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Climate change alters high latitude hydrological cycle by diminishing the snow accumulation and spring flood
magnitude, and by altering temperature and rainfall finally leading to hydroclimatic regime shift from snow-
dominated to rain-dominated. These changes in temperature, precipitation patterns, and discharge strongly in-
fluence geomorphological processes in fluvial environments, leading to alterations in sediment transport,
erosion, accumulation, and landscape changes. We conducted comprehensive analysis of hydroclimatic trends
and shifts on boreal Oulanka River system, spanning over the past five decades. A strong signal of warming
temperatures (+0.61 Celsius/decade), reduced winter conditions and warmer summers (+0.41 Celsius/decade)
was detected. The spring flood magnitude diminished 7 %, but high discharge peaks (Q > annual p90m®/s)
during other seasons increased 22 % together with 28 % increase of annual minimum discharge. Simultaneously,
precipitation intensity increased during summer. The meander migration rate (mean 0.89 or 2.55 m/year) and
bank erosion volume were interconnected to ground frost, high snow sum, high discharge, and high-water level
during spring flood, but no significant long-term trends were observed. Our findings underscore that climate is
the first-order control on fluvial geomorphology and emphasizes the complex interplay between various hy-
drological and climatic factors that shape the dynamics of river systems. Based on the results, we expect to see
changes in the spatial-temporal distribution of high latitude rivers sediment flux in future. In addition, more
attention should be addressed to the thaw seasons controlling the sediment transport, as majority of the observed
shifts took place in these months.

1. Introduction

High latitude regions are considered highly vulnerable to climate
change impacts (IPCC, 2022), and face magnitude faster temperature
increase than global average (Rantanen et al., 2022). Several studies
have already confirmed the rapid changes of hydroclimatic and
geomorphological factors at high latitudes (Bieniek et al., 2018; Brown
et al., 2018; Niittynen et al., 2018; Mustonen and Shadrin, 2021) e.g.,
changes in hydrological cycle and patterns, snow cover accumulation
and duration, ice thickness, and river erosion. The ongoing global
warming is expected to affect these factors with accelerating rate (Vei-
jalainen et al., 2010; Box et al., 2019; Sippel et al., 2020). Since climate
is typically considered as the first-order control to hydrology, the
changes in hydroclimatic conditions are reflected to fluvial geo-
morphology as changes in sediment flux and landscape erosion
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(Bergstrom et al., 2001; Lane et al., 2007; Devito et al., 2005; Kociuba
et al., 2012; Merio et al., 2019).

Especially in snow-dominated boreal hydrology, the shift from
snowfall to rain and earlier snow melting in spring will have significant
impact on water storages inside the catchment areas, and to the timing
and magnitude of discharge events in rivers (Woo et al., 2008; Veija-
lainen et al., 2010; Stocker et al., 2013; Berghuijs et al., 2014; Laudon
et al., 2017; Bloschl et al., 2017; Jenicek et al., 2018; Irannezhad et al.,
2022). Many studies have recognised the role of high discharges during
spring flood as the main factor controlling the sediment erosion and
transport in snow-dominated areas (Lane et al., 2007; Lotsari et al.,
2010) as the snowpack and thermal conditions determine the timing,
magnitude, and duration of the spring flood (Cockburn and Lamoureux,
2008). In addition, frequency and intensity of extreme rainfall events in
Fennoscandia is expected to increase (Jonasson and Nyberg, 1999;
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Veijalainen et al., 2010), especially during late summer (Favaro and
Lamoureux, 2014). The increasing precipitation have the potential to
mobilize considerable amounts of sediment through increased runoff
and higher discharges (Lamoureux, 2000; Lewis et al., 2019).

River bank erosion is one of the major sources of riverine sediment
and in general the bank erosion processes are well understood and
documented (Thoma et al., 2005; De Rose & Basher, 2011; Hughes et al.,
2022). The stream power increases when the water volume, flow ve-
locity, and depth increase. Thus, it is necessary to consider not only the
changes in hydroclimatic, but also in the geomorphological aspects of
fluvial environments, when evaluating the climate change impacts (Li
et al., 2021). If the timing, magnitude or frequency of peak discharges
changes due to climate change, it will also alter the erosion and sediment
transport processes. Sediment redistribution is the main driver for
landscape development, and it is an important indicator of the river
system functioning and stability (Walling, 2009; Beel et al., 2018; Li
et al., 2021). Changes in sediment flux can result in major impacts on e.
g., stability of the channel, channel characteristics, nutrient cycle, and
degradation of fluvial habitats. Currently, models for climatological,
hydrological and vegetational future scenarios, have been systemati-
cally ignoring the impact of climate change on geomorphology (Goudie,
2006; Lane, 2013). Therefore, the climate change impact on fluvial
geomorphology should be a major research priority and there is a need
to document long existing time series from hydrological and geomor-
phological changes in high latitude conditions.

In meandering rivers, bank erosion is associated with lateral migra-
tion of meanders over time. However, the lateral migration of confined
meanders is restricted by the narrow valley confinement. This leads to
meanders migrate downstream as a coherent waveform, curvature
remaining relatively constant through time (Nicoll and Hickin, 2010).
The meander bend characteristics such as planform type, sinuosity,
wavelength, and curvature are proven to have significant impact on
erosion volume and migration rates (Lotsari et al., 2014; Salmela et al.,
2020). In long-term, these characteristics are controlled by hydro-
climatic conditions such as flow regime and long-term climate trends e.
g., spring flood, precipitation, and snow accumulation (Leopold &
Wolman, 1960; Hooke, 2008; Kasvi et al., 2013). Therefore, we can
expect the changing hydroclimatic conditions to influence geomorpho-
logical characteristics of meandering rivers and the landscape.

Previous studies have also emphasized temperature as a key factor
influencing sediment transport at high latitudes (Costa et al., 2018; Li
et al., 2021; Syvitski, 2002; Zhang et al., 2022; Forbes and Lamoureux,
2005; Kociuba et al., 2012), as temperature influences on water amount,
availability of sediment, and temporal dimensions of sediment trans-
port. Simultaneously previous studies address the lack of well docu-
mented sedimentological data and long-time series, as well as a lack of
understanding the temporal aspects of erosion and sediment transport.
In the current study, we aimed to address the knowledge gap regarding
the impact of climate change on fluvial geomorphology, particularly in
relation to erosion volume and migration rate of meanders. Our study
gathered field measurements of erosion and retreat rates for two river-
banks of 49-year time series and combined it to old aerial photographs.
This overcame the challenges associated with relying solely on aerial
photography, which can lead to errors due to substantial time gaps.

The study followed three main approaches. First, we examined
hydroclimatic trend and shifts from 1974 to 2022 to assess how global
warming has affected the hydroclimatic conditions of the Oulanka River
area. Secondly, we analysed meander erosion and migration data from
1975-2022, to identify any changes or trends in erosion and migration
rates of the channel. Finally, we analysed linkages and possible causal
connections between hydrological, climatological, and geomorpholog-
ical variables. We expect the climate change impact to be visible in the
meteorological time series, and to detect changes in the timing of hy-
drological events. The geomorphology i.e., migration rate and erosion
volume of the riverbanks, are expected to react to the ongoing hydro-
climatic change.
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2. Study site

The free-flowing Oulanka River locates in the NE Finland (Fig. 1).
The river and its catchment are protected by Oulanka National Park,
established in 1956. Oulanka River’s characteristics are well described
by its name, which literally means “a flooding river.” This is firstly due
to the small lake proportion (4,7 %) of the catchment, high proportion of
peatlands (40 %), catchment topography and the fact that Oulanka area
is known as the snowiest region of Finland (Kersalo & Pirinen, 2009).
The snowmelt driven spring flood usually takes place from mid-May to
mid-June, and is measured to be up to 155 times larger than the mini-
mum discharge. The 135-kilometre-long channel discharges into Lake
Paanajarvi and finally to the White Sea.

The river flows in a canyon-like bedrock formations apart from the
downstream section, which meanders in a 1-kilometre-wide bedrock
valley filled with glaciofluvial deposits. The river has eroded its channel
40-metres deep into these valley deposits creating terraces and oxbow
lakes. Because of the narrow valley configuration, the river cannot
expand in a lateral direction, therefore erosion causes meanders to
migrate downstream. The migration rate is measured to be one of the
fastest in Fennoscandia (Koutaniemi, 2000). Simultaneously the sinu-
osity values of the meanders are relatively low due to the degree of
confinement.

The continental climate causes large temperature fluctuations from
—48 °C, up to +32 °C, the annual mean temperature of the area being
0 °C (Pirinen et al., 2012; Jokinen et al., 2021). Winter is the dominant
season lasting for 6 months, while other seasons are short but distinct.
The alternating terrain elevations affect the amount of rainfall and snow.
The mean annual precipitation of the region is 550 mm of which half
falls as snow between October and May. Ground frost is present from
October to mid-June, and it can reach the depth of 0.4-1 m (Koutaniemi,
1984).

The observed banks are located within 4-kilometer distance from
each other (Fig. 1). The channel slope between the observed banks is
0,21 m/km. Bend and bank 1 locates at the narrowest section of the
valley, occupying the whole 600-meter valley width. At present, bend 1
has a rm/w ratio of 4,5, sinuosity of 1,89, slope of 0.22 m/km, and a
channel width of 30 m during mean Q, and 120 m during bankfull
discharge. The outer bank of bend 1 is 450 m long and 3 to 7 m in height.
D50 particle size of the bank1 ranges from 0,18 mm to 46 mm. The bank
soil is rich with pebbles and cobbles of size up to 80 mm. The main
textural groups of the bank are gravel and gravelly sand. At bend 2, the
valley width widens to 1.1 km. At present, the bend has a rm/w ratio of
3,3, sinuosity of 1,4, slope of 0.33 m/km, and a channel width of 45 to
150 m (mean Q/bankfull). The outer bank of bend 2 is 300 m long and 3
to 5 m in height. D50 particle size of bank 2 ranges from 0,2 mm to 33
mm, pebbles and cobbles are sparsely found. The main textural groups of
the bank are slightly gravelly sand and gravelly sand. Both vertical
banks lack vegetation, but on top of the banks there are coniferous forest
and a thick layer of mosses and lichen, which are overhanging and
collapsing on the banks as the banks erode.

3. Data and methods
3.1. Monitoring of the area

Geomorphology of the Oulanka River was actively studied between
1975 and 1995 by Koutaniemi (1979; 1984; 2000). These measurements
were then paused until the Oulanka Research Station (University of
Ouly, Finland) restarted them continuously from 2008 onwards. At the
research station there is a weather and discharge station, both operating
since 1966. Historical aerial photographs were taken by different parties
with 1-to-10-year gaps. From 2004 onwards geometrically corrected
orthophotos from the area have been produced by the National Land
Survey of Finland (NLS). From 2020 onwards, regular geomorphological
monitoring with state-of-the-art technology has been carried out on the
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Fig. 1. Location of Oulanka River catchment, area of interest (AOI), meander bends, and the weather and discharge station. Aerial photos of Bank 1 and Bank 2 in
were taken in autumn 2022. The discharge and weather station are located at the Oulanka Research Station.

area. Temporal dimensions of the data in Fig. 2.
3.2. Hydroclimatic observations

Permanent discharge and weather stations, operating since 1966, are
located at the Oulanka research station approximately 14 km upstream
from the area of interest. Discharge and water level data is measured
hourly, and the data is openly available in the Finnish Environment
Institute (SYKE) database. In this study, daily minimum discharge
(MinQ), mean discharge (Mean Q), maximum discharge (Max Q), and
daily mean water level data from January 1974 until December 2022
(49 years) was analysed to determine the monthly and annual flow
characteristics as well as long-term trends and shifts. Multiple variables
(Appendix 1) were derived from these main records to assess the timing,
duration, magnitude, and proportion of different discharge and water
level phenomenon, both, monthly and annually. In this study, the spring
flood (SF) was defined as the 90th percentile (p90) of the annual
discharge values. Duration and magnitude of spring flood were calcu-
lated by determining the number of days between Q > p90 and Q < p90.
Flooding on other seasons was defined as Q > p90 outside the spring
flood.

The meteorological station measures multiple weather parameters
and the data is openly available in Finnish Meteorological Institute’s
(FMI) database. In this study the daily data of temperature (Min T, Mean
T, Max T), precipitation (P) and ground frost (GF) were used for the
period of 1974-2022 to analyse possible trends and shifts. Multiple
variables (Appendix 1) were derived from the main records to assess the
duration, magnitude and timing of meteorological phenomenon. The
meteorological station locates 248 meters above mean sea level and
approximately 100 meters higher than the meanders of interest.

3.3. Field measurements in 1975-1995: Geometric levelling

Geomorphological observations of Oulanka River started in 1975 to
determine erosion volume and migration rate of the outer banks, and the
erosion and deposition volumes of point bars (Koutaniemi, 1979; 1984).
The first 6-year monitoring period (1975-1981) was carried out in both
bends, but the next 11 years of monitoring (1985-1995) focused only on
bend 1, since it was behaving more like a classic meander (Koutaniemi,
2000). In the first measurement campaign a total of 9 markers were
installed on top of both outer banks with 30-meter intervals and 5-meter
distance from the bank edge. For the later monitoring period the number
of markers was increased from 9 to 16 at bend 1 with an interval of 15 m.
This enabled denser measurement interval and therefore more accurate
estimation of the erosion volume and retreat rate. The distance from the
bank edge to the markers on top of the banks was measured annually
every autumn.

AGA EDM Geodimeter Model 76 was used to measure migration rate
of the banks and volumetric changes on the point bars. The distance
between a solid benchmark on the upper point bar and the upper margin
of the outer bank was measured annually every autumn. The measuring
intervals were similar to the markers on the top of the banks. Changes of
distance between solid benchmark and bank margin enabled trigono-
metric calculations of migration of each point in direction of the longi-
tudinal axis of the valley. Simultaneously, elevation changes on point
bars were measured along the 9 or 16 marker lines with 12-meter lon-
gitudinal interval from vegetation line until the water.

3.4. Field measurements in 2020-2022: Terrestrial laser scanning

In field campaigns of 2020-2022 the geomorphological measure-
ments were conducted using Riegl VZ-400 3D Terrestrial Laser Scanner
(TLS).This scanner operates in the shortwave near-infrared spectrum
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Fig. 2. Temporal dimensions of the data set used in this study. TLS = Terrestrial Laser Scanner.
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(1550 nm) and has a laser pulse repetition rate of up to 300 kHz. The
accuracy of the scan data acquisition is 5 mm, with a repeatability of 3
mm. The scanner was equipped with an inclination sensor, an internal
compass, a GPS receiver for positioning, and a camera for colorizing the
point cloud. The scanner and its instruments are regularly calibrated by
the manufacturer.

During the campaigns, the scanner was operated in a mode, which
has a beam footprint of 0.04 m at a distance of 100 m. To georeference
the point cloud, eight targets with a diameter of 0.05 m were placed
around the area and their precise x, y, and z coordinates were measured
using an VRS-GNSS. Each scan was conducted in a way that at least three
mutual targets from subsequent scans were registered. The measure-
ments in each campaign were implemented identically.

3.4.1. TLS point cloud processing

The scanned point clouds were registered into a local coordinate
system (EUREF-FIN TM35FIN) using Riegl’s RiISCAN PRO® software
package. The measured targets served as tie-points between individual
point clouds, allowing the scans to be combined and aligned in a coor-
dinate system based on the x, y,z coordinates of the targets. Rotation and
translation errors were corrected using a multi-station adjustment
(MSA) approach, which iteratively modified the orientation and position
of each point cloud. The point cloud was then filtered to reduce noise
and extract unnecessary objects, such as trees. The final point density of
the point clouds ranged from 100 to 1000 points per square meter.

Further processing of the point clouds was performed using an open-
source software Cloud Compare (v2.12.4). The remaining vegetation
was filtered out using the CANUPO-plugin, which classifies the point
cloud based on user-defined and trained classifiers, providing a confi-
dence value for each point. In this study, vegetation was filtered from
the cloud using a trained classifier with a confidence level of 0.90 %
(Fig. 3). A detailed description of the vegetation filtering workflow can
be found in Brodu & Lague (2012). The filtered point cloud was then
used to calculate the erosion volume and bank migration rate between
years 2020, 2021 and 2022.

3.5. Mapping the migration and erosion from aerial images 1976-2022

A set of historical aerial photographs and orthoimages (Table 1) were
used to map the mean migration and erosion volume of the two banks
over the observed time to fill the gaps with no field data. The spatial
analysis of geomorphological change of banks was conducted as follows:
i) georeferencing the aerial photographs, ii) mapping the upper margin
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Table 1

Data set of aerial images. Codes: AP = Aerial photograph, OP = Orthophoto, B/
W = Black and white, RGB = Red-Green-Blue band —image, NLS = National Land
Survey of Finland, FDIA = Finnish Defence Intelligence Agency.

Year Type  Colour  Scale Source  No. of Pixel RSME x,
GCP size (m)  y (m)

1976 AP B/W 1:31000  NLS 21 0.46 0.29
1977 AP B/W 1:10000 FDIA 18 0.62 0.25
1985 AP B/W 1:31000  NLS 19 0.82 0.35
1992 AP B/W 1:61000  NLS 22 1.20 0.70
1995 AP B/W 1:61000  NLS 23 0.89 0.51
1996 AP B/W 1:61000 NLS 23 0.40 0.40
2003 AP B/W 1:10000  NLS 18 0.50 0.37
2011 OoP RGB 1:10000  NLS - 0.50 -
2013 OoP RGB 1:10000  NLS - 0.50 -
2015 OP RGB 1:10000  NLS - 0.50 -
2020 OpP RGB 1:10000  NLS - 0.50 -
2022 OpP RGB 1:10000  NLS - 0.50 -

of the outer bank, iii) calculating the mean migration and mean erosion
volume between the images.

The aerial photographs from 1976 to 1996 were georeferenced in
ArcGIS Pro 3.0.3 using the following procedure; first, the area of interest
was delineated in the middle of each photograph. Secondly, several
ground control points (GCP) were manually added on each photograph,
based on visual identifiers, and referenced to the 2022 orthoimage. The
GCP’s were added evenly on both sides of the channel on the river
margins. Since the homogeneous distribution of GCP’s was difficult, a
first order polynomial function was used for rectifying the photographs
as it works well on flat surfaces like floodplains, and it presents more
conservative errors between GCP’s than nonlinear adjustments would
(Gurnell, 1997).

The mean bank migration, and the mean erosion volume of the banks
were calculated for time periods between the images. Several factors
effected whether the upper margin could be confidently mapped from
the images: (i) image resolution, (ii) shadows and sun reflections, (iii)
high vegetation on riparian. The mapping resulted in several polylines
representing the upper margin of the bank at each image interval. The
mean migration rate between images was calculated from the horizontal
distance of neighbouring polylines. Erosion volume was estimated based
on the margin retreat, bank height and vertical surface area.

3.6. Statistical analyses

Time series of 49 years including a total of 46 different hydrological,

10 m Y «

Fig. 3. A section of bank 1 TLS point cloud. A) Raw point cloud. B) CANUPO-classified point cloud. Red points are classified as ground, blue point as vegetation, and
white points as uncertain. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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meteorological, and geomorphological variables (Appendix 1) were
statistically tested using the XLSTAT-program. First, the long-term
trends were analysed using the Mann-Kendall trend test (Mann, 1945;
Kendall, 1975), which is a non-parametric, rank based test determining
possible statistically significant trends in a time series.

In this study, the Mann-Kendall (M—K) trend test was carried out on
all variables of the hydrological, meteorological, and geomorphological
time series with a = 0.05 significance level identifying statistically sig-
nificant trends. Possible serial correlation increases the chance of trend
being significant, therefore this effect was removed by using Hamed &
Rao (1998) M—K modification, which is explained in detail in e.g.,
Daneshvar Vousoughi et al., 2013; Dinpashoh et al., 2011; Jhajharia
et al., 2014; Partal and Kahya, 2006. The effect of outliers on the trend
was neglected by using a non-parametric linear regression Sen’s slope
estimator (Sen, 1968; Daneshvar Vousoughi et al., 2013; Dinpashoh
et al., 2011; Jhajharia et al., 2014; Partal and Kahya, 2006).

Secondly, the possible shift points of hydrological and meteorolog-
ical variables were analysed using the non-parametric Pettitt test (Pet-
titt, 1979), which has been used in number of hydroclimatological
studies to detect significant changes in the time series mean (Wijngaard
et al., 2003; Verstraeten et al., 2006; Zhang and Lu, 2009; Villarini and
Smith, 2010; Liu et al., 2012; Wu et al., 2019; Citakoglu & Minarecioglu,
2021). It is based on Mann-Whitney two-sample test (rank-based) which
allows the detection of single shift at an unknown point in time series.
Pettitt test is not specifying the distributional assumptions, and therefore
it may be inefficient in detecting breaks of extremes, but simultaneously
makes the test non-sensitive to outliers (Xie et al., 2014; Li et al., 2016).

In this study, the null hypothesis was: No change in the distribution
of the variable i.e., the data is homogeneous. The alternative hypothesis
was that the distribution of the variable differed i.e., there is a significant
change in the data. Significance level was 5 %, and the p-values were
calculated using the Monte Carlo approach with confidence interval of
99 %. Since the study area locates in a national park, and the measuring
stations have been constant through the time series; the human inter-
vention to river flow is minimal. Hence, we can assume that the possible
shift points are natural and climatic driven.

Thirdly, the possible correlations between variables were tested
using the Spearman’s rank coefficients (Spearman, 1906), which is a
non-parametric test which measures the strength and direction of
monotonic relationships between paired variables. Furthermore, in this
study, the focus was on detecting the hydrological and meteorological
variables which correlate with the geomorphological variables; erosion
volume and migration rate. In addition, partial correlation coefficient
analyzis (Iman and Helton, 1988) was run to eliminate the influence of
covariates.

4. Results
4.1. Hydroclimatic trends

An overall increase of temperature and rapidly reduced winter con-
ditions were detected from the analysis of temperature related variables.
Monthly mean temperatures increased by 1 to 7 degrees of Celsius (°C),

where as annual mean temperature increased by 3.05 °C over the period
of 1974-2022, indicating 0.61 °C increase annually/decade (Table 2).

Table 2
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The most significant warming trend was observed during winter months
from October to March, being 3.48 °C on average and 0.69 °C annually/
decade (Table 2). Diurnal Temperature Range (DTR) decreased 2.4 °C,
indicating a reduction of temperature range between daily minimum
and maximum values (Fig. 4). Furthermore, significant trends were
observed in various temperature-related variables, including annual
frost sum (—39 %/—760 °C), number of ground frost days (—6 %/—9
days), number of snow cover days (—6 %/—13 days), number of frost
days (—7 %/—13 days), and the timing of thermal spring (—16 %/—19
days) (Fig. 4).

Annual mean precipitation increased by 1.8 %,/9.3 mm or 1.86 mm
per decade, however the trend was not significant (Table 2). In monthly
data, summer precipitation showed significant increase, while thaw-
season e.g., November and March experienced significant decrease
(Table 2). Simultaneously, the number of precipitation days decreased
by 14 %/—28 days (Fig. 4), indicating an increase in precipitation in-
tensity rather than in event frequency. The annual snow sum decreased
by —11 %/—1020 cm, which is potentially caused by larger amount of
precipitation falling as rain instead of snow, and properties of the snow
itself e.g. density or snow water equivalent.

Total magnitude of spring flood (SF) decreased by 4 %, likely due to
reduced snow accumulation. Simultaneously, the proportions of SF and
annual p90 total volume decreased from the annual Q volume (-7 % and
-10 %, respectively) (Fig. 4). In addition, changes in timing and duration
of SF were detected as the discharge rising and falling above/below the
annual P90 stage shifted to earlier, and the time between the rise and fall
shortened. The increase of monthly Mean, Min, and Max Q values in
April and May, and their decrease in June supports the change in timing
(Table 2). This can be attributed to higher spring temperatures, resulting
in an earlier onset of thermal spring, and earlier melting of ice and snow.
Despite the decreased SF magnitude, the number of p90 flood peaks
outside of SF increased by 22 %. This is potentially caused by the
increased precipitation and runoff outside of spring, as well as the
prolongation of the period in which precipitation falls as rain instead of
Snow.

The range between discharge extremities decreased as the annual
Min Q increased by 28 %, while there was no significant trend observed
in the annual Mean or Max Q (Table 2). The increased Min Q led to an
increasing trend of the annual discharge volume, however, the trend was
not statistically significant (Fig. 4). Despite a significant decrease in
November precipitation, the mean discharge in November increased
significantly (Table 2). This can likely be attributed to the increased late
autumn and early winter temperatures, as well as increased summer
precipitation, leading to increased winter runoff from the catchment.

4.2. Shift point analysis

The Pettitt test identified significant shifts in all the hydroclimatic
main variables, except in magnitude of precipitation. Earliest shift was
detected in temperature related variables (Fig. 5A). Discharge and pre-
cipitation derived variables shifted with a lag of 5 to 10 years compared
to temperature (Fig. 5A). Thaw-seasons experienced relatively highest
number of significant shifts, whereas winter months experienced highest
number of total shifts in temperature derived variables (Fig. 5B). Most of
the significant shifts in monthly mean temperatures occurred between

M—K trend test on the main variables; monthly and annual (A.) mean temperature (T), mean precipitation (P), and mean, min, and max discharge (Q). Trend per
decade and total change during the time series based on Sen’s slope. Bolded values were statistically significant with a P-value < 0.05.

Trend/decade Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec A.

Mean T (°C) 0.69 0.51 0.30 0.48 0.20 0.23 0.49 0.51 0.37 0.50 0.77 1.41 0.61
Mean P (mm) 0.04 0.10 —1.69 0.58 —2.45 0.71 3.92 4.23 -0.77 1.22 -3.41 1.63 1.86
Mean Q (m>/s) 0.49 0.53 0.34 0.86 1.71 —1.49 0.46 —-0.12 —0.46 0.37 1.86 0.55 0.60
Min Q (m*®/s) 0.58 0.48 0.32 0.25 2.71 —0.44 —0.04 0.00 —0.26 0.07 0.63 0.40 0.51
Max Q (m®/s) 0.40 0.56 0.41 2.82 6.67 —1.85 1.52 0.00 1.13 1.23 3.55 0.77 2.04
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Fig. 4. M—K trend test result on relevant temperature, discharge and precipitation derived variables. Red trend line indicates significant trend, black trend line
indicates non-significant trend over the time series. Days are ordinal dates. DTR = Diurnal Temperature Range, Q = Discharge. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

1997 and 2003, indicating warmer and longer summers and autumns, as
well as shorter winters (Fig. 6). Shift of annual mean temperature was
detected in 2003. This shift was reflected in other temperature-derived
variables such as DTR, number of frost days, timing of thermal spring,
and the number of freeze-thaw days (Fig. 6). Fewer frost days in early
and late winter indicated a shorter winter period, and the onset of
thermal spring occurred earlier. Freeze-thaw days increased in spring
and decreased in autumn.

Significant positive shifts were detected in annual Min Q as well as in
monthly discharge (Min, Mean and Max Q (Fig. 6), indicating that the
the variables mean value has increased abruptly. Significant negative
shifts were detected in the number of precipitation days in January,
September, and annual data (Fig. 6), which supports the above findings
of decreased precipitation event frequency. Despite the increased trend
of precipitation amount, no significant shift was found in monthly or
annual precipitation amounts (Fig. 6). That is to say, we have not yet
reached the culmination point of changes in precipitation amount, but it
is reached in rain intensity.

4.3. Morphological change and it’s relation to hydroclimatology

From the two studied banks, bank 2 migrated three times faster (on
average 1.5 m faster per year) than bank 1 during the observed time
series (Fig. 7A-C). Over the five decades of monitoring, bank 1 migrated
a maximum lateral distance of 42 m, with an average annual migration
rate of 0.89 m per year (Fig. 7B). Direction of the migration was towards
downstream along the valley centre line while maintaining a constant
radius of curvature and sinuosity. Bank 2 migrated a maximum lateral
distance of 120 m (Fig. 7C), corresponding to an average annual
migration rate of 2.55 m per year. Main direction of migration was
downstream along the valley, however straightening simultaneously
towards the valley centre line, leading to decrease in curvature and
sinuosity.

Geodimeter measurements between 1975 and 1995 indicated that
the annual mean erosion volume of bank 1 was 1859 m®, with a range of
320 m® (min) and 4071 m® (max). For bank 2, the respective values were
3780 m> (mean), 1845 m (min), and 5685 m? (max), Subsequent TLS
measurements conducted 2020-2022 indicated a net erosion volume of
4103 m® for bank 1 and 9310 m® for bank 2. Years with high snow
accumulation and high discharge during spring flood (Max Q) resulted
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precipitation. Winter months (Nov-Feb) experienced most changes in temperature.

the highest measured migration rates and erosion volumes (Fig. 7A). The
year 2020 recorded the highest measured snow accumulation, min Q,
max Q, and erosion volume of the time series. Additionally, years with
above-average Min Q had also above-average bank erosion volume
(Fig. 7A), indicating potentially high erosion rates even if the spring
flood was of lower magnitude.

The difference in geological and topographical factors of the
observed banks can generally explain the divergence in migration rates.
Bank 1 has larger D50 particle size, higher vertical bank and lower slope
than bank 2 which makes bank 1 soil less erodible and decreases the
erosion potential of flowing water. In addition, factors such as rm/w
ratio, bankfull width of the channel, stream power and curvature are
found to explain variation in migration rates (Richard et al., 2005; Nicoll
& Hickin, 2010). Maximum migration rates are generally found with
rm/w ratio of 2 to 3, which could explain bank 2 was migrating faster
than bank 1. In addition, bank 2 has larger bankfull width which is
commonly attributed to stronger stream power, potentially leading to
more intense erosion. These factors support the above findings of
different migration rates.

Correlation analysis between geomorphological and hydroclimatic
variables indicated correlation between erosion volume and snow sum,
Max Q and Min Q (Appendix 2). Migration rate correlated strongest with
the max Q, maximum water level (Max WL), and spring flood volume
(Appendix 2). Min Q particularly explained the migration rate and
erosion volume in years with low Max Q. Partial correlation test with a

threshold of 0.95 indicated that number of ground frost (GF) days was
the sole parameter controlling erosion volume when excluding the ef-
fects of covariates. Lowering the threshold to 0.80 revealed partial
correlation between erosion volume and p90 discharge volume, Max Q,
precipitation amount, and the number of flood days. Linear regression
between migration rate and number of ground frost days indicated total
migration rate of 46 m for bank 1, and 130 m for bank 2, which corre-
sponds the measured values. Net volumetric change of point bars did not
show any trend, neither correlation with any other variable tested,
meaning irregular behaviour.

It is worth noting that none of the variables exhibited notably strong
correlations or dominance over others. Although the only temperature
driven variable showing correlation was the number of ground frost
days, all the other correlated variables have associations to temperature
as well. This supports the findings of previous studies, which highlighted
the influence of temperature on the timing and magnitude of snow melt,
spring floods, and winter flow, and therefore, to geomorphology
(Korhonen and Kuusisto, 2010; Kociuba et al., 2012; Costa et al., 2018;
Li et al., 2021). It is evident that changes in temperature, precipitation
and discharge regimes, will affect the spatial-temporal magnitudes of
sediment transport. Potential impacts are increased bank erosion, faster
channel migration, changes in flood frequency and magnitude leading to
instability of rivers.

The whole time series of the most relevant variables related to bank
migration are plotted in Fig. 8. The yellow colour highlights the period
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where 95 % of temperature related variable means, and 65 % of
discharge related variable means shifted. During this period all the
discharge variables were relatively stable with no high or low peaks.
Concurrently, an abrupt decrease of snow accumulation, shift of annual
mean temperature from below 0 degrees Celsius to above 0 degrees
Celsius, and the lowest estimated erosion and migration rates were
observed. This period can be seen as a transition phase, where the river
system adapted to the changing climate. It took 5 to 10 years until the
shift of temperature variables was visible in the discharge variables, but
no sign of geomorphological shift was detected, yet. 5-decade might be
enough to detect changes in hydroclimatic regime, but sedimentological
processes and landscape evolution takes much longer time, even cen-
turies (Zhang et al., 2022).

5. Discussion
5.1. Hydroclimate

The findings of this study reinforce the understanding of rapid
environmental changes in high latitudes, including decreasing snow
masses, warmer temperatures and changes in hydrological regime. The
fact that the shift of temperature related variables was followed by a
shift of discharge and precipitation shifts with a lag of 5 to 10 years,
support the results of previous studies (Bergstrom et al., 2001; Devito
et al., 2005; Kociuba et al., 2012; Merio et al., 2019, Gohari et al., 2022)
where climate was considered as the first-order control to hydrology.
The shift rate of temperature derived variables accelerated in mid-

1990’s reaching its maximum in 2004, which led into accelerating rate
of shifts in discharge derived variables starting from 2004. This initiated
transition phase of discharge variables was accompanied with relatively
steady discharge phenomenon throughout the years until 2015, when
the discharge started to regain high flood peaks accompanied with high
base flow during winter.

The observed significant increase of flooding on others seasons than
spring align with the results of Veijalainen et al. (2010) who predicted
an 12-40 % increase in occurrence of flooding in other seasons by the
end of the century in Finnish rivers. The results of this current study,
however, indicate a more moderate decrease in SF magnitude compared
to the forecasted—30 % by Veijalainen et al. (2010). This is potentially
caused by the special characteristics of Oulanka catchment; above
average snow fall, steep topography, high peatland proportion together
with low lake percentage which result in low storage capacity and fast
response of river discharge. In general, the trends and shifts detected in
Oulanka river are parallel to those observed elsewhere in the high lati-
tudes (Ahmed et al., 2020).

The decrease of discharge extremities and the significant increase of
minimum discharges especially during winter align with findings re-
ported by Korhonen and Kuusisto (2010); Duan et al., (2017); Qin et al.,
(2020); Irannezhad et al., (2022) and Gohari et al., (2022). During the
past century, an overall increase in winter runoff due to warmer winters
generating more runoff, earlier and lower spring discharge peaks, and
overall reduced winter conditions were detected in Finnish rivers and in
rivers across Northern Eurasia. Especially winter base flow increased in
Oulanka and similar events has been interrelated with precipitation
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Fig. 7. Morphological change of the banks. A) Min (black), Mean (yellow) and Max (purple) Q anomaly plotted with both, measured and mapped annual migration
rates of bank 1 and bank 2. Measured migration rates are based on the Geodimeter and the Terrestrial Laser Scanner data, whereas mapped migration rates are mean
values for each time-interval between the aerial images. B) Retreat rates of the Bank 1 upper margin mapped from the aerial images. The bank is migrating
downstream maintaining its shape. C) Retreat rates of the Bank 2 upper margin. Downstream of the bank 1 is retreating faster than the upstream.

regime shifts in Canada and Northeast Asia (St. Jacques and Sauchy,
(2009; Duan et al., 2017). The pace of these trends is accelerating in
Finnish and Eurasian flow regimes and has become more severe during
the past 3 decades (Qin et al., 2020; Gohari et al., 2022). The acceler-
ation of these trends was evident also in this study. If these trends
continues, or accelerates even more, it is possible that we observe the
—30 % decrease of SF forecasted by Veijalainen et al. (2010) also in
Oulanka.

Interestingly, we did not detect decreased summer flows (June-
August) (Table 2), even though previous studies (Korhonen and Kuu-
sisto, 2010; Irannezhad et al., 2022; Gohari et al., 2022) all reported
decreasing trends in summer flows across Finland. This might be due to
local controlling factors on catchment scale. The steep topography and
high peatland proportion of Oulanka catchment, combined with inten-
sified and increased summer rains can potentially sustain the ecologi-
cally important summer flows in Oulanka River. In additon, the changes
in hydroclimatic trends and shifts indicate a shift from snow-dominated
system towards rainfall-dominated system. This perception is supported
by Merio et al. (2019), who found that the threshold zone of snow/
precipitation ratio is moving northeast in Fennoscandia as the climate
warms. At present, Oulanka River is at the border of this zone, meaning

that there is just enough of snowmelt to recharge the summer flow, but it
is close to a shift from snow-dominated to rain-dominated. Shift like this
will affect not only the hydrology and geomorphology of the river sys-
tem but also the whole fluvial habitat and hydroecological conditions.

5.2. Morphology

Both of the banks had migrated towards downstream maintaining
more or less the same sinuosity, curvature and amplitude which is
typical for confined meanders since they can’t expand laterally (Nicoll &
Hickin, 2010). However, the downstream bank 2 migrated approxi-
mately three times faster than the upstream bank 1. This difference is
likely caused by the topographical and geological characteristics of the
banks as bank 1 had larger particle size and lower slope than bank 2,
which are apt to cause more resistance on flow and lower stream power.
In addition, bank 2 had wider bankfull width which is known to cause
more erosion during flooding. An increasing trend of bank erosion and
migration was detected in both banks; however, this trend was not
statistically significant. Despite the lack of significant shifts and trends in
morphological variables, the increasing trend clearly indicates that
changes in fluviogeomorphological processes in Oulanka River are
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Fig. 8. Time series of the erosion correlated variables plotted. The yellow highlights the period of significant shifts in temperature related variables, and a transition
phase where the river system adapted to these changes. During this period low erosion and migration rates were observed together with low spring flood magnitudes,
abrupt reduce of winter conditions, and annual mean T shift from < 0 to > 0. The red solid line over migration rate indicates the trend.

happening.

The observed shifts in hydroclimatic variables are expected to have
evident impacts on sediment transport and therefore, river morphology.
The time span, when the shift in geomorphological variables will be
visible in the future, however, is dependent on how the river system
adapts to the changing climate. The observed abrupt and rapid changes
of temperature and other temperature derived variables have straight
impact on discharge, river ice, precipitation and ground frost and
therefore to sediment transport, erosion volume and migration rate of
the river. Temperature is usually considered as the main factor affecting
the sediment transport through altering the discharge and flow condi-
tions (Syvitski, 2002; Walling, 2009; Li et al., 2021). These studies have
also highlighted the reduced river ice cover and thickness, increased
river flow and runoff during winter, and decreased ground frost as fac-
tors increasing the sediment transport. Therefore, we can expect the

10

observed prolongation of thaw-season in spring together with increased
winter flow to have an increasing effect on erosion and sediment
transport.

The results indicated that spring flood is losing its proportion as part
of annual hydrological cycle. This indicates that less erosion and sedi-
ment transport takes place during spring flood and if the spring flood
will continue to decrease in both, magnitude and proportion, the
erosion, migration and sediment transport rates in spring are likely to
decrease even more. Similar findings were made in Canadian arctic by
Beel et al. (2018) stating that the importance of spring flood as a driver
for sediment transport is diminishing. Will the increased erosion po-
tential in other seasons and longer period of sediment being available for
transport compensate and equilibrate the diminishing erosion volume of
spring, is to be seen.

Zhang et al. (2022) forecasted sediment transport to shift form
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temperature-dependent to rain-dependent between 2100 and 2200 in
cold regions. For now, the results of this current study indicated slight
increase of total erosion and migration. Since most of the correlated
parameters were somewhat related to spring or spring flood, it seems
that the fragile transition periods from autumn to winter and from
winter to spring (thaw-seasons) will have the key role in the future
regarding changes in erosion, migration and sediment transport rates.
Previous studies (Costa et al., 2018; Li et al., 2021) have also noticed
that longer thaw-seasons have potential to increase sediment transport.
The fact that most of the observed significant changes in this study took
place in November, December, April and May support this conclusion.

Changes in precipitation patterns can contribute to higher runoff and
discharge conditions during summer and autumn, potentially leading to
increased erosion and sediment transport e.g., Karkkainen & Lotsari
(2022) reported heavy summer rains leading to increased erosion and
sediment transport rates in a Finnish boreal river, reaching almost the
intensity of spring flood event. Similar results have been obtained
elsewhere in Europe (Costa et al., 2018) and Fennoscandia by Lewis
et al. (2012) and Woo (2012) who reported increased summer rainfall
and rain intensity causing extreme erosional events and overall
increased seasonal sediment yields. Since the erosion volume and
migration rate were measured annually every autumn in this study, we
cannot detect the seasonal changes from the data, e.g. if the detected
increase and intensification of summer rain have increased erosion and
sediment transport during summer months, or if the increased base flow
during winter has altered the sediment transport pattern and amount
during winter.

However, based on the results of this current study and previous
studies in similar environments (Beel et al., 2018; Li et al., 2021;
Karkkainen and Lotsari, 2022; Zhang et al., 2022), we have a reason to
predicate the intensified summer rains and increased winter flows to be
the cause of slightly increased erosion and migration rates. Thus, we can
say that the proportion of erosion and sediment transport during other
seasons than spring is increasing and more attention should be
addressed to the importance of these factors, often considered as
negligible. We did not have any data of suspended sediment loads, and
therefore we can’t tell if there has been changes in the suspended load of
the river. However, studies in Canada, Alpine-Europe and high moun-
tainous Asia (Beel et al., 2018; Costa et al., 2018; Li et al., 2020; Zhang
et al., 2023) have reported increased suspended sediment loads together
with amplified thaw processes in rivers due to hydrological regime
shifts, especially in areas where the sediment load is temperature-
determined. This is due to overall increased transport capacity and
sediment supply caused by increased summer rain, winter base flow and
thawing.

6. Conclusions

Climate change impact on high latitude areas is more evident than on
other parts of the world and we expected to detect changes in the tem-
perature, precipitation, and discharge regimes. It is evident that these
variables have strong impact on geomorphological processes in fluvial
environments. Therefore, if these variables change it means that the
geomorphological processes such as sediment transport, erosion, accu-
mulation and hence, the landscape will change. In this study, a time
series of hydroclimatic and morphological data was analysed covering
the past five decades to determine the possible trends, shifts and
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correlations between these variables.

The results of this study convince that the effects of climate change
on the high latitude areas are already evident: strong signals of warming
temperatures indicate reduced winter conditions and warmer summers.
Seasonal timing and intensity of precipitation during summer and early
winter are changing and the spring flood implication on fluvial systems
has diminished as the magnitude has decreased. Simultaneously high
discharge peaks have increased in other seasons as well as the annual
Min Q.

The analysis of field data over the five decades shows that the
meander migration rate and bank erosion volume are interconnected to
ground frost, high snow sum, high discharge and water level during
spring flood. Thawing has strong control on erosion and sediment
transport, and more focus should be addressed on this fragile season
since changes of freeze-thaw related variables enhance erosion potential
by enabling longer period of sediment availability. Simultaneously, the
increased precipitation intensity during summer has the potential to
increase erosion and sediment loads.

If the ongoing climate change intensifies and the observed trends
continue or even accelerate, it is likely that we will witness shifts in the
geomorphological variables as well. How much increased erosion po-
tential in other seasons will compensate the erosion volume and sedi-
ment transport capacity lost due to decreased magnitude of spring flood,
is something to consider when evaluating possible disturbances on river
systems stability in the future. It might be that the magnitude of annual
sediment flux remains approximately the same, but the temporal di-
mensions change when the river system adapts to the hydroclimatic
regime shift.
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Main variables T, P, Q, WL and MOR and the sub-variables derived from those. M = monthly analysis, A = annual analaysis.

Main variable

Temperature (C)

Precipitation (mm)

Discharge (m3/s)

Water level (cm)

Morphology

Derived Tmean (M/A) Total precipitation (M/ Mean Q (M/A) Mean WL (M/A) Erosion volume Bank 1 (A)
variables A)
Tmin(M/A) PO-5 (M/A) MinQ (M/A) MinWL (M/A) Erosion volume Bank 2 (A)
Tmax (M/A) P5-15 (M/A) Max Q (M/A) Max WL (M/A) Migration rate Bank 1 (A)
DTR (M/A) P15-25 (M/A) Q volume (A) P90 WL (A) Migration rate Bank 2 (A)
Frost days (M/A) P > 25 (M/A) P90 Q (A) P90 WL days (annual total) Net volumetric change Bend 1
(A)
Frost sum (M/A) Snow sum (M/A) Total P90 volume (A) P90 WL days during spring flood =~ Net volumetric change Bend 2
(A) (A)
Freeze-thaw days (M/A) Snow cover days (M/A)  Spring flood volume (A) Day of WL > P90 (Spring flood)
A)
Ground frost days (M/A) Total P90% of total Q (A) Day of WL < P90 (spring flood)
(A)
Thermal spring start day Spring flood % of total Q (A)
(A)
P90 peaks outside spring flood
(A)
Day of Max Q (A)
Day of Q > P90 (spring flood)
(A)
Day of Q < P90 (spring flood)
A
Flood days total (A)
Flood days spring (A)
Appendix 2
Spearman’s correlation and partial correlation between hydroclimatic and morphological
variables.
Variable Spearman correlation
Migration rate Erosion volume
Max Q 0.688 0.663
p90 Q 0.458 0.485
Spring flood volume 0.546 0.532
MinQ 0.315 0.401
Max WL 0.618 0.575
Total number of p90 WL peaks 0.499 0.509
Annual snow sum 0.514 0.540
Number of frost days 0.423 0.415
Partial correlation (0.95 threshold)
Number of ground frost days - —0.952
Erosion volume 0.953 1
Partial correlation (0.80 threshold)
P90 Q volume (m3) — 0.886
Max Q (m3/s) - 0.850
Precipitation (mm) - 0.847
Number of flood days - 0.884
Number of ground frost days —-0.873 —0.952
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