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Abstract: (1) Background: river ice has a significant impact on nearly 66% of rivers in the Northern
Hemisphere. Ice builds up during winter when the flow gradually reduces to its lowest level before
the spring melt is initiated. Ice-induced floods can happen quickly, posing a risk to infrastructure,
hydropower generation, and public safety, in addition to ecological repercussions from the scouring
and erosion of the riverbeds. (2) Methods: we used the annual daily hydrograph to develop a RiTiCE
tool that detects the break-up date and develops indices to analyze timing characteristics of extreme
flow in the Tana and Tornio Rivers. (3) Results: the study showed that low-flow periods in two rivers
had a significant trend with a confidence level of 95%. Additionally, it was observed that the
occurrence date of seasonal 90-day low- and high-flow periods occurred earlier in recent years.
Conversely, the Tana River showed a negative trend in its annual minimum flow over the century,
which is the opposite of what happened with the Tornio River. (4) Conclusions: the method can be
used to detect the date when the river ice breaks up in a given year, leading to a better understanding
of the river ice phenomenon.

Keywords: river ice break-up; ice processes; river flow; flow timing; arctic region

1. Introduction

Floods in cold climates are caused mainly by snowmelt [1], and ice jams are respon-
sible for some of the northern rivers’ most severe and recurrent floods [2]. River ice
has a significant impact on nearly 66% of rivers in the Northern Hemisphere [3]. Ice-
jam-induced floods can occur rapidly, posing a risk to public safety, infrastructure, and
hydropower generation, as well as causing ecological effects due to the scouring and
erosion of the riverbeds [4–6].

The freeze-up process in rivers is driven by the cooling of the water, which causes
the formation of ice on the surface and along the riverbanks. When the temperature drops
below freezing during the winter, this process normally takes place. On the other hand, the
break-up process takes place in the spring when the temperature starts to rise, and the ice
starts to melt. A number of variables, such as solar radiation, air temperature, and water
velocity, influence the break-up process [7].

In winter months, flow reaches a low value for a period, and it keeps the river frozen at
low flow until the spring snowmelt time when the break-up stage begins, and then the flow
usually reaches its annual maximum value [8–11]. Occasionally, peak flows in large rivers
occur in summer or autumn due to rainfall or snowmelt events. Changes in the timing
and severity of the break-up event, whether due to relatively abrupt channel regulation or
gradual climatic variation, are likely to have significant ecological consequences [8,12]. The
magnitude of flow and flow-rate characteristics, such as timing, duration, and frequency, are
related to the dimensions of aquatic ecosystem components and the number of inhabitants
they contain, and this suggests that the natural flow regime is an important factor in aquatic
ecosystems [13,14]. Flow regimes, defined by the temporal variability of stream flow, are
regarded as an affecting variable that controls the biotic interactions and physicochemical
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characteristics of a riverine habitat at the basin scale, including channel morphology,
sediment flux, water quality, and habitat diversity [14].

Limited studies exist on the timing characteristics of river ice or that focus on analyzing
the discharge time series on frozen rivers. For example, one study used the Theil–Sen slope
to estimate the trend in the timing and magnitude of floods [15]. In this study we pursue
developing a tool to detect the break-up date (BUD) on each annual daily hydrograph using
a simple method that detects the BUD in the transitional period when the discharge starts
to rise again in the spring. The RiTiCE (River break-up Timing Characteristics and Extreme
flow analyzer) is developed in MATLAB and the objective of this tool is to quantify and
detect the BUD and generate novel indices including periods with low flow and examine
their characteristics, such as duration, probable shifts through time, and overall flow
characteristics, including the average low and high flow in a period of 90 days annually.
This study focuses on the duration, shifts, and break-up timings of two unregulated case
studies in Finland, i.e., the Tornio and Tana Rivers. Daily discharge data over a period
of 100 years in one station on each river are available and are utilized to develop the
RiTiCE. The data have been collected from “The Global Runoff Data Centre, 56068 Koblenz,
Germany at grdc.bafg.de” and Swedish Meteorological and Hydrological Institute (SMHI).
Additionally, we have utilized assimilated MODIS Land Surface Temperature (LST) data
to collect daily temperature data after 2002. This study focuses on the events and trends.
Therefore, an investigation of the causes is not considered in this research paper due to
their strong relationship with several physical and hydrological driving factors for each
specific case.

2. Materials and Methods
2.1. Study Area and Background

The northernmost region of Fennoscandia (i.e., Scandinavia and Finland) is where the
Tana River Basin is situated (Figure 1). The catchment area is approximately 16,380 km2.
The Tana River, serving as part of the official border between Norway and Finland for over
338 km, is one of the most important pristine rivers in Scandinavia and is the fifth largest in
Norway, draining into the Barents Sea. The mouth and discharge of the Tana River are in
Norway, although Finland occupies about one-third of its catchment area. The Tana River
has an average annual discharge of 170 m3·s−1 [16]. It is a large upland drainage system that
drains a sizable portion of the Finnmarksvidda in Norway and is a part of Fennoscandia’s
subarctic region. Precambrian bedrock lies beneath the Tana Basin, primarily made up of
granites, granulites, and various gneisses and schists. The northernmost region contains
Eocambrian sedimentary rocks, including siltstones, shales, and sandstones [17]. The
bedrock is mostly covered by glacial tills that were deposited during the most recent
glaciation (i.e., Weichselian), with a few exceptions where deposits from the pre-Weichselian
era predominate [18]. Several steep-sided fault valleys, including those of the tectonic
Utsjoki and Tana, cut through this highland [17]. Even though elevations in Norway rarely
rise above 500 m, some of the northern mountain peaks do, rising to just over 1000 m above
sea level. In the climate classification system, this station belongs to the subpolar climate,
with short, cool summers, severe winters, and no clear seasonality in precipitation. Polar
tundra climates may be found at higher altitudes in the region. Annual precipitation is
generally low for all weather stations, ranging from about 340–360 mm in Kautokeino
(southwest of the Tana Basin) to 460 mm in Rustefjelbma in the Northeast. The Polmak
gauging station on the Tana River, located at 70◦ N, 28◦ E, was chosen as the station to use
for its extensive historical discharge data since 1911. There are a few years of data missing
in this dataset, which are 1944, 1945, and 1946. This station falls under the subpolar climate
classification system, which features short, cool summers, harsh winters, and no discernible
seasonality in precipitation. All weather stations report low annual precipitation levels,
with Kautokeino (in the Southwest of the Tana Basin) reporting about 340–360 mm, and
Rustefjelbma (in the Northeast) reporting 460 mm. Snowmelt in the Tana Basin is often
a swift process. The amount of snow lost daily in Kevo, Finland, may exceed 20 cm of snow
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depth. In just 10 days, up to 50% of the snowpack may melt away; in 30 days, 85% of the
snowpack typically melts [19].
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Figure 1. The study area, the Tana and Tornio Rivers located at the Finnish border with Norway and
Sweden. The river gauges used in the study are Polmak (green) and Kukkolankoski (red).

The Tornio River is the largest unregulated river in the Baltic Sea region. The river is
520 km long and its average annual discharge is 400 m3·s–1 [20]. It flows from north to south
(Figure 1). The Tornio River is among the few rivers in the Baltic Sea area where Atlantic
salmon still reproduce naturally. The Tornio River discharges in the northernmost part of
the Gulf of Bothnia along the Finnish–Swedish border. The catchment area is 40,010 km2,
which extends from the northern mountains of Sweden and Northwestern Finnish Lapland,
southeast down through marshes and lowlands to the Gulf of Bothnia in the Baltic Sea.
Around half of the catchment area is covered by forest, a fifth is mountains, and a tenth is
marshland, with some agriculture in the lowlands. The river is ice covered, with the lowest
river discharge from December to May. Usually, 1000–2000 m3·s−1 is released after the ice
break-up in spring. The water temperature is typically above 10 ◦C at the lowest point in
the river for three months per year (from early June to early September) [21].

There is little human disturbance, and the water quality is good. The mean annual
precipitation in the catchment’s lowland regions is 550–600 mm; this increases to 800 mm
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closer to the Scandinavian highlands and to over 1000 mm in the Western highland re-
gions [22]. Peak river discharge typically occurs in May and June, while the watershed is
typically covered in snow from October to May [23]. The social disruption and damage
brought on by spring floods started to draw more attention in the middle of the 1980s.
Significant floods in 1615, 1677, 1968, and 1990 were recorded [22]. The most dangerous
conditions arise when thick ice forms in the river mouth and acts as a dam, causing water
levels to increase quickly behind it. Haparanda and Tornio now have a mechanism in place
for forecasts and warnings. One of the 18 Swedish towns identified as having a “serious
flood risk” is Haparanda [22]. In the Tornio River, the Kukkolankoski (on the Finnish side
of the river, located at 65◦ N, 24◦ E) is considered as the case study. Although the dataset
covers a century of data, there are some missing years from 1997–2002.

Every year, the Lions club members in Övertorneå and Haparanda, next to Tornio
River, have a bet on when the ice breaks up. In Haparanda the BUD is observed when
a frozen raft in the river moves. In Övertorneå location, a raft is an indicator as well, the
time when the raft passes the bridge over the river indicates the break-up time. There are
some issues regarding these indicators. For example, sometimes the ice melts, and water
can move freely in some parts of the Tornio River before the raft starts to move. The raft in
Övertorneå can also get stuck under the bridge, which occurred in 2010. There have also
been sabotage attempts on the raft location [24]. Hence, this paper aims to find a unique
solution for indicating the BUD from annual daily hydrographs.

2.2. Methodology

We have developed the RiTiCE tool in MATLAB that detects the BUD based on the
annual daily hydrograph. Additionally, we have evaluated the discharge time series in
terms of the duration and changes in the starting and ending periods of low and high flow.
The case studies employed to develop RiTiCE are Tana and Tornio, two important pristine
Nordic Rivers. Daily discharge data during 1911–2013 at Polmak station at the Tana River
and during 1911–2017 at Kukkolankoski station at Tornio River were used. It is worth
mentioning that the years are considered as 365 days. Therefore, “leap year correction” has
been applied to the datasets so that leap years do not contain 29 February in their data.
Besides, the data is sorted based on the conventional “water year” starting from 1 October
to 30 September for each year.

2.2.1. Average-Annual-Daily-Discharge Year365

A long-term flow pattern on each station is needed to evaluate the flow alterations.
We have introduced an average-annual-daily-discharge for all 100 years in each station
called Year365. These data are obtained by averaging all the discharge data recorded in
100 years on every single date.

Year365i =
∑n

1 Qi
n

(1)

where Year365i stands for the average-annual-daily-discharge on a specific day, n is the
total number of years, Qi is the discharge value of the specific day of each year, and i is the
day from 1 to 365 for each year.

To our knowledge, comparing single water years with each other is impossible for
a large dataset. To assess the large amount of data in a century, the data can be divided into
time intervals of 5, 10, 20, 30, and 50 years, also enabling us to track the likely changes in
the flow better periodically. Therefore, multiple periods in a century can be compared to
each other. At each interval, the periods with the highest and lowest peak discharge are
compared with the long-term flow pattern calculated as Year365. As Year365 represents the
century, the extreme periods in each time interval can be detected during the comparison.

2.2.2. Seasonal Extremes

To introduce the flow timing characteristics, we consider periods of 90 days from each
water year during which the flow is at its highest and lowest average value. The average
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value of discharge in 90 days (commonly known as a season) is a good representative of the
flow condition, considering that there are two 90-day periods, one for the average highest
flow and the other for the average lowest flow. The seasonal periods (i.e., 90-day periods)
are calculated based on the “moving average”. Each day, the average is recalculated by
including the new day’s data and dropping the oldest day’s data. On the other hand,
Year365, explained above, has two extreme periods of averaged low and high flow of
90-day discharge. This is calculated based on the moving average, and the extreme seasons
are extracted from the results as “low-flow” and “high-flow” periods. The discharge values
corresponding to low flow can be used as a “threshold” to investigate the periods in each
year during which the discharge values are lower than the low flow discharge. The trends of
all analyses are calculated using a Mann–Kendall (M–K) test. Using the seasonal extremes
in each year and comparing them to the Year365 seasonal extreme values, we come up with
the results that can show how the onset and end date of the lowest and highest 90-day
period occurs in each year compared with Year365. Moreover, we can track any probable
shifts in these extremes in terms of timing.

2.2.3. Flow Extremes

We simply evaluate extreme discharge values (i.e., the absolute minimum and max-
imum discharge value of each water year) and their trends. The trends are considered
from two aspects: (i) the absolute maximum and minimum discharge values; and (ii) their
occurrence date. The confidence level of the trends is assessed using the Mann–Kendall
trend test in MATLAB [25–27].

2.2.4. BUD Estimation

Finally, to detect the BUD on each annual daily hydrograph, the first order difference
between each pair of consecutive discharge data is calculated:

∆i =
Qi+1 − Qi

T
(2)

where, ∆i is the “differenced” value, Q is the discharge value, and T is the time which
equals 1 as we are using a daily hydrograph. Using the results from the series of differences,
we observe that the point at which the discharge starts to rise in the spring has nearly equal
values around 0. This occurs as the discharge time series follows a line with a gradient of
around zero during winter. Therefore, the last value ending the consecutive zero gradient
pair of points is considered the break-up point (Figure 2). The flowchart of the RiTiCE
module is provided in Figure 3.
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The break-up point is calculated for each year and station. However, only one observa-
tion dataset is available to verify the results. The Swedish Meteorological and Hydrological
Institute (SMHI) has collected data on the break-up of ice on the Tornio River, specifically at
the Karungiträsk station. These data are used to verify the results of the RiTiCE tool, which
detects the BUD. The use of the data from the Karungiträsk station, which is located closest
to the Kukkolankoski station, allows for the verification of the accuracy of the RiTiCE tool
in determining the date of ice break-up on the Tornio River.

We propose to use the daily MODIS land surface temperature (LST) dataset presented
in the study “Worldwide continuous gap-filled MODIS land surface temperature dataset”
by Shiff et al. (2021) modified in Google Earth Engine (GEE) to detect the intersections of
the positive temperature phase and river ice BUDs detected by the RiTiCE. The MODIS LST
data provide high temporal and spatial resolution information on land surface temperatures,
which is essential for understanding the relationship between temperature and river ice
BUD. The MODIS daily LST dataset is available in GEE and can be easily imported into the
platform. We have used the LST data from October 2002 onwards for each station.

3. Results

In 5-year intervals, two periods, 1965–1970 and 1950–1955, in the Tana River are
extreme discharge periods with the highest and lowest discharge peaks, respectively. In
the Tornio River, the highest discharge peak is during 1995–2000, and the lowest discharge
peak is observed during 1940–1945 (Figures 4a and 5a). In 10-year intervals, the highest
and lowest discharge peaks occur in 1911–1920 and 2000–2010, respectively, in the Tana
River (Figure 4b), and in the Tornio River, the highest and lowest discharge peaks occur
in 2010–2017 and 1940–1950, respectively (Figure 5b). The result of the 20-year intervals
shows that, in the Tana River, the highest discharge peak extreme period is 1911–1930,
and the lowest discharge peak occurs in the 1940–1960 period (Figure 4c). In the Tornio
River, the same extreme periods occur in the 2000–2017 and 1940–1960 periods, respectively
(Figure 5c). For 50-year interval results of the Tana River, the highest discharge peak occurs
in the first half (Figure 4d), although, in the Tornio River, the extreme period with the
highest discharge peak occurs in the second half of the period (Figure 5d). Finally, the
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datasets are divided into 30-year intervals. The results show that the highest discharge
peak is in 1960–1990 and the lowest discharge peak occurs in 1930–1960 in the Tana River.
On the other hand, in the Tornio River, the highest and lowest discharge peaks occur in the
1990–2017 and 1930–1960 periods, respectively (Figures 4e and 5e).
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Figure 5. Extreme average annual discharge time series in different period intervals (a–e) for the
Tornio River.

The duration of the period in which the discharge is lower than the minimum 90-day
flow in Year365 has been significantly increased from 50–70 days to 100–140 days by
a confidence level of 95% in the Tana River (Figure 6a). In contrast, in the Tornio River, the
duration has been significantly decreased by a confidence level of 95%. In the first ten years,
the duration is, on average, about 120 days, while the duration in the last ten years is about
50 days (Figure 6b).
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Figure 6. The trend of discharge duration below the minimum average low flow from Year365 for
each river.

The M–K trend test does not show any significant trend in annual maximum discharge
in the Tana River (Figure 7a). However, as the results show, the maximum discharge value
tends to reduce in the latest years and the peaks are smaller than before. The Tornio River
does not show any significant change in the annual maximum discharge either (Figure 7e).
The Tana River also experiences a significant reduction in the annual minimum discharge
with a confidence level of 95% (Figure 7c). However, the annual minimum discharge in the
Tornio River significantly increases with the same confidence level (Figure 7g). It appears
that the annual maximum discharge in the Tana River may have shifted backwards, but the
trend is not significant (Figure 7b). The same shift takes place in Tornio with a confidence
level of 95% (Figure 7f). The annual minimum discharge occurrence date in both rivers has
not changed significantly.

The seasonal extreme mean flow (whether maximum or minimum) in Year365 is
shown by the black rectangle in Figure 8. In the Tana River, the lowest 90-day flow starts
in the middle of January and ends in April, over an average of 100 years (Figure 8a). The
highest 90-day flow starts in May and ends before August (Figure 8b). The same results
occurs in the Tornio River for maximum and minimum 90-day flow over an average of
100 years (Figure 8e,f). Each dataset has been divided into 25-year periods and the results
show that, in the Tana River, there has been a shift in the beginning and ending of the
maximum and minimum 90-day flow every 25 years (Figure 8a,b,e,f). More precisely,
recent years (1990–2017) have been experiencing more severe shifts in starting and ending
dates. In other words, in both rivers, over later years, the minimum 90-day flow tends
to occur sooner in January and the maximum 90-day period tends to occur before May.
However, in the Tornio River, only the last 25 years reveal the shift; the Tana River shows
that the first and second 25 years have shifted to the right (meaning that the minimum and
maximum 90-day flows have occurred later than average).

The analyses illustrate that the starting date of the minimum flow in the Tana River
varies from the 15th to 100th day from 1 October. However, the results do not show any
significant change in the starting date of the minimum 90-day flow. On the other hand,
there is a significant backward shift in the starting date of the maximum 90-day flow with
a confidence level of 95% (Figure 8d). The analyses of the Tornio River do not show any
significant shifts in either minimum or maximum 90-day flow (Figure 8g,h).

The BUD detection by the RiTiCE is verified by the real observation data on the Tornio
River (Figure 9) for the available period (1944–1996). The results of the comparison between
BUDs calculated by the RiTiCE and observed BUDs show a strong correlation of 0.8 (using
the Pearson correlation coefficient).
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The results of our study show a clear relationship between annual daily temperature
and the BUD calculated by the RiTiCE. Figure 10 illustrates that, as the positive phase of
temperature begins, the break-up of the ice also starts to initiate. This supports our hypothesis
that temperature plays a significant role in the timing of ice break-up. Detailed results for all
years are included in the Supplementary Materials “Figures S3 and S4” folders.
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4. Discussion

The study aims to find solutions for detecting the ice BUD from annual daily hydro-
graphs and verifying the results by observed data. In addition, the study has developed
indices to analyze the extreme values, trends, and probable shifts of flow characteristics
through time.

It is worth mentioning that the long-term discharge datasets have some gaps. In the
Tana River, data from the years 1944–1946, and in the Tornio River, data from the years
1997–2002, are missing. As the intervals are the average daily discharge values for a specific
period, the periods that cover the missing data are not comparable to the remaining periods.
For instance, in the Tana River, the interval of 20 years would result in two extreme periods
for 1911–1930 and 1940–1960, from which the latter is considered the lowest discharge peak
among other periods. This could be affected by missing data in that period. On the other
hand, while comparing extreme periods in 5-year intervals in the Tornio River, the highest
discharge peak belongs to the period 1995–2000, from which 3 years are missing. This leads
to some uncertainties regarding the results, especially the intervals at which the extreme
periods have been chosen.

The river ice break-up is induced by warm weather, including thermal degradation,
initial fracturing, mobility, fragmentation, transport, jamming, and final clearance [28].
Although some or all these procedures may take place simultaneously to a certain extent,
the break-up cycle can be seen as a sequence of distinct phases, such as pre-break-up, onset,
driving, and washing [29]. Onset depends on many factors, including the morphology of
the channel. Thus, it is common to see areas that have begun to change phases with areas
that have not lost their ice. For different lakes and rivers, the BUD has long been done in
Nordic Regions. However, not a certain indicator is found to address the break-up event
equally. The main benefit of using the RiTiCE method is that it is based on our specific
definition of the river break-up point, which is the point after which the discharge starts to
increase in the spring. This method directly addresses our research question and provides
a clear answer.

Another benefit of using the RiTiCE is that it is simple and easy to implement, based on
a simple first-order difference of the consecutive values, and does not have any assumptions
about the underlying distribution of the data. In addition, it also correlates well with the
observed data. This suggests that the predictions made by the RiTiCE are closely aligned
with the actual observed BUDs. However, it is also important to note that, although there is
a significant correlation, on average, the BUDs calculated by the RiTiCE are 16 days before
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the observed data, owing to different definitions for ice break-up (i.e., raft movement by
the Lion’s club vs. onset of discharge increase by the RiTiCE).

The methodology uses absolute maximum and minimum values for the discharge
trends. It is assumed that the highest peak belongs to the spring discharge due to the
snowmelt. However, in some years, a summer peak discharge is considered an outlier in
the results as it is due to precipitation in the summer. In addition, periods below minimum
flow correspond well with the results of discharge extremes. As it has been found that
the minimum discharge values follow a significantly negative trend in the Tana River, the
number of days during which the discharge value is below minimum flow (i.e., metrics
from annual 90-day periods) increases significantly. The Tornio River has experienced
a significant increment in its minimum discharge over the century, meaning the number
of days during which the discharge value is below the minimum flow has decreased
significantly.

The number of days in a year where the flow is below the minimum average low
flow, of both the Tana and Tornio Rivers, has undergone significant changes, as shown
in Figure 6. However, the trends are opposite in direction. The Tana River (as seen in
Figure 6a) has experienced an increase in the number of days where the flow is below the
minimum average low flow, indicating a higher likelihood of minimum flow in recent
years. This is supported by the significant decreasing trend in the minimum discharge
value of the Tana River, as seen in Figure 7c.

On the other hand, the Tornio River (Figure 6b) has experienced a decrease in the
number of days where the flow is below the minimum average low flow, meaning that there
is a lower chance of minimum flow in recent years. This is confirmed by the significant
increasing trend in the minimum discharge value of the Tornio River, as seen in Figure 7g.

The current study can proceed by researching the reasons for such significant trends in
these two stations. Obviously, several climatic factors can drive the river ice phenomena. As
rivers react differently to climatic factors, not all models would work on every specific case.

5. Conclusions

River ice, and consequently, ice jam floods, are natural phenomena in cold climate
regions. This study developed a tool called RiTiCE to examine the river flow timing
characteristics and extreme discharges, along with detecting the break-up date (BUD).
Two case studies are located on the Tornio and Tana Rivers on the Finnish borders of
Sweden and Norway. The stations provide a century of daily discharge data, which are
employed to evaluate the timing, and possible events shifts. Several characteristics have
been developed for this purpose, considering Year365 as a metric to highlight the extreme
events and corresponding years. From the same perspective on data, the 90-day periods
show us that both low and high flows in the two rivers have a negative trend in their
occurrence date, meaning the extreme seasonal discharges have tended to occur sooner in
recent years. The Tana River does, however, show a negative trend in its annual minimum
flow over the century, which contrasts with the Tornio River. The BUD detection by the
RiTiCE has been verified through comparison with actual observation data in the Tornio
River for 1944–1996. The comparison results demonstrate a strong correlation of 0.8 between
the calculated and observed BUDs, indicating that the RiTiCE is an effective method for
determining BUDs in this particular river. Finally, it was found that these two rivers have
been experiencing a change in the duration of their low-flow periods. The Tana River shows
a rise in the duration of its low-flow period, while the opposite is true for the Tornio River.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w15050861/s1, Figure S1: Tornio River BUD results, Figure S2: Tana
River BUD results, Figure S3: Tornio River temperature vs BUD results, Figure S4: Tana River temperature
vs BUD results. RiTiCE-repository https://github.com/Aapoj/RiTiCE.git (accessed on 21 January 2023).

https://www.mdpi.com/article/10.3390/w15050861/s1
https://www.mdpi.com/article/10.3390/w15050861/s1
https://github.com/Aapoj/RiTiCE.git
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