypt

3 Independent Researcher, Horvath Gy. Str. 80, 6630 Mindszent, Hungary; kisstimi@gmail.com

¢ Department of Hydraulic and Water Resources Engineering, Budapest University of Technology and

Economics, Miiegyetem Rkp. 3, 1111 Budapest, Hungary; baranya.sandor@emk.bme.hu

Correspondence: kovacsf@geo.u-szeged.hu

Abstract: River temperature is a critical parameter influencing aquatic ecosystems and water qual-
ity. However, it can be changed by natural (e.g., flow and depth conditions) and human factors (e.g.,
waste and industrial water drainage). Satellite-based monitoring offers a valuable tool for assessing
river temperature on a large scale, elucidating the impacts of various factors. This study aims to
analyze the spatiotemporal dynamics of surface water temperature (SWT) in the medium-sized Ti-
sza River in response to natural and anthropogenic influences, employing Landsat satellites and in
situ water temperature data. The validity of the Landsat-based SWT estimates was assessed across
different channel sections with varying sizes. The longitudinal thermal profile of the Tisza was an-
alyzed by mosaicking, monthly, four Landsat 9 images, covering the entire 962 km length of the
Tisza in 2023. The impact of climate change was evaluated by analyzing SWT trends at a specific
site from 1984 to 2024, utilizing 483 Landsat 4-9 images. The findings indicated elevated accuracy
for Landsat-based SWT estimation (R?=0.94; RMSE = 3.66 °C), particularly for channel sizes cover-
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several interfering natural (e.g., solar radiation, flow conditions, groundwater inflow, and
riparian vegetation) and anthropogenic factors (e.g., thermal pollution, deforestation, con-
struction of dams and reservoirs, urbanization, and climate change). Although several
scholars have attempted to investigate these distribution dynamics, they tend to focus on
a single factor (e.g., dams and reservoirs [2,3] or groundwater input [4]) or have limited
spatiotemporal scales [5]. Hence, further research accounting for the interference effects
of these factors at the entire river scale is warranted for comprehensive riverine ecosystem
management and mitigation of the impacts of anthropogenic activities.

Investigating longitudinal thermal profiles in rivers is essential for effective river con-
servation and management efforts. It supports the assessment of anthrophonic activities
on the river’s temperature, evaluation of the river’s thermal regime and adaptability of
aquatic organisms, and identification of the locations and persistence of thermal refugia
[6]. While several studies have reported a downstream trend in rivers’ longitudinal ther-
mal profile e.g., in the Pend Oreille River, USA [6], and the Qingjiang River, China [3],
alternative and complex patterns, e.g., uniform, linear, and parabolic forms, have also
been documented [7]. This indicates the variability of influencing factors affecting a river’s
thermal profile (e.g., climate, river size, land use/land cover, groundwater inflow, and an-
thropogenic activities) as well as their variability from one river to another. Additionally,
there has been little evaluation of the persistence of identified longitudinal patterns
throughout the year.

Climate change has a significant influence on rivers’ thermal profiles, typically in-
creasing their temperature, altering the catchment area of precipitation patterns, the ice
melt timing, and the hydrological cycle, as well as exacerbating drought periods [8,9].
Similarly, these changes influence water quality, aquatic ecosystems, and hydrological
processes, shedding light on the importance of evaluating the impacts of climate change
on rivers, aiming toward more effective measures and mitigation scenarios.

Tributaries play a prominent role in shaping the river’s thermal profile. Specifically,
they have the potential to discontinue the longitudinal profile [6], forming local cooling
or warming zones and causing thermal stratification in the mainstream due to tempera-
ture gradients. However, the magnitude of their influence depends mainly on their size,
confluence angle, and relative temperature compared to the mainstream. On the other
hand, the cumulative impact of multiple tributaries along rivers and their persistent in-
fluence throughout the year are still understudied.

While shade provided by riparian vegetation along rivers’ floodplains prevents ex-
cessive heating of water by reducing direct exposure to solar radiation, groundwater in-
flow may either cool or warm the river’s water based on its relative temperature [10,11].
However, both factors contribute to spatiotemporal variability in the longitudinal thermal
profile, leading to the formation of local thermal heterogeneous zones (e.g., cold water
refugia) and thermal stratification [11].

Dams appear as one of the most significant anthropogenic factors disrupting the lon-
gitudinal thermal profile of rivers and altering their annual thermal cycle [12]. Several
studies have reported a decline in the water temperature of rivers downstream of dams
owing to the release of cold water from the bottom of the reservoir [3,13]. However, in
small dams with shallow reservoirs, an opposite pattern can occur due to the release of
warm water from the surface [13]. Furthermore, dams can delay the annual cycle of not
only water discharge but also the thermal regime, affecting the timing of maximum and
minimum temperatures [12] and the development of ice cover [14].

Industrial activities, especially those involving power plants, the steel industry, and
chemical manufacturing as well as wastewater treatment plant (WWTP) effluents, partic-
ularly those applying biological treatment technology, may significantly impact rivers’
thermal profiles. This can lead to the formation of thermal plumes, thermal stratification,
and alterations in river flow, and structure, as well as influencing ecological and chemical
processes [15]. However, regulatory and mitigation measures (e.g., cooling technologies
and effluent temperature limits) may help alleviate their negative influence. Remarkably,
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their influence may change seasonally depending on their relative temperature compared
to the river’s water [16].

A comprehensive assessment of rivers” thermal profiles necessitates intensive spati-
otemporal measurements of water temperature, which is typically labor intensive, costly,
and time consuming. In the meantime, thermal infrared (TIR) remote sensing provides a
more effective alternative, allowing synoptic monitoring of long river reaches, frequent
imaging, and accessibility to inaccessible sections [17]. This technique relies on recording
the emitted TIR radiation with a sensor (3-14 um), providing information about surface
water temperature in the “skin” layer (100 um) [18]. This can be achieved using airborne
[19,20] or satellite thermal imaging (e.g., Moderate Resolution Imaging Spectroradiometer
(MODIS) [21] and Landsat ETM+ [3]). While space-born TIR imaging provides cost-effec-
tive and large-scale coverage, it has a pixel size typically lower than airborne imaging,
making it unsuitable for resolving small river channels [18].

Although several studies have investigated the thermal profile of rivers worldwide,
a comprehensive assessment of the cumulative influence of various natural and anthro-
pogenic factors at the entire river scale is still understudied. Additionally, the consistent
influence of these variables along the river and their persistence throughout the year have
yet to be revealed. Moreover, the suitability of medium spatial resolution satellite images
in assessing the fine-scale thermal heterogeneity induced by industrial and WWTP efflu-
ents is still inadequately studied. Therefore, the main aim of this study is to employ Land-
sat satellite images to investigate the spatiotemporal distribution and dynamics of rivers’
thermal profile throughout the year, considering the lowland, medium-sized Tisza River
in Central Europe as a case study. The main goals of the study are to (1) reveal the monthly
thermal longitudinal trend of the river and the variability of SWT along river sections, (2)
study the influence of dams and tributaries on Tisza’s thermal profile, and (3) study the
influence of climate change on Tisza’s temperature by analyzing the SWT of historical
Landsat images (1984-2024) at a particular site in the river, and finally, (4) evaluate the
potential of Landsat images for detecting the influence of WWTP effluents on medium-
sized rivers.

The novelty of this research lies in applying well-established remote sensing tech-
niques to provide a comprehensive assessment of various natural and anthropogenic fac-
tors on SWT dynamics in the Tisza River, considering their cumulative and interacting
effects. Unlike previous studies, which usually focus on limited sections of rivers and sin-
gle influencing factors, this study examined the entire length of the river (962 km), con-
sidering the influence of tributaries, dams, groundwater input, urban areas, vegetation
cover, shading, and global warming. Additionally, previous studies have typically fo-
cused on large rivers, whereas this study highlights the applicability of Landsat-based
SWT estimation in medium-sized rivers, evaluating the influence of channel size, hydrol-
ogy, and geomorphology on SWT estimation accuracy. While advancing remote sensing
techniques was not the primary aim of our research, we effectively combined multiple
methods (e.g., mosaicking, NDWI, OTSU thresholding, cloud masking, and Mann-Ken-
dall analysis) and utilized the entire Landsat dataset to accomplish the study’s main goals.
We believe that the application of these well-established techniques in such a detailed and
long-term study provides profound value to the scientific community, even if it does not
offer new methods.

2. Materials and Methods
2.1. Study Area

The thermal profile of the entire length (962 km) of the medium-sized Tisza River
was investigated in detail, employing Landsat TIR images. The Tisza River is the longest
tributary of the Danube and its discharge (mean: 930 m?/s) forms 13% of the Danube’s
discharge [22]. The Tisza’s channel size varies significantly along its course and seasonally
(mean width: 150 m [23]). It drains the eastern Carpathian basin (catchment area: 157,000
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km?), specifically the mountains and hilly sub-catchments in Ukraine, Slovakia, and Ro-
mania, as well as the lowlands in Hungary and Serbia (Figure 1) [24]. The mountainous
sub-catchments in the northern and northeastern parts are covered by forests; meanwhile,
the lowlands and alluvial plains are characterized by intensive agricultural activities [25].
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Figure 1. The Tisza River and its catchment span five European countries.

The river’s topographical, morphological, and metrological characteristics divide its
catchment area into three reaches (i.e., the Upper, Middle, and Lower Tisza) and five sec-
tions (i.e., 51-S5) (Figure 1). The catchment of the uppermost section (S1) of the Upper
Tisza (964-688 river km; topographical head:1578 m) is in the Carpathian Mountains in
Ukraine, while its downstream section (i.e., S2) is surrounded by hilly areas in Ukraine
and plains in Hungary [25,26]. The Middle Tisza’s (688-177 river km: topographical head:
26 m) upstream (S3) section collects the water from the hilly Transylvania and Slovakian
Basins, while the catchment of the S4 section is in the hilly Romanian areas and eastern
lowlands of Hungary [25,26]. Given the homogeneity of the hydro-morphological charac-
teristics of the Lower Tisza, the entire reach was considered as one section (i.e., S5; 177-0
river km; topographical head: 6 m) [25,26]. This reach primarily drains the lowland Ser-
bian sub-catchment.

The Tisza catchment is under the influence of a temperate continental climate, which
governs the regional precipitation pattern. Specifically, the mountainous sub-catchments
of the Upper Tisza receive the highest precipitation (>1000 mm/year), while it declines to
700 mm/year in the Middle Tisza and to almost half (i.e., 500 mm/year) in the Lower Tisza
[25]. The west wind is the most dominant, though the Mediterranean and Eastern Euro-
pean air masses are also significant [27]. The mean annual temperature ranges from 8 to
11 °C, with significant spatial and temporal variations [28]. Floods in the Tisza are more
likely influenced by snowmelt rather than precipitation patterns [27]. Typically, the river
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experiences floods during early spring (March—April) and early summer (June-July) [29].
Apart from these periods, the river is often in prolonged low stages and occasionally ex-
periences droughts [29]. The aridity factor (i.e., potential evaporation to precipitation)
rises from <0.2 at the eastern Hungarian border to 1.4 in the Middle Tisza [30].

The hydro-meteorological characteristics of the Tisza River are likely to be influenced
by climate change, with forecasting predicting warmer and drier conditions, a shift to-
ward a Mediterranean climate, decreased annual precipitation, and an increased fre-
quency of extreme events, including floods [28]. FehérJanos [31] forecasted a 1.1 °C to 1.5
°Crise in the mean annual temperature in Tisza’s catchment by 2050. Lovasz [32] reported
a 1.24 °C increase in the water temperature of the Danube and Tisza between 1951 and
2010, indicating significant warming, particularly during the winter months. Addition-
ally, the groundwater table has dropped by a few meters in certain areas in the last dec-
ades due to climate change [33].

The floodplain of the Tisza is quite diverse and exhibits spatiotemporal variability.
Remarkably, it includes riparian forests (e.g., willows and poplars) along the riverbanks
reinforcing its stability, wetlands and marshes (e.g., reeds and sedges) providing habitat
for aquatic species, and grasslands in the drier parts supporting grazing activities [34].

The downstream increase in water and sediment discharge in the Tisza is attributed
to tributaries, mainly the Szamos and Kraszna in the Upper Tisza and the Bodrog, Sajo,
Zagyva, Koros, and Maros in the Middle Tisza. Additionally, the river is regulated by
three dams: the Tiszalok, Kiskore, and Novi Becej dams [24].

The depth of the Tisza’s aquifer varies significantly across its sub-catchments, rang-
ing from a few meters to over 100 m, depending on the geological formation [35]. The
recharge rate is the highest in the mountainous sub-catchments (200-300 mm/year), while
it is limited in the lowlands (50-100 mm/year) [30]. Groundwater significantly contributes
to the Tisza’'s discharge (base flow), especially during low stages, with its contribution
estimated to be about 40% in the lowlands [30].

2.2. Data Collection

The spatiotemporal dynamics of the SWT of the Tisza River and the influence of var-
ious natural and anthropogenic factors were investigated in detail based on data from
2023. This was achieved through Landsat 8 and 9 images along the river, collected
monthly at specific dates and hourly in situ measurements of water temperature meas-
ured at the Szeged fluviometer. Specifically, each month, four images from the paths and
rows of 185/27, 186/26, 187/27, and 187/28, covering the entire length of the Tisza, were
acquired from the Copernicus open access hub (available at: https://dataspace.coperni-
cus.eu; accessed on 20 February 2024) (Table Al). The images were obtained at level 2 and
were as synchronous as possible with a timeframe of +2.7 days. However, the timeframe
was extended to +17 days to avoid intensive cloud cover during the winter months.

Additionally, hourly in situ measurements of water temperature measured at the
Szeged fluviometer (1 January 2023-31 December 2023) were obtained from the Danube
Hydrological Information System website (available at: https://www.danubehis.org/; ac-
cessed on 25 February 2024). These data were used to validate the SWT satellite estimates
and investigate the temporal dynamics of Tisza’s water temperature throughout the year.
Under ideal conditions, the TIRS sensor onboard Landsat 8 and 9 estimates land surface
temperature with a high rate accuracy of +1-2 °C. However, in narrow channels, the pres-
ence of riverbanks can affect estimation accuracy due to the occurrence of mixed pixels.
To assess this impact on the Tisza River, different channel sections of varying widths were
tested. Since the channel size of the Tisza increases toward the downstream area (mean of
the Upper Tisza: 50 m, Middle Tisza: 150 m, and Lower Tisza: 250 m [23]), additional in
situ measurements of water temperatures measured in the Upper Tisza (at Tiszabecs) and
Middle Tisza (at Szolnok) (Figure 1) were obtained to further validate the satellite esti-
mates. Notably, these three sites are sufficient to assess the influence of river size on the
estimation accuracy of SWT and are comparable to the validation dataset size applied in
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the literature [2,36-38]. To evaluate the impact of seasonal variations in water stage/dis-
charge and consequently channel width, the strength of the correlation between water
stage and the difference in SWT estimated by satellites versus in situ measurements was
calculated across the three measurement sites. To evaluate the influence of climate change
on the SWT of the Tisza, the thermal bands of 438 Landsat 4, 5, 7, 8, and 9 covering the
Mindszent site (Figure 1; path 187 or 186 and raw 28) between 13 June 1984 and 27 January
2024 were analyzed. This site was selected because it is located between two tributaries,
and no large-scale human impact affects the thermal conditions of the river. The images
were explored in Google Earth Engine (GEE), especially the collection 2 Tier 1 dataset for
Landsat 4, 5, and 9 and the collection 2 Tier 1 and real-time datasets for Landsat 7 and 8.

While the TM sensor in Landsat 4 and 5 records thermal emissions in a single band
(i.e., B6; 10.4-12.5 um) with a spatial resolution of 120 m, the ETM+ sensor in Landsat 7
records the emissions in low and high gain bands (i.e., B6L and B6H; 10.4-12.5 um) with
a finer spatial resolution of 60 m. On the other hand, Landsat 8 and 9 carry separate sen-
sors for thermal emissions (i.e., TIRS), providing thermal data in two bands (i.e., B10: 10.6—
11.19 pum and B11: 11.50-12.51 um) with a 100 m spatial resolution. Notably, the B6H in
Landsat 7 and B10 in Landsat 8 and 9 were used in this study. Given the variability in the
spatial resolution of the thermal bands in the Landsat satellites, they were resampled to
30 m for uniformity purposes.

2.3. Processing of Satellite Images

All Landsat images were obtained at level 2 (surface reflectance/temperature), mean-
ing that they were already radiometrically, geometrically, and atmospherically corrected
[39]. Radiometric correction aimed to convert the digital number (DN) to at-sensor radi-
ance (Equation (1)) [2], allowing for comparative analysis of satellite data over time and
across sensors. To accommodate the influence of atmospheric scattering and absorption,
the at-sensor radiance is typically corrected by radiative transfer models for Landsat 4, 5,
and 7 and by the Landsat surface reflectance code (LaSRC) for Landsat 8 and 9. Planck’s
equation was applied to retrieve the SWT (Equation (2)) [2]. Finally, the SWT was con-
verted from Kelvins (K) to Celsius (°C) (Equation (3)).

L) = DN X gain + bias 1)
where L, is the at-sensor radiance (W/m?¥sr/um) and gain and bias are sensor-based
calibration parameters.

— K3

T InE 4 ()

La(rs)

N

where T is the surface water temperature (K), Ly, is the atmospherically corrected wa-
ter surface radiance, and K; and K, are sensor-based thermal constants.

T, =T, +273.1 ©)

where Tj is the temperature in Kelvins and T, is the temperature in Celsius.

To explore the thermal profile of the entire Tisza, the four monthly Landsat 8 and 9
images were mosaicked. The raster geometric mosaic tool in SNAP (ESA) V10.0.0 software
was utilized to mosaic the images. The final pixel value in overlapping regions was deter-
mined using a weighted average algorithm, where the weights are typically based on the
distance of each pixel from the center of the overlap. Since the images cover a large scale
of the river, there is a high probability of cloud occurrence. Thus, the clouds were masked
using the pixel quality assessment band (i.e., the qa_pixel band) provided by the CFMASK
algorithm [40]. Then, the pure water pixels of the river were extracted by applying the
Normalized Difference Water Index (NDWI), which relies on the green and near-infrared
bands [41]. The threshold of the index was automatically selected by the Otsu algorithm
[42], which resulted in threshold values of 0.01, 0.05, 0.1, and 0.02 for the four mosaicked
images. To overcome the occurrence of mixed pixels that may originate from the
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application of the NDWI multispectral-based water mask (high spatial resolution) to the
thermal band (low spatial resolution), strict threshold values were selected. Additionally,
the water mask was calculated based on images from August when the water stage is the
lowest (i.e., the narrowest water width), and this mask was then applied to the rest of the
images. By doing so, a significant portion of mixed pixels could be avoided. The centerline
of the river was identified, and the SWT was estimated every 2 km along the centerline.
All processing steps of the satellite images were implemented in SNAP (Sentinel Applica-
tion Platform) V10.0.0 software [43].

2.4. Data Analysis

To verify the accuracy of Landsat SWT estimates in the medium-sized Tisza River,
the Landsat-based SWT estimates at specific dates every month were compared with in
situ water temperature data measured in the Upper (i.e., Tiszabecs), Middle (i.e., Szolnok)
and Lower (i.e., Szeged) Tisza. Remarkably, the in situ measurements are available hourly,
resulting in only a half-hour time difference between the measured and estimated SWT.
The difference in the acquisition dates of the mosaicked images was considered. Thus, the
satellite-based SWT estimates at any given measuring site on a specific day were com-
pared to their corresponding in situ measurements taken on the same day, with just an
hour difference between their acquisition times. The hourly water temperature measure-
ments in the lower Tisza at Szeged were used to reveal the daily cycle of water tempera-
ture and its seasonal variation. This was achieved by calculating the mean hourly water
temperature for each month.

Monthly thermal maps representing the thermal profile of the entire Tisza were pro-
duced (based on Landsat 8 and 9 images acquired on specific dates). These maps were
used to discern the thermal trend and SWT variability along the river sections (i.e., S1-55;
Figure 1). They were also employed to reveal the influence of dams and tributaries on the
thermal profile of the river and its seasonal variability. This was achieved by comparing
SWT (average of 3 x 3 pixels) just downstream and upstream of their locations each month.
Additionally, the SWT every 30 m for 2 km channel sections upstream and downstream
of the three dams in the Tisza were estimated and revealed.

To demonstrate the potential of Landsat satellites in detecting thermal plumes from
wastewater treatment plants (WWTPs) in a medium-sized river, the locations of six
WWTPs in the Middle and Lower Tisza were compared to the monthly thermal maps.
Also, the SWT (average of 3 x 3 pixels) difference between the downstream and upstream
areas of the effluents was calculated.

Finally, the SWT at the Mindszent site (the average of 3 x 3 pixels) over the last 40
years was calculated, and the Mann—Kendall trend analysis test [44,45] was applied to
investigate the influence of climate change on the water temperature of the Tisza. All sta-
tistical analyses were implemented using Microsoft Excel 365, SPSS V 26.0 software, and
Python [46].

3. Results
3.1. Validity of Landsat Surface Water Temperature (SWT) Estimates

Generally, the Landsat 8 and 9 satellites provided high estimation accuracy of SWT
for the three tested sites in the Upper, Middle, and Lower Tisza (Figure 2A), since it gave
an elevated R? of 0.94 and a low RMSE of 3.66 °C. However, when considering individual
sites, the best estimates were observed in the Lower Tisza at Szeged (R2=0.99; RMSE =
1.43 °C; Figure 2D), while the worst estimates were in the Upper Tisza at Tiszabecs (R?=
0.92; RMSE = 4.73 °C; Figure 2B). Remarkably, the Landsat estimates tend to overestimate
the SWT, particularly during the summer months (e.g., July and August), while it tends
to slightly underestimate it during winter months (e.g., December and January). Addi-
tionally, the magnitude of underestimation or overestimation increases with decreasing
channel size. Seasonal variations in water discharge and the consequent changes in river
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width have a significant influence on satellite-based SWT estimation. This is evidenced by
the strong negative correlation of -0.6 between the water stage and the difference between
measured and estimated SWT across the three stations.
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Figure 2. Evaluation of the Landsat 8 and 9 surface water temperature (SWT) estimates in the Tisza

River (A), and at specific sites in the upper (at Tiszabecs) (B), middle (at Szonlok) (C), and lower (at
Szeged) (D) reaches of the river.

3.2. Water Temperature in the Tisza River and Its Daily Cycle (In Situ Data)

The mean water temperature in the Tisza River at Szeged in 2023 was 14.10 + 8.46 °C,
with seasonal averages of 3.93 + 0.91 °C in winter, 11.33 + 4.19 °C in spring, 24.48 + 1.61 °C
in summer, and 16.69 + 5.65 °C in autumn. The hottest month was July (25.80 + 0.18 °C),
while the coldest was February (2.94 + 0.06 °C) (Figure 3).

Based on the mean water temperature measured hourly, the daily cycle of water tem-
perature in the Tisza varies significantly across different months (Figure 3). Notably, the
highest difference in water temperature between day and night occurred during the sum-
mer months, particularly in July (0.53 °C), while the lowest difference was observed in
winter, especially in January (0.07 °C). Although this temperature difference is relatively
low in spring and autumn, a notable increase was observed in March (0.31 °C) and No-
vember (0.30 °C).

Additionally, the timing of minimum and maximum water temperature throughout
the day varied across the months (Figure 3). Typically, the minimum temperature oc-
curred around 7:00 to 8:00 in winter and spring, shifting to 9:00 to 10:00 in summer and
autumn. An exception was March, November, and December when the minimum tem-
perature occurred around 23:00 to 00:00. The timing of the maximum temperature showed
greater seasonal variability, occurring around 14:00 to 16:00 in winter, 17:00 to 19:00 in
spring, 19:00 to 20:00 in summer, and 00:00 to 01:00 in autumn.
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Figure 3. The monthly mean hourly water temperature in the Tisza River (at Szeged) in 2023.

3.3. Longitudinal Thermal Profile of the Tisza River (Satellite Data)

The satellite estimates of SWT every 2 km along the Tisza were averaged to reveal
the monthly longitudinal thermal profile of the river at the section scale (i.e., S1-55) in
2023 (Figure 4). Aligning with in situ measurements of water temperature (at Szeged), the
satellites indicated August and July as the hottest months and February as the coldest
month. The thermal profile of the river varied across the months with a decreasing trend,
toward the downstream area in January—April, June, August, and September, and an in-
creasing trend in the remaining months. However, the mean SWT profile indicated a
slight overall increasing trend downstream. In the meantime, if the upper sections (i.e., S1
and S2) are excluded due to the elevated uncertainty of SWT estimation given the narrow
and shallow channel, an increasing trend occurred in most months, including January-
February, April, July, and September-November, with a general increasing trend in the
mean.

Based on the annual mean profile, the first section (51) was the warmest (15.48 + 1.89
°C), while the third section (S3) was the coldest (14.55 + 1.16 °C) (Figure 4). However, if
the upper sections are excluded, section S5 was the warmest section (15.43 + 0.73 °C), and
section S3 is still the coldest. Remarkably, the variability in SWT was the highest in the
upper sections (standard deviation in S1: + 1.89 °C and S2: + 1.99 °C), while it declined
gradually, recording its lowest level in the lower section (S5: + 0.73 °C). The mean differ-
ence in SWT between the sections was 2.81 + 0.83 °C, though it surged to 6.84 = 0.69 °C in
February-March and October-November. By excluding the upper sections (i.e., S1 and
S2), the mean SWT difference declined to 1.64 + 0.99 °C, though it was still high (i.e., 4.28
+2.10 °C) in February-March and October-November.

Since the longitudinal thermal profile of the river at the section scale obscures local
changes, it was also depicted at a 2 km scale (Figure 5). A significant variation in SWT was
noticed in the Upper Tisza (S1 and 52), especially in the summer, declining gradually,
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toward the downstream area. However, these intensified variations are likely attributed
to narrow and shallow channels, along with the appearance of bars during low stages in
summer (Figure 6A). These factors affect the thermal emission of water pixels by the sur-
rounding riverbanks and/or bars. This was also observed in some channel sections in the
Middle and Lower Tisza, particularly in meandering sections, though with lower magni-
tudes (Middle Tisza: Figure 6B; Lower Tisza: Figure 6C).
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Figure 4. Monthly longitudinal thermal profile of the Tisza River at the section scale (51-55) in 2023.
The monthly SWT data are based on satellite estimates on a specific date each month (Table A1).
The gray dotted box refers to sections with narrow and shallow channels, resulting in low SWT
estimation accuracy (interpret with caution).
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Figure 5. Monthly longitudinal thermal profile of the Tisza River at a 2 km scale in 2023, including
the locations of the main tributaries, dams, and cities. The monthly SWT data are based on satellite
estimates on a specific date each month (Table Al). The gray dotted box refers to sections with nar-
row and shallow channels, resulting in low SWT estimation accuracy (interpret with caution).
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Channel sections in close vicinity to towns (e.g., Szeged, Szolnok, and Tiszakécske)
are usually associated with elevated SWT, especially during the summer and spring,
while it declines in winter and autumn (Figures 5 and 6D-F). Considering the ten main
towns located along the Tisza River (Figure 5), Szolnok showed the greatest increase in
SWT in the adjacent channel section, particularly between January and July (Figures 7 and
Al). A significant increase in SWT also occurred in the channel sections by Szeged and
Tiszakécske, while the lowest impact was observed at Vasarosnamény (Figures 7 and Al).

gA) Aug. 23°22'48" (B) 20°3’36’Aug' (C) Aug.

23°21'36" 20°4'48" 20°7'48" 20°8"24"

46°52'48"
45°54'0"

45°5324"

iszakéeske

."!T
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20°12'0" 20°18'0" “ 0" 20°6'0" 20°12'0"
| .

Figure 6. Examples of overestimated surface water temperatures (SWT) at meandering and narrow
channel sections in the Upper (A), Middle (B), and Lower (C) Tisza. The influence of selected cities
located along the Tisza River in Hungary on SWT in adjacent channel sections (D-F). A decline in
SWT was observed in some channel sections in the Middle (G,H) and Lower (I) Tisza.

Remarkably, some channel sections exhibited a sudden decline in SWT (Figure 5),
and the magnitude of this decline varied across the months, with higher declines in spring
and summer than in winter and autumn. For instance, the 20-22 river km (Figures 5, 61
and A2C) and 80-84 river km (Figures 5, 6H and A2B) channel sections usually exhibit a
decline in SWT profile across the months, with significant declines of 0.7 °C and 2.8 °C in
May, respectively. Notably, the SWT also declined profoundly by 6.1 °C in the 406422
river km channel section (Figures 5 and 6G), along the Tisza Lake impounded by the
Kiskore Dam, but only in June.

After comparing the locations of the six main WWTPs in the Middle and Lower Tisza
with the monthly thermal maps and calculating the temperature difference between the
downstream and upstream areas of their effluents, no or just a slight increase was noticed
for most WWTPs. This may indicate their limited impact, which could not be captured by
the relatively coarse spatial resolution Landsat TIR sensor (pixel size: 100 m). Addition-
ally, the complexity of factors influencing the thermal profile of rivers may interfere with
the WWTP’s influence, hindering differentiation between their specific effects.
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Figure 7. Monthly surface water temperature (SWT) at channel sections adjacent to eight towns in
Hungary located along the Tisza River in 2023. The missing data refer to cloudy images. The
monthly SWT data are based on satellite estimates at a specific date each month (Table Al). The
interpretation of SWT in the channel section next to Khust should be conducted with caution, owing
to its narrow width and low estimation accuracy.

3.4. Influence of Tributaries and Dams on the Thermal Profile of the Tisza River

The influence of tributaries on the SWT of the Tisza varied, with a likely increase in
75% of cases (Figures 5 and 8). Each tributary exhibited different influences across the
months, except for the Bodrog River, which shows a consistent increase in SWT throughout
the year. Remarkably, the magnitude of increase or decrease is more pronounced in spring
and summer compared to winter and autumn. The highest absolute difference was 3.36 °C
in Zagyva River, recorded in June, while the lowest absolute difference was 0.012 °C in
Maros River, recorded in February. The Sajo, Zagyva, Koros, and Maros rivers typically
decrease the SWT of the Tisza in winter and autumn, while they increase it during the rest
of the year. On the other hand, the Szamos River decreases the SWT in winter and spring,
and the Kraszna River decreases the SWT in spring and autumn, while both increase it
during the remaining months.

SWT difference upstream and downstream of main tributaries

Szamos Kraszna Bodrog Sajo Zagyva Koros Maros
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Figure 8. Monthly influence of the main tributaries on the thermal profile of the Tisza River in 2023.
The monthly SWT data are based on satellite estimates on a specific date each month (Table A1).
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Based on the detailed SWT data (estimated every 30 m) for 2 km long channel sections
upstream and downstream of the three dams in the Tisza (i.e., the Tiszalok, Kiskore, and
Novi Becej dams), a sudden SWT change typically occurs at each dam (Figures 5 and 9).
This change is more pronounced in spring and summer than in autumn and winter. Re-
markably, the three dams showed slightly different thermal patterns. Specifically, while
the Kiskore and Novi Becej dams tend to cause a sudden increase (mean increase at
Kiskore Dam: 0.65 + 1.13 °C; Novi Bec¢ej Dam: 0.5 + 1.2 °C) just upstream of the dam, in its
reservoir, and a sudden decrease (mean of Kiskére Dam: 0.66 + 1.32 °C; Novi Becej Dam:
0.48 £ 1.3 °C) downstream of the dam, the SWT of the channel section upstream of the
Tiszalok Dam was usually high, with the dam causing a sudden decline downstream
(mean: 0.55 £ 0.62 °C). The thermal profile rarely declined at the channel section of a dam,
and this occurred only once in March at the Kiskére Dam, though a sudden SWT change
was also recorded at the location of the dam (Figure 9B).
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Figure 9. Monthly thermal profile of 2 km river channel sections upstream and downstream of the
Tiszalok (A), Kiskore (B), and Novi Becej (C) dams in the Tisza River, based on SWT data obtained
by the Landsat TIR sensor every 30 m in 2023. Examples of Landsat-based SWT upstream and down-
stream of the three dams of the Tisza in August 2023 (D). The monthly SWT data are based on
satellite estimates on a specific date each month (Table A1).

3.5. Influence of Climate Change on the Surface Water Temperature of the Tisza River (40 Years
of Satellite Data)

Based on 438 Landsat images between 13 June 1984 and 27 January 2024, a time series
of SWT and the mean annual SWT in the Tisza River at the Mindszent site are depicted
(Figure 10). Throughout this period, the lowest SWT was -5.71 °C, recorded on 28 Decem-
ber 1992, and the highest was 32.83 °C, recorded on 17 March 2010, with a mean SWT of
14.57 + 7.83 °C and a mode of 21.43 °C (Figure 10A). The mean annual SWT of data re-
vealed that the year 1996 was the coldest (7.39 £ 8.66 °C) and the year 2003 was the hottest
(22.70+1.30 °C) (Figure 10B). The Mann—Kendall trend analysis test indicated a significant
increasing trend in SWT during the study period (Z-value = 1.689 and p-value = 0.091),
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with an annual increasing rate of 0.068 °C, resulting in a total rise of 2.74 °C over the mon-
itoring period at this temporal monitoring site.
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Figure 10. Time series of surface water temperature (SWT) in the Tisza River at Mindszent between
13 June 1984 and 27 January 2024 based on 438 Landsat satellite images (A). Mean annual SWT
during the studied period (1984 to 2024) (B).

4. Discussion

The thermal characteristics of riverine systems are crucial for water quality condi-
tions and ecological health; however, their spatiotemporal dynamics remain understud-
ied due to insufficient monitoring systems. This study provides a comprehensive assess-
ment of various natural and anthropogenic factors influencing the thermal profile of the
Tisza River in Central Europe, employing Landsat satellite images and in situ water tem-
perature measurements. The results demonstrate the degree of efficiency of satellite-based
SWT estimation and its suitability for evaluating factors at varying scales. Additionally,
the study offers critical insights into the variability of Tisza’s thermal profile across mul-
tiple spatiotemporal scales in response to these driving factors.

4.1. Assessment of Landsat Thermal Bands for Surface Water Temperature Evaluation of a
Medium-Sized River (Tisza River)

The Landsat satellites provided valuable real-time, free, and large-scale thermal data
for evaluating the thermal profile of the Tisza River across multiple spatiotemporal scales.
The TIRS sensor onboard Landsat 8 and 9 has an absolute radiometric accuracy of better
than 5% uncertainty (TOA radiance), enabling it to estimate land surface temperature with
a high level of accuracy (£1-2 °C) [47]. However, this accuracy level could be influenced
by the size and morphological and hydrological conditions of the river, which resulted in
an additional +1.66-2.66 °C of uncertainty in the estimated SWT in the Tisza, based on the
three tested sites (R2=0.94; RMSE = 3.66 °C). This accuracy is comparable to Landsat-based
SWT estimations in the Lebsko and Gardno lakes, Poland (R? = 0.95) [36], and in the
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Embalse del Rio Tercero reservoir, Argentina (R?= 0.95) [37]. However, it is slightly lower
than the reported accuracy for the Han River, China (R? = 0.97) [2], which may be at-
tributed to the narrower channel size of the Tisza River (mean width: 150 m) compared to
the Han River (mean width: 450 m). Given the significant variability in channel morphol-
ogy, size, hydrology, and local environmental conditions along the Tisza’s sections, the
uncertainty of SWT varied. The highest confidence was achieved in the lower sections
where the channel is wide and deep whereas the confidence decreased toward the upper
sections with shallow and narrow channels coupled with bars, islands, and less stable
flow conditions. Also, the estimation accuracy is influenced by fluctuations in flow condi-
tions, affecting channel width with higher confidence during high stages (wider channels)
compared to low stages (narrower channels). Based on the evaluation of a diverse array
of satellites and airborne platforms, Handcock, et al. [18] reported that the estimation ac-
curacy of SWT significantly declines when the pure water of the river channel is resolved
by less than three pixels. This explains the higher RMSE of 4.73 and 3.99 °C in the Upper
and Middle Tisza with a channel width of 70 and 150 m (i.e., 0.7 and 1.5 pixels), respec-
tively, while it declined to 1.43 °C in the Lower Tisza with a channel width of 300 m (i.e.,
3 pixels). This systematic error can largely be eliminated if the goal is to estimate relative
SWT between two sections or within a specific timeframe at a given location.

Additionally, the resulting thermal maps could not accurately detect the influence of
WWTPs on the thermal profile of the Tisza. This limitation can be attributed to the coarse
spatial resolution of the thermal band and the localized impact of WWTP effluents.

On the other hand, cloud cover and the relatively long revisit time of Landsat satel-
lites (16 days) lead to incomplete thermal data and the mosaicking of non-synchronous
images. For instance, the mean timeframe difference between the four mosaicked images
covering the entire Tisza reached + 17 days in winter and autumn, which resulted in dis-
continuous thermal data, and inaccurate evaluation of the thermal profile of the large-
scale Tisza River. However, it is still beneficial for assessing individual reaches. This issue
may be responsible for the elevated SWT difference of 6.84 + 0.69 °C between the five
sections or 4.28 + 2.10 °C between the last three sections (i.e., S3-S5) in February-March
and October-November, which are characterized by intensified cloud cover and highly
non-synchronous images (Figure 4). Remarkably, even for a single reach of the river, cloud
cover and long revisit time can prevent conducting a comparative analysis of thermal data
across months and seasons.

4.2. Diurnal Temperature Cycle Dynamics in the Tisza River Throughout the Year

The hourly in situ measurements of water temperature in the Tisza River at Szeged
in 2023 revealed strong monthly thermal variability driven by solar radiation and atmos-
pheric conditions. In particular, the water temperature difference between day and night
is the highest in summer, gradually decreasing in spring and autumn, until reaching the
lowest values in winter. Also, the timing of minimum and maximum temperatures typi-
cally shifts toward later hours of the day, gradually moving from winter and spring to the
latest hours in summer and autumn. These variations result from changes in solar radia-
tion, ambient air temperatures, cloud cover, river flow, environmental conditions, and
analemma effect across months. For instance, increased solar radiation, low flow rate, and
long daylight hours in summer lead to longer exposure of river water to heating compared
to the low solar radiation, high flow rate, and short daylight hours in winter. This results
in significant diurnal temperature variations across the months. A similar finding was
reported by Niedrist [48] in two mountainous rivers in Central Europe (i.e., the Inn and
Grossache rivers).

4.3. Spatiotemporal Dynamics of the Thermal Profile of the Tisza River at the Section Scale

The monthly Landsat-based thermal profiles of the Tisza revealed a generally uni-
form profile with a slightly increasing trend, toward the downstream area, though signif-
icant variations were noticed across the months (Figures 4 and 5). This thermal profile
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aligns with those of other lowland rivers worldwide with low water heads [7]. Notably,
the asymptotic downstream increasing trend is a common longitudinal thermal profile of
many river systems [7]. This pattern results from the interplay of high precipitation and
snowmelt rates, groundwater inflow, and the availability of riparian shading in headwa-
ters, which cool the waters in these reaches compared to downstream sections. On the
other hand, a general decreasing trend was also noticed in some months, particularly in
summer (e.g., June and August). This could result from reduced water volume, flow rate,
and mixing in headwaters, leading to warmer water compared to downstream reaches.
Additionally, a complex thermal profile was observed in other months (e.g., January and
February), showing sudden drops in some sections. These anomalies could be attributed
to local natural and/or anthropogenic factors affecting these reaches during these partic-
ular months. In the meantime, the elevated SWT uncertainty in small-sized channel sec-
tions and long timeframe differences between mosaicked images could also be the main
causes of such complex patterns. Therefore, the interpretation of the Landsat-based ther-
mal profile of a medium-sized river like the Tisza, with varying channel sizes and flow
conditions, should be conducted with caution.

4.4. Spatiotemporal Dynamics of the Thermal Profile of the Tisza River at a 2 km Scale

The detailed thermal profile of the Tisza (SWT every 2 km) revealed thermal
anomalies primarily located in urban areas, dams, tributaries, and meandering sections,
with more pronounced magnitudes in summer and spring compared to winter and
autumn (Figures 5, 8 and 9). This underscores the significant influence of urban heat
islands, thermal impacts from natural and anthropogenic activities, and geographical
features on the thermal profile of the Tisza. Aligning with the literature, the drivers and
magnitudes of these anomalies varied across different landscapes of the river system and
seasonally, owing to variability in solar radiation, flow discharge, and thermal inertia
[7,49].

4.4.1. Influence of Urban Areas

Interestingly, the thermal influence of urban areas showed a strong association with
prevailing anthropogenic activity and population density. For instance, Szolnok and Sze-
ged showed the highest increase in SWT in nearby channel sections, linked to industrial
activities and high population density (Szeged: 612.3 inhabitants/km?; Szolnok: 129 inhab-
itants/km?) [50]. Despite Tiszakécske having a relatively low population density (58 in-
habitants/km?) [50], it also showed remarkable elevation in SWT in nearby channels, likely
attributed to thermal bath activities in the town. In contrast, the lowest thermal impact
was observed in smaller towns. For example, in Tiszafiired, which is famous for eco-tour-
ism and water sports activities, and in Vasarosnamény where agriculture is predominant.

4.4.2. Influence of Shading and Groundwater Inflow

A sudden decline in SWT was noticed at certain channel sections (Figures 5 and 6H-
I), where refugia were created to maintain biodiversity and ecosystem resilience. Since
these channel sections are relatively far from confluences, they are likely to experience
SWT declines due to factors such as shade and vegetation along riverbanks [51], ground-
water inflow [52], thermal stratification, local anthropogenic activities, or a combination
thereof. However, further field investigation and collection of in situ data, particularly
regarding groundwater inflow, are necessary to determine the precise drivers of SWT de-
cline. Given the seasonal variations in vegetation cover, surface and groundwater hydrol-
ogy, and environmental factors, the magnitude of SWT decline varied across the months,
with higher declines typically observed in summer and spring. This variability may also
explain the sudden SWT declines observed in a channel section adjacent to Tisza Lake
(Figure 6G), specifically in June. The upstream part of Tisza Lake, adjacent to the cooled
river channel section, exhibits lower temperatures than the downstream part, suggesting
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that the sudden decline in the river channel is primarily due to significant seepage from
the lake into the river during the given period. Interestingly, the reduced SWT in the up-
stream part of the lake may be attributed to greater depth, the presence of shading, ther-
mal stratification, and fewer anthropogenic activities. Nonetheless, comprehensive mon-
itoring efforts focusing on the lake’s hydrodynamics, geomorphology, and thermal strat-
ification are warranted to fully understand these dynamics.

4.4.3. Influence of Dams

The three dams along the Tisza River (i.e., the Tiszalok, Kiskore, and Novi Becej
dams) showed a thermal pollution pattern similar to many dams reported in the literature,
e.g., the Keepit Dam in Naomi River, Australia [53], Paso de las Piedras Dam in Sauce
Grande River, Argentina [54], and Danjiangkou Dam in Han River, China [2]. Specifically,
upstream of these dams, there is a rise in SWT due to reduced flow velocity, decreased
turbulence, and increased water surface area in the reservoir, allowing for greater absorp-
tion of solar radiation and elevated warming. Meanwhile, downstream of the dams, SWT
tends to decline due to thermal stratification in the reservoir upstream and the release of
cooler water from the hypolimnion layer. However, the size of the dam, inflow and out-
flow rates, operational schemas, and the location of withdrawal points significantly influ-
ence the thermal pattern and its magnitude [54]. Notably, these variations contribute to
slight differences in the thermal patterns observed among the three dams on the Tisza.
For instance, water is occasionally released from the surface (epilimnion) at the Tiszalok
Dam, while at the Kiskore and Novi BeCej dams, it is consistently released from the bottom
(hypolimnetic). This distinction is crucial because epilimnetic withdrawal promotes
stronger thermal stratification and stability, whereas hypolimnetic withdrawal weakens
thermal stratification and stability [55].

4.4.4. Influence of Tributaries

Tributaries play an important role in shaping the longitudinal thermal profile of the
Tisza, though their influence showed notable variability across the months, with localized
effects and potential thermal stratification. Most probably (75%), the tributaries tend to
warm the water of the Tisza throughout the year. Specifically, during summer and spring,
tributaries often have warmer water due to reduced volume and increased absorption of
solar radiation, thereby warming the water of the Tisza. Meanwhile, in winter and au-
tumn, when tributaries are fed by snowmelt or cooler upstream sources, they can cool the
water of the Tisza. However, this stereotype can vary, because of the complex interplay
of factors affecting the thermal conditions of tributaries (e.g., catchment landscape, an-
thropogenic activities, environmental conditions, vegetation cover, regional climate, and
elevation of the catchment) as well as their interactions with the main river. For instance,
water from the Maros River decreased the SWT in the Tisza by 0.3 °C in July, likely due
to cooler water originating from the Transylvanian mountains during summer rainfall
and the greater flow velocity of the tributary. Interestingly, the findings revealed a weak
correlation between the mean discharge of the tributaries and the SWT difference up-
stream and downstream of their confluence with the Tisza. This was evidenced by a sig-
nificant difference of 3.36 °C in the low-discharge Zagyva River (9 m?/s) and a slight dif-
ference of 0.012 °C in the high-discharge Maros River (150 m?%/s). This discrepancy can be
attributed to seasonal variability in the tributaries’ temperature and discharge, thermal
and mixing patterns, and impoundment effects, highlighting the complexity of the ther-
mal effects of tributaries into the main river.

4.5. Long-Term Evaluation of the Surface Water Temperature of the Tisza and Global Warming

The analysis of the SWT of the Tisza River at the Mindszent site between 1984 and
2024 revealed a significant upward trend at an annual rate of 0.068 °C, totaling 2.74 °C
over the 40-year study period. This finding aligns with global warming trends observed
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in rivers worldwide due to climate change, although the warming rate observed in the
Tisza River is higher than the global average of 0.046 °C/year [56]. A higher increasing
rate of 0.05-0.15 °C/year was reported in the Rhine River, based on 35-year (1980-2015)
analysis [57], while comparable rates were reported in the Warta River, Poland (0.043-
0.061 °C/year; 1984-2020) [56] and a lower rate was reported in the Vistula River, Poland
(0.029-0.046 °C/year; 1984-2020) [8]. Interestingly, the observed warming rate in the Tisza
River is similar to that in the Bracciano and Martignano lakes in Italy (0.053 °C/year)
between 1984 and 2019, using Landsat images [58]. Although rivers and lakes have
dissimilar thermal regimes, the long-term nature of the study period, pervasive global
warming impacts, proximity of geographical locations, and similarity in long-term
environmental and hydrological factors could lead to similar warming rates in both water
bodies. Additionally, the warming rate in the Tisza between 2000 and 2019 (0.133 °C/year)
was 2.3 times higher than the warming rate observed during the entire study period
(1984-2019), which is consistent with what was reported in the Italian lakes.

This warming trend is primarily attributed to rising air temperatures, variations in
precipitation patterns, and extreme meteorological events. These changes not only have
negative consequences for ecological health, water quality, and hydrological processes in
riverine systems but also for the economic utilization of water (e.g., for fishing and cooling
water in industry). Specifically, the thermal regime change of a river can alter species
distributions, reduce dissolved oxygen levels, increase the risk of harmful algal blooms,
and intensify extreme hydrological events. Therefore, implementing comprehensive
monitoring programs and adaptive management plans is crucial to mitigate the negative
impacts of climate change not only in the Tisza River but also in rivers globally.

4.6. Limitations of Landsat-Based SWT Estimates

Although the Landsat satellites provide valuable data for evaluating the thermal
dynamics of the Tisza River in response to natural and human factors, they still have some
limitations that hinder accurate and efficient assessment. For instance, the coarse spatial
resolution of thermal bands (60-120 m) leads to inaccurate SWT estimation, especially in
narrow channels and at riverbanks, due to the occurrence of mixed pixels and the presence
of shallow water. Additionally, this resolution hinders the accurate detection and
monitoring of thermal plumes resulting from effluents of nuclear power plants, WWTPs,
and industrial activities, particularly when the temperature difference between the
effluent and the river is low. Seasonal changes in the hydro-morphological characteristics
of a river, which influence river size and depth, can affect thermal data acquisition by
satellites. The low temporal resolution of Landsat satellites—16 days—can result in the
loss of important SWT data, especially in highly dynamic rivers with rapid temperature
changes. Cloud cover also leads to discontinuous thermal profile data, particularly when
assessing the entire catchment of a river. Furthermore, thermal data are highly influenced
by atmospheric conditions and the applied correction model. Typically, Landsat satellites
provide thermal data only for the very surface layer of water, so the thermal regime of the
entire depth of the river is not captured.

5. Conclusions

The lack of adequate water temperature monitoring systems in rivers poses a chal-
lenge to comprehensively assessing thermal dynamics over space and time. In the mean-
time, the synoptic coverage and relatively frequent imaging of the TIR remote sensing
techniques could offer a practical alternative. In this study, Landsat satellites and in situ
water temperature data were used to (1) evaluate the accuracy of Landsat-based SWT es-
timation across different channel sections with varying sizes; (2) conduct a thorough anal-
ysis of SWT dynamics in the medium-sized Tisza River in Central Europe, examining its
response to natural and anthropogenic factors throughout the year; and (3) assess the in-
fluence of global warming on SWT trends in the river by analyzing 438 historical Landsat
images spanning from 1984 to 2024.
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The study recommends using Landsat TIR data for estimating SWT in channel sec-
tions covering > 3 pixels, achieving high accuracy (R2=0.99; RMSE = 1.43 °C). Meanwhile,
estimation accuracy gradually declined below this threshold (i.e., 1.5 pixels: R?=0.94;
RMSE = 3.99 °C; 0.7 pixels: R2=0.92; RMSE = 4.73 °C), with a tendency to overestimate
temperatures. Challenges such as cloud cover and a relatively long revisit time (16 days)
limit the continuous provision of thermal data at large scales.

The variability in solar radiation, hydrological conditions, and day-night cycles
throughout the year led to changes in the thermal diurnal cycle across different months.
The longitudinal thermal profile of the Tisza River revealed a generally uniform pattern,
though slight increases, decreases, and complex trends were observed across months,
highlighting the diverse factors influencing its thermal profile and seasonal variations.
Specifically, urban areas associated with urban heat islands (e.g., Szolnok and Szeged),
showed elevated SWT in nearby channels due to industrial and transportation activities.
Conversely, urban areas characterized by tourism and agriculture exerted a lesser influ-
ence on SWT. Groundwater inflow and riparian shading created thermal refugia (SWT
declines) for organisms, although the magnitude of these declines varied seasonally.
Dams along the Tisza River increased the SWT upstream in their reservoirs and decreased
it downstream, with varying magnitudes influenced by dam characteristics and opera-
tional schemes. Tributaries generally warmed the Tisza’s water, particularly in summer
and spring, yet this role could vary due to changes in catchment characteristics and hydro-
meteorological conditions throughout the year. The water temperature of the Tisza is in-
fluenced by global warming, evidenced by an annual SWT increase rate of 0.068 °C be-
tween 1984 and 2024.

The Landsat satellites provided valuable thermal data for the medium-sized Tisza
River for evaluating the spatiotemporal thermal dynamics of the river in response to var-
ious natural and anthropogenic factors. However, the relatively coarse spatial resolution
of thermal bands (60-120 m), the low temporal resolution of 16 days, and the occurrence
of cloud cover limit its potential for effectively evaluating narrow sections and the large
scale of the entire river. Notably, these data are crucial for understanding the thermal pro-
files of rivers and their implications for river ecology. Additionally, they are beneficial for
developing adaptive measures to address climate change impacts and for implementing
restoration plans.
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Appendix A

Table A1l. Characteristics of the mosaicked four Landsat 8 and 9 images each month, covering the
entire Tisza River.

Month Path Row Date Month Path Row Date
187 28 8 January 2023 187 28 11 July 2023
24 January
187 27 187 27 3 July 2023
January 2023 July July
186 27 1 January 2023 186 27 20 July 2023
185 27 2 January 2023 185 27 29 July 2023
9 February 20 August
187 28 o3 187 28 o
187 o7 9 February 187 o7 20 August
Februar 2023 August 2023
Y 186 o7 10 February & 186 o7 21 August
2023 2023
20 February 22 August
185 27 003 185 27 oo
187 28 13 March 2023 187 28 5 September
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186 27 22 March 2023 186 27 epember
2023
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. 23 October
187 28 30 April 2023 187 28 03
2
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SWT difference in channels upstream and by the main cities
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Dec RS 01 AN 404
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Figure Al. Surface water temperature (SWT) differences between channels located upstream of ten
major cities along the Tisza River and those located adjacent to the cities.

Influences of groundwater input and shade on SWT
A) 406422 river km B) 80-84riverkm () 20-22 river km

US lake by lake  Diff.  US shade by shade Diff. US shade by shade Diff.
Jan. d 0.9
Mar. ¥-0.1 25
Apr. 17.7 180 +4h 03
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Oct. 157 143 W¥-14 177 184 #4hos 199 181 W-1.8
Nov. | 90 88 W01 100 102 4 o2 105 101 04
Dec. ¥-04 ¥ -0.1

US: upstream  Diff.: SWT difference # SWT increase @ SWT decrease

Figure A2. Surface water temperature (SWT) differences between channels upstream of Tisza Lake
and adjacent to the lake (A) and between upstream and adjacent shaded channel sections (B,C).
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