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Abstract

Climate change will be pronounced in sub-arctic and arctic regions. Consequently, a
shorter ice-cover period, increased precipitation and changes in the timing and mag-
nitude of discharge are expected. These hydroclimatic changes can have an impact
on sediment transport in northern rivers. Studying spatial and temporal variation of
the processes in low-flow open-water and ice-covered conditions is crucial to
improve the prediction of future changes. The investigation of under-ice conditions
has been challenging and new approaches for their measurement are much needed.
We analyse the spatial sediment transport in a meandering subarctic river during dif-
ferent flow conditions, i.e., low flow open-channel during autumn and ice-covered
during winter. We use one-dimensional (1D) morphodynamic models with image-
based sediment transportation data sets. We also simulate sediment transport with
different ice thicknesses to better understand the overall bedload transport in a sub-
arctic river in mid-winter conditions.

Simulations for the studied meander bend showed a considerable flow-driven
decrease of sediment transport in ice-covered conditions when compared to
open-water conditions. Erosion was more pronounced in open-water conditions and
deposition was the prevailing process in ice-covered conditions. When an additional
increase in ice thickness was simulated, bedload increased, because the thicker ice
narrowed the river channel substantially and thus leading to an increase in flow
velocity and shear forces. Instead of solely relying on the sediment samples, the
additional consideration of an image-based sediment data set enabled a more reliable
model calibration in ice-covered conditions. This encourages further usage of
image-based methods for sediment transport estimations, especially in ice-covered
conditions. In the future, changes in river-ice can be expected to decrease under-ice
sediment load but increase annual open-water sediment loads. The increasing
summative sediment transport of small arctic and subarctic rivers can have significant

consequences on the downstream waterbodies.
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1 | INTRODUCTION

Climate change alters hydroclimatic conditions, especially in high lati-
tudes (IPCC, 2021). Anticipated changes include shorter ice-cover
periods, increased annual precipitation and more intensive storm
events. These changes have an impact on river flow conditions. Sedi-
ment transport is predicted to increase with increasing discharge
(e.g., Boyer et al., 2010; Lotsari et al., 2014; Verhaar et al., 2011) and
the annual bedload transport may increase further as ice-cover
periods become shorter in the future (Prowse et al., 2011). In subarc-
tic and arctic regions, the impact of diminishing river-ice can be more
pronounced, because currently the ice-covered period still lasts up to
eight months (Lotsari et al., 2015). Furthermore, high-magnitude dis-
charge events may increase erosion. However, these events are still
temporally brief compared to low discharge conditions. During low
flow conditions, erosion forces may be lower, yet they still contribute
to the long-term impact of sediment transport to the downstream
water bodies (Leopold, Wolman, & Miller, 1964; Lotsari et al., 2014).
In sand-bed systems, the cumulative load during the low flow season
can be greater than the load caused by peak flow conditions (Lotsari
et al, 2014). More studies on low-flow sediment transport are
required, especially in ice-cover conditions.

The understanding of climate change’s effects on water bodies
demands robust estimations of annual sediment transport during cur-
rent and projected conditions. The information on spatial and tempo-
ral variation of the processes under ice-covered conditions is
insufficient, which limits the understanding of subarctic river dynamics
(Ettema, 2002; Lotsari et al., 2019; Turcotte et al., 2011). Under-ice
flow velocities are usually lower compared to open-channel condi-
tions because the water-ice boundary reduces the water velocity due
to friction (Ettema & Kempema, 2013; Lotsari et al., 2017). Conse-
quently, a stable ice-cover also reduces the river channel’s sediment
transport capacity (Turcotte et al., 2011). However, the impact of ice-
cover on flow and sediment transport may vary depending on the
river-ice conditions. Laboratory studies have found that freely floating
ice-cover, i.e., not attached to riverbanks, does indeed decrease the
bulk flow velocity due to increased friction (Ettema, 2002; Smith &
Ettema, 1995; Sui et al., 2010; Tsai & Ettema, 1996). But if the ice-
cover is thick and fixed to the banks, the bulk flow velocity is forced
to increase (Ettema, 2002). Robert & Tran (2012) detected in their
experiment higher maximum velocities in ice-covered conditions
when compared to open-water conditions. In field studies of natural
rivers, under-ice flow velocities and discharge have been found to be
slower than in low-flow open-water conditions. However, the ice-
cover also affects the distribution of flow velocities in the river chan-
nel, which may have implications for sediment transport under ice
(Lotsari et al., 2017, 2019).

Over time, studies conducted either in the laboratory (Ettema,
Braileanu, & Muste, 2000; Lau & Krishnappan, 1985; Muste,
Braileanu, & Ettema, 2000; Sayre & Song, 1979) or in natural rivers
(Kamari et al., 2015; Lotsari et al., 2019) have found that sediment
transport declines in ice-cover conditions. In a meandering sub-arctic
river, total erosion was lower in ice-covered conditions when com-
pared to the low-flow open-water period, yet there was more spatial
variability among depositional and erosional locations in ice-covered
conditions (Lotsari et al., 2019). Studies related to future hydroclimatic

scenarios and their impacts on in-channel sediment transport have

simulated increased discharges and therefore greater erosion forces
especially in winter (e.g., Boyer et al., 2010; Verhaar et al., 2011),
while in other seasons deposition may be the more predominant pro-
cess in the future (Lotsari et al., 2014). Kdmari et al. (2015) observed
that a river in south-western Finland ice-cover mainly reduced ero-
sion, but hydro-morphological simulations with rough ice (roughness
value, Manning’s n = 0.04) estimated an increase of erosion in parts
of the river channel, where the thick ice substantively decreased the
conveyance of the channel.

The lack of robust calibration data for sediment transport models
in ice-covered conditions hinders a reliable sediment load estimation.
Traditionally used measuring methods of bedload (e.g., mechanical
samplers, such as those created by Helley & Smith, 1971) provide
vague snap-shot estimations of sediment transport and are difficult to
constrain even in open-water conditions (Polvi et al., 2020). Too short
measurement times do not capture flow pulsations, which can play a
significant role in sediment transport (Demers, Buffin-Bélanger, &
Roy, 2013; Lotsari et al., 2020a). Additionally, hydraulic and trap-
efficiency tests of mechanical samplers showed over-registration of
sediment load in low-flow conditions and in streams carrying sand-
sized material (Helley & Smith, 1971). In ice-covered river conditions,
measurements are done through holes in the ice, and hence, the
obtained data consists of merely point measurements (Demers,
Buffin-Belanger, & Roy, 2011; Lotsari et al., 2017). Existing studies
lack direct, continuous, high-resolution measurements of flow and
sediment transport (Polvi et al., 2020).

Models that estimate bedload transport rely on the quantity and
quality of calibration data (e.g., topography, flow, bedload data) mea-
sured in the field. To enhance the model calibration, in clear water
conditions image-based velocity measurement methods (e.g., Eltner,
Sardemann, & Grundmann, 2020; Perks et al., 2020) can give insights
into the velocity of the sediment moving along the riverbed. Further-
more, image-based approaches can provide information about the
load, when evaluating the speed and characteristics of the sediment
(Ancey & Pascal, 2020).

Open-access software (e.g., HEC-RAS) for the simulation of
hydraulics and sediment transport enable 1D and 2D hydro-
morphological modelling. Due to the complexity of the processes, 1D
modelling approaches are more cost-efficient for ice-cover scenarios
(e.g., Kémari et al., 2015). Some of the open-source 2D and 3D
numerical models (Mosselman, 2012) already have some basic ice
modelling features included (Goede et al., 2014) or can account for
ice processes using an external model (Oveisy et al., 2015). Although
some open-source 2D models include ice-cover, they do not yet
include sediment transport processes (Lotsari et al., 2019) highlighting
the need for further development.

This study aims to 1) analyse the spatial sediment transport with
1D morphodynamic models in low-flow open-channel conditions dur-
ing autumn and ice-covered flow conditions during winter, 2) test
whether the winter sediment transport models can be enhanced using
image-based calibration data and further 3) to simulate how different
ice thickness conditions in wintertime are expected to affect the sedi-
ment transport. The variability of the bedload transport will be
defined based on the measured maximum and minimum ice-thickness
and no-ice conditions to better understand the overall bedload trans-
port in a subarctic river in mid-winter conditions. In addition to

mechanical bedload samples during autumn and winter, the winter
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bedload calibration is supported by under-water photogrammetry to
define the bedload velocity and its amount. The accuracy of models
using different calibration data (e.g., photogrammetry vs traditional

mechanic models using Helley-Smith) is compared.

2 | METHODOLOGY AND METHODS

21 | Studyarea

The meandering upper Pulmanki River is located in northern Finland
(Lapland; Figure 1). It is a tributary of the Tana River, which is a border
river between Finland and Norway, that further drains into the Arctic
Sea. According to Peel, Finlayson, & McMahon (2007), the area
belongs to the cold climate category, with cold summers without a dry
season. Maximum discharges occur during the spring snow-melt
period (discharges up to 50 m3s~L: Kasvi et al., 2013). However,

— Pulmanki river
[ Tana watershed
3 National border

Cross section
~—— Model boundary
=3 Flow direction

FIGURE 1 The meandering Pulmanki
River is located in northern Finland close
to the Norwegian border in the Tana
watershed (top right), the location of the
model area in Pulmanki River (bottom
right) and the cross-sections, model
boundary locations and flow direction
(left). The names of the cross-sections
from upstream to downstream are CS1,
CSA, CS2, CSB, CS3, CSC and CS4.

EL-WILEYL

during the summer season (from June to August) rain-induced high
discharge events also occur causing erosion (Lotsari et al., 2020b). The
water level variation during the open channel period, i.e., between the
spring peak and the low water period before the freezing conditions
in autumn, can be more than 2 m (Lotsari et al., 2010; Lotsari
et al, 2020a). The discharge is lowest in mid-winter (February-
March), for example, measured as 0.63 m®s~1 in early March of 2014
(Lotsari et al., 2019). Thus, the hydro-climatic variations are large
between seasons. Often from October to April (i.e., for seven months),
sub-zero winter air temperatures, ice-cover and low discharges impact
the river (Lotsari, Lind, & Kamari, 2019).

The Pulmanki river channel is highly meandering with wandering
mid-channel bars. The studied river reach consists of a symmetric
meander bend. The sediment, which is glacio-lacustrine and glacio-
fluvial in origin (Hirvas et al., 1988), is highly mobile and erodible
(Lotsari, Lind, & Kamadri, 2019). The Dsq values of the riverbank mate-
rials are between 0.004 mm and 0.529 mm (Lotsari et al., 2020b), and
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the riverbed materials’ Dsy values are between 0427 mm

and 0.788 mm (Lotsari et al., 2020a) and 0.448 mm and 1.456 mm

(this study). The sediment is transported mainly as bedload during

autumn and winter. The water turbidity was negligible during the
study period, indicating non-existent suspended transport. Due to
the transparent water, the riverbed forms can be seen clearly in the
(aerial and underwater) images used for the photogrammetric
processing. The measurements were carried out for this study during
two field campaigns: one in September 2020 and one in February
2021. The February measurements represent the mid-winter and ice-

covered low-flow period.

2.2 | Hydrological and hydraulic data

The discharge and flow velocities were measured with Sontek’s
Acoustic Doppler Current Profiler (ADCP, M9 sensor) during both
field campaigns in September 2020 and February 2021. The accuracy
of the sensor is +/— 0.25% of measured velocity (+/— 0.2 cms ™). It
has four 3.0 MHz beams and four 1.5 MHz beams (Sontek, 2024). The
depth is measured with the sensor’s vertical beam. In addition to
the discharge, the provided data at each measurement location
include flow velocity, flow direction and water depth throughout the
water column.

During the autumn low water period, the sensor was mounted on
a Sontek hydro-board and pulled across the river with ropes attached
to both sides of the platform. The measurements were done in seven
cross-sections, starting from cross-section CS1 (upstream) and ending
with cross-section CS4 (downstream) (Figure 1). The cross-section
names follow those used in previous studies at Pulmanki River
(i.e., four main cross-sections CS1-4 and three additional cross-
sections [CSA, CSB and CSC] located between the main cross-sec-
tions). The sensor measured in the moving-boat mode. Transducer
depth was 0.06 m and the temperature correction was set for a water
temperature of 8.1°C (YSI measurement). The discharge and
water depth were measured on the 15th of September at CS1,
i.e., the most upstream cross-section at the meander bend (average
discharge 2.192 m®~! and depth 0.282 m), and at the upstream
boundary of the modelling area (see Figure 1) on 18th of September
(average discharge 3.239 m®s~* and depth 0.555 m).

During winter, the sensor was applied in stationary mode, and the
mid-section method was selected for discharge calculations. The same
seven cross-sections were investigated by drilling holes into the ice-
cover such, that each drill hole was 1 m apart. The sensor, which was
mounted on a metal rod, was lowered through the ice holes to the
level of the ice-water interface. A transducer depth of O m was used
to measure the whole water column, including the turbulence possibly
caused by the ice-cover. The water temperature was 0°C. Before each
cross-sectional ADCP measurement, the tagline azimuth was defined.
The averaging time for the mid-section method was set at 60 s for
each measurement station, i.e., drill hole. The discharge on the 15th of
February was 0.397 m3s~1 at CS1, where the flow entered from the
straight reach and the curvature of the meander bend did not yet have
any influence.

The water level and the height of the river ice surface were mea-
sured with RTK-GNSS (Trimble R10) at each measurement location. In

addition, the ice thicknesses were measured at each drilled hole.

In some of the drill holes, the ice was frozen to the riverbed. These
locations were also measured for modelling purposes (see below).

During the autumn field measurements, the Solinst Levellogger
pressure sensor (for depth values at 15 intervals) was located at the
upstream boundary of the study area. In addition, the water level was
measured at the upstream and downstream boundaries with RTK-
GNSS. The difference in water level between these locations was
0.299 m on the 16th of September (both measurements were taken
within 15 min). As there was no water depth data from the down-
stream boundary, the RTK-GNSS water level measurements of the
upstream boundary were related to the water depth data of the pres-
sure sensor from the 15th to the 19th of September. Thereby, the
water levels of the downstream boundary were then calculated by
subtracting the 0.299 m from the upstream boundary’s water levels.
The measured discharges were related to the water levels at the time
of these measurements (on the 15th and 18th of September). A linear
regression was performed between the upstream-downstream
discharge-water level value pairs to calculate the discharge at 15 min
intervals. This allowed us to define the discharge and water level dur-
ing the period of the bedload measurement and to use the data as the
boundary conditions of the autumn open-channel flow model.

In addition to the ice thickness measurements in February 2021,
there was long-term mid-winter ice thickness data available for the
years 2014-2021. Based on this data, the maximum ice thickness was
64 cm at a drill hole of the upstream cross-section (2014). The mini-
mum ice thickness measured was 14 cm in 2016. These values were

used for the modelling.

2.3 | Sediment transport data
Water samples of 500 ml were taken during the sampling periods in
autumn and winter. In the laboratory, turbidity (FTU: Formazine Tur-
bidity Unit) and colour (Pt, mg/I) were measured with a YSI 9500 pho-
tometer of a Xylem brand. Also, total suspended solids (TSS, mg/l)
were analysed (see Appendix, Table Al). The vacuum filtering was
performed using filters with nylon pore sizes of 0.45 um (Whatman®
membrane filters diameter 47 mm). The empty filters had been dried
(at 105°C) and weighed before filtering 200 ml of water through
them. The filters were then again dried at the same temperatures,
placed in an exicator for at least one hour and then weighed. The
weight of the empty filters was subtracted from these sampled filters.

The Helley-Smith sampler (Helley & Smith, 1971) was applied to
mechanically measure the bedload transport on the 19th of
September 2020 and 18th of February 2021. The intake opening
of the sampler was 77 mm. The sampling period lasted six minutes,
except for the first sample on the 19th of September, which took
3 minutes (Appendix, Table A2). The samples were dried in the oven
(105°C) and weighed. The grain size distributions were analysed via
dry-sieving, and the Dsq values were calculated (Table A2). The aver-
age Dsp value of all bedload samples was 0.79 mm in autumn, and
0.54 mm in winter. Thus, 31.5% smaller particles were transported in
winter conditions compared to autumn.

During winter, the GoPro HERO9 Black action camera was used
to capture still-images and video clips from the ice-holes of CS1.
Therefore, targets were inserted through a diamond-shaped hole

sawed into the ice, which covered roughly 1 m x 1 m and was
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FIGURE 2 Animage of the under-ice
photogrammetry study setting taken with GoPro
HERO9 Black action camera. The image shows the
targets on the riverbed, the areas of the two video
clips used in the analyses and the area of the
augered hole in the ice.

positioned in such a way that it was possible to hold a survey rod ver-
tically (Figure 2). Then, the camera was attached to a rod, inserted
through the hole and moved around in the river water trying to cover
the area of interest from every angle while capturing video clips. The
most suitable frames for photogrammetric 3D reconstruction were
selected from the video clips. The data was used to create a digital
elevation model and an orthoimage of the riverbed using Structure
from Motion (SfM) and to calculate the mean bedload transport veloc-
ity using large-scale particle image velocimetry (LSPIV; Fujita, Muste, &
Kruger, 1998). Targets measured with RTK-GNSS were inserted close
to the riverbed so that the resulting digital elevation model and ortho-
image could be georeferenced. Processing was done in Agisoft
Metashape Professional (version 1.7.5.13229).

To apply the image velocimetry method using LSPIV, the videos
were captured with a resolution of 1920 x 1,080 pixels and a frame
rate of 120 frames per second. The lengths of the two utilized video
clips were 15 seconds. The clips captured two locations (Figure 2).
Since the videos were not recorded in a systematic way, i.e., moving
around a lot, suitable video clips had to be selected by visual inspec-
tion and test runs with LSPIV. Two criteria for the selection were con-
sidered. A camera position of near (nadir view relative to the riverbed
to enable accurate scaling of the measurement) and a relatively still
video capture so that the co-registration of video frames to the first
frame of the same clip was possible to correct camera movements
between frames (e.g., Ljubicic et al., 2021).

LSPIV processing was done in Matlab using the add-on tool
PIVLab (Thielicke & Stamhuis, 2014). The extracted video frames were
undistorted before processing, using the camera calibration parame-
ters that were estimated during the 3D reconstruction in Agisoft
Metashape. The sparse distribution of moving particles and the pul-
sating nature of bedload transport complicated the analysis because
the image velocimetry -method relies on average velocity values.
Thus, if frames captured events of fast bedload transport but also
periods of only minimal particle movements, the mean bedload veloc-
ity would be significantly underestimated. Therefore, the videos had
to be cut to short clips (1-10 seconds), where movement was most
visible. The video frame extraction rate (i.e., the number of frames per
second considered from the original video) also affects the calculated

mean velocity values due to the settings of LSPIV parameters (mainly

m  Area of video clip 1
o Area of video clip 2

O Area of augered hole

search window size) and the amount of movement in pixels between

frames. For instance, if too many frames per second are extracted and
thus considered for the processing of low particle velocities, no move-
ment between consecutive frames might be detected destabilizing the
velocity estimation. Different combinations of LSPIV settings and
frame extraction rates were tested. The final mean bedload velocities
were calculated using a frame rate of 30 frames per second and apply-
ing the two-pass FFT calculation with an initial search window size of
64 pixels and a 50% step size.

The raw mean velocity values (pixels per frame) were scaled to
meters per second considering the ground sampling distance (pixel
per meter) and timestep between frames (second). Finally, the veloci-
ties were georeferenced using the orthoimage and digital elevation
model.

The mean bedload transport velocity (us,m) was needed to calcu-
late the mean bedload transport rate (qp,) using the simplified bedload
transport rate equation (equation 1, Zanke & Roland, 2020), assuming
that the moving effective bedload layer (s, [m]) is one-grain diameter
thick. The average Dsg value from the Helley-Smith measurements
was 550.3 um. The bedload transport rate (g, [m?s~1]) was trans-
formed to make it comparable to the Helley-Smith measurements
(kg m™* s by multiplying it with the density of the transported
material, which was assumed to be the one of quartz (2.65 gcc‘l)
(Zanke & Roland, 2020).

Ob =Usm" Sb (1)

where gy, is the mean bedload transport rate (m?s2), u , is the sedi-
ment transport velocity (ms~1) and s, is the effective thickness of the
moving bed-load layer (m).

The bedload data were applied together with the Helley-Smith

data to verify sediment transport models for the winter period.

24 | Bathymetry
The bathymetry estimation for the autumn period was largely based
on the UAV data introduced by Eltner et al. (2021). The UAV data was

collected simultaneously with the other field measurements in
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September 2020. The calculated bathymetry was verified with RTK
GNSS measurements and the cross-sectional ADCP data from the
15th of September. These measurements revealed that the riverbed
heights at the outer bank’s deepest sections were slightly over-
estimated by the UAV approach. The bathymetry was refined with
the ADCP and RTK-GNSS measurements for areas where the eleva-
tion of the ADCP measurements differed from the UAV-based
bathymetry.

The winter bathymetry was created by refining the autumn UAV
bathymetry data. The estimated riverbed elevations based on water
depth, ice thickness and RTK-GNSS measurements at the cross-
sections were used to adjust the bathymetry. The areas between the
cross-sections were approximated and regions were adapted, where
the elevation of the winter riverbed differed from the autumn
bathymetry.

The height values of the river channel bed from autumn 2020 and
winter 2021 were compared to each other. In total, 74 points were
found, where the bathymetry differed more than 5 cm. The mean
absolute difference was 17.8 cm. The normal distribution of the dif-
ference of the height values was tested by a Shapiro-Wilk test. Based
on the test difference, the autumn and winter height values were nor-
mally distributed (W = 0.97149, p-value = 0.09252). The paired
t-test was then used to test the difference between the autumn and
winter height values. The differences statistically significant
(t = 4.3605, df = 73, p-value = 0.0004). Based on the comparison of
the height values the riverbed had changed in the meander bend area
between autumn and winter. Due to the change, a new bathymetry
was estimated for the winter period approximating the areas between
cross-sections based on the measurements at the drilled ice holes.
Height values from autumn were used at a thin part in the inner bank
of the bend for the winter data. In this area, ice was frozen to the riv-
erbed, and it had been under minimum fluvial effect. Thus, it was
assumed to represent the autumn conditions. Finally, the bathymetry
was interpolated for the whole meander bend area for the winter
models. The interpolations were implemented by the “topo to raster”
method using the software ArcGIS Pro (version 2.9.0).

2.5 | Hydraulic model build-up and calibration

The hydraulic and morphodynamic modelling was done with HEC-
RAS 6.1, which is a river analysis software developed by The
U.S. Army Corps of Engineers. HEC-RAS allows sediment transport-
mobile bed modelling and incorporates river ice conditions.

The open-water model was based on topography and bathymetry
derived from the ADCP and UAV data captured during autumn. The
modelling area was a 650 m-long river segment encompassing seven
cross-sections (cf. Figure 1). The hydraulic model was created by per-
forming an unsteady flow analysis with a steady mode. The unsteady
analysis was chosen, because it solves the continuity and momentum
equations simultaneously for each cross-section (Brunner, & Savant.,
G., Heath, R.E., 2020). Upstream discharge (Q = 4.324 m® %, at the
upstream boundary, estimated from the upstream boundary water
level) and downstream water level (WL = 13.986 m, at the down-
stream boundary) were used as boundary conditions. They were set
as constant during the simulations. Water temperature was set to

5.86°C and it was based on level logger data at the upstream

boundary (24 h average from 19.9.2020). The model was run for a
24 h simulation period considering a 1 h warm-up. The computational
interval was set to 5 seconds to ensure more reliable calculations
(Brunner, & Savant., G., Heath, R.E., 2020).

The Manning roughness coefficient (Manning's n) of flow resis-
tance was used as the calibration parameter of the hydraulic model. It
was adjusted before each model run. The modelled water levels at
each cross-section were then compared with the measured values
and assessed with the Root Mean Square Error of Prediction
(RMSEP), the Mean Absolute Error (MAE) and the Coefficient of
Determination (R?). The best model was reached with Manning’s
n = 0.02 (Table A3).

The hydraulic model of ice-cover was based on topography and
bathymetry created for the winter period. The same modelling area
was used as in the autumn model. The ice-cover data was entered for
each cross-section (i.e., the mean ice-cover and ice-cover thickness
calculated from the drillhole measurements at each cross-section), and
the upstream and downstream model boundaries (cf. Figure 1) were
extrapolated, correspondingly. Upstream discharge (Q = 0.397 m3s~,
at the upstream boundary) and downstream water level
(WL = 14.313 m, at the downstream boundary) were set as boundary
conditions. The discharge for the upstream boundary condition was
derived from the nearest cross section (CS1). The water level for the
downstream boundary was extrapolated from the drillhole data.
The water temperature was set to 0°C. The unsteady flow analyses
were run with the same settings as for the autumn model.

The winter model was calibrated using the measured water depth
(under ice), the water level of the ice-top surface and the mean veloc-
ity data at the cross sections. The Manning roughness coefficient of
both riverbed and ice were used as the calibration parameters. They
were adjusted before each model run. The modelled and measured
values were compared and assessed with RMSEP, MAE and R2 The
best models were reached with an ice roughness of 0.01 and a river-
bed roughness of 0.02 (Table A4).

2.6 | Morphodynamic model construction and
calibration

The best hydraulic models were selected to perform the sediment
modelling. For the autumn model, bed gradation data was collected in
autumn 2020 with the Van Veen grab sampler. These bulk sediment
samples were taken at all seven cross-sections, at the inner, middle
and outer banks. From all samples, 500 g of sediment was dry sieved
(using a similar dry sieving procedure as in the case of the Helley-
Smith samples), except for the middle sample from CS4 (386.8 g). The
average Dsq of the samples was 0.569 mm. Based on the three sam-
ples of each cross-section, mean percentages were calculated for each
grain class at each cross-section.

These mean percentages of grain sizes were used for each cross-
section and values were interpolated for the upstream and down-
stream boundaries which had no bed gradation data. The equilibrium
load was set as the boundary condition for the sediment load. The
equilibrium load is used to compute the boundary sediment load from
the bed gradation and the transport capacity. The equilibrium sedi-
ment transport capacity is computed at the upstream cross-section

and these capacities are then introduced as a cumulative load into the
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next cross-section (US Army Corps of Engineers, 2021). Initial condi-
tions and transport parameters were set to Copeland (Ex7) for the
sorting method and Van Rijn for the fall velocity method. For the
Wilcock and Crowe transport function, the Active Layer was selected.
Copeland (Ex7) is an alternative version of the Thomas mixing algo-
rithm (Exner 7), which Copeland (1993) designed for rivers with sand
beds. It forms armour layers more slowly and thus calculates more
erosion. The transport function was used as a calibration parameter
for the sediment model. Eight different transport functions
(i.e., Ackers and White, Engelund and Hansen, Copeland’s form of
Laursen (Laursen-Copeland, LC), Meyer-Peter and Miiller (MPM),
Toffaleti, MPM-Toffaleti, Yang and Wilcock and Crowe) were used for
the calibration because they all were justified as they had been devel-
oped for silt, sand and sand-gravel beds (Table 1).

The transport model parameters were set to continuity for the
routing method. The sediment junction split method was chosen as
flow-weighted. The upstream capacity was set as pool pass-through
method. Then, unsteady flow analyses were run considering sediment
and using the same model settings as for the best hydraulic model.
The analysis was repeated for each transport function. The sediment
models were calibrated against the measured average sediment load
(kg day™* m~1) at CS1, which was calculated from the Helley-Smith
samples (Table 2).

Based on this initial calibration, the most suitable transport func-
tion, i.e., MPM, was selected for further modelling. MPM is a bedload
equation based on a simple excess shear relationship. For the sedi-
ment model calibration, the transport functions are adjusted by scaling

factors, which are simple linear multipliers to the capacity equation.

TABLE 1 The transport functions used for sediment model
calibration and the sediment grading that they were developed for.

Transport function formula Sediment grading

Ackers and White (1973) Sand-gravel
Engelund and Hansen (1967) Sand
Laursen-Copeland (LC) (1968-1993) Silt-gravel
Meyer-Peter and Miiller (MPM) (1948-1975) Sand-gravel

Toffaleti (1968) Sand

MPM-Toffaleti Sand-gravel
Yang (1973, 1984) Sand-gravel
Wilcock and Crowe (2003) Sand-gravel

The MPM transport function was calibrated using a critical mobility
scaling factor, which affects not only the capacity but also the mini-
mum flow at which water can move a grain class. Thus, it is inversely
related to flow. Models were run with different critical mobility
adjustments for the MPM transport function. The simulated sediment
loads for CS1 were compared against the estimated sediment load
Helley-Smith
(965.8 kg day~! m~%, MAE = 0) was reached using a critical mobility
factor of 1.128.

For the winter model, the best hydraulic model for the winter

based on the sampling. The best result

period was used as the base of the sediment models (with riverbed
Manning’s n 0.02, and ice roughness 0.01). The sediment model
parameters were set as in the autumn sediment model. The Van Veen
bed gradation data from autumn was used also for the winter sedi-
ment models. Again, different transport functions were tested during
calibration. The modelled sediment load was compared with the sedi-
ment load calculated from Helley-Smith and LSPIV measurements at
CS1 (Table 3).

The best result was reached using the LC (Laursen-Copeland)
transport function. LC is based on Laursen’s (1958) method that esti-
mates a total sediment load predictor. Sediment transport is defined
based on the hydraulic characteristics of mean channel velocity, flow
depth and energy gradient and based on the sediment gradation and
fall velocity. Copeland (1993) later extended the range of applicability
to gravel-sized sediments. The formula is suitable for sediment sizes
between 0.011 to 29 mm. The calibration of the LC transport function
was continued following the same procedure as for the autumn sedi-
ment model. The image velocimetry -based sediment load data was
favoured for calibration because all the initial winter sediment models
simulated sediment load (0 to 16.8 kg day~* m~1) much closer to the
load (45.8 kg day~* m~1) when compared to the Helley-Smith-based
load estimation (3524 kg day™* m™Y. The best result
(45.9 kg day~! m~%, MAE = 0.1) was reached using a critical mobility
factor of 0.724.

The best sediment models were further tested by running the
autumn model with 1) winter discharge and autumn water level data
and 2) winter discharge and water level data. Similarly, the winter
model was run with 1) autumn discharge and winter water level and
2) autumn discharge and water level data. Thereby, the aim was to
more thoroughly assess the autumn and winter models. All models
were run with the calibrated MPM (critical mobility scaling factor
1.128) and LC (critical mobility scaling factor 0.724) transport

TABLE 2 The results of initial transport function calibration for autumn sediment models. Sediment load calculated from Helley-Smith
samples (H-S) vs modelled load in cross-section CS1 and the mean absolute error (MAE). The transport function that estimated the load closest to

the measured load is bolded.
Transport method H-S, kgday *m?

Ackers-White 965.8

Engelund-Hansen

Laursen-Copeland

Meyer Peter Muller

Toffaleti

MPM-Toffaleti

Yang

Wilcock-Crowe

Model, kg day * m~?* MAE
164419.0 163453.2
3023.6 2057.8
81019.3 80053.5
1082.0 116.2
6511.5 5545.7
7432.5 6466.7
5724.9 4759.1
3818.8 2853.0
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TABLE 3 The results of initial transport function calibration for winter model. Sediment load calculated from Helley-Smith samples (H-S) and
LSPIV measurements vs modelled load in cross-section CS1, and the mean absolute error (MAE). The transport function that estimated load

closest to the measured load is bolded.
HS, kg day‘1 m?!
352.4

Transport function
Ackers-White
Engelund-Hansen
Laursen -Copeland
Meyer Peter Muller
Toffaleti
MPM-Toffaleti

LSPIV, kg day *m?
458
Yang

Wilcock-Crowe

functions. The autumn models that used the winter discharge data
resulted in zero sediment transport with both transport functions. On
the contrary, the winter models considering the autumn discharge
greatly over-estimated the sediment load (sediment load with MPM
600 kg day~? m~* and with LC 86853 kg day~* m~?).

2.7 | Modelling of long-term observed min and
max ice conditions on sediment transport

The most acceptable model to estimate the sediment load during
ice-cover was selected to model the sediment load in different ice
scenarios at Pulmanki based on long-term observations of minimum
and maximum ice conditions. The most acceptable model used the LC
transport function with the critical mobility adjusted to 0.724. The
difference between the modelled sediment load and the image-based
estimation was 0.1 kg day~? m™L. The ice thickness data was collected
during 2014-2021 and consisted of average ice thickness values at
CS1. Minimum and maximum ice-cover thicknesses were related
to the ice thickness in 2021 and the multipliers (1.4046 [max],
0.8914 [min]) were used to calculate the ice thickness at each
cross-section for minimum and maximum ice condition scenarios.
Sediment models were run with the same settings as the most
suitable model based on the calibration (section 2.6). Only the
ice-cover data was changed to correspond to either the maximum,

minimum or no ice conditions.

3 | RESULTS

3.1 | The results of the uncertainty analysis
modelling and the impact of a variety of calibration
data sets on model results

All initial sediment models estimated a significantly greater sediment
load for autumn and a lower sediment load for winter than observed
(Tables 2 and 3). For the autumn model, the best results were gained
using MPM as the transport function. The best calibration results
(i.e., the minimum difference between modelled and observed load)
were reached using the transport function scaling factors, i.e., critical
mobility factor. The closest model estimations to the measured sedi-

ment load were reached with an MPM critical mobility scaling factor

Model, kg day * m? MAE, H-S MAE, LSPIV
0 3524 —45.8
0.9 —351.5 —44.9
163 -336.1 -295
0 —3524 —45.8
0.1 —-352.3 —457
0.1 -352.3 —457
0.2 -352.2 —45.6
0 3524 —458

of 1.128 (Table 4). The difference between modelled and measured
load was O kg day " * m~2.

For the winter data, the models could not be acceptably cali-
brated to the measured load by Helley-Smith; modelled loads
remained much lower (Table 3). The image-based sediment load esti-
mation was reached using the LC transport function (with an adjusted
critical mobility scaling factor of 0.724). The difference between
modelled and image-based load estimation was 0.1 kg day~* m~2.

Calibrating the autumn models with the winter discharge data
resulted in zero-modelled sediment transport with both transport
functions (i.e., LC and MPM). In contrast, winter models calibrated
with autumn discharge observations greatly over-estimated the sedi-
ment load (sediment load with MPM 600 kg day~* m~* and with LC

86853 kg day~* m™?) (Table 5).

3.2 | The spatial sediment transport in low-flow
autumn open-channel and winter ice-covered flow
conditions with morphodynamic models

The autumn and winter sediment transport conditions differed signifi-
cantly as the sediment load at CS1 was 20-fold in autumn compared
to winter (Figure 3). The difference was even greater at cross-sections
CSA, CS2 and CSC. Flow velocities in the meander bend were much
higher and variable in autumn (mean cross-sectional velocity range
0.042-0.520 ms™%) than in winter when the mean cross-sectional
velocities remained almost constant (0.036-0.087 ms™2) (See Appen-
dix, Table A5). In both seasons, velocities slowed down after the first
cross-sections. In open-water conditions, this reduction in flow veloc-
ity was more prominent after CSB (from 0.085 to 0.087 ms™1). Shear
stress followed the pattern of velocity in both seasons (Appendix,
Table A5). Within the meander bend, the locations of high and low
transport conditions differed between the seasons, because in autumn
CS2
4,826 kg day~* m™?) and in winter the highest transport was modelled
at CS1 (sediment load 46 kg day™* m™2). The lowest sediment loads

were simulated within the meander bend with 46 kg day™* m~?! at

the transfer accumulated until (highest sediment load

CS4 during autumn open-water conditions and no load simulated
at CSC and CS4 during mid-winter ice-covered conditions.

The spatial variation of erosional and depositional locations in the
meander bend varied with season (Table 6). In open-water conditions,

erosion occurred at CSA and CS2 and deposition occurred at all other
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TABLE 4 Summary of the sediment model performance with different transport functions and calibration data against observed sediment

loads at CS1.

Transport

function

Autumn open-

water

Winter ice-
cover

MPM

Laursen-Copeland

Observed
Modelled sediment Transport function sediment load, Difference (modelled-observed
load, kgday *m™! calibration method kg day t*m? load), kg day * m~
H-S LSPIV
Scaling Critical
Default Adjusted factor mobility H-S LSPIV  Def. Adi. Def. Adi.
1082.0 965.8 X 1.128 965.8 x 116.2 0 X X
16.3 459 X 0.724 3524 458 —-336.1 —306.5 -295 041

TABLE 5 The simulated sediment loads from the test models. The test models were run with the other seasons discharge (Q) and water level
(WL) data. Meyer Peter Muller (MPM) and Laursen-Copeland (LC) were used as transport functions.

Transport function

Sediment load kg day * m~

Transport function

Sediment load kg day * m~

o o o e o e
w - n o S o™

Mean CS velocity, ms™!

e
o

Upstream

1

il

1

cs

Autumn model

MPM LC
965.8 X
Winter model

MPM LC
X 45.9

CSA |
Cs2
CsB

Cross-sections

Cs3

Winter Q, autumn WL

MPM
0

Autumn Q, Winter WL

MPM
613.7

_(

csC

cs4
|

Downstream |

Winter Q, winter WL

LC MPM LC

15.1 0 0
Autumn Q, Autumn WL

LC MPM LC

86853.0 600.0 86853.0

5000

4500

4000

3500

3000

2500

2000

1500

1000

500

o

Autumn open-water, Sediment load

mm Winter ice-cover, Sediment load

= Autumn open-water, Mean CS velocity

Sediment load, kg day! m!

e \\inter ice-cover, Mean CS velocity

FIGURE 3 The spatial variation of sediment load and mean cross-sectional (CS) velocity based on autumn open-water and winter ice-cover

models.

TABLE 6 Sediment transport (incoming [mass in] and outgoing [mass out] sediment load) and the most prominent processes in each cross-

sections in autumn open-water and winter ice-covered conditions.

Cross-
section

Cs1
CSA
Cs2
CSB
Cs3
CsC
Cs4

Open-water conditions

Ice-covered conditions

Mass in, kg
day 'm?

1286.0
1406.6
4062.3
6528.0
1511.5

183.5

159.3

Mass out, kg
day 'm? Difference
965.7 320.2
2517.0 —-1110.4
4826.1 —763.7
2946.1 3581.9
226.8 1284.7
121.6 61.9
457 113.6

Process
deposition
erosion
erosion
deposition
deposition
deposition

deposition

Mass in, kg
day ‘m?

258.2
49.7
271
101

3.2
0.4
0

Mass out, kg

day 'm? Difference  Process

459 212.3 deposition

17.0 32.7 deposition
7.0 20.2 deposition
5.3 4.8 deposition
0.5 2.7 deposition
0 04 deposition
0 0 -
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cross sections. In ice-covered conditions, deposition was the main

process in the meander bend.

3.3 | Theimpact of different winters on the
bedload transport in a subarctic river

The increase or decrease of ice-cover thickness impacted flow veloc-
ity, sediment transport and shear forces (Figures 4 and 5, Table A6).
While the discharge was kept constant for the different ice-cover sce-
narios, velocity, sediment transport and shear stress were mainly
impacted by the changes in the under-ice space in the channel
(Figure 6). Thus, during maximum ice thickness flow velocity, sediment
transport and shear stress in the meander bend were significantly
greater than in simulations using measured ice conditions. During min-
imum ice thickness, all parameters were lower than in simulations con-
sidering measured ice thicknesses. When the ice-cover was removed,
velocity and shear forces were lower in ice-covered conditions and
the sediment load in the meander bend was almost non-existent
(Figure 4, Table A6). The differences between measured and minimum
ice conditions were much smaller than between measured and maxi-
mum conditions. The spatial trend for each variable was similar
between measured and minimum ice conditions. However, the spatial
variation of these variables was different during maximum ice condi-
tions, because the highest peaks of flow velocity, sediment transport
and shear stress for maximum ice simulations were observed at CS1
and CSA (max velocity 0.243 ms~Y, sediment transport
1,318 kg day ! m~* and shear stress 0.099 Pa). During minimum and

measured ice conditions, the overall trend for sediment load was

decreasing in the modelled area from upstream until cross-
section CSC.

4 | DISCUSSION

4.1 | The influence of model calibration data

Sediment transport models were calibrated to simulate sediment load

in low-flow open-water conditions during autumn and in ice-covered

03

0.25

I
[N

e
s
o

Mean CS velocity, ms?!

o
-

0.05

3 8 3

Upstream

Cross-sections

csc

conditions during mid-winter. The models for both seasons were cali-
brated with relatively small adjustments. The calibrated models per-
formed well indicated by similar modelled and observed sediment

1 more modelled

load at CS1 in autumn and by only 0.1 kg day™* m~
than the observed load in winter (Table 4). Thus, errors in the model
estimations were minor. Generally, the initial models (i.e., prior to
transfer function calibration) estimated the load to be significantly
higher in autumn and lower in winter than the field measurements.
This indicates that the available transport function formulas, at least
with their default settings, may not be sufficient to account for the
complex processes governing sediment transport in natural rivers with
fine sandy sediments. Thus, it is important to account for all uncer-
tainties related to the model throughout the model calibration and to
ensure that the acceptability of the model is not sacrificed for the sea-
rch of the statistically best-performing model (Beven, 2006).

The LC transport function produced the best formulas, i.e., model
structure, to be used for the winter conditions, but greatly over-
estimated the load for greater discharges during autumn (Tables 2 and
5). The LC formula allows the critical mobility factor to be adjusted.
We found it to be a reliable transport function for winter models
when the critical shear in the formula was decreased by 27%. Also,
Sisinggih et al. (2020) reported good model performance when reduc-
ing the critical shear in the LC function for a simulation of sediment
flushing in the WIlingi Reservoir in Indonesia. LC has been used suc-
cessfully to estimate sediment transport in fume experiments (Talreja,
Yadav, & Waikhom, 2013). The rather simplistic MPM transport func-
tion performed best in open water conditions (autumn) but failed to
model any sediment load when the discharge was as low as measured
in winter. However, when the winter models were run with the
autumn discharge, the MPM predicted sediment load up to
600 kg day~! m~L. These results indicate that modelling sediment
transport in different seasons and discharges requires a careful selec-
tion of transport functions suitable for the prevailing conditions. Even
in the same river segment and with the same bedload gradation data
the seasonal variation of discharge, ice and temperature will affect the
equations needed for a robust sediment transport modelling.

Field measurements in winter are done through drillholes in ice,
and thus measurements from under ice can be tedious to obtain

resulting in point measurements only (Demers, Buffin-Belanger, &
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FIGURE 4 Spatial variation of sediment load and mean cross-sectional (CS) velocity in the model area simulated using different ice

thicknesses (minimum, measured, maximum and no ice-cover).
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FIGURE 5 Spatial variation of modelled flow (a) Measured ice (b) Min ice (c) Max ice
velocities in different ice thicknesses: a) measured
ice, b) minimum ice and ¢) maximum ice. The black
lines represent the cross sections.
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FIGURE 6 A visualization of the ice-cover and water level conditions in cross-section CS1 in different ice thickness scenarios: a) measured
ice, b) minimum ice, ¢) maximum ice and d) no ice-cover.

Roy, 2011; Lotsari et al., 2017; Polvi et al., 2020). Especially sediment based calculations of sediment transport as calibration data. The
sampling can be challenging. To tackle this problem, we tested image-based velocity measurement and the photogrammetric 3D

whether the model calibration could be enhanced using the image- reconstruction methods are suitable for clear water conditions.
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Therefore, they have great potential to estimate more accurately the

sediment transport in low-flow conditions during autumn and winter.
The image-based estimation of sediment transport
(45.8 kg day~* m™1) in winter was significantly lower than those cal-
culated with the Helley-Smith sampler (352.4 kg day~! m~%). It also
enabled the final sediment model to be calibrated more accurately
and with fewer adjustments, because the initial models systematically,
largely under-estimated sediment loads at CS1. Another fact that jus-
tifies the usage of image-based over-Helley-Smith calibration data is
the circumstance that hydraulic and trap-efficiency tests of the
Helley-Smith sampler showed over-registration in streams carrying
sand-sized material (Helley & Smith, 1971). The equipment was
designed originally for flow regimes carrying materials of particle sizes
between 2 and 10 mm and at velocities up to 3.048 ms~ 1. However,
this sampler has long been the best available mechanical equipment
for simple bedload sampling. Thus, during both Pulmanki river condi-
tions in autumn and winter, an overestimation of the Helley-Smith
data would be expected. Therefore, we also used the image-based
approach to estimate sediment transport in winter and to test
whether the models could meet either or both sediment reference
data sets. As our results show, the image-based method shows less
sediment transport than the mechanical measurements as expected
(Helley & Smith, 1971). Therefore, we would state that image-based
measurements have the potential to become a more trustworthy
method. We are currently performing more analyses to adapt image
velocimetry methods for sediment load sampling.

Despite the great potential of LSPIV in sediment transport esti-
mations, some caution should be taken. There are several factors that
increase the uncertainties of the mean velocity measurements. The
interaction between video settings, mainly frame rate and resolution
and LSPIV settings (search window size) have a significant effect on
the tracking values and it is difficult to visually recognize the optimal
values. The accuracy of the orthoimage and digital elevation model,
which was used to georeference the values, has a direct impact on the
scaled velocity values (i.e., in ms~%). Even though the accuracy of
the orthoimage and digital elevation model was sufficient, the overall
close-range application implies that small errors produce already large
differences in calculated velocities. Overall, LSPIV tends to underesti-
mate flow velocities (Tauro, Piscopia, & Grimaldi, 2017) and assumes
that the whole flow area within the matching window has similar con-
ditions, which is however not the case in this study. In such flow
conditions tracking individual particles might be another option
(Eltner, Sardemann, & Grundmann, 2020; Perks, 2020; Tauro

et al.,, 2018).

4.2 | The spatial sediment transportation in low
flow conditions

The magnitude of sediment transport and the locations of erosion and
deposition differed significantly between open-water and ice-covered
conditions. Flow velocities, shear stress and sediment transport were
significantly lower in ice-covered river channels. This trend corre-
sponds with earlier studies both in the laboratory (Ettema, Braileanu, &
Muste, 2000; Lau & Krishnappan, 1985; Muste, Braileanu, &
Ettema, 2000; Sayre & Song, 1979) and in natural rivers (Kamari
et al.,, 2015; Lotsari et al., 2019). Although, in this current study the

seasonal variation was much greater than noted in previous studies.
According to Turcotte et al. (2011), the sediment transport capacity of
a river channel has been observed to decrease by 25-95% during ice-
covered conditions, when compared to open-channel conditions.
Comparing winter to autumn, our simulations resulted in a decrease in
sediment load of 70-100%. However, the final sediment models were
calibrated using sediment data derived from different methods,
i.e., Helley-Smith in autumn and image velocimetry in winter. There-
fore, the comparison should be made with caution as one of the sedi-
ment load estimations may represent the actual river conditions more
accurately than the other.

The measured sediment load (based on Helley-Smith) at CS1 in
autumn was 966 kg day~! m~! and the simulated loads for other cross
sections ranged from 46 kg day! m! (CS4) up to
4,826 kg day~* m™* (CSB). In winter, the image-based sediment load
measurement amounted 42 kg day™! m~%, whereas the simulation
resulted in loads of up to 17 kg day™* m~! at other cross sections
(CSA). CS3 and CS4 were completely depositional and no sediment
load was estimated at these cross sections. As a comparison, Lotsari
et al. (2014) measured bedloads ranging from 1,469 to
5,789 kg day™* m~?! at the Tana River during high flow conditions in
spring. Although the bedload in low flow conditions is expected to be
lower, simulations in our study estimated sediment loads similar to
the lowest range of Lotsari et al.’s (2014) measurements. The authors
also concluded that the open-channel low flow period as a whole cau-
sed more sediment transport than the short spring-melt period. This
further highlights the need for accurate and reliable methods to esti-
mate sediment transport in low-flow open-water and ice-covered
conditions.

From a spatial perspective, the locations of maximum flow, ero-
sion and deposition varied between the simulated open-channel and
ice-covered conditions, which corresponds with earlier studies
(Lotsari et al., 2019). During winter, the flow velocity peaks at the
beginning of the meander bend, at CS1, but further downstream flow
velocity gradually slows down, shear stress decreases and sediment
transport diminishes. Deposition is the main process in the meander
bend. During autumn, flow velocity accelerates until CS1 and the
highest flow, as well as the greatest shear stress, in the meander bend,
occurs at CS1. Also, in autumn deposition is the prevailing process as
erosion exceeds deposition only at cross sections CSA and CS2.
According to previous studies (Demers, Buffin-Belanger, & Roy, 2011;
Lotsari et al., 2017), the characteristics of flow in ice-cover conditions
differ from those in open-water conditions as ice-cover increases the
horizontal variation of the high-velocity region and the number and
direction of stacked helical flows. Based on both simulation and mea-
surement results, Lotsari et al., 2019 found that sedimentation was
more likely to occur during ice-covered than in the open-channel con-
ditions because ice-cover decreased the number of locations where
critical velocities were exceeded. This is also the likely explanation of
our simulation results.

4.3 | The influence of ice thickness on sediment
transport

Simulations with different ice thicknesses resulted in either an

increase (maximum ice thickness) or a decrease (minimum ice
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thickness and no ice-cover) in sediment transport. In contrast to the
sediment transport simulations with different ice-cover thicknesses in
a river in south-western Finland (K3dmari et al., 2015), the model with
maximum ice-cover thicknesses estimated increased flow velocities,
shear stress and sediment transportation when compared to the
model in our study using measured ice thicknesses. However, Kamari
et al. (2015) found that in some simulations, the ice narrowed the river
channel causing the erosion to increase. Lotsari et al. (2019) also
found areas in the river channel where flow in ice-covered conditions
was greater than in open-water conditions in autumn. Robert & Tran
(2012) displayed similar findings in a flume experiment. Thick ice
occupies more space in the channel, narrowing the channel and
potentially resulting in increased flow velocities, which again influence
shear stress and erosion. In our simulation, this is very likely as the dis-
charge was kept constant in the model but the ice-cover was
increased.

The more area the ice-cover occupies the channel cross-section,
the greater effect it has on flow characteristics (Ettema &
Kempema, 2013) especially if the ice-cover is fixed and not affected
by the flow (Ettema, 2002). In our simulation, minimum ice thick-
nesses resulted in slower flow velocities, lower shear stress and sedi-
ment transport compared to the model with measured ice-cover
thicknesses, yet the difference was less distinct than between the
simulations with measured and maximum ice thicknesses. The effec-
tive width of the river channel increased with decreased ice-cover
providing more space for the discharge to pass. The flow and shear
stress decreased even more when the ice-cover was removed, indicat-
ing that in ice-covered low-flow conditions ice-cover and its thickness
alone have a significant effect on the sediment transport. Although
our simulations with different ice thicknesses did not account for
other factors (such as discharge and water temperature) that are
altered in different climatic scenarios, these results highlight the
effects of ice-cover and its properties on in-channel sediment trans-
portation. Under climate change, bedload under ice-covered condi-
tions could decrease, because of thinner ice but the annual sediment
load is likely to increase as the ice-covered time period gets shorter
and the precipitation increases.

5 | CONCLUSIONS

As climate change will be pronounced in high latitudes, it is crucial to
understand the effects of hydroclimatic changes on annual sediment
transportation in rivers that can be ice-covered for a vast period of
the year. The study on spatial and temporal variation of the processes
under ice-covered conditions in natural systems has thus far been
challenging due to difficult observation conditions. However, novel
approaches, such as photogrammetry and advanced hydro-
morphological modelling, can provide more information in this field of
study. Our study site represented a small (20-30 m wide) sand-bed
river in a deglaciated environment. Such rivers are numerous in the
circumpolar arctic and bring large amounts of sediment to the main
rivers. Thus, the findings of our study are relevant to better
understand the importance of these rivers for sediment delivery dur-
ing different flow conditions, especially during ice-cover in winter.
Our study supports previous observations of a substantial flow-driven

decrease in sediment transport in ice-covered conditions when

compared to open-channel conditions. Erosion is more pronounced in
open-water, and thus, diminishing river-ice can be expected to
decrease the under-ice sediment load in low flow conditions but
increase the annual open-water sediment loads. Our simulations with
different ice thicknesses demonstrated the importance of ice-cover
on erosion and sediment transport because thick ice can substantially
narrow the river channel causing an increase in flow velocity and
erosion.

We stress the importance of good quality data to calibrate the
hydro-morphodynamic models. The current transport function formu-
las used in morphologic modelling require adjustment and further
development to be able to reach accurate estimates of sediment
transport in cold deglaciated sandy river environments. Image-based
estimates of sediment transport proved to enhance the model calibra-
tion. However, this flexible method needs further testing before tradi-
tional mechanistic and partly error-prone methods to measure
sediment transport might be replaced. This paper is the first experi-
ment on this matter. Our study reveals that the sediment transport
equations and the calibration data might need fine-tuning. Thus, also
modelling practices might need to be overall revised in a wider scien-
tific community.

Finally, the open-access modelling software HEC-RAS has proven
to be an efficient and reliable tool for 1D hydro-morphological model-
ling in ice-covered conditions. However, for a better understanding of
sediment transport in ice-covered conditions, the development of 2D

modelling with ice-cover is still much needed.
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