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A B S T R A C T   

Global climate change has been projected to affect hydrology, the ice-covered flow period and river morphology 
(including changed sediment transport conditions) in northern high-latitude regions. To understand the impact 
of the expected shortening of the ice-covered period on bedload transport, one needs to understand the present 
sediment transport in these high-latitude rivers with annually occurring ice cover. Thus, the aims are (1) to 
define the impacts of ice cover on near-bed flow characteristics during hydrologically varying years, and (2) to 
analyse the impacts of these mid-winter flow characteristics on the bed sediment transport potential. The ana-
lyses are based on Acoustic Doppler Current Profiler (ADCP: 2016–21) and Acoustic Doppler Velocimeter (ADV: 
2020–21) measurements performed in mid-winter ice-covered conditions of the sandy and small (circa 20 m 
wide) Pulmanki River in northern Finnish Lapland. 

Despite the ice-covered river conditions in winter, sediment transport occurs even during these harshest mid- 
winter conditions. The critical velocities and shear velocities of mid-winter conditions were exceeded in winters 
2016–2021, and bedload transport occurred according to bedload measurements. Three different situations 
occurred regarding the bed sediment transport and near-bed velocity conditions: (1) high measured mid-winter 
discharges indicate high velocities throughout the meander bend; (2) low measured mid-winter discharges cause 
low near-bed velocities throughout the meander bend; (3) winters having intermediate discharges indicate near- 
bed velocities and sediment transport potential being higher at the upstream inlet and apex sections of the 
meander bend but clearly lower downstream of the apex. The confinement by the river ice cover, i.e. bottom-fast 
ice, explains the velocity variation. The near-bed velocities were the highest at the upstream inlet section of a 
symmetrical meander bend, where the measurement cross-sections were narrower and shallower. The velocities 
were the lowest downstream of the apex, where the channel changed from relatively narrow to wider and deeper.   

1. Introduction 

Due to global climate change, rapid changes are occurring especially 
in northern high-latitude regions (IPCC, 2021). The warming has been 
projected to affect hydrology, the ice-covered flow period and river 
morphology, including changed sediment transport conditions (Syvitski, 
2002; Kämäri et al., 2015, 2018; Song et al., 2019; IPCC, 2021). The 
duration of the frozen (and unfrozen) periods, including river-ice cover 
and its properties, may affect the sediment transport characteristics. 
However, according to Lotsari et al. (2015a) in their review of reach- 

scale river simulation approaches to future in-channel changes, overall 
there had been very few modelling approaches, and none of the 
reviewed papers had included river ice cover (cf. Table 1 of Lotsari et al., 
2015a). The enormous and risky work required for measuring the flow 
and sediment transport potential in ice-covered conditions has been one 
of the factors influencing the availability of data for calibrating models 
for present and future simulations. Thus, to understand the impacts of 
the expected future shortening of the frozen period (Prowse et al., 2011; 
Turcotte et al., 2011; Lind et al., 2016) on sediment transport (including 
bedload) and before being able to perform reliable future modelling, an 
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understanding is needed of the present sediment transport conditions in 
different high-latitude northern rivers with annually occurring ice cover. 
Long-term data series would enable these analyses. 

At the watershed scale, studies of the northern rivers and their 
sediment transport have mainly concentrated on large Arctic rivers (e.g. 
Lena, Mackenzie, Ob, Yenisey). The smaller watersheds have received 
less focus (Lewis and Lamoureux, 2010) even though they cover the 
majority of the land area north of 60◦ latitude. These smaller watersheds 
respond to fast hydrological changes as the small lake percentage and 
connectivity of the river network usually enable a relatively quick flow 
through the system (Veijalainen et al., 2010; Kämäri et al., 2015). This 
makes them ideal for measuring the annual variability in the river ice 
cover and magnitude of the related sediment transport process, espe-
cially within this northern zone of the most rapid climate change 
(Syvitski, 2002; IPCC, 2021). In high-latitude, low-turbidity rivers, 
bedload can be a major transport process, especially during the low flow 
periods of the ice-covered season. As many watershed-scale sediment 
load analyses have mainly focused on the suspended load instead of 
including bedload, new insights into reach-scale sediment transport are 
needed before analysing at the watershed scale or projecting into the 
future (Ladegaard-Pedersen et al., 2017). 

Recent studies have shown that the ice-covered flow season can have 
a significant impact on river bed sediment transport (Tremblay et al., 
2014; Lotsari et al., 2015b; Polvi et al, 2020). Studies on suspended 
sediment transport in ice-covered conditions also exist from previous 
(Prowse 1993; Ettema and Daly, 2004) and recent decades, and 
analytical methods based on acoustic signals have recently appeared 
(Moore et al., 2013; Weiss et al., 2015). However, more studies on reach- 
scale ice-covered bed sediment transport processes are especially still 
needed from a variety of river ice conditions before being able to fully 
understand the complex flow, ice and sediment transport interactions in 
different river systems. 

The measurements under ice cover are possible via drillholes (Lotsari 
et al., 2017) for analysing simultaneous flow velocities and bedload 
transport conditions. These ice-covered flow and bedload transport 
conditions can be detected by applying standard equipment such as 
Acoustic Doppler Current Profilers (ADCP) and mechanical Helley- 
Smith bedload samplers (Helley and Smith, 1971; Lotsari et al., 2017, 
2019a). The Helley-Smith sampler and ADCP continuous moving boat 
measurement (with bottom track) have been simultaneously used for 
measuring bedload conditions in an open channel flow (Rennie et al., 
2002; Gaeuman and Jacobson, 2006; Rennie et al., 2017). Relationships 
between bedload and bed velocity (i.e. sediment movement) parameters 
could also be made in ice-free seasons (Gaeuman and Jacobson, 2006). 
The presence of ice cover makes transport processes more complicated 
than in open-channel conditions because the roughness of the ice cover 
has an impact on the flow area and velocities. Recent research on the ice- 
covered flow of natural rivers (i.e. not laboratory environments) has 
shown that the high-velocity cores are closer to the river bed under the 
ice cover than in open-channel conditions (e.g. Demers et al., 2011; 
Lotsari et al., 2017). In a laboratory study by Wang et al. (2008), the 
location of the maximum velocity has been shown to move to the bed. 
This is consistent with the studies done in natural rivers by Demers et al. 
(2011) and Lotsari et al. (2017) regarding high-velocity core locations. 
Wang et al. (2008) had also shown in the laboratory that for the same 
flow depth, the near-bed velocity under the ice cover is clearly higher 
than that in the open channel flow. Further, in natural rivers, the river 
ice (especially during severe winters and under low-flow conditions) can 
cause the flow to concentrate only within the deepest and highest ve-
locity portion of the channel (Prowse, 1996). 

This may impact the sediment transport (including the bedload) 
despite the overall low flow conditions during the ice-covered season 
when compared to other seasons (Lotsari et al., 2019b). However, the ice 
cover has been shown to reduce the sediment transport through 
decreasing velocity, bed shear stress and diffusivity (Prowse, 1996). 
According to Beltaos and Burrell (2016), the ice cover changes the flow 

velocity and shear stress, but it also affects changes in vertical diffusivity 
and longitudinal dispersion, further affecting the spread of suspended 
substances. Studies on the impacts of the ice cover on sediment transport 
are rarer in natural rivers than in laboratory experiments. However, a 
few studies do exist. For example, the shear forces exerted on the river 
bed have been shown to increase when the ice thickness and especially 
its roughness increase (Kämäri et al., 2015). Based on the study of 
Kämäri et al. (2015) done with a one-dimensional hydraulic model 
(HEC-RAS), a smooth, thermally formed 5–40 cm thick ice cover overall 
decreased the average shear stress compared to an open water situation. 
Also, changes in boundary shear stress and flow resistance have been 
analysed based on the ice cover (Zare et al., 2016a, b; Biron et al., 2019). 
Zare et al. (2016a) showed that ice deposition and erosion can occur 
during the stable ice cover period as a result of flow variations induced 
by hydropeaking. They also showed that commonly employed assump-
tions about ice and bed zone velocity values, hydraulic radii and energy 
grade line slopes are inaccurate in these cases. Further, Zare et al. 
(2016b) studied the shear stress imposed on the boundaries of a natural 
ice-covered river, especially during different ice stages, and demon-
strated that the bed shear stress during the ice cover period is less than 
during the open water condition, which proves that the upper boundary 
layer (i.e. the ice cover) presence has a diminishing effect on bed shear 
stress. However, recent publications using acoustic analyses and dealing 
with river bed resistance in ice-covered conditions, such as Zare et al. 
(2016a), have often been done only from one spatial location of the river 
channel, and cross-sectional or spatially varying data and analyses be-
tween years have not been detected. 

In laboratory conditions, Namaee and Sui (2019) studied the role of 
critical dimensionless shear stress, grain size and roughness of ice cover 
on the incipient motion of bed material around bridge piers. They found 
that the ice cover can cause a deeper maximum scour depth than in 
open-channel flow conditions, and also the required flow velocity for the 
incipient motion of sediment particles under the ice cover decreases 
with an increase in the relative roughness coefficient of the ice cover 
(Namaee and Sui, 2019). Also, Wang et al. (2008) concluded based on 
their laboratory study that if the ratio between the ice cover resistance 
coefficient to the resistance coefficient of channel bed increases, then the 
location of the maximum velocity moves to the bed. Due to the complex 
observed impacts of the ice cover on sediment transport processes in 
both natural and laboratory river experiments—and the lack of studies 
concentrating especially on bedload transport in natural (i.e. non- 
laboratory) rivers—the impact of hydrologically different winters and 
their varying ice-cover conditions on near-bed velocities and the ex-
pected bedload transport requires further attention. 

The long time series of ice-covered flow and bedload sediment 
transport conditions are rare in northern high-latitude rivers. One of 
them is the Pulmanki River in northern Finnish Lapland, where ice- 
covered mid-winter conditions have been measured systematically for 
several years. The subarctic study region is within the area of the fastest 
projected future climatic change and is central for analysing the 
following impacts of hydrological variability and changes. Thus, this 
unique data series from the years 2016–2021 makes the Pulmanki River 
an ideal location for analysing the varying mid-winter conditions on the 
near-bed flow characteristics and their potential for the sediment 
transport in the ice-covered season. The aims of this paper are (1) to 
define the impacts of ice cover on near-bed flow characteristics during 
hydrologically varying years and (2) to analyse the impacts of these mid- 
winter flow characteristics on the bed sediment transport potential. 
Near-bed velocity means the velocity measured closest to the river bed 
(within the limits of the equipment). The analyses are based on ADCP 
(2016–21) and Acoustic Doppler Velocimeter (ADV: 2020–21) mea-
surements performed in mid-winter ice-covered conditions at the Pul-
manki River in northern Finnish Lapland. 
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2. Study site 

The study site is located at the meandering Pulmanki River, which is 
a tributary of the Tana River (Fig. 1). The Pulmanki River is divided into 
two parts by Lake Pulmanki. The watershed area of the upper Pulmanki 
River is 484 km2. This study concentrates on one simple symmetric 
meander bend of the upper Pulmanki River. Its radius of curvature and 
width of the curvature at the apex are 110 m and 19 m, respectively 
(Lotsari et al., 2014). 

The climate of northern Finnish Lapland is influenced both by the 
Atlantic Ocean, heated by the Gulf Stream, and the great Asian continent 
in the east (Autio and Heikkinen, 2002). Therefore, this area belongs to 
the Köppen climate class: ‘Cold, without dry season, but with cold 
summer’. The Pulmanki River typically freezes in October when the 
temperature drops below 0 ◦C (Peel et al., 2007; Lotsari et al., 2019b). 
Temperatures start to rise above 0 ◦C again in early April, and the 
freezing period can last approximately-seven months (Lotsari et al., 
2019b). The temperatures usually reach − 30 to − 40 ◦C sometime during 
the period of December–February (Figs. 2 and 3 in Lotsari et al., 2019b). 
The Pulmanki River had a smooth-rough ice cover during the analysed 
years when defined visually from photos and ice blocks lifted onto the 
ice surface, following Demers et al. (2013), Lotsari et al. (2017), and 
Kämäri et al. (2017). This was similar to mid-winters in 2014 and 2015 
analysed by Kämäri et al. (2017) and Lotsari et al. (2017, 2019a, 2019b). 
Annual maximum discharges occur during spring snowmelt events when 
discharges typically rise to 50 m3/s (Kasvi et al., 2013). This typically 
occurs between mid-May and early June. During summer, discharges are 
around 4 m3/s, and less than 2 m3/s discharges have been measured 
during autumn and winter (Lotsari et al., 2019a). 

The river runs through glaciolacustrine and glacio-fluvial sediments, 
which had been deposited after the ice-dammed lake had drained during 
the final wasting of the Fennoscandian ice sheet (Hirvas et al., 1988; 
Johansson, 1995, 2007; Lotsari et al., 2020a). The D50 values of the river 
bank material have been measured to range from approximately 0.004 
mm to 0.529 mm and the friction angle of the material to be 35–36.5◦

(cf. for a detailed description of the banks’ sediment and figures of ice- 
free conditions from Lotsari et al., 2020a), making the sediment highly 
mobile. Consolidated sediment does not appear in the area where there 
is active river activity. There, the material is loose sand and gravel. For 
example, a high bank studied by Lotsari et al. (2020a) includes 1.5–16 m 
of loose, very well-sorted fluvial sand with weak soil development in the 
upper 0.3 m. In addition, roots are only causing cohesion at the top of 

the bank within 0.5 m depth. The bulk density of channel bank sediment 
is 1.73 g/cm3. The bed load is the main mode of transport, as the sus-
pended sediment amount is small, even during the spring snow-melt 
discharge periods (cf. Lotsari et al., 2020b). 

3. Methods 

3.1. Near-bed velocity measurements 

The flow velocity was measured in 2016–2021 cross-sectionally with 
an Acoustic Doppler Current Profiler (ADCP, M9 sensor, Sontek) 
(Table 1). The M9 sensor has both four 3.0 MHz beams and four 1.5 MHz 
beams. The sensor is accurate up to +/− 0.25 % of the measured velocity 
(+/− 0.2 cm/s) (Sontek, 2015). Within the cross-sections, each mea-
surement hole was drilled about 1 m apart from each other. The mea-
surements always began from the left bank and moved towards the right 
bank. The ice depths were measured before the sensor was placed 
through the holes of the ice cover. There were some measurement ver-
ticals where the water depth was too shallow for measurements, and 
therefore only the ice thickness was measured from those locations. The 
stationary mode of the M9 sensor was applied, i.e. it produces the time- 
averaged value of each measured parameter at each measurement 
drillhole location. The mid-section method was selected for discharge 
measurements, and the averaging time was set to 60 s at each drill hole. 
We selected this time-averaged method each year to avoid the macro- 
turbulent impact of the river flow (Lotsari et al., 2020b), i.e. for gain-
ing the time-averaged flow parameters directly from the sensor and also 
for comparing the data between years. The sensor, which had been 

Fig. 1. The study site of the Pulmanki River. (I) The Pulmanki River watershed within its larger geographical content. (II) Close view of the studied meander bend of 
the upper Pulmanki River. The orthomosaic (aerial photos by Eliisa Lotsari; orthomosaic processing by Marko Kärkkäinen, University of Eastern Finland) is from 15 
Feb 2021, with measurement cross-sections visible. Holes for measurements were drilled in each cross-section about 1 m apart, starting from the left bank to the right 
bank. The river runs northward, and the cross-section (cs) 1 is the most upstream measurement location. 

Table 1 
The measurement times and used equipment. The ADCP measurements were all 
done in stationary mode, and the averaging time in the mid-section method was 
60 s each time. The FlowTracker was used where the water depth was too 
shallow for the ADCP.  

Measurement dates ADCP M9: 
cs1–4 and csA–C 

FlowTracker: 
cs1–4 

Discharge (m3/s) 

16.02.2016 x   1.38 
16.02.2017 x   1.32 
09.02.2018 x   0.18 
07.02.2019 x   0.61 
05.02.2020 x x  0.79 
15.02.2021 x x  0.496  
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mounted on a metal rod, was lowered at the level of ice cover water 
interface before initiating the measurements at each drillhole. The tag-
line azimuth was defined before the ADCP measurement at the first 
drillhole of each cross-section. A vertical beam was used as the depth 
reference. The transducer depth of the sensor was set as 0 m to maximise 
the flow measurement area in the vertical direction in this shallow water 
environment and to include all possible effects of the ice cover and river 
bed. As a result of these ADCP measurements, the spatial and vertical 
variations in flow velocity and flow depth were gained from each of the 
drilled holes within the measurement cross-sections. The ADCP calcu-
lates the total velocity of each cell based on the following equation: 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
x2 + y2 + z2

√
(1)  

where x, y and z represent the velocities in the three different directions. 
The near-bed velocities, i.e. the measured total velocity of the cells 

closest to the river bed, were extracted from the data sets. The height of 
the measured cells from the river bed was also derived based on the 
depth of the cell and the total measured depth of each measurement 
vertical. 

In some of the measurement points, the water depth was too shallow 
for the ADCP, as it requires around 25 cm of water. Thus, from these 
measurement verticals, Sontek’s FlowTracker (a side-looking ADV, 
Acoustic Doppler Velocimeter) was instead applied to measure the ve-
locity close to the river bed. The FlowTracker makes a point measure-
ment, whereas ADCP velocities are obtained over the spatial domain of 
the acoustic beams. The FlowTracker was placed as close to the river bed 
as possible, i.e. the sensor’s lower edge was ~3 cm above the river bed 
each time. The sensor has ~5 cm vertical height, and the upper limit of 
the measurements was each time around 8 cm up from the river bed. The 
measurement height from the river bed coincided with most of the near- 
bed velocity cell heights measured with the ADCP (cf. Results section). 
The FlowTracker measurements were done in the same cross-sections as 
the ADCP measurements (Table 1). Note that the mid-section discharge 
measurement mode was not used in the case of the FlowTracker. Instead, 
each point measurement was a separate 50-second long measurement. 
For making the data set comparable with the ADCP data (as the Flow-
Tracker gives the results in x, y and z directions), the total velocities of 
each FlowTracker measurement were calculated using Eq. (1). The near- 
bed velocities measured with the ADCP and FlowTracker were then 
compared from year to year at each cross-section. 

3.2. The analyses of the sediment transport and related near-bed flow 
characteristics 

The near-bed flow velocities of each winter were also compared 
against the critical fluvial forces capable of initiating the bedload 
movement. This also required analyses of the grain sizes of the trans-
ported bedload material, which were measured in the winters of 2020 
and 2021. The Helley-Smith sampler (Helley and Smith, 1971) was 
applied for mechanically measuring the bedload transport on 6 February 
2020 and 18 February 2021 (Table 2). The measurements were aimed to 
take each time from the high flow location of that cross-section (i.e. in 
the middle or at the left bank side of cs1) and at the outer bank side of 

the other cross-sections cs2, cs3 and cs4. Note that no measurements 
were taken from csA, csB or csC. The intake opening of the sampler was 
77 mm. Each sample was taken for 6 min each time. Each sample was 
dried in the oven (105 ◦C) and weighted. The bedload was calculated 
with Eq. (2) (cf. Morales et al., 2019), where G is the dry weight (kg), b is 
the intake opening (m) and T is the measurement time (min). 

G/(b*T) (2) 

The grain size distribution of each sample was analysed via dry- 
sieving and by using sieves having half-phi interval mesh sizes. The 
D10, D50 and D90 values were calculated in addition to defining the 
textural group. In the winter of 2020, two samples were large enough for 
dry-sieving. In the winter of 2021, six samples were large enough for dry 
sieving (Table 2). We did not include the unsieved samples in this study. 
The average D50 value of all sieved samples was calculated, as these are 
the basis for the bedload movement analyses. The average D50 grain size 
of all bedload samples was 0.5383 mm in the winter of 2021 and 0.6076 
mm in the winter of 2020. Overall, the average D50 grain size of all 
samples in 2020 and 2021 had been 0.5557 mm. The average D90 value 
was 1.1341 mm. This average D50 value of 0.5557 mm was used in the 
equations for analysing whether the mid-winter near-bed velocities were 
capable of exceeding the critical forces needed to move these sized 
particles from all analysed years. 

In addition, for gaining the spatial distribution of the grain sizes of 
the river bed, the Van Veen bulk bed sediment sampler was applied to 
get a more detailed distribution of the river bed material. The samples 
were taken from the right, middle and left bank locations at each cross- 
section in 2020 October. These were thus measured between the mid- 
winter 2020 and mid-winter 2021 measurement times, and these river 
bed material conditions can be expected to best represent the distribu-
tion of the 2020 and 2021 mid-winter bed material. The average D50 and 
D90 sediment grain size values were calculated for each cross-section. 
The D50 values were then used for analysing whether the mid-winter 
2020 and 2021 velocities exceeded the critical thresholds for moving 
the sediment. These data were not applied in the analyses of previous 
years to avoid uncertainties, as the bed material might have been 
different in 2016–2019. Thus, the average D50 value of 0.5557 mm 
(based on Helley-Smith samples) was used for all years. 

The traditional Hjulström (1935) critical velocity for transport 
(lower line) would have been 0.035 m/s for 0.5557-mm sized particles, 
i.e. for the average D50 value of Helley-Smith bedload samples. The 
comparative critical velocity for erosion (Hjulström, 1935) would have 
been 0.275 m/s. In addition to comparing the exceeding of these 
thresholds for motion, other methods were also applied. For selecting 
the methods for analysing flow characteristics and their impact on bed 
sediment transport, various previous publications of open-channel and 
under-ice particle motion studies were checked, especially the ones done 
in ice-covered laboratory experiments and which have not yet been 
tested widely in real river environments. These included publications 
related to the densimetric Froude number for incipient motion of sedi-
ment (Wang et al. 2008 [eqs. (4) and (5)]; Hirshfield and Sui, 2011). 
However, for being able to define the sediment particle motion as much 
as possible based on the measured data sets, the Wang et al. (2008) 
method was discarded as the parameters such as the roughness 

Table 2 
The grain sizes analysed based on the 2020 and 2021 winter bedload (Helley-Smith) samples. cs = cross-section. Measurement time of each sample was 6 min.  

Date cs, sample no. D10 (mm) D50 (mm) D90 (mm) Textural group Bedload (mg/(m*s)) Total sample dry weight (g) 

18.2.2021 cs1, 1  0.3169  0.5081  0.9894 Slightly Gravelly Sand; 99.4 % sand  4801.587  133.1 
18.2.2021 cs1, 2  0.3602  0.5854  1.1543 Slightly Gravelly Sand; 99.3 % sand  6713.564  186.1 
18.2.2021 cs1, 3  0.3384  0.5575  1.2189 Slightly Gravelly Sand; 97 % sand  721.501  20.0 
18.2.2021 cs2, 1  0.2909  0.4927  1.0568 Slightly Gravelly Sand; 99.5 % sand  1356.421  18.8 
18.2.2021 cs2, 2  0.2838  0.5055  1.2711 Slightly Gravelly Sand; 96.2 % sand  1035.354  28.7 
18.2.2021 cs4, 1  0.3649  0.5811  1.0342 Sand; 100 % sand  137.085  3.8 
6.2.2020 cs1, 1  0.2703  0.4274  0.9267 Slightly Gravelly Sand; 99.5 % sand  772.006  21.4 
6.2.2020 cs4, 1  0.4388  0.7877  1.4212 Slightly Gravelly Sand; 98.3 % sand  5324.675  147.6  
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coefficient of ice cover (ni) and the roughness coefficient (Manning’s n; 
nb) of the channel bed would have been needed to be estimated, which 
would have caused more uncertainties to the analyses. Also, we did not 
apply the direct moving bed analysis method based on the ADCP’s 
bottom track, such as by Rennie et al. (2002), as our data had the output 
only in time-averaged format (single value from each drillhole) due to 
the stationary discharge measurement mode, which had also been 
selected for minimizing the possible effect of macro-turbulence (Lotsari 
et al., 2020). We also discarded the methods that would have included 
parameters that we would not have data for a detailed definition and 
which would have caused further uncertainties. Under the ice cover, for 
example, the definition of the local slope is uncertain. This cross- 
sectional gradient definition for streamwise velocity would have 
affected the results (Zare et al., 2016b). Zare et al. (2016) also presented 
different ways to calculate boundary shear stress, one of them including 
a method without the slope effect (based on maximum and average 
velocities and the von Karman constant: Eq. (7) of theirs). However, we 
did not select this method for our use as it had been originally defined 
based on a bottom-mounted ADCP for gaining the local boundary shear 
stress on both upper (ice-water interface) and lower (river bed) 
boundaries and not for detecting the motion of particles similar in size to 
the Pulmanki River material. In addition the “bed shear velocity related 
to grains” approach of Van Rijn (1984) was discarded, as it would have 
made the results cross-sectionally averaged due to the applied mean 
velocity. That approach would have also required calculation of Chezy 
equation with hydraulic radius parameter, which would have been an 
approximation, and would have caused further uncertainties. 

Namaee and Sui (2019) had used in their ice-covered laboratory 
experiments logarithmic equation for defining the shear forces (their Eq. 
(9)). This equation has been previously been applied for defining the 
shear velocity from direct flow measurements (Wilcock, 1996; Sime 
et al., 2007). According to Wilcock (1996), using a single near-bed ve-
locity observations in the equation are less precise than if depth- 
averaged velocity in the vertically averaged logarithmic velocity pro-
file is applied instead. However, Wilcock (1996) states that this method 
requires appropriate flow conditions only near the bed, so it may be 
applied in a wider range of flow conditions, including spatially variable 
flow. Also, according to Rhoads (2020), this law of the wall in question 
can be applied for local shear analyses at channel boundary. Sime et al. 
(2007) applied the same equation, and state that Wilcock (1996) results 
were for time-averaged velocities at a particular set of measurement 
heights at a single site, and not instantaneous ADCP measurements. As 
our data is time-averaged and from various spatial locations, the Wil-
cock (1996) approach, where the single velocity measurements had 
been applied for shear velocity (u*) calculation was selected. Thus, we 
selected the approach which allowed the calculation of shear velocity 
exactly for the measured velocity value closest to the river bed. 

For calculating critical shear velocity, we selected to use a parame-
terization of the Shield’s (Shields, 1936) curve, more precisely decided 
to follow the Van Rijn (1984) approach where non-dimensional grain 
size D* is applied. After defining both the observed shear velocity (u*) 
and the critical shear velocity (u*c), the transport stage parameter (Van 
Rijn, 1984) was defined by comparing the resulting shear velocity and 
critical shear velocities. Also Namaee and Sui (2019) had applied this 
transport stage parameter in their under ice laboratory experiments. 

Thus, first the particle parameter (D*) was calculated with Eq. (3) 
(Van Rijn, 1984: their Eq. (1)): 

D* = D50

[
(S − 1)g

v2

]1
3

(3)  

where s is specific density and calculated as ρs/ρ. ρ is the mass density of 
water (0.99987 g/cm3 or 999870 g/m3 in zero Celsius degree water 
temperature). As we had no other mineralogical knowledge of the 
sediment, ρs was defined as a quartz density of 2.65 g/cm3, common for 
sand sizes in the majority of natural streams. g is the gravitational 

acceleration, which is 9.826 m/s2 in the study area of Northern Finland 
(Poutanen et al. 2017). v is the kinematic viscosity coefficient defined as 
(μ/ρ), i.e. based on dynamic viscosity coefficient (µ). However, as for 
0◦temperature water, the kinematic viscosity coefficient is known to be 
1.7930 mm2/s (Kestin et al., 1978), we applied this value directly. D50 
value of the sediment particle was 0.5557 mm, as it is the average value 
for the transported bedload based on Helley-Smith measurements. In 
addition, the D* was also calculated based on the average D50 value of 
each cross-section’s bed sediment, which had been sampled in October 
2020 (Table 3). 

Then the critical mobility parameter (θcr) was defined based on the 
equation defined at Fig. 1 of Van Rijn (1984). The equation was selected 
based on the D* values defined for applied grain sizes. For the 0.5557 
mm particles (average of Helley-Smith bedload samples), the D* was 
9.530 and the following equation was selected for θcr: 

θcr = 0.14(D*)
− 0.64 (4) 

The resulting critical mobility parameter value was 0.033. This is 
used for calculating the critical shear velocity, and further transport 
stage parameter for all cross-sections of each studied year. 

When calculating the critical mobility parameter based on the 
autumn 2020 bulk bed sediment samples of each cross-section, the same 
equation (Eq. (4)) was applicable for cs1, cs3 and cs4, but for the cross- 
sections csA, cs2, csB and csC the equation for D* values between 10 and 
20 was applicable (cf. D* values Table 3): 

θcr = 0.04(D*)
− 0.10 (5) 

The resulting critical mobility parameter values are presented in 
Table 3. These are applied for calculating the critical shear velocities, 
and further transport stage parameter for winters 2020 and 2021. 

Next the critical shear velocity u*c was solved from the equation Eq. 
(6) and (7) (Van Rijn, 1984): 

θcr =
u*c

2

(s − 1)gD50
(6)  

which can be written in the form: 

u*c =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
θcr((s − 1)gD50)

√
(7) 

The resulted critical shear velocities (m/s) were 0.017, based on the 
average grain sizes of Helley-Smith samples. The critical shear velocities 
based on the autumn 2020 cross-sectional sediment data are presented 
in Table 3. 

According to Wilcock (1996) the logarithmic relation between the 
shear velocity u* and the variation of velocity u with height z above bed 
is as follows (Eq. (8)). 

u
u*

=
1
κ

ln
(

z
z0

)

(8) 

From this equation the shear velocity can be resolved, when writing 
the equation in the following form: 

u* =
uκ

ln
(

z
z0

) (9)  

u is the variation of velocity with height z above the bed (Wilcock, 
1996). According to Wilcock (1996) single observation of u can be used 
to estimate u*, which we also here now-on name as u*z. In our study, as 
mentioned above, the u is the time-averaged near-bed velocity, i.e. 
measured within 50–60 s with ADCP or ADV. Despite being single 
observation, it represents velocity variation within 50–60 s. The mea-
surements of ours were mostly within the lowest 20 % of the water 
column, thus making the application of this equation as valid (cf. Wil-
cock, 1996). Only at the following locations the measurement had been 
slightly more than 20 % of the full depth from the river bed: in 2016 one 
location at csA; in 2018 two locations at cs1, 6 locations at cs2 and 10 
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locations at csB; in 2019 one location at csA and one at cs4; in 2020 two 
locations at csA; and in 2021 one location at cs1. However, for the unity 
of the results, we calculated the values also for these locations based on 
the same equation. κ is the von Karman’s constant defined 0.4, similarly 
to Namaee and Sui (2019) and Wilcock (1996). 

The z0 is the bed roughness length, corresponding to u = 0. Wilcock 
(1996) had calculated it for gravel particles with equation aD84/30, 
where a = 3. Also Sime et al. (2007) had followed Wilcock (1996), and 
stated that z0 = 0.1D84. However, Sime et al. (2007) also state that for 
well-sorted uniformly packed sediment z0 = D50/30. Note that their 
study was based on moving boat ADCP measurements, not time- 
averaged stationary measurements, as ours are. According to Rhoads 
(2020) the law of the wall in question can be applied for local shear 
analyses at channel boundary. They state that in these cases the common 
method, for defining whether or not at least some portion of the lower 
part of the turbulent boundary layer exhibits a logarithmic profile, and 
for solving the shear velocity and also the bed roughness length (z0), has 
been to measure mean velocities at several different heights above the 
bed over the lowest 15–20 % of the flow depth and using the resulting 
data to fit in linear regression analyses. However, our data does not have 
several measurements within this 15–20 % layer, and our shear velocity 
analyses are therefore based on one measured velocity of the cell closest 
to the river bed. This scarcity of data from bottom layer, as ADCP 
inherently leaves cells partially or fully touching the river bed unmea-
sured (as in our data set) due to potential data contamination or po-
tential side-lobe interference, was the reason why Gaeuman and 
Jacobson (2004) state that accurate estimates of the height of zero- 
velocity (z0) flow cannot be obtained from ADCP data. Rhoads (2020) 
states also that an alternate approach for eliminating the need for this 
linear regression analysis is to define a relation between z0 and particle 
size, such as for example Wilcock (1996) and Sime et al. (2007) had 
done. The D84 sediment sizes mentioned in Sime et al. (2007) are from 
17 mm to 82 mm, thus making the sediment much larger than in our 
study site (cf. the D90 values from Table 3). Our sediment sizes are well 
sorted sand or gravelly sand, i.e. smaller than gravel or pebbles 
(Table 2). Due to these reasons, we decided to follow the approach of 
Namaee and Sui (2019), whose study had been done in ice-covered 
laboratory conditions, and had applied particles from 0.47, 0.5 and 
0.58 mm in their experiments. Our D50 value of Helley-Smith samples 
fell within this range. Also they had depth of flow as 1.3 m, which is 
close to the maximum measured water depths of Pulmanki river in 
winters (c.f. Supplementary material). Namaee and Sui (2019) stated 
that z0 can be represented as roughness height, which is the D50 value of 

the sediment particle. Thus, due to the similarities to the experimental 
study conditions of Namaee and Sui (2019), we applied 0.5557 mm as 
z0, as it is the average value for the transported bedload based on Helley- 
Smith measurements. This was used for calculating data sets from all 
years. In addition, the shear velocity for the years 2020 and 2021 was 
calculated as a test based on the average D50 value of each cross-sec-
tion’s bed sediment, which had been sampled in October 2020 (Table 3). 

Finally, the transport stage parameter was calculated based on Eq. 
(10) (Van Rijn, 1984: their equation (2)). 

T =
u*z

2 − u*c
2

u*c
2 (10) 

This shows the transport capacity based on how much there is excess 
shear velocity, greater than the critical shear velocity. If the value is 
negative, there is no excess shear velocity to enable transport. 

The calculations were done for each measurement location at each 
cross-section of each mid-winter situation in 2016–2021. The calculated 
shear velocity (derived based on the above equations from original 
ADCP and FlowTracker data) of each measurement location was 
compared to the critical shear velocity (cf. the full results are presented 
in Supplementary material, Excel format). The spatial particle transport 
potential of each winter was analysed from these data sets. In compar-
ison to shear velocity analyses, the near-bed velocities were analysed 
against the critical velocity threshold of Hjulström (1935), i.e. whether 
or not the near-bed velocity was greater than the defined threshold. 

In addition, the explanatory factors of water depth (full depth below 
ice) and ice cover thickness were used against near-bed velocities, shear 
velocities and transport stage parameters in Pearson’s correlation 
analysis to estimate the linear relationship between the normally 
distributed variables. Based on the assumptions of Pearson’s correlation, 
the method was suitable for the analyses of our data. The results of the 
Pearson’s correlation analysis can vary between − 1 and 1, either indi-
cating a negative or positive linear relationship between variables. 
Values close to zero indicate a low correlation between variables. 

4. Results 

4.1. The near-bed flow characteristics of 2016–2021 mid-winter 
conditions 

Overall, the near-bed velocities were slow in different winter con-
ditions in 2016–2021 (Fig. 2). The years 2021, 2020 and 2019 had 
mostly higher velocities at the upstream cross-sections cs1–csB, such as 

Table 3 
The D50 and D90 values defined from the Van Veen (VV) bulk bed sediment samples measured in autumn 2020 from the study area. cs = cross-section.   

D50 values (mm) Van Rijn (1984)  

Right 
bank 

Middle Left 
bank 

Average non-dimensional grain-size (D*) 
of average D50 

Critical mobility parameter 
(θcr, Eq. (4)) 

Critical mobility parameter 
(θcr, Eq. (5)) 

Critical shear velocity (u*c, 
m/s, Eq. (7)) 

cs1 0.216 0.605 0.544 0.455  7.803  0.038   0.018 
csA 0.390 0.426 1.285 0.700  12.005   0.031  0.017 
cs2 0.495 0.644 1.302 0.813  13.943   0.031  0.017 
csB 0.545 0.637 0.595 0.592  10.153   0.032  0.017 
cs3 0.482 0.487 0.187 0.385  6.603  0.042   0.019 
csC 0.934 0.487 0.559 0.660  11.319   0.031  0.017 
cs4 0.379 0.382 0.366 0.376  6.448  0.043   0.020  

D90 values (mm)      

Right 
bank 

Middle Left 
bank 

Average     

cs1 0.415 2.050 1.255 1.240     
csA 2.028 0.741 5.431 2.733     
cs2 1.006 1.702 4.420 2.376     
csB 1.144 1.663 2.426 1.744     
cs3 0.941 1.003 0.299 0.748     
csC 1.985 1.106 3.245 2.112     
cs4 0.926 0.911 0.724 0.854      
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over 0.2–0.3 m/s. Lower velocities, i.e. less than 0.15 m/s, occurred 
more often at cs3–cs4. In 2018, the near-bed velocities of each cross- 
section were less than 0.1 m/s in most of the measurement verticals. 
The overall lowest discharge of the studied years, 0.18 m3/s (Table 1), 
explains this difference. The first two winters, 2016 and 2017, had 
discharges of 1.38 and 1.32 m3/s, respectively, and thus were very much 
comparable to each other. The near-bed velocities were also most 
consistently the highest in those years, i.e. over 0.2 m/s velocities 
occurred in the three most downstream-located cross-sections. However, 
cs1 (inlet), cs2 and csB (apex) had the highest near-bed velocities, being 
over 0.25 m/s and, in many verticals, over 0.3 m/s. The near-bed ve-
locities were the highest at the left bank side at cs1 of the inlet area and 
close to the outer bank side at cs2 and csB. Thus, three different mid- 
winter conditions were observed (Table 1, Fig. 2): (1) very low 
discharge and near-bed velocities occurred in 2018, when the near-bed 
velocities were low throughout the meander bend; (2) two higher mid- 
winter discharge conditions were present in 2016 and 2017, and ve-
locities were higher throughout the meander bend; (3) the three last 
years (2019–2021) had intermediate discharges of 0.5–0.79 m3/s, and 
velocities had been clearly divided between ‘higher velocities’ at the 

upstream inlet and the apex sections and ‘lower velocities’ at the 
downstream outlet section. 

When comparing different years, the lowest near-bed velocities 
occurred most frequently within the cross sections 3 and C. These cross- 
sections locate where the cross-sectional width, area and flow depth 
increase after a narrower and shallower reach (Table 4, cf. depths from 
Supplementary material). The river channel had been confined by the 
river ice in a way that in the upstream part of the meander bend 
(approximately at cs1–cs2), the channel had been narrower due to mid- 
channel bars and bottom-fast ice during many winters (i.e. not possible 
to measure with the ADCP and thus no location measured, cf. Fig. 2). 
Also, the flow had been diverted next to the outer bank in narrow cross- 
sections of the apex area, which also caused higher velocities in several 
years. The width and area of the measurement cross-sections can be seen 
in Fig. 2 and Table 4. Thus, after flowing from the narrow csB towards 
the more downstream cross-sections, the river widened and deepened, 
and slower near-bed velocities occurred. Unfortunately, we do not have 
data from the actual pressure conditions from each winter, i.e. whether 
or not the flow was pressurised. When drilling the ice cover, there was 
no artesian well style surge of water on top of the ice in any of the cross- 

Fig. 2. The near-bed velocities of each year. The aerial photograph is from winter 2021 (by Eliisa Lotsari).  
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sections during the measurement years, thus more likely indicating non- 
pressurised conditions. 

The differences and similarities between the locations of maximum 
near-bed velocities were possible to detect during years 2016–2021 
(Fig. 3). The maximum velocities were especially clustered at the left 
bank side at cs1 and the outer bank at csB and cs3. The most variation 
between years had been at csA and csC over the years (Fig. 3). The mid- 
channel bar at cs1 existed only in 2020, 2017 and 2016. However, in 
2018, the mid-channel bar had influenced the division of flow at cs1, csA 
and cs2, and the location of maximum velocity varied that year the most 
from the other years between these cross-sections. In 2020, the mid- 
channel bar had located at cs1 and csA. On the contrary, the flow had 
been possible to measure in mid-winter 2021 throughout all cross- 

sections. Thus, the mid-channel bars had not influenced the division of 
the flow around the bar at that time. 

The variations in near-bed velocity (Fig. 2), shear velocity (cf. Sup-
plementary material) and transport stage parameter (Fig. 4) were ana-
lysed against explaining factors of depth (full water depth below the ice) 
and ice cover thickness (Tables 5 and 6). When the annual connections 
were analysed (Table 5), all Pearson correlation values show very little 
correlation between any parameters. The highest positive correlations 
occurred in 2016 (0.41) and 2021 (0.39) between depth and ice thick-
ness, and only twice was there a negative correlation greater than 
− 0.30, which occurred in 2020 between ice thickness and near-bed 
velocity (-0.32) and ice thickness and shear velocity (-0.34). All other 
parameters and years correlated closer to zero. Thus, basically no 

Table 4 
The average, maximum and minimum distances from the river bed of near-bed velocities and the magnitudes of flow. Bolded numbers are the cross-section widths that 
had been the narrowest in each year. The cross-section area means the area of freely flowing water under ice. In case there had been a middle bar within the cross- 
section, the area from both the left and right bank sides of the middle bar is presented if both sides of the bar were possible to measure with the ADCP/ADV. Note that 
the cross-section width represents the whole cross-section, including the middle bar where ice was attached to the river bed.   

Year Cross- 
section 
width (m) 

Cross-section 
area 
(m2: if middle 
bar, left +
right bank 
side) 

Maximum 
distance from 
river bed (m) 

Minimum 
distance from 
river bed (m) 

Average 
distance from 
river bed (m) 

Percentage of 
distance from river 
bed under 0.05 m 

Maximum 
near-bed 
velocity (m/s) 

Minimum 
near-bed 
velocity (m/s) 

Average 
near-bed 
velocity (m/ 
s) 

cs1 2016 22 2.67 
(2.59 + 0.08)  

0.08  0.03  0.05  80.0  0.60  0.20  0.34 

2017 22 5.68 
(5.48 + 0.2)  

0.05  0.01  0.03  100.0  0.62  0.04  0.22 

2018 22 7.1  0.19  0.01  0.09  22.7  0.54  0.00  0.08 
2019 24 4.94 (4.3 +

0.64)  
0.08  0.00  0.03  92.9  0.56  0.00  0.13 

2020 24 5.25  0.04  0.01  0.02  100.0  0.33  0.03  0.18 
2021 12 3.55  0.14  0.01  0.05  69.2  0.37  0.04  0.16 

csA 2016 18 4.03  0.19  0.01  0.05  70.0  0.38  0.04  0.18 
2017 21 6.49  0.08  0.01  0.04  68.8  0.39  0.03  0.14 
2018 16 4.37  0.30  0.02  0.13  29.4  0.51  0.00  0.10 
2019 17 4.38 

(2.33 + 2.05)  
0.19  0.03  0.08  41.7  1.16  0.10  0.28 

2020 18 4.66  0.15  0.01  0.06  66.7  1.75  0.07  0.58 
2021 19 4.75  0.24  0.02  0.09  33.3  0.70  0.17  0.27 

cs2 2016 6 2.37  0.11  0.03  0.07  40.0  0.54  0.25  0.40 
2017 9 4.54  0.14  0.02  0.06  42.9  0.36  0.08  0.20 
2018 11 3.83  0.45  0.07  0.17  0.0  0.69  0.00  0.17 
2019 10 4.67  0.15  0.01  0.05  77.8  0.21  0.05  0.14 
2020 10 3.65  0.16  0.02  0.09  25.0  2.53  0.10  0.59 
2021 12 4.37  0.16  0.01  0.05  75.0  0.75  0.03  0.17 

csB 2016 8 3.39  0.12  0.02  0.06  50.0  0.57  0.30  0.42 
2017 7 4.82  0.30  0.01  0.10  40.0  0.36  0.01  0.24 
2018 8 3.52  0.26  0.15  0.18  0.0  0.26  0.01  0.08 
2019 8 5.39  0.11  0.04  0.07  37.5  1.56  0.02  0.29 
2020 9 3.83  0.14  0.02  0.08  33.3  0.55  0.06  0.28 
2021 10 3.86  0.08  0.01  0.03  87.5  0.18  0.03  0.11 

cs3 2016 10 5.32  0.14  0.01  0.05  80.0  0.34  0.02  0.16 
2017 9 6.13  0.22  0.02  0.08  44.4  0.39  0.01  0.16 
2018 10 6.45  0.22  0.03  0.10  18.2  0.23  0.00  0.05 
2019 6 7.51  0.19  0.01  0.13  14.3  0.20  0.01  0.07 
2020 9 4.82  0.11  0.01  0.05  62.5  0.12  0.00  0.05 
2021 10 6.9  0.19  0.01  0.06  66.7  0.26  0.02  0.10 

csC 2016 12 6.45  0.19  0.06  0.10  0.0  0.60  0.07  0.20 
2017 13 6.52  0.13  0.01  0.05  75.0  1.25  0.05  0.22 
2018 12 6.06  0.11  0.03  0.06  50.0  0.05  0.00  0.02 
2019 16 7.46  0.09  0.01  0.05  62.5  0.13  0.00  0.03 
2020 16 5.71  0.07  0.01  0.03  92.9  0.12  0.00  0.04 
2021 12 6.92  0.14  0.01  0.04  72.7  0.21  0.01  0.09 

cs4 2016 14 5.4  0.15  0.01  0.05  61.5  0.36  0.09  0.21 
2017 19 7.29  0.18  0.01  0.04  81.3  0.23  0.02  0.10 
2018 16 5.56  0.08  0.01  0.03  88.2  0.11  0.00  0.02 
2019 13 6.06  0.26  0.03  0.10  35.7  0.19  0.01  0.08 
2020 16 5.35  0.10  0.02  0.06  43.8  0.28  0.00  0.15 
2021 12 4.62  0.05  0.02  0.03  100.0  0.20  0.06  0.14  
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correlation occurred when depth was compared to shear velocity or 
transport stage parameter. Similarly correlation values were mostly very 
low when ice thickness was compared to shear velocity or transport 
stage parameter. The application of different D50 values as the basis of 
the calculations had no clear effect on the results (Table 5). Despite 
being generally low correlation coefficients, in 2016, all correlations 
were positive. In 2017, there was negative correlation when ice thick-
ness was applied in analyses against near-bed velocity, shear velocity 
and transport stage parameter, but positive correlation when depth was 
applied in the analyses. Only in 2018 the correlation between depth and 
ice thickness was negative (i.e. the greater the depth, the thinner the ice 
thickness), in other years the value was positive. The correlation coef-
ficient between depth and shear velocity or transport stage parameter, 
and ice-thickness and shear velocity or transport stage parameter, were 
mostly negative, i.e. the greater the depth or ice thickness, the smaller 
the shear velocity and transport stage parameter. 

Table 6 explains this situation of very low annual correlation values, 
as it shows the correlation between the parameters separately within 
each cross-section. There is great variation in the direction of correlation 
between different cross-sections during certain mid-winter measure-
ment times, but differences also occurred between years for certain 

Fig. 3. The locations of maximum near-bed velocities of all measurement 
time steps. 

Fig. 4. Transport stage parameter of each measurement time. The aerial photograph is from winter 2021 (Eliisa Lotsari).  
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cross-sections. CsB, which locates at the apex and which has been the 
narrowest cross-section in four out of six mid-winter measurement times 
(Table 4), has high correlation in most of the years when depth is used in 
the correlation analyses. Only in 2021, the correlation between depth 
and near-bed velocity, shear velocity or transport stage parameter had 
been very low. When ice thickness was applied in the analyses, high 
correlation occurred with ice-thickness in years 2016–2018 and 2020 at 
csB. The years 2021 and 2019, which had lower correlations, belong to 
the ʻintermediate discharge magnitudeʼ mid-winter conditions, when 
there had been clearly higher velocities at the upstream and apex sec-
tions and lower near-bed velocities at the downstream measurement 
locations. When ice thickness was analysed against shear velocity or 
transport stage parameter at csB, only in 2018 and 2020 the correlations 
were clearly high and negative (-0.72 or more at each case), meaning 
that the greater the ice thickness had been, the smaller the shear velocity 
or transport stage parameter had been. At csB, the correlation between 
depth and the near-bed velocity is mainly positive, i.e. the greater the 
depth, the greater the near-bed velocities. On the other hand, the cor-
relation between the ice thickness and the near-bed velocities is negative 
in each year. Also, the ice thickness and depth have a negative corre-
lation at csB in most of the years. Thus, the greater the ice thickness, the 
smaller the depth and near-bed velocities. 

In addition to high correlation values occurring at csB, the greatest 
correlation values at cs1 and cs2 (Table 6) occurred most often between 
different parameters in 2016, which was considered to have ʻhigh 
dischargeʼ conditions. During the year 2017, which also had relatively 
high mid-winter discharges, there had been high correlation values at 
cs2 between most of the compared parameter pairs. Only when ice 
thickness had been compared against shear velocity or transport stage 
parameter, the correlation had been lower, i.e. around − 0.31– − 0.32 at 
cs2. There is a clear change when detecting the three downstream-most 
cross-sections at the outlet area. The most often high correlations 
occurred between parameters in the 2019 and 2021 ʻintermediate 
dischargeʼ years at cs3. Also at csC, the highest correlation values of most 
parameter pairs occurred in 2021. At cs4, it is noteworthy that this is the 
only cross-section where the ʻlow dischargeʼ mid-winter year in 2018 
most often had a high correlation between parameter pairs. The applied 
grain size had no or very little (i.e. around 0.01) impact on the corre-
lation values (Table 6), except in 2021 at cs3 the correlation values had 
been 0.03–0.05 greater when cross-sectional bed sediment grain sizes 
had been applied, instead of the average grain size of bed load. 

Overall, the direction of the correlation between the parameters 
varies between years and between cross-sections. The detected great 
variation in the flow characteristics within the meander bend explains 
why the correlation values for each mid-winter condition are so low 
(Table 5). Thus, the near-bed velocity and the thresholds for sediment 
transport conditions are highly variable throughout the meander bend. 
However, they are most consistent at the apex area, and there is an 
impact of the overall discharge on the spatial variation of the 

parameters. 

4.2. Sediment transport capacity during varying mid-winter conditions 

The shear velocities exceeded the critical shear velocities, i.e. 
transport stage parameter had been positive at all cross-section, at least 
in some measurement verticals, in 2016, 2017 and 2021 (Fig. 4, Sup-
plementary material). The shear velocity had been greater than critical 
shear velocity at least in one measurement vertical each year at cs1, csA, 
cs2 and csB. Most often (i.e. at all or most of the measurement verticals) 
the threshold value had been exceeded in 2016, 2017, 2020 at cs1, and 
csB. Also these years, the threshold value had been exceeded at multiple 
measurement verticals at csA and cs2. Also in 2021, the transport stage 
parameter had been positive at multiple measurement verticals at cs1, 
csA, cs2 and csB. The shear velocity did not exceed the critical shear 
velocity at all in 2019 at cs3, csC or cs4. In 2018, the shear velocity did 
not exceed the threshold of sediment transport at any measurement 
vertical at csC and cs4, and in 2020 at cs3 and csC. Thus, overall, this 
indicates that least transport occurred at csC during different years. 

Whether the applied D50 value had been based on the average bed 
load samples (Helley-Smith) or on the cross-sectional bulk bed sediment 
samples (Van Veen) in the calculations of years 2020 and 2021, affected 
the values of shear velocity and transport stage parameter (cf. Supple-
mentary material). However, despite there were differences in the 
values, it only little affected whether or not the critical shear velocity 
threshold had been exceeded. In 2021, only in the following measure-
ment vertical drill holes the threshold was not anymore exceeded, if the 
cross-sectional particle size had been applied, instead of the particle size 
of bed load samples (cf. Supplementary material): drill holes 7 and 12 at 
cs1, drill hole 10 at cs3, drill holes 2, 3 and 4 at cs4. At drill hole 13 of 
csA, the difference was opposite, i.e. the threshold was exceeded in 2021 
when cross-sectional sediment data was applied instead of the grain size 
of the sampled bed load. In 2020, the critical shear velocity threshold 
was not exceeded anymore only at drill hole 9 of cs1 and at drill holes 12 
and 16 of cs 4, when cross-sectional sediment data was applied. Note 
that cross-sections cs2, csB and csC had similar spatial variation of 
excess shear velocity over the critical shear velocity threshold in both 
2020 and 2021 years independent of the applied grain size. 

In addition to analysing exceeding of the critical shear velocities, the 
near-bed flow velocities were detected against the Hjulström (1935) 
diagram of critical velocities for erosion and transport. The Hjulström 
critical velocity for transport (0.035 m/s) was exceeded in most of the 
measurement locations, as the near-bed velocities were higher than that 
each year (Fig. 3). The velocity of 0.275 m/s, which is the critical ve-
locity for erosion according to Hjulström (1935), would have been 
exceeded at least in one measurement vertical of the inlet area (i.e. cs1, 
csA and cs2) in each year except 2019. During mid-winter 2019, the 
exceeding would have occurred from those upstream cross-sections only 
at cs1 and cs2. However, in that year at csB as well, the critical velocity 

Table 5 
The Pearson correlation coefficients between different parameters during each mid-winter measurement time. The depth in the calculations is the full water depth 
(below ice) of the measurement vertical.  

Year Depth vs ice 
thickness 

Depth vs near bed 
velocity 

Depth vs shear 
velocity 

Depth vs transport stage 
parameter 

Ice thickness vs near- 
bed velocity 

Ice thickness vs shear 
velocity 

Ice thickness vs transport 
stage parameter 

Average D50 of bedload samples used 

2016  0.41  0.24  0.14  0.17  0.11  0.16  0.12 
2017  0.08  0.20  0.09  0.06  − 0.22  − 0.24  − 0.10 
2018  − 0.27  0.00  − 0.03  − 0.05  − 0.27  − 0.28  − 0.18 
2019  0.07  − 0.16  − 0.18  − 0.15  0.05  0.06  0.04 
2020  0.04  − 0.22  − 0.28  − 0.20  − 0.32  − 0.34  − 0.25 
2021  0.39  − 0.13  − 0.18  − 0.13  − 0.13  − 0.09  − 0.05 

Cross-sectional D50 used 

2020    − 0.27  − 0.19   − 0.34  − 0.25 
2021    − 0.17  − 0.12   − 0.06  − 0.03  
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for erosion would have been exceeded close to the inner bank side 
(Fig. 2). In addition to the inlet area’s cross-sections, the exceeding of 
the critical velocity threshold for erosion would have taken place in 
2020 also at csB and cs4 and in 2018 at csB. In 2016, this threshold was 
actually exceeded in each measurement cross-section, and in 2017, at all 

other cross-sections except at cs4 of the outlet area. This large amount of 
measurement verticals, where the exceeding of 0.275 m/s would have 
taken place, coincides with the years having the highest mid-winter 
discharges (i.e. ~1.3 m3/s, cf. Table 1). 

The bedload transport measurements with the Helley-Smith sampler 

Table 6 
The Pearson correlation coefficients between different parameters at each cross-section. The depth in the calculations is the full water depth (below ice) of the 
measurement vertical. The values of 0.5 and higher have been bolded.   

Year Depth vs ice 
thickness 

Depth vs near 
bed velocity 

Depth vs shear 
velocity 

Depth vs transport 
stage parameter 

Ice thickness vs near- 
bed velocity 

Ice thickness vs 
shear velocity 

Ice thickness vs transport 
stage parameter 

Average D50 of bedload samples used 

CS1 2016  0.86  0.95  0.91  0.89  ¡0.91  ¡0.85  ¡0.79 
2017  ¡0.52  0.05  0.10  0.16  − 0.47  ¡0.50  − 0.44 
2018  − 0.20  0.42  0.40  0.39  − 0.41  − 0.45  − 0.46 
2019  − 0.47  0.54  0.49  0.47  0.00  0.04  − 0.03 
2020  − 0.04  ¡0.63  ¡0.61  ¡0.59  0.47  0.44  0.39 
2021  0.82  0.10  0.03  0.03  − 0.30  − 0.30  − 0.26 

CSA 2016  0.66  0.20  0.06  0.12  0.46  0.35  0.36 
2017  0.00  ¡0.58  ¡0.50  − 0.32  ¡0.50  − 0.49  − 0.36 
2018  − 0.28  − 0.22  − 0.28  − 0.26  − 0.07  − 0.09  − 0.18 
2019  − 0.07  − 0.28  − 0.27  − 0.15  0.41  0.45  0.53 
2020  0.52  − 0.25  − 0.29  − 0.09  − 0.16  − 0.23  − 0.04 
2021  0.43  0.37  0.27  0.30  − 0.15  − 0.23  − 0.16 

CS2 2016  − 0.32  0.89  0.92  0.94  ¡0.56  ¡0.53  ¡0.57 
2017  ¡0.80  0.83  0.69  0.69  ¡0.51  − 0.32  − 0.31 
2018  ¡0.52  0.17  0.09  − 0.03  0.06  0.11  0.32 
2019  0.77  0.32  0.16  0.03  0.17  0.00  − 0.10 
2020  0.47  − 0.43  − 0.46  − 0.36  ¡0.59  ¡0.60  − 0.48 
2021  0.46  − 0.05  − 0.14  − 0.18  − 0.10  − 0.10  − 0.10 

CSB 2016  − 0.05  0.80  0.74  0.64  ¡0.55  − 0.39  − 0.32 
2017  ¡0.82  0.91  0.62  0.37  ¡0.65  − 0.27  − 0.06 
2018  ¡0.87  0.85  0.84  0.70  ¡0.84  ¡0.83  ¡0.73 
2019  0.75  ¡0.53  ¡0.53  ¡0.59  − 0.25  − 0.25  − 0.36 
2020  ¡0.95  0.90  0.86  0.79  ¡0.83  ¡0.77  ¡0.72 
2021  0.86  0.07  − 0.04  − 0.01  − 0.26  − 0.13  − 0.06 

CS3 2016  − 0.11  0.21  0.00  − 0.16  0.15  0.07  0.01 
2017  ¡0.66  0.40  0.22  0.25  0.09  0.21  0.09 
2018  ¡0.93  0.08  0.04  0.23  0.03  0.08  − 0.07 
2019  ¡0.79  0.53  0.45  0.49  ¡0.85  ¡0.80  ¡0.84 
2020  − 0.47  − 0.45  ¡0.56  − 0.49  − 0.42  − 0.29  − 0.33 
2021  − 0.08  0.60  0.39  0.49  ¡0.51  − 0.20  − 0.19 

CSC 2016  ¡0.94  0.28  0.29  0.26  − 0.34  − 0.34  − 0.31 
2017  0.93  0.18  0.20  0.16  − 0.07  − 0.05  − 0.08 
2018  − 0.16  0.41  0.36  0.37  − 0.28  − 0.29  − 0.43 
2019  0.66  − 0.29  − 0.18  − 0.12  − 0.07  − 0.01  − 0.05 
2020  − 0.03  − 0.31  − 0.35  − 0.30  0.32  0.33  0.40 
2021  0.39  0.61  0.51  0.48  0.53  0.45  0.46 

CS4 2016  0.54  − 0.10  − 0.45  − 0.46  − 0.46  − 0.22  − 0.09 
2017  0.03  − 0.06  − 0.07  − 0.10  − 0.01  − 0.04  0.01 
2018  ¡0.85  0.42  0.40  0.40  ¡0.61  ¡0.62  ¡0.59 
2019  0.24  − 0.35  − 0.43  − 0.35  − 0.42  − 0.39  − 0.45 
2020  ¡0.60  0.16  0.19  0.04  0.29  0.27  0.34 
2021  − 0.38  − 0.42  − 0.48  ¡0.59  0.46  0.41  0.39 

Cross-sectional D50 used 

CS1 2020    ¡0.62  ¡0.59   0.44  0.39 
2021    0.04  0.03   − 0.30  − 0.26 

CSA 2020    − 0.29  − 0.10   − 0.23  − 0.05 
2021    0.26  0.29   − 0.23  − 0.17 

CS2 2020    − 0.46  − 0.36   ¡0.60  − 0.48 
2021    − 0.15  − 0.18   − 0.10  − 0.10 

CSB 2020    0.86  0.79   ¡0.77  ¡0.72 
2021    − 0.04  − 0.01   − 0.13  − 0.06 

CS3 2020    ¡0.55  − 0.48   − 0.30  − 0.35 
2021    0.41  0.53   − 0.23  − 0.24 

CSC 2020    − 0.35  − 0.30   0.34  0.41 
2021    0.50  0.48   0.45  0.46 

CS4 2020    0.19  0.04   0.27  0.34 
2021    − 0.48  ¡0.58   0.41  0.40  
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support this, as they show that during each of their measurement time (i. 
e. in mid-winter 2021 and 2020), the bedload was possible to measure 
from cs1 and cs4, and in 2021 also from cs2. Most often sampling was 
possible from cs1. These measurement locations coincide with the 
maximum velocities measured in many years (Fig. 3), i.e. the Helley- 
Smith measurements were done in the middle or at the left bank side 
at cs1 and at the outer bank at cs2 and cs4. Note that no bedload sample 
large enough for sieving had been collected from cs3. This coincides 
with the location where the flow changes from narrow csB towards the 
wider cross-sections of cs3–cs4 and where the near-bed velocities had 
been lower in mid-winter 2020 and 2021 when compared to the up-
stream sections. Also based on the transport stage parameter, no sedi-
ment transport would have occurred at cs3 in 2020, and only in one 
measurement vertical in 2021. 

5. Discussion 

Based on analyses done with a six-year-long flow velocity data time 
series (2016–2021) and two years of bedload data (2020–2021), it has 
been verified that despite the ice cover, there is bed sediment transport 
even during these harshest mid-winter conditions at this subarctic river 
having bed material particles of ~0.56 mm. The present study adds to 
the previously studied low and high open-channel flow conditions at the 
same study site (cf. Kasvi et al., 2013; Lotsari et al., 2020b) and gives 
proof that sediment transport occurs during each season. This also 
suggests that the ice cover should be included in future simulations in 
rivers having seasonal ice cover, and the sediment transport over winter 
should not be ignored in future change studies. Lotsari et al. (2019a) had 
stated—based on both simulation and measurement results gained in 
previous years at the same Pulmanki River study site—that the extent of 
the areas where critical velocities are exceeded is reduced due to ice 
cover when compared to open-channel situations. (Note: there were 
fewer measurement cross-sections in the 2013 open-channel flow period 
and 2014 mid-winter than in the present study.) Despite this reduction, 
the modelling approach of Lotsari et al. (2019a) had shown that there is 
sediment transport in winter conditions, similarly as in the present study 
done based on data from 2016 to 2021. The discharges of the Lotsari 
et al. (2019a) study were 0.63 m3/s and thus close to the ones during the 
ʻintermediateʼ discharge year 2019 (0.61 m3/s) of the present study. 
According to Hirschfield and Sui (2011), the maximum flow velocity 
under ice cover depends on the roughness coefficients of the ice cover 
and the bed material, and the location of maximum flow velocity will be 
closer to the surface with the smallest resistance coefficient. Despite the 
ice cover being categorised as ̒ smooth-roughʼ in the Pulmanki River, the 
near-bed flow velocities had been enough for moving sediment particles, 
in particular at the inlet and apex area of the meander bend each winter. 

Three different situations were possible for describing the sediment 
transport and near-bed velocity conditions during 2016–2021: (1) ̒ highʼ 
measured mid-winter discharges indicate sediment transport potential 
and high near-bed velocities throughout the meander bend; (2) ʻlowʼ 
measured mid-winter discharges indicate low near-bed velocities and 
sediment transport potential throughout the meander bend; (3) winters 
having ʻintermediateʼ discharges indicate near-bed velocities and sedi-
ment transport potential being higher at the upstream inlet and apex 
sections of the meander bend, but clearly lower downstream of the apex. 
The near-bed velocities were the highest at the upstream inlet section of 
the studied symmetrical meander bend, where the measurement cross- 
sections were narrow and shallow, and velocities were less in the 
deeper and wider cross-sections of the outlet area. 

The confinement of the channel by the river ice cover (i.e. bottom- 
fast ice) can explain the velocity variation in the case of the present 
study, especially during the years when the discharge had been ʻinter-
mediateʼ. This statement is consistent with previous studies by Kämäri 
et al. (2017) and Lotsari et al. (2017, 2019a) that the ice-covered high 
flows concentrated on narrower areas due to ice extents. They had also 
shown that the spatial differences in high and low flow locations 

increased when compared to open-channel conditions. In the present 
study, it was possible to show that between years, there had also been a 
variation in the high flow locations, especially when the mid-channel 
bars had affected the flow diversion around the two sides of the mid- 
channel bar. On the other hand, the deep and narrowest cross-section 
at the apex area had shown the least differences between years, and it 
also had in most of the mid-winters of 2016–2021 high correlation co-
efficient values when near-bed velocities, the ice-thickness and depth 
were compared to each other. The correlation between ice thickness and 
the near-bed velocities was negative at that location each year. Thus, the 
greater the velocity, the thinner the ice had been at that location. Kämäri 
et al. (2017) had also observed this in the same study bend but in the 
case of depth-averaged velocities—that is, the increase in water flow 
velocity decreases the ice thickness in each cross-section. Furthermore, 
however, the positive correlation was found between depth and near- 
bed velocity at the apex location during most mid-winters—except in 
2019, when it was − 0.53. Also, depth and ice thickness had a positive 
correlation in 2019 and 2021 at the meander bend apex of the Pulmanki 
River but a negative correlation in 2017, 2018 and 2022. Thus, the 
greater the depth, the greater the near-bed velocity; but most often, the 
ice thickness is less when greater depths occur. Wang et al. (2008) 
observed in their laboratory experiments that the higher the flow ve-
locities are needed for the incipient motion of bed material, the deeper 
the flow depth is under ice cover. Our study indicates overall, as the 
depth had positive correlation with near-bed velocity and transport 
stage parameter in most of the analysed cross-sections and years (except 
at csA and cs4), that the greater the depth the greater the near-bed ve-
locity and transport capacity are. 

The largest bedload transport (Helley-Smith bedload measurements) 
had been measured at the upstream cross-section, which had the shal-
lowest depths and mid-channel bars narrowing the flow area but high 
flow velocities. However, also the deeper cross-sections—located 
downstream of the apex—had bedload transport. Thus, this supports the 
above observations. The mechanical bedload samples should always be 
taken with some reservations due to the possibility of measurement 
errors (Helley and Smith, 1971). Also, Gaeuman and Jacobson (2006) 
have shown that the squared product-moment correlation coefficient 
(r2) has been only 0.33 between the Helley-Smith bedload capture rate 
(kg/s) and the bedload velocity (m/s), thus including scatter. Ancey 
(2020) listed reasons why bedload transport is difficult to predict, 
among them being ʻthe mix of fast and slow processesʼ, ʻnonequilibrium 
and noise-driven processesʼ, ʻcascades of interacting processesʼ, ʻthe 
varying temporal and spatial scales dependent on flow conditionsʼ, ʻthe 
heterogeneity of materials and flow conditionsʼ and ʻdifficulties in 
obtaining reliable measurementsʼ. In the present study, the variation in 
the velocities between ice-covered mid-winters of 2016–2021 un-
derlines especially the heterogeneity of flow conditions. The near-bed 
velocity and the thresholds for sediment transport conditions were 
highly variable throughout the meander bend. However, they were most 
consistent at the apex area, and there was an impact of the overall 
discharge on the spatial variation of the parameters. Factors affecting 
bedload have been analysed more in open-channel conditions. As an 
example, a study done in an open-channel flume (Khosravi et al., 2021) 
found that the discharge would be the third significant factor affecting 
bedload transport, the most significant impact being flow velocity, fol-
lowed by shear stress, discharge, bed shear velocity, bed slope, flow 
depth, median sediment diameter and (finally) relative roughness. Many 
studies have concentrated only on suspended sediment transport in ice- 
covered conditions (Moore et al., 2013; Weiss et al., 2015) and thus are 
not directly comparable to the present study. 

The observed and calculated flow characteristics show that there is 
sediment transport potential each mid-winter at this small subarctic 
river flowing towards the Arctic Ocean. Based on the results, the near- 
bed flow velocities of up to ~0.35 m/s are expected to be able to 
transport the bedload in the coldest mid-winter conditions in 
meandering rivers having ʻslightly gravelly sandʼ as their material sizes, 
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similar to the Pulmanki River. The strength of the present study is that 
multiple years of flow observations were possible to apply from the same 
cross-sectional locations and that transport occurs, especially at inlet 
and apex locations, despite spatial and temporal variations in ice and 
flow velocity conditions. Under the expected future shortening of the 
frozen period (Prowse et al., 2011; Turcotte et al., 2011; Lind et al., 
2016), changes in bed sediment transport are also expected. Based on 
these mid-winter conditions, the models used for future sediment 
transport simulations could be validated in more detail than previously. 
Thus, the next step is to detect whether or not the current simulation 
approaches will be able to produce the observed transport conditions or 
if changes in the modelling approaches and fine-tuning of the equations 
are needed. Continuing the measurement at the Pulmanki River and 
different seasonally ice-covered rivers and their long-term data series 
would enable such better validated future analyses. 

In this present study, it was only possible to analyse one meander 
bend, which was symmetrical in its shape and therefore represents only 
one type of river reach. To fully understand the sediment transport 
processes, the river reaches having different characteristics (e.g. varying 
curvature and braiding [Urroz and Ettema, 1994]) would also need to be 
analysed. We had not yet included the curvature in our analyses as there 
is ongoing research by the authors, where the flow directions (and effect 
of curvature on them) and also the spatial analyses are further consid-
ered in more detail. The larger the river system is, detailed consecutive 
measurements become more difficult, especially in ice-covered condi-
tions. The data analysed in the present study enabled the application of 
simple sediment transport potential analyses. And further analyses 
based on the densimetric Froude number, impacts of the ice-cover 
roughness parameter (Namaee and Sui, 2019), or impacts of fluid vis-
cosity (incl. water temperature) would give further insight into the flow 
processes in varying mid-winter sediment transport conditions. 

The Pulmanki River had had smooth-rough ice cover during the 
analysed years when defined visually, following Demers et al. (2013), 
Lotsari et al. (2017) and Kämäri et al. (2017). However, more detailed 
roughness analyses, for example via underwater photogrammetry, 
would be important. Next step and undergoing work is also to analyse 
any possible sampling error of mechanical bed load measurements in 
ice-covered conditions (multiple measurements of bedload with 
different methods), for further developing winter time ice-covered 
measurements. However, this data is not yet available for this present 
paper. Therefore, to gain these results of roughness impact and bedload, 
both laboratory and field measurements are needed together to get 
further information on these different sediment transport conditions 
affecting different types of reaches. The difficulties in wintertime field 
measurements could also be overcome in the future when measurement 
techniques develop further and autonomous measurement methods (e.g. 
underwater remote sensing) and long-term observation stations enable 
analyses of spatially wider and temporally longer ice-covered flow 
processes. 

6. Conclusions 

The comparison between the mid-winter conditions in 2016–2021 
showed that there is great variation in near-bed velocities between 
winters—but also spatially within a meander bend. However, the ve-
locities of mid-winter conditions exceeded the requirements for particle 
motion each year (2016–2021) at inlet and apex area of a meander bend 
at the Pulmanki River, but also at the outlet area during years having 
discharges classified as high or intermediate. It was possible to detect 
three different types of situations regarding the sediment transport and 
near-bed velocity conditions: (1) rather similar higher flow and trans-
port conditions throughout the meander bend during the years having 
the two highest overall discharges; (2) low velocities throughout the 
meander bend during the mid-winter having the lowest discharge. 
However, even during that year, the shear velocities required for sedi-
ment transport were exceeded at least in some measurement verticals of 

most of the cross-sections; (3) During the years of intermediate dis-
charges, the velocities and sediment transport potential were higher at 
the upstream inlet and apex sections of the meander bend but clearly 
lower downstream of the apex. 

The confinement of the channel by the river ice cover, i.e. bedfast ice, 
explains the velocity variation. The near-bed velocities were highest at 
the upstream inlet section of a symmetrical meander bend, where the 
measurement cross-sections were shallower. The velocities were lowest 
in the cross-sections located downstream of the apex, where the channel 
changed from relatively narrow to relatively wide. At the apex, the 
narrowest cross-section had the highest correlation in most of the ana-
lysed mid-winters of 2016–2021 between depth, as explanatory factor, 
and near-bed velocity, shear velocity and the transport stage parameter. 
The correlation was showing in most years (at each cross-section) 
negative values when near bed velocities and transport stage parame-
ters were compared to ice-thickness. Instead, in most years positive 
values occurred when near bed velocities and transport stage parameter 
had been analysed against depth (except at csA and cs4). 

The study showed that there is bedload transport despite low overall 
discharges during mid-winter conditions of a small (circa 20 m wide) 
subarctic meandering river. Based on the results, the near-bed flow ve-
locities of up to ~0.35 m/s are expected to be able to transport bedload 
in the coldest mid-winter conditions in meandering rivers having 
ʻslightly gravelly sandʼ as their material sizes, similar to the Pulmanki 
River. This should be taken into account in future analyses of the 
changing winter conditions on sediment transport to the Arctic Ocean, 
especially in the case of larger river systems having similar sand-sized 
river channel bed material. The gathered data and knowledge of the 
transportation locations, amounts and conditions enable better cali-
bration and validation of models used for future sediment transport 
simulations. 
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Kämäri, M., Tattari, S., Lotsari, E., Koskiaho, J., Lloyd, C.E.M., 2018. High-frequency 
monitoring reveals seasonal and event-scale water quality variation in a temporally 
frozen river. J. Hydrol. 564, 619–639. https://doi.org/10.1016/j. 
jhydrol.2018.07.037. 
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