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ABSTRACT 

Cold-region rivers, many of which are seasonally ice covered, are undergoing rapid 
hydroclimatic change as rising air temperatures alter precipitation phase, snow 
accumulation, freeze–thaw cycles, and river-ice regimes. These changes modify 
discharge seasonality and flow and sediment processes that have traditionally been 
dominated by spring snowmelt and stable winter ice cover. Despite their importance, 
flow conditions and sediment transport beneath river ice remain poorly understood, 
particularly in natural rivers. This thesis examines climate-change-driven alterations 
in cold-region river systems by integrating watershed-scale analyses of long-term 
discharge records with reach-scale field observations of under-ice flow and sediment 
processes. It is based on two long-term time series and applies three complementary 
approaches: (1) statistical analyses of multi-decadal discharge records from 
unregulated Finnish rivers, (2) multi-year in situ measurements of near-bed flow and 
sediment transport beneath ice cover in a subarctic meander bend, and (3) near-bed 
turbulence analyses to assess hydraulic controls on ice-covered flow processes. 
Results show that climate change is redistributing river discharge within the 
hydrological year across Finland. Spring flood peaks are occurring earlier, while 
winter and autumn flows are increasing, whereas annual total discharges remain 
largely unchanged. Reach-scale observations demonstrate that the ice-covered 
period is morphodynamically active, even during the lowest midwinter discharges, 
with sediment transport occurring year-round. Turbulence analyses reveal that 
water-column height beneath the ice is the primary regulator of near-bed turbulence 
and shear stress, with ice thickness, discharge, and channel morphology further 
modulating bedload transport. Overall, wintertime processes play a key role in cold-
region sediment dynamics. As warming continues, flow and sediment transport are 
likely to become less concentrated during spring floods and increasingly distributed 
across winter and autumn events. The impacts of their changes must be considered 
when assessing the effects of climate change in cold-region rivers. 

KEYWORDS: cold-region rivers; climate change; river ice cover; discharge regime; 
sediment transport; near-bed flow; near-bed turbulence; river morphodynamics   
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TIIVISTELMÄ 

Kylmien alueiden joet, joista monet ovat kausittain jääpeitteisiä, ovat nopean hydro-
klimaattisen muutoksen kohteena, kun ilmastonmuutoksen muuttaa sateen olo-
muotoa, lumen kertymistä, jäätymis-sulamissyklejä ja jääolosuhteita. Nämä muutok-
set vaikuttavat virtaaman vuodenaikaisvaihteluun sekä virtaus- ja sedimenttiproses-
seihin, joita ovat aiemmin hallinneet lumen sulaminen keväällä ja pysyvä jääpeite 
talvella. Merkityksestään huolimatta virtausolosuhteet ja sedimentin kulkeutuminen 
jääpeitteen alla tunnetaan edelleen puutteellisesti, erityisesti luonnontilaisissa joissa. 
Tässä väitöskirjassa tarkastellaan ilmastonmuutoksen vaikutusta kylmien alueiden 
joissa yhdistämällä valuma-aluetason pitkien virtaama-aikasarjojen tarkastelu kent-
tähavaintoihin jäänalaisista virtaus- ja sedimenttiprosesseista. Tutkimus perustuu 
kahteen pitkään aikasarjaan, ja menetelminä käytetään kolmea toisiaan täydentävää 
lähestymistapaa: (1) sääntelemättömien suomalaisten jokien monikymmenvuotisten 
virtaama-aineistojen tilastollinen tarkastelu, (2) pohjanläheisen virtauksen ja 
sedimentin kulkeutumisen monivuotiset kenttämittaukset jääpeitteen alla sekä (3) 
pohjanläheisen turbulenssin tarkastelu jään alla ja siihen vaikuttavien hydraulisten 
tekijöiden arviointi. Väitöskirjan tulokset osoittavat, että ilmastonmuutos on 
muuttanut virtaamarakennetta suomalaisissa joissa. Kevättulvien huiput ajoittuvat 
aiemmaksi, kun taas talvi- ja syysvirtaamat kasvavat. Vuotuisten kokonaisvirtaa-
mien määrät pysyvät kuitenkin pääosin ennallaan. Tämä viittaa virtaamahuippujen 
ajankohdan muuttumiseen, ja tulokset osoittavat kevättulvien aikaistuneen ja 
talvivirtaamien kasvaneen. Jokiuoman mittakaavan havainnot osoittavat, että 
jääpeitteinen kausi on morfodynaamisesti aktiivinen myös keskitalven alhaisimpien 
virtaamien aikana ja sedimentin kulkeutumista tapahtuu ympäri vuoden. Turbu-
lenssianalyysit osoittavat, että jäänalaisen vesipatsaan korkeus on keskeinen 
pohjanläheisen turbulenssin ja leikkausjännityksen säätelijä ja että jään paksuus, 
virtaama ja uoman pohjan morfologia muokkaavat edelleen pohjakuljetusta. Koko-
naisuutena talviajan jääprosessit ovat keskeisiä kylmien alueiden sedimenttidyna-
miikassa, ja niiden muutosten vaikutukset tulee huomioida arvioidessa ilmaston-
muutoksen vaikutuksia. 

ASIASANAT: kylmien alueiden joet; ilmastonmuutos; jääpeite; virtaamat; sedi-
mentin kulkeutuminen; pohjanläheinen virtaus; pohjanläheinen turbulenssi; jokien 
morfodynamiikka   
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Abbreviations 

ADCP  Acoustic Doppler Current Profiler  
ADV Acoustic Doppler Velocimeter  
𝑏𝑏 Intake opening of Helley-Smith (m) 
CS River cross-section 
𝐷𝐷∗ Non-dimensional grain size parameter 
𝐷𝐷10 10th percentile grain size 
𝐷𝐷50 50th percentile (median) sediment grain size 
𝐷𝐷90 90th percentile grain size 
Dfb  Cold, humid climate with warm summers, Köppen classification 
Dfc  Cold, humid climate with cold summers, Köppen classification 
FMI  Finnish Meteorological Institute  
𝐺𝐺 Dry weight of sediment sample (kg) 
𝑔𝑔 Gravitational acceleration (m/s²) 
HQ High discharge (m³/s) 
MQ Mean discharge (m³/s) 
NQ Low discharge (m³/s) 
P  Precipitation (mm) 
Q  Discharge (m³/s)  
SNR Signal‑to‑noise ratio 
SYKE  Finnish Environmental Institute 
𝑠𝑠 Specific density, defined as the ratio of sediment density to water 

density 
𝑇𝑇 Transport stage parameter or time (min) 
𝑇𝑇𝑤𝑤 Water temperature 
𝑇𝑇𝑇𝑇𝑇𝑇  Turbulent kinetic energy 
𝑇𝑇𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 Lower‑bound estimate of turbulent kinetic energy 
𝑇𝑇𝑇𝑇  Turbulence intensity 
𝑇𝑇𝑇𝑇𝑢𝑢 , 𝑇𝑇𝑇𝑇𝑣𝑣 , 𝑇𝑇𝑇𝑇𝑤𝑤   Component‑specific turbulence intensities in the streamwise (𝑢𝑢), 

cross‑stream  (𝑣𝑣), and vertical (𝑤𝑤) directions, normalised with the 
corresponding mean velocity components 

𝑢𝑢 Streamwise velocity component 
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𝑢𝑢∗ Shear velocity 
𝑢𝑢∗𝑐𝑐 Critical shear velocity 
𝑣𝑣  Cross-stream velocity component or kinematic viscosity 
𝑤𝑤  Upwards velocity component 
z Height above the bed 
z0 Bed roughness length 
𝜌𝜌 mass density of water (g/cm³) 
𝜌𝜌𝑠𝑠  mass density of sediment (g/cm³)  
𝜏𝜏 Reynolds stress tensor  
𝜏𝜏𝑢𝑢𝑢𝑢, 𝜏𝜏𝑢𝑢𝑢𝑢 , 𝜏𝜏𝑣𝑣𝑣𝑣  Reynolds shear stress components in the streamwise-cross-stream 

(𝑢𝑢𝑢𝑢), streamwise-upwards (𝑢𝑢𝑢𝑢) and cross-stream-upwards (𝑣𝑣𝑣𝑣) 
planes  

𝜃𝜃𝑐𝑐𝑐𝑐  Critical mobility parameter 
𝜅𝜅 von Kármán constant 
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1 Introduction 

Rivers are fundamental components of the Earth’s hydrological cycle, supplying 
water resources essential for human societies, ecosystems, agriculture, and energy 
production. In cold regions, river ice strongly influences hydrological processes, and 
climate largely controls the magnitude of this influence (Beltaos & Prowse, 2009). 
Human activities, primarily through the release of greenhouse gases, have been the 
main driver of global warming, with mean global surface temperatures in 2011–2020 
about 1.1 °C higher than in 1850–1900 (IPCC, 2023). Since 1979, the Arctic has 
warmed almost four times more quickly than the globe (Rantanen et al., 2022). In 
the northern high latitudes, human-caused global warming (hereafter referred to as 
“climate change”) is projected to substantially increase the frequency, magnitude, 
and spatial extent of climate extremes, such as heavy rainfall, flooding, and droughts 
(Zhou et al., 2023). These intensifying climatic extremes will increasingly affect 
hydrological systems, particularly on river flow dynamics and seasonal processes, 
such as discharge and ice formation (Kuusisto & Elo, 2000; Magnuson et al., 2000; 
Newton & Mullan, 2021; Ruosteenoja, 1986; Williams, 1970). River ice has long 
been a subject of interest to researchers, particularly in engineering disciplines, and 
flow processes beneath ice have been examined (Ashton, 1986; Beltaos, 1995; 
Michel, 1971). Modelling studies have been conducted in flumes (Sayre & Song, 
1979; Tsai & Ettema, 1994; Urroz & Ettema, 1994; Wuebben, 1986); however, 
investigations based on field measurements have been comparatively limited and 
have largely emerged only in recent years (e.g., Demers et al., 2011, 2013; Ghareh 
Aghaji Zare et al., 2016; Koyuncu & Le, 2022; Lotsari et al., 2017; Lotsari, Tarsa, 
et al., 2019; Polvi et al., 2020; Sukhodolov et al., 1999).  

Understanding how climate change alters river discharge and ice dynamics in 
natural environments is crucial for predicting future hydrological responses, 
ecosystem impacts, and water resource availability in high-latitude regions. As 
societies and ecosystems in cold regions are adapted to predictable seasonal flow and 
ice regimes, shifts in these regimes’ timing or magnitude can substantially affect 
flood risk (Beltaos & Prowse, 2009), water security (Barnett et al., 2005), 
hydropower operations (Prowse et al., 2011), and fluvial ecosystems (Thellman et 
al., 2021). Therefore, examining the linked changes in river flow and ice regimes 

https://www.zotero.org/google-docs/?c6xAOZ
https://www.zotero.org/google-docs/?dk3aC7
https://www.zotero.org/google-docs/?dk3aC7
https://www.zotero.org/google-docs/?dk3aC7
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offers key insights into the broader consequences of a warming climate. As climate 
change accelerates, these systems are undergoing rapid transitions, underscoring the 
need for research to assess ongoing and past changes and to anticipate future 
developments.  
 Globally, streamflow seasonality is governed by precipitation seasonality, snow 
and ice storage and melt, and evapotranspiration (Dettinger & Diaz, 2000). In high 
latitude regions, snowmelt-dominated regimes are the primary controls of flow 
timing. Climate change is leading to a weakened flow seasonality in cold-region 
regions (H. Wang et al., 2024). This weakening is associated with earlier snowmelt 
and an increasing proportion of precipitation falling as rain rather than snow (Tan et 
al., 2011; H. Wang et al., 2024). The loss of a distinct and predictable seasonal flow 
regime reduces hydrological reliability, shifts the timing of peak runoff, and 
increases the probability of winter flooding and summer droughts (Barnett et al., 
2005; Veijalainen et al., 2010, 2019). Globally, over one third of the land surface is 
drained by rivers that experience seasonal ice cover (X. Yang et al., 2020). The 
timing of river-ice freeze up and breakup is closely linked to air temperature 
fluctuations around 0 °C, reflecting the strong thermal control on river water 
temperature and on ice dynamics (Beltaos & Prowse, 2009; Bennett & Prowse, 
2010). Rising temperatures have already caused thinner ice cover, reduced spatial 
extent, and shorter ice-covered periods (Beltaos & Prowse, 2009; Lin et al., 2025; 
Qiu et al., 2025; R.-M. Yang & Zhang, 2022; X. Yang et al., 2020). These alterations 
modify the physical and ecological characteristics of river systems, influencing 
sediment transport and human activities dependent on stable ice conditions. 
 Cold-region rivers are already undergoing a pronounced reorganisation of their 
discharge regimes driven by climate change (Burn & Whitfield, 2017). Although 
annual discharge volumes remain unchanged, many cold-region river watersheds are 
experiencing declining snow storage and earlier melting, resulting in higher winter 
baseflows and earlier spring onsets (Blåfield, Marttila, et al., 2024; Tan et al., 2011; 
Thellman et al., 2021). Warming-induced shifts in the rain–snow balance and 
reductions in snowpack further shorten storage and shift runoff towards winter and 
early spring. Permafrost thaw and evolving groundwater pathways enhance winter 
discharge and reduce seasonality whereas declines in river-ice duration and thickness 
reflect warming and altered snow insulation (Feng et al., 2021; Park et al., 2016). 
These changes modify freeze up and breakup dynamics, affecting the timing and 
magnitude of peak flows and sediment transport. These changes in the dynamics 
increase the probability of damaging ice jam floods and require adaptation of 
hydraulic structures, such as dams and bridges. 
 River-ice processes are controlled by winter snow storage and the magnitude and 
timing of spring flow peaks (Turcotte et al., 2011). High snow accumulation can 
produce a thinner ice cover due to increased insulation whereas a limited snowpack 
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may promote thicker ice growth. Consequently, reductions in ice duration or 
thickness influence the timing and magnitude of flood peaks, the nature of ice 
breakup (thermal or mechanical), and sediment mobilisation. Rising winter 
temperatures and increasing winter discharges are also expected to enhance the 
frequency of midwinter melt events (Beltaos & Prowse, 2009). These events can 
trigger early ice-cover breakup, leading to midwinter ice jams and flooding at times 
when communities and infrastructure are adapted to low-flow, ice-covered 
conditions (Turcotte et al., 2020). 
 Although the large-scale impacts of climate change on river discharge and ice 
regimes are increasingly recognised, field-based understanding of under-ice flow 
processes in natural environments has only recently advanced (Demers et al., 2011, 
2013; Kämäri et al., 2015; Koyuncu & Le, 2022; Lotsari et al., 2017, 2020; K. 
Smith et al., 2023a, 2023b). Despite these developments, our understanding of how 
ice cover influences flow and sediment processes remains limited. Moreover, even 
less attention has been paid to investigating flow dynamics during the phases of 
ice formation and decay although some recent progress has been achieved (Ansari 
et al., 2017; McFarlane et al., 2017; Pei et al., 2024; Takala et al., 2025). 
Transitional periods between open-water and ice-covered states play a critical role 
in river hydraulics and sediment dynamics, with geomorphological activity 
peaking during these phases (Beltaos & Prowse, 2009). Most research, however, 
has focused on ice jam dynamics during breakup in large rivers (Burrell et al., 
2023; Turcotte & Morse, 2013), resulting in mid-winter conditions, freeze up and 
other transitional stages receiving considerably less attention (Burrell et al., 2023; 
Thellman et al., 2021). Therefore, the physical processes governing flow 
characteristics beneath the ice cover are still poorly understood. Advances in this 
knowledge are important for improving hydrodynamic models, refining sediment 
transport predictions, and assessing the impact of climate change on cold-region 
river systems. 
 Sediment transport beneath ice cover has often been overlooked although winter 
and ice breakup processes can significantly impact sediment dynamics and channel 
morphology (Turcotte et al., 2011). Field and laboratory studies have demonstrated 
that sediment transport occurs beneath ice during winter (Ettema & Daly, 2004; 
Muste et al., 2000; Polvi et al., 2020; K. Smith et al., 2023a) and the discharges 
required to transport sediment may be much lower than the critical discharges 
necessary for sediment movement under open-water conditions (Turcotte et al., 
2011). Ice cover modifies flow structure by increasing hydraulic resistance and 
shifting maximum velocity toward the midwater column or bed (Ghareh Aghaji Zare 
et al., 2016; Koyuncu & Le, 2022; F. Wang et al., 2021). These changes alter near-
bed shear stress, turbulence, and sediment-entrainment patterns. Shifts in ice timing 
and flow seasonality also affect nutrient pulses, primary production, habitat 
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conditions, and oxygen dynamics (Beltaos & Prowse, 2009; Thellman et al., 2021). 
For society, alterations in river-ice processes increase the risk of ice jams, disrupt 
winter transportation, and complicate hydropower operations (Fukś, 2023; Turcotte 
et al., 2011; X. Yang et al., 2020). 
 In this thesis, the effects of changing hydroclimatic conditions on flow and 
sediment processes in cold-region rivers are analysed using three approaches: (1) 
statistical analyses of long-term discharge and flow records, (2) in situ measurements 
of flow and sediment dynamics, and (3) spatial analyses of flow structure and 
sediment transport under ice-covered conditions. Through this integrated 
methodology, detailed insights are obtained in seasonal and interannual variations in 
discharge and flow seasonality as well as the spatial and temporal patterns of near-
bed flow characteristics beneath ice and the dynamics of winter bedload and 
suspended sediment transport. The term “cold-region rivers” refers to rivers located 
within the subarctic-hemiboreal climate zone (60°–70° N latitude), where winters 
are characterised by seasonal snow and ice cover and strong temperature variations 
during the hydrological year. 
 This study is conducted at two spatial scales: the watershed scale and the reach 
scale of an individual meander bend in a subarctic river. The watershed-scale 
analysis focuses on Finland, where climate model projections indicate warming 
that exceeds the global mean, with the most pronounced changes occurring in 
winter. Mid-century (2040–2069) projections under a moderate-emissions scenario 
suggest increases of approximately 3.3 °C in mean winter temperature and 2.4 °C 
in mean summer temperature, together with increases in winter and summer 
precipitation of about 12 % and 5 %, respectively, relative to the 1981–2010 
baseline (Ruosteenoja & Jylhä, 2021). These projections, together with previous 
research, indicate that by the end of the century, the hydrological regime of Finnish 
rivers will change substantially as a result of climate change, with the most 
pronounced impacts expected in coastal and central Finland (Veijalainen et al., 
2010). In northern Finland, climate change is projected to substantially reduce 
spring peak floods due to decreased snowpack accumulation. However, in the 
northernmost regions, where the local study site of this thesis, the Pulmanki River, 
is located, winters are still expected to remain sufficiently cold to allow for 
substantial snowpack formation and the occurrence of high spring floods. 
Consequently, it remains essential to study ice-cover-related processes and their 
effects on flow and sediment dynamics in these regions, as ice cover is not anymore 
occurring consistently each winter in southern Finland, making its impacts 
increasingly difficult to quantify there. 
 The primary objective of the thesis is to advance understanding of river flow and 
sediment processes beneath ice cover at the reach scale and to quantify long-term 
changes in discharge regimes at the watershed scale over the available period of 
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record (Figure 1). The findings provide new insights into the hydrological and 
geomorphological processes of cold-region rivers, where snow and ice strongly 
influence river dynamics throughout the year. This thesis integrates statistical 
analyses, multi-year wintertime field observations, and spatial analysis to quantify 
and assess the response of cold-region rivers to a changing climate. 
 
The aims of the thesis are 

1) To quantify long-term changes in regional river discharge regimes and link 
variations in volume, magnitude, and timing to climatic drivers using multi-
decadal discharge records (Paper I). 

2) To characterise near-bed flow and sediment transport beneath ice by 
quantifying turbulence parameters and assessing how near-bed flow controls 
sediment entrainment and bedload transport under varying hydrological 
conditions, supported by field bedload measurements (Papers II–III) 

3) To integrate hydrological, hydraulic, and sediment-transport findings to 
improve the prediction of sediment dynamics and morphodynamic response 
beneath ice cover under changing climatic conditions (Papers I–III). 

 
In Paper I, daily mean discharge data from 36 unregulated gauging stations 

across 19 watershed areas in Finland, obtained from the national database of Finnish 
Environment Institute (SYKE, Hertta database), are analysed to characterise long-
term (1911–2021) changes in discharge volumes, magnitudes, timings, and 
frequencies. The dataset comprises approximately 765000 daily records, with 
individual station record lengths ranging from 28 to 110 years (mean period of 60 
years). Trend analyses are conducted using the non-parametric Mann-Kendall test 
and Sen’s slope estimator to quantify the magnitude and significance of trends. 
Stations are analysed individually and across three hydrological regions, (A) lake-
rich southern/central catchments, (B) coastal catchments, and (C) northern 
snowmelt-dominated catchments, to assess spatial patterns in the observed changes 
and to compare with previous studies. The aim is to determine how discharge 
volumes, extreme-flow magnitudes, event timings, and frequencies have shifted in 
unregulated Finnish rivers in response to climate change. 
 In Paper II, stationary cross-sectional acoustic Doppler current profiler (ADCP) 
and near-bed acoustic Doppler velocimeter (ADV) measurements are gathered 
through drill holes in the ice, and are used to characterise time-averaged near-bed 
velocities, ice thickness, and water depth beneath a seasonally ice-covered meander 
bend. Bedload transport and river bed sediment properties are quantified using 
pressure difference (i.e. Helley-Smith type sampler: Helley & Smith, 1971) and grab 
sediment sampling (i.e. Van Veen type sampler), respectively for cross-sectional 
grain-size distributions. Near-bed velocities are compared with Hjulström thresholds 
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and converted to shear-velocity estimates using the logarithmic law-of-the-wall 
(Wilcock), with bed roughness (z0) represented by the measured 𝐷𝐷50. Critical shear 
velocities and transport-stage parameters are calculated using Van Rijn’s 𝐷𝐷∗ and 
𝜃𝜃𝑐𝑐𝑐𝑐 formulations, and the resulting metrics are analysed against water depth, ice 
thickness, and discharge using Pearson correlations. The aim is to determine how ice 
cover and hydrological variability influence near-bed flow and sediment transport 
potential in a subarctic river system. This study is based on multi-year (2016–2021) 
field observations. 
 In Paper III, partially overlapping ADCP and ADV datasets used in Paper II are 
further analysed, complemented by extended time series. In addition, visual 
information of bedforms is used to characterise near-bed and water column flow 
beneath river ice. Turbulence metrics were derived from nine years of ADCP and 
five years of ADV time series and subsequently analysed using Spearman 
correlations with water column height and ice thickness. These results were also 
compared with prevailing hydroclimatic conditions before and during the 
measurement period. This study is intended to investigate how water column height, 
ice conditions, discharge, and bedform characteristics influence near-bed turbulence 
beneath ice in a subarctic meander bend. This study is based on multi-year (2016–
2024) field observations. 
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Figure 1.  Overview of the objectives, spatial scale, data, methods, results, and conclusions of this 

thesis. The framework combines watershed-scale analyses of long-term discharge and 
climate data with reach-scale field observations and hydraulic-sediment analyses to 
quantify climate-driven changes in discharge regimes and flow and sediment dynamics 
in seasonally ice-covered cold-region rivers. 
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2 Background 

2.1 Seasonal and regional variability in discharge 
and hydrological controls 

The flow of water through a river cross-section over a given period of time is referred 
to as discharge. The magnitude of discharge is determined by surface and subsurface 
runoff processes within the watershed, which depend on the catchment’s size, 
topography, land cover, and hydrological characteristics. In addition, climatic, 
hydrological, and cryospheric processes, including precipitation patterns, snow 
accumulation, and snow melt as well as permafrost conditions, govern the timing 
and magnitude of runoff and further river discharge.  
 Globally, rivers that freeze seasonally drain more than one third of the Earth’s 
landmass (X. Yang et al., 2020). Climate warming is already altering these systems 
by reducing the proportion of winter precipitation that falls as snow and by bringing 
forward the onset of spring snowmelt (Barnett et al., 2005). As a result, in cold 
regions, peak river runoff is generally shifting towards earlier spring and, 
increasingly, into winter rather than occurring predominantly in late spring and 
summer (Burn & Whitfield, 2017; Vormoor et al., 2016). Furthermore, the mean 
duration of seasonal river ice is projected to decline by approximately 6.1 ± 0.08 
days for every 1 °C increase in mean surface air temperature (X. Yang et al., 2020). 
These high-latitude rivers are therefore undergoing pronounced hydroclimatic 
change, with discharge and sediment-transport regimes shifting away from 
snowmelt-dominated (nival) control towards increasingly rain-driven (pluvial) 
control (T. Zhang et al., 2023). This transition may also alter the seasonal timing of 
peak flows, as rainfall-driven events can occur outside the traditional spring freshet 
period and extend into autumn or winter. 
 River discharge varies throughout the hydrological year and, in cold regions, is 
strongly influenced by climatic and catchment characteristics, including 
precipitation, temperature, vegetation dynamics, snow accumulation, and snowmelt 
(Dettinger & Diaz, 2000; Turcotte & Morse, 2013). Seasonal variability in discharge 
is commonly characterised using metrics describing discharge magnitude, timing, 
frequency, and seasonality. These metrics include annual and seasonal mean 
discharge, the timing and magnitude of high-flow events, and the frequency of 
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extreme flow conditions. In cold regions, discharge is typically highest during spring 
as a result of snowmelt whereas lower discharges generally occur during the summer 
growing season and in winter, when the ground is frozen (Holmes, 2021; Korhonen 
& Kuusisto, 2010; Rawlins & Karmalkar, 2024). During winter, rivers in cold 
regions are ice-covered, and discharge dynamics are further modified during ice 
formation and breakup periods (Beltaos & Prowse, 2009; Turcotte et al., 2011). 
 In cold regions, such as Finland, the hydrological regime is largely governed by 
snow-controlled seasonality (Korhonen & Kuusisto, 2010; Schneider et al., 2013). 
Consequently, even small increases in air temperature can substantially alter runoff 
timing and discharge regimes, as reduced snow storage and an increased proportion 
of rainfall shift runoff towards earlier seasons (Barnett et al., 2005; Olsson et al., 
2015). In northern Finland, where mean daily winter temperatures typically remain 
below 0 °C, spring snowmelt produces the annual discharge peak whereas winter 
runoff remains low due to frozen ground and snow storage (Korhonen & Kuusisto, 
2010). In contrast, southern Finland experiences milder winters, where winter 
precipitation may alternate between rain and snow, leading to episodic runoff events, 
and the lowest discharges are more commonly observed during summer when 
evapotranspiration exceeds precipitation (Korhonen & Kuusisto, 2010; Veijalainen 
et al., 2019). Seasonal and regional differences in discharge regimes are therefore 
critical for assessing cold-region rivers’ sensitivity to climate-change-driven 
increases in air temperature and changes in precipitation. Shifts in discharge regimes 
change the structure of the hydrological year (Figure 2) but also influence river-ice 
processes. Understanding these changes therefore provides context for interpreting 
variations in flow and sediment transport processes of ice-covered rivers. 

 
Figure 2.  Comparison of annual discharge regimes of the Uskelanjoki River (Kaukolankoski 

gauging station), southern Finland. The hydrological year 1976 represents relatively 
typical conditions, with peak discharge driven by spring snowmelt. In contrast, in 2016 
the peak discharge occurred during winter due to thaw, followed by smaller discharge 
events in spring. 
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2.2 Ice formation, breakup, and ice characteristics 
In cold regions, river discharge, water level, and sediment-transport capacity are 
additionally influenced by river-ice processes, such as seasonal freeze up and 
breakup, the formation of frazil and anchor ice, and ice jam dynamics (Ettema & 
Daly, 2004; Turcotte & Morse, 2013). The formation and dynamics of river ice are 
affected by climatic controls, including air temperature, precipitation, solar 
radiation, humidity, cloud cover, and wind (Burrell et al., 2023). These climatic 
controls govern the seasonal evolution of river ice, from formation to breakup. 
 Ice cover forms when water cools to its freezing point and ice nucleation begins 
(Figure 3) (Beltaos & Prowse, 2009; Hicks & Beltaos, 2008). Typically, skim ice 
and border ice are the first types to form in calm and stable reaches whereas other 
forms, such as frazil ice flocs, floes, and pans, develop predominantly in turbulent 
flows (Burrell et al., 2023; Turcotte & Morse, 2013). As the ice cover develops, 
newly formed or drifting ice floes move downstream and interact with the existing 
cover (Burrell et al., 2023). When they reach the ice front, the floes may accumulate 
by juxtaposition or beneath the cover through hydraulic thickening, depending on 
the prevailing hydraulic conditions. If frazil particles attach to gravel or boulders on 
the bed, they form anchor ice. This anchor ice may subsequently release once the 
water warms above the supercooled state, or if the adhesive forces at the interface 
are reduced due to solar radiation or mechanical forces exerted by the flow. Upon 
release, the anchor ice will rise toward the surface. In cases where the buoyant force 
of anchor ice attached to substrate material exceeds the weight of the material, it may 
transport sediment downstream by rafting, attach to the underside of the ice cover, 
and contribute to the formation of hanging dams (Turcotte & Morse, 2013). Before 
a stable ice cover forms, several episodes of ice formation and melting may occur if 
water temperatures are exposed to fluctuations (Buffin‐Bélanger et al., 2013). 
 Once ice cover has formed, multiple ice types tend to accumulate and consolidate 
with the existing cover, resulting in a more continuous and stable ice surface (Beltaos 
& Prowse, 2009; Turcotte & Morse, 2013). Thickening of the ice cover from the ice 
underside results from the vertical freezing of the water column downward from the 
underside of the ice as well as potential frazil accumulation (Beltaos & Prowse, 
2009; Turcotte et al., 2011). On the upper surface, ice cover thickening is influenced 
by snow cover and by the mixing and freezing of water within the snow layer, which 
may result from rain-on-snow events or from the flooding of river water over the ice 
cover (aufeis) (Beltaos & Prowse, 2009; Burrell et al., 2023). 
 When air temperatures rise permanently above 0 °C, ice breakup processes 
begin. Ice breakup typically progresses through several phases: pre-breakup, onset, 
drive, and wash (Beltaos, 2003; Hicks & Beltaos, 2008). Ice cover breakup can be 
triggered in two ways: thermally or mechanically (Beltaos, 2003). Thermal breakup 
occurs when the ice cover has already deteriorated substantially; its thickness and 
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strength have been reduced by melting and solar radiation, causing the ice to 
disintegrate in place with little or no jamming (Beltaos, 2003). The river’s water 
level rises slowly, often remaining below the level required to lift ice blocks, and 
flood impacts are modest. Mechanical breakup, by contrast, is driven by rapidly 
increasing river discharge acting against thick and mechanically strong ice cover 
(Beltaos & Prowse, 2009). Rising water levels, caused by snowmelt, rainfall on ice, 
or the accumulation of already broken ice, increase flow forces that fracture the 
stable ice, detach it from the banks, and transport it downstream (Beltaos & Prowse, 
2009; Burrell et al., 2023). The moving ice blocks may encounter stationary ice and 
form jams, potentially resulting in severe ice jam flooding. Therefore, advanced ice 
decay and minimal jam formation characterise thermal events whereas mechanical 
events are governed by the ice’s ability to resist hydrodynamic forces and typically 
produce more extreme flooding and enhanced sediment entrainment and transport 
(Beltaos, 2003; Ettema & Daly, 2004; Turcotte et al., 2011). 
 Ice formation conditions and prevailing hydroclimatic variables control ice 
thickness and roughness. Under stable ice-cover conditions, the amount of snow 
accumulating on the ice surface strongly influences ice thickness (Burrell et al., 
2023). Rapid accumulation of snow following ice-cover formation insulates the ice, 
reducing heat loss and potentially resulting in thinner ice, whereas limited or absent 
snow cover allows for greater heat exchange and promotes faster ice thickening. 
Depending on thermal and snow conditions, river ice may consist of black ice formed 
by the downward freezing of water or of snow ice formed by the refreezing of water-
saturated snow on top of the ice cover; mechanically, black ice is generally stronger 
than snow ice (Beltaos & Prowse, 2009; Burrell et al., 2023). Ice underside 
roughness, which influences near-surface flow turbulence, arises from wave-like ice 
forms and the accumulation of anchor ice on the underside of the ice cover (Ettema 
& Daly, 2004; Sukhodolov et al., 1999). This roughness can evolve throughout the 
winter, if frazil ice is deposited or eroded, and as the ice cover deforms, thickens, or 
breaks up and ice jam events take place (Ghareh Aghaji Zare et al., 2016). 

 
Figure 3.  River ice cover formation process, when ice cover is formed through frazil ice 

accumulating. Adapted from Lindenschmidt (2020). 



Background 

 21 

2.3 Hydraulic effects of river ice on flow properties 
The presence of an ice cover introduces an additional roughness layer that increases 
flow resistance, modifies the velocity profile, increases the wetted perimeter, and 
alters the overall hydraulic structure of the channel (Muste et al., 2000; Turcotte et 
al., 2011). This additional roughness layer and therefore increased resistance result 
in an increase in water level for the same discharge volume compared to open-
channel conditions. Flow in an ice-covered channel can therefore be divided into two 
components: one governed by the channel bed and the other by the ice cover (Larsen, 
1969). These combined effects shift the maximum velocity towards the centre of the 
water column, resulting in an asymmetric velocity profile (Figure 4) (Demers et al., 
2011; Jafari & Sui, 2021; Lotsari et al., 2017; Robert & Tran, 2012). The location of 
the maximum streamwise velocity is determined by the relative roughness of the ice 
cover versus the channel bed, with the maximum velocity shifting away from the 
rougher surface (Teal et al., 1994). 
 Flow beneath ice cover is generally considered fully developed and turbulent 
(Muste et al., 2000). Because an ice cover shifts maximum velocities closer to the 
riverbed, it induces steeper velocity gradients, resulting in higher bed shear stresses 
(K. Smith et al., 2023b). Consequently, the vertical distribution of turbulence within 
the water column is influenced by conditions at the bed and the underside of the ice 
cover. Maximum turbulence levels are typically observed near the riverbed and 
immediately below the ice cover (Robert & Tran, 2012; Sukhodolov et al., 1999). 
However, turbulence throughout the entire water column beneath an ice cover is 
often less intense than under open-channel conditions, resulting in reduced sediment 
entrainment and decreased sediment transport (Muste et al., 2000; Turcotte et al., 
2011). Despite this overall reduction, localized increases in turbulence can occur in 
shallow sections, near banks, or over riffles, where flow velocities are higher than in 
adjacent areas (K. Smith et al., 2023b). Such intensification is typically associated 
with reduced water column depth, which constrains the flow and thereby elevates 
local velocities. Under these constrained conditions, the ice cover defines and limits 
the vertical extent of the water column, rather than directly restricting the macro-
turbulent coherent structures themselves (Lotsari et al., 2020). Nevertheless, their 
interaction with bedforms and the ice underside can increase the frequency of 
bursting events, intermittently enhancing sediment suspension and mixing.  
 In meander bends, the presence of an ice cover further modifies flow patterns, 
particularly the structure of secondary currents. Under ice-covered conditions, 
centrifugal acceleration is reduced, resulting in the dampening of the secondary flow 
spiral. This dampening causes the spiral to split into two weaker, vertically stacked, 
counter-rotating cells (Lotsari et al., 2017). Such alterations to the secondary flow 
structure can influence flow characteristics and sediment transport within the bend.  
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 As the presence of an ice cover influences the flow’s hydraulic properties, the 
characteristics of flow turbulence are also modified. Typically, an ice cover reduces 
the overall magnitude of turbulent kinetic energy (TKE) (Sediqi et al., 2024) 
although it may locally increase turbulence intensity and shear stresses (Jafari & Sui, 
2021; Robert & Tran, 2012). In meander bends, the ice cover further modifies the 
structure of secondary currents. Studies have demonstrated that flow beneath an ice 
cover in a meandering channel is separated into two weaker, counter-rotating 
secondary flow cells (Lotsari, Tarsa, et al., 2019; F. Wang et al., 2021). 
 Consequently, ice cover affects flow dynamics and sediment transport beneath 
the ice, particularly in midwinter, when hydraulic and thermal conditions are 
relatively stable. In contrast, the freeze up and breakup periods are highly dynamic, 
often short-lived, and therefore considerably more difficult to observe and measure 
in situ. Despite their brief duration, these transitional phases can induce pronounced 
changes in flow hydraulics and sediment mobilisation and therefore merit dedicated 
investigation in future studies. Flow velocities and turbulence characteristics beneath 
ice cover are commonly quantified using acoustic instruments such as ADCPs and 
ADVs, which enable high-frequency, point-scale measurements. Instrument 
selection and configuration vary depending on the study’s environmental conditions 
and the specific objectives (e.g., Giovino et al., 2025; Jafari & Sui, 2021; Koyuncu 
& Le, 2022; Lotsari et al., 2017, 2019, 2020; Namaee & Sui, 2019; Peters et al., 
2017; Polvi et al., 2020; Smith et al., 2023a, 2023b). 

 
Figure 4.  Flow velocity distribution profile in open-channel and ice-covered conditions. 𝑢𝑢max is the 

maximum flow velocity, and z is the distance from riverbed. Adapted from Teal et al. 
(1994). 

2.4 Climate change and altering discharge and ice 
regimes 

Over recent decades, climate change has increasingly reshaped hydrological 
processes, leading to alterations in river flow regimes (Blöschl et al., 2017; Hall & 
Blöschl, 2018; Korhonen & Kuusisto, 2010; Schneider et al., 2013) as well as river 
ice processes, including changes in ice formation (Beltaos & Prowse, 2009; Burrell 
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et al., 2023; Fukś, 2023) and breakup timing (Magnuson et al., 2000; Norrgård & 
Helama, 2019; Thellman et al., 2021). 
 In northern and cold regions, where annual floods are typically driven by spring 
snowmelt and rainfall, climate change is expected to exert a stronger influence on 
runoff and flooding than in other regions (Barnett et al., 2005). Ongoing and 
projected changes in precipitation and temperature patterns are already affecting 
hydrological dynamics. Studies have documented decreasing spring flood 
magnitudes (Arheimer & Lindström, 2015; Stadnyk et al., 2021; Veijalainen et al., 
2010), earlier timing of spring floods (Arheimer & Lindström, 2015; Bjerke et al., 
2025; Blöschl et al., 2017; Fang et al., 2022; Tan et al., 2011) and an increasing 
frequency of floods occurring outside the traditional snowmelt season (Burn & 
Whitfield, 2017; Vormoor et al., 2015). 
 In Finland and northern Europe, warmer winters have led to a greater proportion 
of precipitation falling as rain rather than snow, together with more frequent 
midwinter thaw events (Apsīte et al., 2013; Hyvärinen, 2003; Korhonen & Kuusisto, 
2010). As a result, spring flow peaks are occurring earlier whereas mean summer 
discharges are declining as snowmelt takes place earlier and summers become 
warmer and longer, increasing evapotranspiration (Veijalainen et al., 2019). Climate 
projections indicate that these seasonal hydrological changes will intensify in the 
future: winter discharges are expected to increase, snowmelt to occur earlier but with 
reduced magnitude due to declining snow accumulation, and summer discharges to 
decrease as a consequence of higher annual evapotranspiration (Arheimer & 
Lindström, 2015; Bjerke et al., 2025; Olsson et al., 2015; Ruosteenoja & Jylhä, 2021; 
Veijalainen et al., 2010). In addition, floods driven by extreme precipitation events 
are projected to become more frequent, particularly during autumn and winter. 
Similar changes have already been observed in the Baltic region where increases in 
winter runoff and annual discharge, along with decreases in spring runoff, have been 
reported (Apsīte et al., 2013; Ilnicki et al., 2014; Klavins et al., 2009), and in 
Scandinavia, where a pronounced shift towards rainfall replacing snowmelt as the 
dominant flood-generating mechanism has been identified (Vormoor et al., 2015).  
 The timing of river ice-cover breakup is primarily controlled by atmospheric and 
hydrological conditions (Prowse et al., 2007) and most commonly occurs in spring, 
when rising temperatures induce snowmelt (Beltaos & Prowse, 2009; Cooley & 
Pavelsky, 2016). However, midwinter thaws have increasingly been observed to 
trigger breakup events (Burrell et al., 2023; Prowse et al., 2007). These midwinter 
breakups are mechanical; however, high-discharge, dynamically driven mechanical 
breakup events in spring are becoming increasingly rare whereas thermal breakups 
are becoming more common (Cooley & Pavelsky, 2016; Turcotte & Morse, 2013). 
In addition, ice-cover thickness is often reduced under warmer conditions, making 
river ice more susceptible to weakening through melting processes (Burrell et al., 
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2023; Fukś, 2023). As climate change progresses, thermally driven breakup events 
are projected to become increasingly common; nevertheless, further research is 
needed to better understand this phenomenon (Beltaos & Prowse, 2009; Cooley & 
Pavelsky, 2016; Thellman et al., 2021). 
 Warmer winters also lead to shorter ice-covered periods and increased 
hydrological variability within catchments in cold regions (Giovino et al., 2025; J. 
Wang et al., 2021). However, studies examining the duration of river ice cover and 
its temporal changes remain limited, primarily due to the scarcity of long-term 
datasets, their discontinuous nature, or their focus on individual river systems 
(Newton & Mullan, 2021; Prowse et al., 2007). Across the Northern Hemisphere, 
river ice observations and time series are particularly sparse, as many long-term 
monitoring networks have been discontinued. This data gap is especially concerning 
because under ongoing climate change, rates of hydrological and cryospheric change 
are accelerating whereas the long-term observational records required to robustly 
detect and quantify these changes are increasingly unavailable (Prowse et al., 2007). 
Although remote sensing and satellite data offers a potential alternative for 
monitoring river ice phenology (Cooley & Pavelsky, 2016; Fukś, 2023), its 
applicability is constrained by uncertainties related to cloud cover, data availability, 
and spatial resolution, particularly in smaller rivers (Beaton et al., 2019; Cooley & 
Pavelsky, 2016; X. Yang et al., 2020). Consequently, remote-sensing-based river ice 
assessments are particularly challenging in regions such as Finland, where many 
rivers are narrow and observational constraints are significant. Alternative 
approaches, including UAVs and higher-resolution satellite imagery, are therefore 
required to enhance knowledge of smaller (Alfredsen et al., 2018; Thellman et al., 
2021). 
 In contrast, more extensive and continuous data are available for lakes, and 
analyses of these records show that lakes across the Northern Hemisphere are 
freezing later and experiencing earlier ice (Benson et al., 2012; Magnuson et al., 
2000; Newton & Mullan, 2021; Sharma et al., 2021). In North America, decreases 
in the length of the river ice-cover season have been observed, together with earlier 
spring flow peaks (De Rham et al., 2008; Hodgkins et al., 2005; Lacroix et al., 2005), 
with similar trends reported in the Russian Arctic (L. Smith, 2000; Vuglinsky, 2002). 
 Consequently, relatively few comprehensive analyses of river ice cover have 
been conducted in northern Europe. Nevertheless, the available studies 
consistently indicate a shortening of the river ice-cover period, with ice formation 
occurring later in autumn and breakup taking place earlier in spring (Fukś, 2023; 
Klavins et al., 2009; Latkovska et al., 2016; Norrgård & Helama, 2019). In 
southern Finland, there have already been years during the 2000s in which rivers 
have not frozen at all or have remained ice covered only for very short periods 
(Norrgård & Helama, 2022). 
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2.5 Sediment transport beneath ice cover 
Sediment is transported as dissolved, suspended, or as bed load, which together 
constitute the total sediment load (Charlton, 2007; Dey, 2014). Dissolved sediment, 
consisting of particles smaller than 0.45 micrometres, is carried in solution. 
Suspended sediment comprises particles smaller than 0.062 millimetres, whereas 
larger particles are transported as bed load. However, larger particles can be 
transported as suspended load if the shear velocity exceeds the particle’s fall velocity 
(De Leeuw et al., 2020; Dey, 2014). The movement of sediment is governed by 
hydraulic forces exerted by flowing water. Flowing water acts on sediment through 
two primary forces, drag and lift. When these forces exceed a sediment particle’s 
resistance, the particle is set in motion. This threshold is referred to as the critical 
shear stress. Flowing water’s ability to entrain and mobilise sediment can also be 
expressed as bed shear stress, which describes the force the flow exerts on the 
riverbed per unit area (N/m²). A sediment particle’s critical shear stress is controlled 
by factors including particle size, shape, and density, as well as particle arrangement 
on the bed, grain size distribution, and interparticle bonds. Once entrained, bed-load 
sediment moves along the riverbed by rolling, sliding, or saltation. When 
gravitational forces exceed the forces exerted by the flow, typically during 
decreasing flow velocities, sediment particles settle and deposit to the riverbed. This 
relationship between particle size and flow velocity is illustrated by the Hjulström 
diagram, which defines the critical flow velocities required for sediment 
entrainment, transport, and deposition (Hjulström, 1935). 
 In high-latitude regions, studies of sediment transport have mainly focused on 
large Arctic rivers whereas smaller watersheds have received less attention (Lewis 
& Lamoureux, 2010). However, these smaller watersheds may be particularly 
sensitive to climate change and are therefore crucial for understanding how high-
latitude regions will respond to future environmental change. It has been predicted 
that global temperature increases lead to a substantial rise in sediment yields in 
Arctic watersheds (Gordeev, 2006; Lewis & Lamoureux, 2010; Syvitski, 2002). 
 Historically in cold regions, snowmelt-driven discharge peaks have governed the 
magnitude and timing of peak sediment transport (Cockburn & Lamoureux, 2008) 
whereas the stable ice-covered period has traditionally been assumed to be largely 
inactive in terms of sediment transport, as reduced bulk velocity and shear stress 
limit sediment transport capacity (Ettema, 2002; Turcotte et al., 2011). However, 
studies have demonstrated that this assumption is incorrect, showing that sediment 
transport does occur during the ice-covered season even at low discharges, and that 
these processes have been largely overlooked in the literature (Ettema & Daly, 2004; 
Turcotte et al., 2011). One contributing factor is the methodological complexity 
associated with collecting sediment transport data under ice-covered conditions 
(Shen, 2025); nevertheless, the number of field-based sediment transport studies 
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conducted under such conditions has increased in recent years (Beltaos & Burrell, 
2016; Kämäri et al., 2015; Koyuncu & Le, 2022; Polvi et al., 2020). 
 Sediments can nonetheless be transported at discharges much lower than the 
critical thresholds for incipient motion defined for open-water conditions, primarily 
due to ice-related processes rather than increased discharge magnitude. These 
processes include sediment rafting by frazil and anchor ice, release of anchor ice 
from the bed, pressurised under-ice flow, ice jam hydraulics, and enhanced sediment 
supply associated with freeze–thaw processes (Turcotte et al., 2011). During the 
freeze up phase, repeated freeze–thaw cycles weaken riverbanks and increase 
sediment supply by reducing the critical shear stress of bank material, altering 
hydraulic gradients, and exposing new sediment sources (Ettema & Daly, 2004; 
Turcotte et al., 2011). As bankfast ice develops, it initially protects banks and the 
channel bed from erosion; however, when detached or loaded, it can entrain bank 
material and facilitate downstream sediment rafting. Freeze–thaw cycles may 
continue during the ice-covered period in milder climates, further enhancing 
sediment supply, particularly during warm events that increase runoff and discharge 
(Burrell et al., 2023). Finally, during the melt phase, ice-cover breakup increases 
sediment transport capacity and sediment supply while sediment rafting may resume 
(Ettema & Daly, 2004; Shen, 2025; Turcotte et al., 2011). Ice jamming during 
breakup can also locally enhance sediment transport capacity. 
 Under stable ice-covered conditions, near-freezing water temperatures increase 
kinematic viscosity, which enhances bed drag, reduces particle fall velocity, and 
modifies hydraulic resistance and suspended-sediment transport efficiency (Ettema, 
2006; Ettema & Daly, 2004). If the ice cover is freely floating on the channel, it 
reduces the magnitude of bed shear stress compared with similar open-water 
conditions (Beltaos & Prowse, 2009; Turcotte et al., 2011). Reduced bed shear 
subsequently decreases the flow’s sediment-transport capacity. However, if the ice 
cover is fixed to the banks or is sufficiently thick, it can locally increase near-bed 
shear stress (Jafari & Sui, 2021; Sediqi et al., 2024; K. Smith et al., 2023b). This 
effect is particularly likely in situations where the flow is constricted and forced by 
the ice. Although stable ice cover typically reduces the total transport of bedload and 
suspended sediment compared to open-water conditions, local and transient 
phenomena, such as ice jams, flow acceleration, and the formation and release of 
anchor ice, can still generate high sediment transport rates during ice-covered 
periods (Muste et al., 2000; Shen, 2025; Turcotte et al., 2011). 
 Although sediment transport rates during ice-covered seasons are generally 
lower than those observed during the open-water season, short-lived ice-related 
events can contribute substantially to winter sediment transport (Polvi et al., 2020; 
Turcotte et al., 2011). Nevertheless, substantial uncertainties remain in estimating 
winter sediment fluxes, largely due to the challenges associated with measuring 
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bedload and suspended sediment transport beneath ice cover under harsh conditions 
and the limited availability of data across ice (Ettema & Daly, 2004; Shen, 2025). At 
the same time, projected increases in winter temperatures, higher freeze–thaw 
frequencies, and shorter ice-covered periods are expected to alter the timing and 
mechanisms of sediment transport in cold-region rivers (Beltaos & Prowse, 2009; 
Blåfield, Marttila, et al., 2024; Fukś & Wiejaczka, 2025; Newton & Mullan, 2021; 
Prowse et al., 2011). Despite advances in sediment transport research, winter 
sediment fluxes remain poorly quantified, underscoring the need for additional field-
based observations under ice-covered conditions (Lotsari, Lind, et al., 2019; Shen, 
2025; Turcotte et al., 2011). 
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3 Study Areas 

This study was conducted in Finland. The studies for Papers II and III were 
conducted in the subarctic Pulmanki River, and Paper I focused on the 19 
unregulated major rivers of Finland. In this context, an unregulated river refers to a 
river where no active flow regulation measures are implemented.  
 Climate change is projected to have pronounced impacts on cold regions through 
rising air temperatures and changes in precipitation magnitude and phase, 
particularly via alterations in snow cover (Barnett et al., 2005; Burrell et al., 2023; 
Trenberth, 2011). Warming in cold regions increases the proportion of precipitation 
falling as rain rather than snow whereas earlier snowmelt reduces seasonal 
snowpack. These processes enhance late-winter and early-spring flood risk, decrease 
summer water storage, and increase the likelihood of drought conditions. 
Concurrently, poleward shifts in storm tracks and an increase in the frequency and 
intensity of extreme precipitation events further amplify hydrological variability 
(Trenberth, 2011). Together, these changes modify river discharge regimes, the 
timing and thickness of river ice cover, and associated sediment transport processes 
(Lin et al., 2025; H. Wang et al., 2024; X. Yang et al., 2020). 
 Finnish rivers have traditionally been characterised by a nival flow regime, with 
peak discharges occurring during spring snowmelt (Melin, 1970). However, recent 
observations indicate a climate-driven shift in this pattern. The transition zone 
between snow-dominated and rain-dominated watersheds has been observed to 
migrate northward (Blåfield, Marttila, et al., 2024; Meriö et al., 2019). In addition, 
projected climate‑change‑driven increases in hydro‑climatic extremes (more intense 
and/or more frequent floods) are expected to increase discharge variability, which 
will accelerate river mobility (Leenman et al., 2025). 
 The duration of river ice cover also varies markedly across Finland as a function 
of geographic location and climate. These regional differences reflect Finland’s wide 
latitudinal extent between approximately 60°N and 70°N. In northern Finland, ice 
cover may persist for up to eight months due to long and cold winters, exerting a 
strong control on river hydrology. In contrast, milder winters in southern Finland 
result in a substantially shorter ice-covered period, often limited to a few months or 
occurring intermittently. Clear differences between rain-dominated and snow-



Study Areas 

 29 

dominated watersheds further contribute to spatial variability in hydrological 
regimes across the country. 

3.1 Finnish catchments 
Finland is situated within the subarctic-hemiboreal climate zone. According to the 
Köppen-Geiger climate classification, the majority of the country is characterised by 
cold, short summers (Dfc) whereas the coastal regions experience comparatively 
warmer summers (Dfb) (Peel et al., 2007) (Figure 5). The Gulf Stream warms 
Finland’s climate by bringing warm ocean water from the Atlantic toward Northern 
Europe, which moderates temperatures and makes the climate milder than in other 
regions at the same latitude (Autio & Heikkinen, 2002). Finland experiences four 
distinct seasons, with cold, snowy winters and short, rainy summers (Jylhä et al., 
2010). Precipitation is moderate throughout the year. Over the past century, the 
average annual precipitation has been approximately 600 millimetres (Irannezhad et 
al., 2014) whereas annual snowfall has shown a decreasing trend toward the end of 
the century (Irannezhad et al., 2017). The annual precipitation in Finland typically 
ranges from approximately 450 to 700 mm, with coastal areas receiving more rainfall 
and the northern regions experiencing drier conditions. The mean annual runoff in 
Finland increased from 301 mm during the period 1931–1990 (Kuusisto, 1992) to 
320 mm during 2000–2019 (Tilastokeskus, 2020). 
 Recent studies have shown that climate warming has led to substantial reductions 
in the duration of persistent snow cover and the length of the thermal winter, 
particularly in southern and central Finland (Bjerke et al., 2025; Kaboli et al., 2026; 
Luomaranta et al., 2019). However, Finnish discharge regime change assessments 
are based on earlier climatological reference periods and updated evaluations that 
reflect the impacts of the most recent climate conditions on river discharge remain 
limited (Hyvärinen, 1988, 1998, 2003; Hyvärinen & Leppäjärvi, 1989; Korhonen & 
Kuusisto, 2010; Kuusisto, 1992). Consequently, the magnitude and seasonal 
characteristics of recent changes in precipitation and temperature and their 
implications for snow cover and thermal winter have not yet been comprehensively 
quantified. This study addresses this knowledge gap by comparing the two most 
recent climatological periods (1961–1990 and 1991–2020). 
 Climate change is expected to affect Finland’s hydrology, as climate zones shift 
northwards and the overall climate becomes more temperate and wetter (Jylhä et al., 
2010; Vehviläinen & Lohvansuu, 1991). However, there remains uncertainty 
regarding future regional climate evolution, as a potential weakening or collapse of 
the Atlantic meridional overturning circulation during this century could reduce the 
influence of the Gulf Stream and lead to regional cooling (Ditlevsen & Ditlevsen, 
2023; Liu et al., 2017). 

https://www.zotero.org/google-docs/?LJevCr
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 The discharge regimes of Finnish rivers are primarily governed by precipitation 
patterns and the seasonal climatic cycle (Hyvärinen, 1986; Olsson et al., 2015). 
Finland is divided into three hydrological regions based on their distinct hydrological 
properties: (A) lake-rich southern/central catchments, (B) coastal catchments, and 
(C) northern snowmelt-dominated catchments. The division is based on the 
hydrological and environmental characteristics of the regions, and this division is 
used in this thesis. The first group (region A) comprises rivers and watersheds 
located in the Finnish lake district in southern and central Finland. In region A, 
watersheds typically contain a substantial proportion of lakes, which provide 
considerable water storage capacity and thereby moderate seasonal fluctuations in 
discharge. This group includes both Köppen-Geiger climate classes situated in 
Finland (Dfb and Dfc). 
 The second group (region B) consists of coastal catchments primarily formed by 
rivers discharging into the Baltic Sea, particularly the Gulf of Bothnia and the Gulf 
of Finland. In contrast to region A, region B is characterised by smaller watershed 
areas with fewer lakes, resulting in short but high-magnitude discharge peaks and 
periods of low flow. Major flow events typically occur during the spring snowmelt; 
however, individual heavy rainfall events can also cause flooding throughout the 
year. Due to the limited water storage capacity, runoff is less regulated, leading to 
rapid variations in discharge. This group is mainly located in a humid continental 
climate with warm summers and cold winters (Dfb). 
 The third group (region C) includes rivers located in Northern Ostrobothnia and 
Lapland. In region C, watershed areas are generally extensive, and the most 
pronounced discharge peaks typically occur in spring as a result of snowmelt. 
Watersheds in this group are characterised by a subarctic climate (Dfc). Hydrological 
observations used in this study are obtained from Finland’s nationwide hydrological 
observation station network, which is coordinated by the SYKE and provides 
comprehensive coverage of the country (see Chapter 4.2.1). 
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Figure 5.  Location of Finland, Köppen climate classification, and hydrological regions of Finland 

(a) as well as the spatial distribution of unregulated and regulated watersheds of Finland 
(b). Letters A, B, and C correspond to hydrological regions of Finnish river systems, 
adapted from Korhonen & Kuusisto, 2010: (A) lake-rich southern and central 
catchments, (B) coastal catchments, and (C) northern snowmelt-dominated catchments. 
Köppen climate classes are ET = Arctic tundra climate; Dfb = cold, humid climate with 
warm summers; and Dfc = cold, humid climate with cold summers, adapted from (Rubel 
et al., 2017). 

3.2 Pulmanki River 
The Pulmanki River (Finnish: Pulmankijoki) is located in the northernmost part of 
Finland and is therefore part of hydrological region C. The climate of the Pulmanki 
River watershed is classified as cold, with no dry season and a cold summer (Dfc), 
according to the Köppen–Geiger climate classification system (Peel et al., 2007). 
The Pulmanki River is a sand bed, a meandering river, and a tributary of the Tana 
River, which forms part of the border between Finland and Norway and ultimately 
flows into the Arctic Ocean. 
 The Pulmanki River is divided into two sections, the upper and lower reaches, 
separated by Lake Pulmankijärvi. Research conducted in this thesis focuses on the 
upper reach of the Pulmanki River, known as the Ylä-Pulmankijoki (hereafter 
referred to as the Pulmanki River). The Pulmanki River’s watershed area is 484 km² 
(Alho & Mäkinen, 2010), and the river flows through the Pulmanki Valley, where 
the river has eroded a channel 30 metres deep. In this ancient fjord, glaciofluvial 
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material was deposited during the retreat of the continental ice sheet (Mansikkaniemi 
& Mäki, 1990). 
 In winter, air temperatures can decline to −40 °C in the study site, and ice cover 
is persistent during this period. Freeze up typically begins in October, and a stable 
ice cover persists until April or May. During the study period (2016–2024), the onset 
of the thermal winter (the period when the daily mean temperature remains below 
0 °C) occurred in October or early November and lasted until April or early May. 
The formation of ice cover creates an additional upper boundary layer that 
substantially modifies hydraulic conditions for up to eight months each year in the 
study site. 
 The Pulmanki River’s discharge regime exhibits strong seasonality, with the 
main flood event occurring during spring snowmelt. Discharges typically range from 
50 to 80 m³/s in spring, decrease to around 4 m³/s in summer, and fall below 2 m³/s 
in autumn and winter (Blåfield, Calle, et al., 2024; Kasvi et al., 2015; Lotsari, Lind, 
et al., 2019). Annual precipitation is around 450 mm, and about half of it falls as rain 
during the summer period. 
 The study area of Papers II and III is one simple, symmetric meander bend of the 
Pulmanki River, characterised by a radius of curvature of 110 m and an apex width 
of approximately 20 m (Lotsari et al., 2014) (Figure 6). The riverbed in this bend 
primarily comprises mobile sand and is unvegetated, clear, and shallow. It is 
bedload-dominated and predominantly sandy, with a median bed material size (D₅₀) 
of 0.56 mm (Lotsari et al., 2022). 
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Figure 6.  Location of the Pulmanki watershed (A), the entire Pulmanki River study reach in 

autumn 2025 (B, orthomosaic: Karoliina Korkiakoski), and the studied meander bend 
and its cross-section (CS1-CS4) locations in winter 2021 (C). Flow direction is from 
south to north. 
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4 Material and Methods 

In this thesis, multiple methods were applied to analyse changes in discharge 
regimes as well as flow and sediment transport characteristics beneath river ice 
cover (Table 1). The methods were grouped according to the main categories 
presented in Table 1 and included discharge and velocity measurements, sediment 
and flow dynamics assessments, hydrological and meteorological monitoring, 
channel geometry and ice-cover observations, and statistical analyses. All datasets 
were spatially referenced, enabling the integration of hydrological, 
geomorphological, and ice-related observations within a spatially explicit 
analytical framework. 
 Discharge and velocity were quantified using ADCP and ADV measurements 
(Papers II–III) and data from gauging stations (Paper I). Sediment transport and 
flow dynamics were investigated through bed-load and bed-sediment sampling 
and derived hydraulic parameters (Paper II) as well as calculated turbulence 
parameters (Paper III). Hydrological and meteorological conditions were 
characterised using data from national monitoring networks (Papers I and III), and 
channel geometry and ice characteristics were documented using VRS-GNSS 
measurements, measuring rods, and photographic observations (Papers II–III). 
Statistical analyses were applied to identify trends and relationships in the data 
(Papers I–III). 
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Table 1. Data and methods used in the three papers of the thesis. 

 Paper I Paper II Paper III 

Discharge and velocity    

ADCP measurements  X (winters 
2016–2021) 

X (winters 
2016–2024) 

ADV measurements  X (winters 
2016–2021) 

X (winters 
2020–2024) 

Discharge records (national gauging 
stations) 

X   

Weather data    

Air temperature and precipitation 
(national weather stations) 

X  X 

Freeze-thaw indicators   X 

Sediment and flow dynamics 
parameters 

   

Bedload (Helley-Smith sampler)  X  

Bed sediment sampling (Van Veen 
sampler) and particle 𝐃𝐃𝟏𝟏𝟏𝟏, 𝐃𝐃𝟓𝟓𝟓𝟓 and 𝐃𝐃𝟗𝟗𝟗𝟗 

 X  

Critical mobility parameter  X  

Critical shear velocity  X  

Transport stage parameter  X  

Turbulence parameters (TKE, Reynolds 
shear stress, turbulence intensity) 

  X 

Statistical analyses    

Mann-Kendall trend test X   

Sen’s slope X   

Spearman’s correlation coefficient   X 

Pearson correlation coefficient  X  

Channel geometry and ice 
characteristics 

   

VRS-GNSS, measuring rod and photos  X X 
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4.1 Weather data 
Weather and climate data from national and regional sources were used to 
characterise the thermal and hydrological conditions influencing river-ice formation, 
winter severity, and seasonal discharge variability. Air temperature and precipitation 
records from the Finnish Meteorological Institute (FMI) stations were analysed to 
derive thermal winter indicators and to assess long-term climatic trends relevant to 
flow and ice dynamics (Papers I and III). 
 Daily temperature data from the Nuorgam weather station (70.082028°N, 
27.896500°E) were used to determine freeze–thaw indicators. These included the 
thermal-winter onset (defined as the date when mean daily temperature permanently 
falls below 0 °C), the first occurrence of a mean daily temperature below 0 °C, the 
number of thaw days (mean temperature > 0 °C), and frost sums (cumulative cold 
degree days). Together, these metrics formed the basis for classifying winter severity 
and for interpreting interannual variability in river-ice formation, discharge, and 
under-ice flow (Paper III). 
 Climatological normal periods (1961–1990, 1991–2020) of temperature and 
precipitation were used to contextualise long-term discharge trends and changes in 
flow seasonality (Paper I). Temperature and precipitation values for climatological 
normal periods were calculated from FMI’s 10×10 km² ClimGrid dataset 
(Ilmatieteen laitos, 2016). This dataset is a gridded climate product for Finland. The 
dataset is produced using a statistical interpolation method that accounts for 
topography and water bodies, yielding spatially continuous fields based on weather 
station observations. 
 Together, the meteorological datasets used provided the climatic framework for 
analysing how temperature and precipitation variability influence discharge regimes, 
ice-cover dynamics, and winter-flow processes in subarctic rivers. Datasets are 
publicly available through FMI’s data services. 

4.2 Discharges and flow characteristics 
Flow velocities and discharges were obtained from national gauging stations of 
SYKE (Paper I) and in situ measurements using an ADCP (Sontek M9) and an ADV 
(Sontek FlowTracker with 2D or 3D probe) to measure flow characteristics beneath 
ice cover (Papers II and III).  

4.2.1 Hydrological observation stations 
Hydrological observation stations in Finland form a nationwide monitoring network 
that provides data on the state and dynamics of water systems (SYKE, 2024). These 
data are used to assess water resources and current hydrological conditions and 
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support water management, regulation, flood risk management, environmental 
protection, research, and public information. The SYKE coordinates the network. In 
Paper I, discharge data were obtained from SYKE’s publicly available hydrological 
database, Hertta. The dataset of Paper I includes daily mean discharge records from 
36 gauging stations across 19 unregulated watersheds in Finland (Figure 7). The 
timespan of the used data was 1911 to 2021, with a mean time series length of 
approximately 60 years. Unregulated rivers were chosen to study in Paper I to 
minimise human influences, such as dams, hydropower operations, and other flow-
management practices, thereby ensuring that observed discharge changes could be 
attributed primarily to climate-driven hydrological shifts.  
 The gauging stations are distributed throughout the country and encompass 
catchments ranging from small to large river systems, with corresponding 
differences in lake coverage, land use, and annual runoff. Discharge values are 
derived either from daily water-level observations using the rating-curve method, in 
which measured water levels are converted to discharge via a station-specific rating 
curve, or from automated discharge measurements. To ensure data reliability and 
robust time series analyses, only months and years with more than 90 % of daily 
discharge observations were included in the analyses presented in Paper I. Ice cover, 
frazil ice, and ice damming can disturb winter discharge records; however, ice 
reduction in southern rivers is modest, resulting in relatively reliable winter 
discharge estimates. In contrast, for northern rivers, verified measurements and lake-
outlet data were used to minimise ice-induced bias. 
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Figure 7.  Spatial distribution of unregulated watersheds and gauging stations included in Paper I 

and the hydrological regions of Finland. 

4.2.2 Discharges and flow characteristics under ice-covered 
conditions 

Acoustic Doppler instruments were used to measure two- and three-dimensional 
flow conditions beneath ice cover in subarctic rivers as part of a long-term data 
collection on winter hydraulics and sediment processes in Papers II and III. 
Measurements were conducted during midwinter field campaigns through holes 
drilled in the ice cover along cross-sections oriented perpendicular to the main flow 
direction (Figure 8). Cross-section locations were verified with a VRS-GNSS 
(Trimble R10 or R12i) device to ensure consistent positioning between years. At 
each measurement point, ice thickness and total water depth were measured to 
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support the interpretation of the vertical velocity structure and near-bed flow 
conditions. Annually, the number of drilled and measured holes varied between 90 
and 110. The variation in the amount was due to annual differences in water level 
stage during the freeze up and geomorphological changes of the channel and point 
bar. The location of each drill hole was measured using VRS-GNSS.  

 
Figure 8.  Two ADCP measurement setups are used to collect data beneath the ice. In the first, 

the ADCP (SonTek M9) device is handheld by the researcher (A), and in the second, it 
is attached to a tripod (B). 

 These field data were collected from a seasonally ice-covered meander bend of 
the Pulmanki River and were used to investigate under-ice flow structure, near-bed 
hydraulics, and sediment transport processes (Papers II and III). Partly overlapping 
datasets, complemented with measurements of ice thickness, water depth, and 
bedform morphology, were also used to examine multiyear variations in under-ice 
turbulence and hydrodynamic response (Paper III). 
 The ADCP (SonTek M9) was operated in a stationary, cross-sectional mode to 
obtain velocity profiles and compute cross-sectional discharge using the mid-section 
method (Figure 8). The ADV (SonTek FlowTracker/FlowTracker2) was used to 
obtain high-resolution near-bed velocity measurements in shallow areas where 
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ADCP profiling was limited and to complement ADCP data (Figure 9). Together, 
these instruments provided complementary datasets describing the spatial 
distribution of velocity within the water column and detailed near-bed flow 
behaviour beneath ice cover. 
 Where water depth permitted, the ADCP was operated in stationary mode from 
the ice surface to obtain time-averaged vertical velocity profiles and cross-sectional 
discharge. In shallower locations, or where near-bed data were required, ADV was 
deployed as a point sensor approximately 3–4 cm above the bed to collect high-
frequency velocity records. Combined, these measurements provided cross-sectional 
and near-bed flow information under seasonal ice cover (Papers II and III). For the 
ADCP measurement, each stationary measurement lasted 60 seconds whereas the 
ADV measurements lasted between 50 and 120 seconds, depending on the 
measurement year and ADV device used. 

ADV velocity measurements were recorded in a local coordinate system where 
the x-axis is oriented perpendicular to the tagline, the y-axis is aligned along the 
tagline, and the z-axis (for 3D measurements) points vertically upwards. These 
correspond to the velocity components 𝑣𝑣1, 𝑣𝑣2, and 𝑣𝑣3, respectively.  
 ADCP velocities were measured in ENU coordinates (east, north, up), which 
correspond to the same velocity component as for ADV. For both datasets, the 
streamwise (𝑢𝑢) and cross-stream (𝑣𝑣) velocity components were obtained by rotating 
the horizontal velocity components counterclockwise by an angle, α, which 
represents the counterclockwise angle between 𝑣𝑣1 and the total planar velocity: 

 𝑢𝑢 =  𝑣𝑣1𝑐𝑐𝑐𝑐𝑐𝑐(𝛼𝛼) − 𝑣𝑣2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, Equation 1 

     𝑣𝑣 =  𝑣𝑣1𝑠𝑠𝑠𝑠𝑠𝑠(𝛼𝛼) +  𝑣𝑣2𝑐𝑐𝑐𝑐𝑐𝑐(𝛼𝛼). Equation 2 

 The vertical velocity component was defined directly as  

 𝑤𝑤 =  𝑣𝑣3 Equation 3 

 The average speed was calculated as (Wilcox & Wohl, 2006) 

 �𝑢𝑢2 + 𝑣𝑣2 + 𝑤𝑤2 Equation 4 
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Figure 9.  Near-bed velocity measurements were collected using an ADV (SonTek 

FlowTracker/FlowTracker2). Field setup showing the handheld deployed above the ice 
surface (A) and the sensor positioned below the ice cover (B). During measurements, 
the sensor was located approximately 4 cm above the bed (Photos: Petteri Alho & Mandi 
Hannula). 

4.2.3 Applicability and limitations of acoustic flow 
measurements in natural environments 

When combined, ADCPs and ADVs can be used to capture water-column–scale flow 
patterns and near-bed flow structures. ADCPs provide velocity profiles across the 
entire water column and are relatively quick and efficient to deploy, and ADVs can 
be used to complement these measurements by resolving flow at local scales (Das & 
Debnath, 2025). Accurate estimates of flow and discharge depend on data quality. 
ADCPs and ADVs are subject to inherent uncertainties which arise from physical, 
geometrical, environmental, and device user-related factors (Das & Debnath, 2025; 
Nystrom et al., 2007). In clear-water conditions, such as those in the Pulmanki River 
during winter, a low signal-to-noise ratio (SNR) can bias flow measurements 
because there are too few suspended particles to reflect the acoustic signal to the 
instrument. These SNR-related issues were addressed through a data-filtering 
procedure that removed biased measurements.  
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Sidelobe and bottom interference limit the reliability of ADCP measurements in 
the lowest part of the water column, where signal reflections may bias velocity 
estimates (Nystrom et al., 2007). Similarly, blanking distance (5 cm) and screening 
distance (20 cm) beneath the ADCP device prevent measuring in shallower locations 
than 25 cm of water beneath the sensor (SonTek, 2022). This poses challenges when 
conducting measurements in small streams, which are often shallow even during the 
open-water season. Whereas the ADCP integrates velocity over a relatively large 
sampling volume, the ADV measures at a much smaller, point-like volume 
(Jamieson et al., 2010; Sukhodolov, 2012). As a result, even small errors in sensor 
placement, such as misalignment with the flow direction, can introduce significant 
biases and affect the calculated estimates derived from the measured velocities. 

Although measuring flow beneath an ice cover with acoustic methods in natural 
environments is challenging, flume experiments are also subject to inherent 
limitations (Demers et al., 2011, 2013). Whereas flume conditions are well 
controlled, physical factors such as flow depth, discharge, water temperature, and 
ice-cover characteristics are constrained (Dey, 2014; Robert & Tran, 2012; Simons 
& Richardson, 1966; Sukhodolov et al., 1998). Moreover, flows in flumes are 
typically more uniform than in natural rivers, meaning that three-dimensional and 
spatially non-uniform flow dynamics under ice-covered conditions cannot be fully 
reproduced (Robert & Tran, 2012; Sukhodolov et al., 1998). Further development of 
acoustic methods suited for ice-covered conditions is therefore required to enable 
field measurements that are efficient to conduct and collect data spatially 
representative of the natural environment.  

4.3 River ice cover and bedform characteristics 
Ice thickness and total water depth were measured directly through drilled holes at 
seven fixed cross-sections during midwinter field campaigns conducted between 
2016 and 2024 at the Pulmanki River study site (Papers II-III). At each cross-section, 
drill holes were spaced at approximately one-meter intervals. These point 
measurements were used to calculate the water column height beneath the ice (i.e., 
total depth minus ice thickness). This value was then used to determine the depth at 
which ADCP measurements were taken, as the instrument’s minimum profiling 
range (20 cm) and blanking distance (5 cm) prevent measurements in shallower 
locations (SonTek, 2022). During some field campaigns, the ice conditions were 
photographed and recorded using game and action cameras to verify the timing of 
stable ice formation as well as the properties and conditions beneath the ice cover. 

Bedform observations were collected during the 2024 field campaign in 
conjunction with ice and flow measurements. Riverbed conditions were surveyed at 
every drill hole used for under-ice velocity measurements to ensure spatial 

https://www.zotero.org/google-docs/?9cjyzm
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correspondence between hydraulic and bedform data. At each location, an action 
camera (GoPro Hero12) mounted on the measurement rod together with a ruler for 
scale was lowered through the ice to the riverbed and rotated 360° to record the bed 
surface and its immediate surroundings. The video footage was analysed in the 
laboratory to interpret grain size and small-scale bedform characteristics. Each site 
was classified according to the dominant bedform type (e.g., plane bed or dunes), 
and the results were synthesised to describe cross-section-scale riverbed topography. 
Bedform types were subsequently compared qualitatively with ADCP- and ADV-
derived hydraulic metrics from 2024, examining the correspondence between 
bedform occurrence and variations in turbulence parameters (Paper III). 
 Visual ice classification (smooth or rough) and bedform observations collected 
in 2024 supported the qualitative interpretation of ice and riverbed conditions. 
Together, these field measurements provided the physical basis for analysing the 
relationships among ice thickness, water column geometry, and near-bed flow in the 
meander bend. 

4.4 Velocity components and turbulence 
parameters 

To quantify near-bed turbulence under ice-covered conditions, velocity parameters 
were first derived from the ADCP and ADV measurements, after which the 
turbulence characteristics were computed. In Paper III, turbulence parameters, TKE, 
Reynolds shear stresses, and turbulence intensity (TI) were calculated for both 
measurement systems when applicable. 

4.4.1 Analysis of turbulence parameters from ADV data 
To estimate turbulence production under the ice cover, TKE can be calculated as 
(Groom & Friedrich, 2019; Jamieson et al., 2010) 

 𝑇𝑇𝑇𝑇𝑇𝑇 =  
1
2
�(𝑢𝑢′)2  +  (𝑣𝑣′)2  + (𝑤𝑤′)2 �, Equation 5 

where overbars denote time averages and 𝑢𝑢′, 𝑣𝑣′ and 𝑤𝑤′ are the fluctuating 
components of the streamwise (𝑢𝑢), cross-stream (𝑣𝑣) and vertical (𝑤𝑤) velocity 
components. The instantaneous velocity fluctuations were obtained by subtracting 
the time-averaged mean velocity at each point: 

 𝑢𝑢′(𝑥𝑥, 𝑡𝑡)  =  𝑢𝑢(𝑥𝑥, 𝑡𝑡)  − 𝑢𝑢(𝑥𝑥), Equation 6 

 𝑣𝑣′(𝑥𝑥, 𝑡𝑡)  =  𝑣𝑣(𝑥𝑥, 𝑡𝑡)  − 𝑣𝑣(𝑥𝑥), and Equation 7 



Karoliina Lintunen 

 44 

 𝑤𝑤′(𝑥𝑥, 𝑡𝑡)  =  𝑤𝑤(𝑥𝑥, 𝑡𝑡)  − 𝑤𝑤(𝑥𝑥). Equation 8 

Reynolds shear stresses quantify the turbulent momentum exchange between 
velocity components and were computed as (Jamieson et al., 2010): 

 𝜏𝜏𝑢𝑢𝑢𝑢 =  −𝜌𝜌𝑢𝑢′𝑣𝑣′, Equation 9 

 𝜏𝜏𝑢𝑢𝑢𝑢 =  −𝜌𝜌𝑢𝑢′𝑤𝑤′, and Equation 10 

 𝜏𝜏𝑣𝑣𝑣𝑣 =  −𝜌𝜌𝑣𝑣′𝑤𝑤′, Equation 11 

where 𝜌𝜌 is the density of water, and overbars denote time averages. 
Turbulence intensities describe the relative magnitude of velocity fluctuations 

normalised by their mean velocities. They were calculated as (Groom & Friedrich, 
2019):  

 
𝑇𝑇𝑇𝑇𝑢𝑢 =  

�(𝑢𝑢′)2

𝑢𝑢
, 

Equation 12 

 
       𝑇𝑇𝑇𝑇𝑣𝑣 =  

�(𝑣𝑣′)2

𝑣𝑣
, and 

Equation 13 

 
𝑇𝑇𝑇𝑇𝑤𝑤 =  

�(𝑤𝑤′)2

𝑤𝑤
, 

Equation 14 

These parameters provide a dimensionless measure of turbulence strength in 
each principal direction. 

4.4.2 Analysis of turbulence parameters from ADCP data 
The ADCP measures flow velocity using four acoustic beams, allowing only 
quantities expressible in terms of beam velocities (𝑏𝑏𝑖𝑖) to be reliably derived (De 
Serio & Mossa, 2015; Gilcoto et al., 2009; Stacey et al., 1999). Following De Serio 
& Mossa (2015), the velocity components (𝑢𝑢, 𝑣𝑣, 𝑤𝑤) can be expressed as  

 𝑢𝑢 =  𝑏𝑏1 − 𝑏𝑏2
2 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

, Equation 15 

        𝑣𝑣 =  𝑏𝑏3 − 𝑏𝑏4
2 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

, and Equation 16 

 𝑤𝑤 =  𝑏𝑏1 + 𝑏𝑏2 + 𝑏𝑏3 + 𝑏𝑏4
4 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

, Equation 17 

https://www.zotero.org/google-docs/?zf2hJG
https://www.zotero.org/google-docs/?zf2hJG
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where 𝜗𝜗 is the opening angle of the device configuration, in our case 25° (SonTek, 
2013). These relationships yield the mean flow velocity components for the ADCP 
dataset. 

Beam velocity variances (b’1-4) were used to calculate the shear stresses, as De 
Serio & Mossa (2015): 

(𝑏𝑏′1)2  =  𝑢𝑢′2𝑠𝑠𝑠𝑠𝑠𝑠2𝜗𝜗 +   𝑢𝑢′𝑤𝑤′ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 +  𝑤𝑤′2𝑐𝑐𝑐𝑐𝑐𝑐2𝜗𝜗, Equation 18 

(𝑏𝑏′2)2  =  𝑢𝑢′2𝑠𝑠𝑠𝑠𝑠𝑠2𝜗𝜗 −   𝑢𝑢′𝑤𝑤′ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 +  𝑤𝑤′2𝑐𝑐𝑐𝑐𝑐𝑐2𝜗𝜗, Equation 19 

 (𝑏𝑏′3)2  =  𝑣𝑣′2𝑠𝑠𝑠𝑠𝑠𝑠2𝜗𝜗 +  𝑣𝑣′𝑤𝑤′ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑤𝑤′2𝑐𝑐𝑐𝑐𝑐𝑐2𝜗𝜗, and Equation 20 

(𝑏𝑏′4)2  = 𝑣𝑣′2𝑠𝑠𝑠𝑠𝑠𝑠2𝜗𝜗 −  𝑣𝑣′𝑤𝑤′ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑤𝑤′2𝑐𝑐𝑐𝑐𝑐𝑐2𝜗𝜗, Equation 21 

from these, the Reynolds shear stresses are determined as 

         𝜏𝜏𝑢𝑢𝑢𝑢  =  −𝜌𝜌𝑢𝑢′𝑤𝑤′  =  −𝜌𝜌 (𝑏𝑏′1)2  − (𝑏𝑏′2)2 
4 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

, and Equation 22 

 𝜏𝜏𝑣𝑣𝑣𝑣  =  −𝜌𝜌𝑣𝑣′𝑤𝑤′  =  −𝜌𝜌 (𝑏𝑏′3)2  − (𝑏𝑏′4)2 
4 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

. Equation 23 

As 𝑢𝑢′, 𝑣𝑣′, and 𝑤𝑤′ cannot be expressed solely in terms of beam velocities and the 
beam angle, the full TKE and turbulence intensities cannot be computed from ADCP 
data. However, a lower-bound estimate of TKE can be derived (De Serio & Mossa, 
2015): 

𝑇𝑇𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚  =  
3
8
�(𝑏𝑏′1)2  +  (𝑏𝑏′2)2 + (𝑏𝑏′3)2  + (𝑏𝑏′4)2 �  

=  3
4
��(𝑢𝑢′)2 + (𝑣𝑣′)2�  𝑠𝑠𝑠𝑠𝑠𝑠2𝜗𝜗 + (𝑤𝑤′)2𝑐𝑐𝑐𝑐𝑐𝑐2𝜗𝜗�. Equation 24 

4.5 Bedload and riverbed sediment analysis 
Sediment data were collected and analysed from the Pulmanki River (Paper II) to 
quantify bedload transport volume as well as riverbed sediment characteristics. 
Bedload data collection took place during winter field campaigns and was 
supplemented with riverbed samples from the open-water season. Bedload samples 
were obtained using a Helley-Smith pressure difference sampler (Helley & Smith, 
1971) during the winters of 2020 and 2021, and riverbed sediment samples were 
collected using a Van Veen grab sampler during the 2020 autumn open-water season 
(Figure 10). 
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Figure 10. Helley-Smith sampling from ice-covered conditions (A) and Van Veen sampling (B, C) 

during the open-water season (Photos: Linnea Blåfield). 

 Helley-Smith samples were taken at the high-flow points of cross-sections 
(middle or outer bank). Each sample was collected over a 6-minute period, and the 
sampler intake opening was 77 mm. The bedload was calculated using the equation 

 𝐺𝐺/(𝑏𝑏 ∗  𝑇𝑇), Equation 25 

where 𝐺𝐺 is the dry weight (kg), 𝑏𝑏 is the intake opening (m), and 𝑇𝑇 is the measurement 
time (min) (Morales et al., 2019).  

The Van Veen grab sampler was used to map the grain-size distribution of the 
riverbed. Samples were taken from the left bank, mid-channel, and right bank at each 
cross-section. These samples were used to represent bed conditions across the study 
reach. All samples, including bedload samples, were oven-dried at 105 °C, weighed, 
and dry-sieved in the laboratory to determine particle-size distributions and bedload 
transport volumes. Bedload samples that were too small to be sieved were excluded 
from the analysis. Grain-size distribution was analysed using half-phi interval sieves, 
and 𝐷𝐷10, 𝐷𝐷50, and 𝐷𝐷90 values were determined.  

To determine critical shear velocity, a parameterisation of the (Shields, 
1936) curve was applied following the approach of (Van Rijn, 1984), where the non-
dimensional grain size (𝐷𝐷∗) is used. After determining the observed shear velocity 
(𝑢𝑢∗) and the critical shear velocity (𝑢𝑢∗𝑐𝑐), the transport stage parameter was defined.  

Particle size parameter (𝐷𝐷∗) was calculated as 

 𝐷𝐷∗ = 𝐷𝐷50 �
(𝑆𝑆−1)𝑔𝑔
𝑣𝑣2

�
1
3, Equation 26 

where 𝑠𝑠 is the specific density and calculated as 𝜌𝜌𝑠𝑠/𝜌𝜌. 𝜌𝜌 is the mass density of water 
(g/m3), 𝜌𝜌𝑠𝑠 is the sediment density, 𝑔𝑔 is the gravitational acceleration, and 𝑣𝑣 is the 
kinematic viscosity. 
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The critical mobility parameter (𝜃𝜃𝑐𝑐𝑐𝑐) was defined according to Van Rijn (1984). 
For the mean grain size (0.5557 mm), the following equation was used: 

 𝜃𝜃𝑐𝑐𝑐𝑐 = 0.14(𝐷𝐷∗)−0.64 Equation 27 

 And for Van Veen samples with higher mean grain sizes and therefore higher 
particle size parameter, the critical mobility parameter was defined as 

 𝜃𝜃𝑐𝑐𝑐𝑐 = 0.04(𝐷𝐷∗)−0.10 Equation 28 

 These resulting values were then used to calculate the critical shear velocity 
(𝑢𝑢∗𝑐𝑐) for all measurement locations and study years. The critical shear velocity was 
derived using the Shields equation (Van Rijn, 1984): 

 𝑢𝑢∗𝑐𝑐 = �𝜃𝜃𝑐𝑐𝑐𝑐((𝑠𝑠 − 1)𝑔𝑔𝐷𝐷50) Equation 29 

 The observed shear velocity (𝑢𝑢∗) was determined from near-bed velocity 
measurements using the logarithmic velocity profile (Wilcock, 1996): 

 𝑢𝑢∗ = 𝑢𝑢𝑢𝑢
𝑙𝑙𝑙𝑙( 𝑧𝑧𝑧𝑧0

)
, Equation 30 

where 𝑢𝑢 is the measured near-bed velocity (m/s), 𝜅𝜅 = 0.4 (von Kármán constant), z 
is the measurement height above the bed (m), and z0 is the bed roughness length (m). 
Following Namaee and Sui’s (2019) reasoning, the bed roughness length (z0) was 
defined as the mean grain size (D₅₀), representing the roughness height of the 
sediment bed. This approach was chosen due to the similarity between the Pulmanki 
River and the experimental conditions of (Namaee & Sui, 2019), including flow 
depths (~1.3 m) and sediment sizes (0.47–0.58 mm).  
 The transport stage parameter (𝑇𝑇) was calculated, based on Van Rijn (1984), as 

 𝑇𝑇 =  𝑢𝑢∗
2−𝑢𝑢∗𝑐𝑐2

𝑢𝑢∗𝑐𝑐2
, Equation 31 

where 𝑢𝑢∗ is the observed near-bed shear velocity and 𝑢𝑢∗𝑐𝑐 the critical shear velocity. 

4.6 Statistical analyses 

Statistical analyses used in this thesis employed a combination of parametric and 
non-parametric methods to examine relationships and long-term trends. Spearman’s 
rank correlation (Kendall, 1975; Spearman, 1904) was used to assess associations 
between non-normally distributed turbulence metrics and hydrological or ice-related 
variables (Paper III), and Pearson’s correlation coefficient (Pearson & Galton, 1895) 
was applied where variables were approximately normally distributed, particularly 
in analyses of near-bed flow and sediment-transport parameters (Paper II). 

For long-term discharge records, monotonic trends were detected using the 
non-parametric Mann-Kendall test (Kendall, 1975; Mann, 1945), and statistically 

https://www.zotero.org/google-docs/?Dqp9QZ
https://www.zotero.org/google-docs/?YYg10c
https://www.zotero.org/google-docs/?uHotWC
https://www.zotero.org/google-docs/?f2IVrS
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significant trend magnitudes were quantified with the Theil-Sen slope estimator 
(Paper I) (Sen, 1968; Theil, 1950). To account for autocorrelation effects, the Zhang 
pre-whitening method was applied before significance testing (X. Zhang et al., 
2000). Statistical significance was evaluated at p < 0.05 in all analyses (Papers I-III).  
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5 Results and Discussion 

5.1 Climate change is driving shifts in discharge 
regimes in cold-region rivers (Paper I) 

The first aim of this dissertation was to quantify long-term changes in river discharge 
regimes and to link variations in volume, magnitude, and timing to climatic drivers 
using multi-decadal discharge records. These results are based on Paper I. 

In Paper I, data from 36 gauging stations, comprising more than 765,000 
daily discharge observations, were analysed together with temperature and 
precipitation data from two climatological normal periods (1961–1990 and 1991–
2020). The temporal coverage of the discharge records spanned from 1911 to 2021, 
with the mean length of the time series being approximately 60 years. Gauging 
stations were distributed across Finland (Figure 7) and classified into three groups 
according to watershed location and characteristics. The results showed that spring 
floods advanced at 21 of the 36 stations, with shifts ranging from 6 to 68 days, 
whereas autumn flow peaks were delayed, particularly in northern catchments. These 
changes are associated with shorter winter durations, earlier snowmelt, and a shift 
from snow- to rain-dominated precipitation patterns. 

At the same time, clear seasonal changes in discharge volumes were 
identified. Nine stations showed declining high discharge (HQ) magnitudes, and 
eleven stations exhibited increasing low discharge (NQ) magnitudes. Declines were 
primarily evident in spring high-flow volumes whereas increases occurred in winter 
and autumn low-flow volumes. Despite these seasonal shifts, annual total discharge 
remained largely unchanged, indicating a redistribution of flow volume within the 
hydrological year. During the later climatological period (1991–2020), a larger 
number of statistically significant discharge trends were detected than during 1961–
1990, including reduced spring flow volumes, earlier spring flood peaks, and higher 
flow volumes during the winter and autumn low-flow seasons. Also, the mean 
discharge (MQ) increased at nine stations during the later period. 

Regionally, the most pronounced changes were observed in Region B 
(southern and coastal Finland), where the strongest advances in spring flow timing 
and the largest decreases in spring flow volumes were detected. In Region C 
(northern Finland), autumn flow peaks occurred later and winter low flows 
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increased, consistent with enhanced late-autumn and winter runoff under warmer 
and wetter conditions. In this region, NQ and MQ generally increased whereas HQ 
decreased. Spring flow timing advanced in the southern part of Region C whereas 
no clear timing trend was detected in its northern part. In Region A (Lake Finland), 
the dominant changes included earlier spring flood timing and reduced early-summer 
flows; however, the interpretation of these results is limited by the small number of 
unregulated catchments available for analysis in this region, as the amount of them 
was two. According to Meriö et al. (2019), the southern part of Region C lies near 
the threshold between rain-dominated and snow-dominated watersheds, which likely 
explains the observed advances in spring flow timing in that region. Region B is 
entirely rain-dominated, as is Region A, with the exception of its northernmost parts. 

Overall, the net effect is a redistribution of water from pronounced spring 
floods towards more moderate flows later in the year. A comparison between the two 
most recent climatological periods further indicated an approximately 9% increase 
in precipitation across Finland, primarily during winter, along with a 1.3 °C increase 
in annual mean temperature (Jokinen et al., 2021). Similar hydrological responses to 
increasing temperature and precipitation have been documented in northeastern 
Europe, where earlier spring snowmelt flood timing has been observed and attributed 
to rising temperatures (Blöschl et al., 2017), alongside an increasing contribution of 
winter and rain-dominated floods (Hall et al., 2014). By the end of the 21st century, 
the Arctic is expected to undergo a transition from snow-dominated to rain-
dominated precipitation regimes (McCrystall et al., 2021). Consistent with this 
projection, distinct snow- and rain-dominated watershed regimes have been 
identified in Finnish catchments (Meriö et al., 2019), with the snow–rain threshold 
migrating northward (Blåfield, Marttila, et al., 2024). As snow-related processes 
become less influential under continued warming, flood seasonality in northeastern 
Europe is expected to shift from snowmelt-dominated regimes towards other flood-
generating mechanisms, particularly heavy rainfall (Hall & Blöschl, 2018). 

Recent studies show that climate warming has not only intensified but 
fundamentally altered seasonal dynamics through earlier spring onset and a longer 
thermal spring, particularly in northern and coastal Finland (Kaboli et al., 2026). 
These changes are closely linked to large-scale atmospheric circulation, especially 
positive phases of the Arctic oscillation, the North Atlantic oscillation, and the 
Scandinavian pattern (Irannezhad et al., 2015, 2017; Kaboli et al., 2026), and were 
anticipated by earlier modelling studies, with further intensification projected toward 
the end of the 21st century (Ruosteenoja et al., 2016). 

Taken together, these results demonstrate that climate change is 
substantially altering river flow patterns and seasonal discharge regimes in Finland. 
Spring floods are occurring earlier, and high-flow events are becoming more 
frequent in late autumn and early winter. These hydrological shifts contribute to 

https://www.zotero.org/google-docs/?WXhaPr
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shorter ice-cover durations, a trend observed globally (Magnuson et al., 2000; 
Newton & Mullan, 2021; X. Yang et al., 2020), regionally (Blaskey et al., 2023; 
Chen & She, 2020; Fukś & Wiejaczka, 2025; Klavins et al., 2009; Latkovska et al., 
2016), and locally (Helama et al., 2013; Kuusisto & Elo, 2000; Sharma et al., 2016). 
Reported declines in ice-cover duration vary spatially, ranging from less than one 
day to up to 11.5 days per decade (Fukś, 2023). 

In addition, thaw events in late autumn and winter increasingly trigger 
flooding as rainfall and snowmelt occur simultaneously and, in some cases, may 
induce premature ice-cover breakup when rising discharge fractures an already 
formed ice cover (Beltaos & Prowse, 2009; Burrell et al., 2023). Combined with the 
advancing timing of spring floods, these processes are altering traditional flood 
seasonality, leading to flood occurrence during periods when society and 
infrastructure are not fully prepared. Despite a general decline in spring flood 
magnitudes, overall flood risk remains significant, as extreme weather events may 
still generate high-magnitude floods. Moreover, the ecological and 
geomorphological consequences of early ice-breakup events remain poorly 
understood, and the observed seasonal redistribution of flows marks the need to 
explicitly consider flow timing in water-resource management and climate change 
adaptation planning. 

5.2 Flow characteristics and sediment transport in 
the near-bed region of the ice-covered 
meander bend (Papers II-III) 

The second aim was to characterize near-bed flow and sediment transport under ice 
by quantifying turbulence parameters, assessing how near-bed flow controls 
sediment entrainment and bedload transport under varying hydrological conditions, 
and supporting these findings with field bedload measurements. Discharge and river 
morphology have been identified as key factors influencing sediment transport in 
cold-region rivers (Kämäri et al., 2015; Shen, 2025; Syvitski, 2002; Turcotte et al., 
2011). 

This aim was addressed through the analyses presented in Papers II and III. Paper 
II focuses on hydrological and velocity controls on bedload transport beneath ice 
cover, and Paper III examines near-bed turbulence characteristics under ice-covered 
conditions (Figure 1). The results of Paper II indicate that sediment transport occurs 
over a sand bed beneath ice cover in a meander bend, even at low discharges during 
midwinter. While this behaviour is consistent with the high mobility typically 
associated with sand-bed rivers, the finding provides important field-based evidence 
of active sediment transport under ice-covered conditions. Given that the studied 
reach is a sand-bed river, these findings are most directly applicable to similar 
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environments, and further research is required to determine whether they can be 
extended to other settings, such as gravel-bed rivers, where sediment transport 
typically requires higher flow velocities (Hjulström, 1935). The calculated results 
are supported by field bedload measurements, which confirm active sediment 
transport in near-bed locations. 

During high-discharge winter conditions, such as those induced by increased 
winter runoff associated with elevated groundwater levels, bedload transport occurs 
throughout the entire studied meander bend. In contrast, during low discharge 
conditions, sediment transport is restricted to the inlet and apex zones, where flow 
velocities are sufficient to exceed the critical threshold for sediment motion. These 
results also highlight pronounced spatial heterogeneity across the meander bend, 
with relatively shallow upstream and inner-bend areas exhibiting higher near-bed 
velocities, turbulence, and shear stresses, whereas deeper downstream and outer 
bend pool sections are characterised by lower turbulence levels. Sediment transport 
in near-bed locations follows a similar spatial pattern. These findings are consistent 
with previous research (Lotsari, Tarsa, et al., 2019) and clearly demonstrate that 
sediment transport beneath ice cover should be considered when examining winter 
flow conditions, modelling those conditions, and assessing the impacts of climate 
change. Sediment transport in cold region rivers is episodic, and the highest transport 
rates are concentrated during high-flow peaks, when near-bed velocities are greatest 
(Blåfield et al., 2025; Salmela et al., 2020; Syvitski, 2002). Similarly, during the ice-
covered season, sediment transport occurs episodically through processes such as ice 
rafting, ice breakup, ice jams, and freeze–thaw cycles (Beltaos & Burrell, 2016; 
Ettema & Daly, 2004; Polvi et al., 2020; Turcotte et al., 2011). Consistent with the 
episodic nature of sediment transport beneath ice, the results indicate that flow 
turbulence and near-bed shear stresses are sufficient to mobilise bed material and 
maintain it in transport in natural environments, as observed in laboratory settings 
(Jafari & Sui, 2021; Muste et al., 2000; Namaee & Sui, 2019; Robert & Tran, 2012). 

This observation raises the question of how ice-covered conditions influence 
turbulence characteristics, particularly in the near-bed region, where flow governs 
shear stresses and sediment transport. Studies have shown that river ice alters flow 
distribution and magnitude, resulting in greater spatial variability in depositional and 
erosional zones than under open-channel conditions and indicating substantial 
modifications to the turbulence field beneath ice cover (Koyuncu & Le, 2022; Lotsari 
et al., 2020). Despite this, interactions among river ice, flow, and sediment transport 
remain relatively poorly understood (Shen, 2025). Paper III therefore focuses on 
quantifying how hydrological conditions beneath ice cover influence near-bed 
turbulence and sediment transport potential. 

 The results indicate that the height of the water column beneath the ice cover 
exerts a primary control on turbulence, with TKE and turbulence intensities 
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decreasing as the water column beneath ice cover becomes deeper. This reduction is 
particularly evident near the bed, where TKE and turbulence intensities decline with 
increasing flow depth beneath the ice. In addition, ice thickness was found to 
influence turbulence characteristics: thicker ice generally reduces overall TKE 
whereas under low-flow conditions it can enhance streamwise and vertical 
turbulence intensities due to increased shear associated with rough ice surfaces. 
When sediment transport was considered, similar results were observed: thicker ice 
reduces velocities and sediment transport capacity. Bed morphology further 
modulates these effects, as reaches characterised by dune-covered beds exhibited 
higher TKE and near-bed shear stresses than plane-bed reaches, indicating that the 
combined roughness of bedforms and shallow water column above intensifies near-
bed turbulence. The role of discharge further modulates these effects, as ice cover 
strongly dampens turbulence during low to moderate flows whereas under high-
discharge conditions, the influence of ice diminishes and near-bed turbulence levels 
approach those observed under open-channel conditions. In sections affected by 
bottom-fast ice, the effective flow area is reduced, which concentrates discharge into 
the deepest parts of the channel and enhances near-bed velocities, whereas at the 
apex a negative relationship between ice thickness and near-bed velocity is observed. 
Across all hydrological conditions, a clear correspondence is observed between near-
bed hydraulic forcing and sediment transport potential, such that areas with elevated 
near-bed velocities, higher turbulence levels, and increased shear stresses also 
exhibit greater bedload transport. It should be noted that these relationships are based 
on correlation analyses, which assume independence among observations. However, 
in this study, measurements collected within individual winter periods are likely not 
fully independent, as they are influenced by similar conditions, which may affect the 
statistical significance of the observed annual correlations. In addition, the variability 
between winter periods, such as changes in bed morphology and ice conditions, 
introduces heterogeneity to the dataset and may reduce the overall dependency 
among observations. 

Taken together, these findings demonstrate that the height of the water 
column beneath ice cover has a significant impact on near-bed turbulence 
characteristics. Shallower water columns beneath ice cover are associated with 
elevated near-bed turbulence levels whereas greater flow depths, resulting from 
increased water column heights, are linked to lower values of turbulent kinetic 
energy and turbulence intensity near the bed. Similar findings were reported for 
macro-turbulent flow structures and velocities at the same study site (Lotsari et al., 
2020; Lotsari, Tarsa, et al., 2019) as well as in flume experiments (Muste et al., 2000) 
and natural environments (Koyuncu & Le, 2022). Given that projected future 
changes in ice regimes indicate a tendency towards thinner ice covers, corresponding 
changes in water levels and flow depths beneath ice cover are also expected (Beltaos 
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& Prowse, 2009; Lotsari, Lind, et al., 2019; Park et al., 2016). Such reductions in ice 
thickness are therefore likely to increase the height of the water column beneath the 
ice, with consequent effects on flow velocities and near-bed turbulence. 
Consequently, future ice-covered flow conditions may exhibit reduced near-bed 
turbulence, potentially resulting in decreased sediment transport capacity during 
winter periods. 

5.3 From shifting discharge regimes to altered 
under-ice hydraulics and sediment dynamics: 
implications of river ice in cold-region rivers 
(Papers I-III) 

This chapter comprises the main hydrological, hydraulic, and sediment-transport 
findings of this thesis in the context of ongoing climatic change. The final aim of 
this thesis was to integrate these results to improve the prediction of winter sediment 
dynamics and morphodynamic responses under climate change. 

Long-term hydrological analyses presented in Paper I demonstrate that 
climate change is altering the seasonal distribution of discharge in Finnish rivers, 
with effects to the timing, magnitude, volume and frequencies of high and low flow 
events. These findings are consistent with projections of declining snowmelt-
induced floods (Veijalainen et al., 2010) and observed shifts towards earlier spring 
floods and increased winter and late-autumn runoff (Gohari et al., 2022). Although 
ice freeze up and breakup patterns were not analysed in this thesis, the observed 
hydrological changes imply shorter ice-covered seasons and modified ice conditions, 
consistent with other research (Norrgård & Helama, 2022). Ice cover nevertheless 
remains an important regulator of flow properties and sediment transport during 
winter, and climate-driven alterations to discharge regimes are therefore likely to 
modify wintertime flow dynamics and sediment transport. 

Results from Papers II and III show that sediment transport occurs beneath 
ice cover in a meander bend of a subarctic river even during the lowest midwinter 
discharges and that transport rates increase with increasing wintertime discharge. 
The confining effect of ice cover provides a mechanistic explanation for this 
behaviour (Ettema & Daly, 2004). By reducing the effective cross-sectional flow 
area relative to open-channel conditions, ice cover forces a given discharge through 
a smaller flow area, resulting in elevated flow velocities and the exceedance of 
critical thresholds for sediment transport. In the absence of ice cover, higher 
discharges and consequently higher velocities may be required to achieve sediment 
transport rates comparable to those observed under ice-covered conditions. These 
findings demonstrate that wintertime processes can play a significant role in 
sediment dynamics in cold-region rivers. 
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This study further demonstrated that the height of the water column beneath 
ice cover strongly influences near-bed turbulence characteristics. Variations in ice 
thickness and discharge modify water column height, which in turn regulates near-
bed turbulence levels and sediment transport potential. Shorter ice seasons, more 
frequent freeze–thaw cycles, and shifting discharge regimes are therefore expected 
to reshape wintertime turbulence and sediment dynamics (Fukś, 2023; X. Yang et 
al., 2020). These results indicate that winter morphodynamic models should 
explicitly incorporate ice-related processes to accurately represent sediment 
transport under cold-region conditions. 

Hydrological change is also expected to influence the temporal structure of 
high-flow events. Instead of a single pronounced spring flood peak, future discharge 
regimes may be characterised by multiple short-term winter discharge peaks 
associated with thaw events and rainfall, as highlighted by (Salmela et al., 2022). 
Furthermore, the duration for which discharge exceeds the sediment movement 
threshold has been suggested to be more influential than discharge magnitude alone 
(Vetter, 2011). This implies that even if peak spring flood magnitudes continue to 
decline, overall sediment transport may increase due to a higher frequency of lower-
magnitude events. This perspective can also be considered through the concept of 
effective discharge, which emphasises the discharge range that contributes most to 
long-term sediment transport (Wolman & Miller, 1960). Although individual 
wintertime high-flow events may transport smaller sediment volumes than spring 
floods, their higher frequency may result in a greater cumulative contribution. 
Consequently, these wintertime events may exert a significant geomorphological 
influence relative to less frequent but higher-magnitude spring events. In addition, 
the increasing occurrence of double-peaking flood events, in which a single flood 
exhibits two discharge peaks (Blåfield, Marttila, et al., 2024), is likely to further 
enhance sediment transport, as such events generate higher sediment loads than 
single-peaking floods. 

Observed changes in Finnish river discharge regimes, including earlier and 
smaller spring flood peaks and increased winter low-flow volumes (Paper I), indicate 
a wider trend toward altered hydraulic forcing and shortened ice-cover duration. 
Similar trends have been documented in previous studies, observed as earlier ice-
cover breakups and winters without river ice (Norrgård & Helama, 2022). These 
changes reduce the period of ice-covered flow and consequently modify the 
influence of river ice on winter hydraulic conditions, flow structure, turbulence, and 
sediment transport. Although the magnitude and timing of these changes vary 
regionally, river ice remains a key regulator of velocity distributions, near-bed shear 
stresses, and bedload transport in cold-region rivers. 

The absence of river ice cover can reduce the formation of ice jams during 
spring and thereby limit the potentially destructive floods they may cause. However, 

https://www.zotero.org/google-docs/?gWkVnR
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the loss of ice cover also entails adverse impacts on society and the environment 
(Burrell et al., 2023; Turcotte et al., 2020). Ice breakup and ice jam release generate 
high flows that mobilise ice and are therefore highly erosive (Beltaos & Burrell, 
2021). These events produce peaks in sediment transport, particularly in suspended 
sediment concentration. For instance, (Giovino et al., 2025) observed that reduced 
ice-covered conditions promote the infilling of gravel beds with fine material, which 
can negatively affect habitat suitability. In combination with reduced spring flood 
volumes and weaker ice breakups, the removal of fine-grained material is 
diminished, further compromising habitat suitability (Beltaos & Burrell, 2021; 
Thellman et al., 2021). Taken together, these findings emphasise the importance of 
accounting for river-ice processes when assessing future sediment dynamics and 
morphodynamic responses to climate change in cold regions. Comparisons with 
previous studies and other cold-region rivers suggest that the mechanisms identified 
in this thesis are not site-specific but are likely applicable across a wide range of ice-
affected fluvial systems. 

https://www.zotero.org/google-docs/?udErOP
https://www.zotero.org/google-docs/?udErOP
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6 Conclusions 

The focus of this thesis was to examine how cold-region rivers are changing under 
warming climate. The thesis combines multi-decadal shifts in discharge regimes on 
a watershed scale to reach-scale sediment transport processes and hydraulics beneath 
seasonal river ice cover. By combining discharge trend analyses with nearly decade 
long time series of winter-time field measurements from a subarctic meander bend, 
this thesis provides a combined view of how hydroclimatic conditions affect the ice-
covered season and how these conditions are changing in response to climate 
warming. By combining these two long-term, time series-based approaches together 
with hydroclimatic data, the following conclusions were drawn. 

 
1. Seasonal discharge patterns are shifting, with winter flow conditions 

undergoing a significant change. 
Climate change is altering the timing and seasonal distribution of the river 

discharge regime across Finland. The dominant signal is a shift away from spring 
snowmelt dominance towards higher winter and autumn flows, together with earlier 
spring flood timing. At the same time, annual total discharge volumes remain largely 
stable, indicating that climate warming primarily drives a reorganisation of runoff 
within the hydrological year rather than a change in overall water availability. These 
changes have effects on river ice conditions, including shorter ice-covered periods 
and the frequency and magnitude of midwinter high-flow events. 

 
2. River ice influences near-bed hydraulics, and sediment transport 

occurs even during low winter discharges. 
Reach-scale observations from a single meander bend of the Pulmanki River 

indicate that the ice-covered period is morphodynamically active, even under low-
discharge conditions. Bedload transport and sediment entrainment potential were 
observed beneath the ice cover at low discharges, with higher transport rates 
occurring during periods of increased winter discharge. The threshold for sediment 
motion was exceeded in every study year, demonstrating that sediment transport 
persists throughout the winter season and should therefore be explicitly considered 
in assessments of wintertime river processes. 
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 Turbulence analyses also showed that the height of the water column beneath the 
ice cover is a primary regulator of near-bed turbulence. Shallower under-ice flow 
conditions were associated with elevated turbulence levels and shear stresses 
whereas greater water column heights beneath the ice led to dampened turbulence. 
Ice thickness also influenced hydraulic conditions by modifying flow resistance and 
enhancing flow confinement. In addition, local turbulence was affected by riverbed 
morphology, with higher turbulence levels observed over dune-covered beds 
compared to plane-bed sections. 
 Overall, the results indicate that sediment transport and turbulence dynamics 
beneath ice cover are governed by the combined effects of under-ice flow structure, 
controlled by water column height, ice thickness, and ice-underside roughness, 
together with prevailing discharge conditions. 

 
3. Climate-driven changes in discharge and river regimes will alter flow 

conditions, ice regimes, and sediment dynamics in the future. 
Climate-change-driven warming increases winter runoff, advances the timing of 

spring flood peaks, and alters flood event frequency. In combination, these changes 
modify river ice regimes, with consequent effects on flow conditions beneath the ice 
cover. These altered hydraulic conditions, in turn, influence wintertime sediment 
transport dynamics. Although spring flood magnitudes are declining, the increased 
frequency of winter high-flow events, enhanced freeze–thaw variability, and the 
progressive loss of river ice affect the duration and timing of periods when sediment 
mobility thresholds are exceeded. As a result, sediment transport is likely to become 
less concentrated during the spring freshet and increasingly distributed across 
multiple wintertime events, meaning that the role of ice cover in sediment processes 
must also be taken into account. 

In the future, studies of flow conditions beneath ice cover could be extended to 
a wider range of hydrological conditions, such as early winter, midwinter, and late 
winter, as well as broader channel reaches and additional study locations. 
Furthermore, advances in remote sensing techniques could improve the 
understanding of river ice phenology and timing, thereby enabling the extension of 
such studies to smaller streams, which are currently underrepresented compared to 
larger rivers. In addition, the development of automated and photogrammetric 
methods for sediment transport measurements could enhance the quantification and 
understanding of sediment transport processes beneath ice cover. Rather than relying 
solely on acoustic pointwise measurements from individual drill holes, side-looking, 
cross-sectional measurement approaches could further improve the characterization 
of under-ice flow conditions by capturing the full channel cross-section. 
Nevertheless, despite ongoing methodological advances, the study of river ice cover 
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continues to require fieldwork and equipment capable of operating under freezing 
conditions. 

Overall, the results of this thesis demonstrate that climate change is reshaping 
cold-region rivers not only by altering discharge regimes but also by modifying flow 
and sediment processes beneath seasonal ice cover. Winter is shown to be an active 
and integral regulator of cold-region river morphodynamics. As climate warming 
continues and discharge and ice regimes become increasingly variable, 
understanding wintertime processes will be essential for anticipating future channel 
responses, ecosystem impacts, and risks to water resources in cold-region river 
systems. 



 60 

Acknowledgements 

I started working on my doctoral dissertation in 2022, and the decision to pursue a 
PhD was a fairly natural transition from my master’s studies. An interest in nature 
and how it functions has always been part of my life, so working around this theme 
has felt very meaningful. The decision was also encouraged by a great research 
group, the opportunity to work in the field, and the chance to contribute in my own 
way to making the world a slightly better place. I guess every PhD journey has its 
ups and downs, but in the end, I have really enjoyed this time. However, this thesis 
would not have been possible without the support of many people, and I am truly 
grateful for their time, encouragement, and expertise. 
 First, I would like to thank my supervisors, Petteri Alho, Elina Kasvi, and Eliisa 
Lotsari. Pete, thank you for trusting me throughout my PhD journey and for giving 
me the freedom to pursue research in my own way. Thank you also for providing the 
infrastructure for our research group, which has allowed us to focus fully on our 
work. Elina, thank you for your calm presence and for knowing exactly when 
encouragement was most needed. Maybe one day, we will finally get to show our 
excellent orienteering skills in Jukola. Eliisa, I have learned a great deal from you 
about conducting scientific research with excellence. Although we have not worked 
in the same organisation, we have shared many joyful field days and plenty of 
laughter. If science ever stops inspiring us, fortunately, we have some promising 
business ideas, from manufacturing field equipment to directing horror films. 
 Thanks to my pre-examiners, Professors Shawn Clark and Thomas Buffin-
Bélanger, for their thorough review of my thesis. Your feedback improved the thesis 
and gave me confidence for the defence. I also thank my opponent, Professor 
Rebecca Hodge, for her time, and I look forward to the discussion during the defence. 
 This study would not have been possible without funding. I would therefore like 
to thank the Doctoral Programme in Biology, Geography and Geology (UTU-BGG) 
for providing me with a four-year salary to conduct this study and the Digital Waters 
Flagship for funding the finalisation of this thesis. During my PhD journey, I had the 
opportunity to present my research at several conferences and events, as well as to 
work as a visiting researcher at the University of Southampton. These experiences 
would not have been possible without the financial support I received from the 



Acknowledgements 

 61 

University Foundation of Turku, TOP-säätiö, Maa- ja vesitekniikan tuki ry, and 
projects funded by the Research Council of Finland (Digital Waters Flagship, Green-
Digi-Basin, HYDRO-RDI-Network). Fieldwork campaigns from 2016 to 2024 were 
funded by the Research Council of Finland (DefrostingRivers, ExRiver, HYDRO-
RDI-Network, Green-Digi-Basin, Digital Waters Flagship), the University of 
Eastern Finland, the British Society for Geomorphology, the Maj and Tor Nessling 
Foundation, the Emil Aaltonen Foundation, and Maa- ja vesitekniikan tuki ry. 
 When I began working as a research assistant in the Fluvial and Coastal Research 
Group, I could not have anticipated where the path would lead or what kinds of 
experiences the work would bring. Few jobs offer such wonderful opportunities to 
work in nature, see the world, and share these experiences with great people, many 
of whom I can now call my friends. Even fewer jobs offer (or require) you to spend 
hundreds of hours in the same car driving across Finland, live in small cabins, sing 
karaoke at nearly every possible occasion, and go to the sauna a lot. Not to mention 
spending countless hours together in the same office. The walls of room 450, also 
known as Ylävirta, have witnessed many laughs, rants, swear words, jokes, word 
pyramids, tears, and countless conversations about life. Therefore, my heartfelt 
thanks go to the following people with whom I have had the pleasure of working 
both in the office and in the field: Aino Saarinen, Amin Sadeqi, Annukka 
Pekkarinen, Asfand Tehseen, Carlos Gonzales-Inca, Essi Vilhonen, Juuso Järvi, 
Jutta Porkka, Karoliina Korkiakoski, Laura Kivirinne, Linda Sainio, Linnea Blåfield, 
Mandi Hannula, Mikel Calle Navarro, Oona Oksanen, Riikka Saari, Sampo 
Viljanen, Tua Nylén, Vertti Markkanen, Ville Kankare, and all other colleagues over 
the years. Special thanks go to Acqua in fiamme. Linnea, thank you for being my 
partner in many crimes. Your support during the difficult phases of this project has 
been invaluable. Jutta, thank you for all the fun you bring to those around you. Aino, 
thank you for listening to many rants about life. That said, let’s keep the rant going! 
 Thanks also to the colleagues from Aalto University, Finnish Geospatial 
Research Institute, Finnish Environment Institute, Kevo Research Station, 
University of Eastern Finland, University of Oulu, and University of Southampton, 
with whom I have had the pleasure to collaborate and work during this journey. In 
particular, I would like to thank my co-authors outside the University of Turku, 
Cintia Bertacchi Uvo and Tuure Takala. Tuure, together with Juha-Matti Välimäki, 
thanks for being such loyal winter fieldwork colleagues over all these years. It has 
been a pleasure to share fun and sometimes freezing field days at Pulmanki, as well 
as to receive peer support from a distance.  
 Over the years, the geography section has provided a warm and supportive 
working environment. I would first like to thank the two department heads, Risto 
Kalliola and Petteri Alho, for helping to maintain this positive atmosphere. Sanna 
Mäki, thank you for creating such a welcoming and supportive environment for both 



Karoliina Lintunen 

 62 

students and staff in the geography section. There would be no morning coffee 
without you (often quite literally!). I would also like to thank my colleagues Carolin 
Klonner, Elham Kakaei Lafdani, Harri Tolvanen, Johanna Yliskylä-Peuralahti, 
Juuso Suomi, Jukka Käyhkö, Jussi Jauhiainen, Kaisa Vainio, Katri Gadd, Lauri 
Hooli, Niina Käyhkö, Nora Fagerholm, and Salla Eilola for their support and for the 
many shared discussions over morning coffees and lunches. I am also grateful to 
Kaisa Ketomäki, Sari Järvi, and Sari Tuominen for their help with study- and 
employment-related matters. Finally, I would like to thank the current and former 
members of the BGG steering committee, with whom I have had the privilege to 
work, for their collaboration and contributions to the development of doctoral 
education.  
 Special thanks go to Leena Laurila and Joni Mäkinen. Leena, your help with IT-
related issues saved many days. I hope you enjoy retirement and cross-country 
skiing. Joni, first, thank you for being such an inspiring teacher during my studies, 
and second, thank you for the opportunity to teach alongside you since 2021. I have 
learned a great deal from you about teaching at the academic level, and I truly admire 
your genuine interest and enthusiasm in all aspects of physical geography.  
 Fellow PhD students, what a journey it has been! I cherish all the moments we 
have shared along this path, whether brief chats in the hallways, sauna events, field 
trips or late nights on the dance floor. So thanks to this wonderful group of people: 
Adnan, Akseli, Arpa, Bea, Bilal, Emmy, Felix, Frank, Iiro, Joha, Jouko, Jouni, 
Juulia, Laura L, Luma, Mariah, Meeli, Mia, Msilikale, Oliver, Roosa, Sadegh, Siiri, 
Tanya, Temitope, Tikli, Venla, and Waqar. Some of you have already defended, but 
for the rest: I wish you strength and patience. In the end it is worth it! 
 I have been part of the scouts for most of my life. For me, it has been a place 
where I could forget the worries and stresses of work and life in general. As there 
are too many of you to mention individually, I would like to thank you all. Nothing 
brings people together quite like hiking for a week in the beautiful landscapes of 
Lapland, organising events both large and small, battling through endless paperwork, 
building laavu, or guiding younger scouts. Thanks also go to those with whom I have 
had the chance to go on ski expeditions to some of the most remote locations in the 
Nordics. Nothing quite beats the simplicity of a ski expedition, where the days 
consist of only three things: skiing, eating, and melting snow for water. 
 My dear friends from all stages of life, Elina, Elle, Emmi, Iida, Katariina, Laura 
M, Marketta, Sini, Sonja, and my fellow geographers, thank you for bringing much-
needed variety to my work life. Even when I have been too busy to stay in touch, or 
somewhere in the north often without a connection, you have continued to support 
me and have been there when I needed it most. Thank you also for listening to my 
complaints about the more frustrating parts of academic life (this goes to some of 
my colleagues as well!). I truly appreciate your patience and understanding, and I 



Acknowledgements 

 63 

hope we have many wonderful moments ahead. A special thanks to Marketta for 
always helping with Finnish grammar. 
 Lastly, I would like to express my heartfelt gratitude to my parents and relatives. 
Although it may not always have been entirely clear what I was actually doing, apart 
from travelling to Lapland perhaps a bit too often, I have always received 
tremendous encouragement and support from you all. During this journey, people 
close to us have passed away, and I wish they could be here to share this 
achievement. Kiitos vanhemmilleni kaikesta siitä tuesta, jota olen teiltä saanut. 

Seili, April 2026 
Karoliina Lintunen 

 



 64 

References 

Alfredsen, K., Haas, C., Tuhtan, J. A., & Zinke, P. (2018). Brief Communication: Mapping river ice 
using drones and structure from motion. The Cryosphere, 12(2), 627–633. 
https://doi.org/10.5194/tc-12-627-2018 

Alho, P., & Mäkinen, J. (2010). Hydraulic parameter estimations of a 2D model validated with 
sedimentological findings in the point bar environment. Hydrological Processes, 24(18), 2578–
2593. https://doi.org/10.1002/hyp.7671 

Ansari, S., Rennie, C. D., Seidou, O., Malenchak, J., & Zare, S. G. (2017). Automated monitoring of 
river ice processes using shore-based imagery. Cold Regions Science and Technology, 142, 1–16. 
https://doi.org/10.1016/j.coldregions.2017.06.011 

Apsīte, E., Rudlapa, I., Latkovska, I., & Elferts, D. (2013). Changes in Latvian river discharge regime 
at the turn of the century. Hydrology Research, 44(3), 554–569. 
https://doi.org/10.2166/nh.2012.007 

Arheimer, B., & Lindström, G. (2015). Climate impact on floods: Changes in high flows in Sweden in 
the past and the future (1911–2100). Hydrology and Earth System Sciences, 19(2), 771–784. 
https://doi.org/10.5194/hess-19-771-2015 

Ashton, G. D. (1986). River and Lake Ice Engineering. Water Resources Publications. 
Autio, J., & Heikkinen, O. (2002). The climate of northern Finland. Fennia - International Journal of 

Geography, 180(1–2), 61–66. 
Barnett, T. P., Adam, J. C., & Lettenmaier, D. P. (2005). Potential impacts of a warming climate on 

water availability in snow-dominated regions. Nature, 438(7066), 303–309. 
https://doi.org/10.1038/nature04141 

Beaton, A., Whaley, R., Corston, K., & Kenny, F. (2019). Identifying historic river ice breakup timing 
using MODIS and Google Earth Engine in support of operational flood monitoring in Northern 
Ontario. Remote Sensing of Environment, 224, 352–364. https://doi.org/10.1016/j.rse.2019.02.011 

Beltaos, S. (1995). River Ice Jams. Water Resources Publications. 
Beltaos, S. (2003). Threshold between mechanical and thermal breakup of river ice cover. Cold Regions 

Science and Technology, 37(1), 1–13. https://doi.org/10.1016/S0165-232X(03)00010-7 
Beltaos, S., & Burrell, B. C. (2016). Transport of suspended sediment during the breakup of the ice 

cover, Saint John River, Canada. Cold Regions Science and Technology, 129, 1–13. 
https://doi.org/10.1016/j.coldregions.2016.05.006 

Beltaos, S., & Burrell, B. C. (2021). Effects of River-Ice Breakup on Sediment Transport and 
Implications to Stream Environments: A Review. Water, 13(18), 2541. 
https://doi.org/10.3390/w13182541 

Beltaos, S., & Prowse, T. (2009). River‐ice hydrology in a shrinking cryosphere. Hydrological 
Processes, 23(1), 122–144. https://doi.org/10.1002/hyp.7165 

Bennett, K. E., & Prowse, T. D. (2010). Northern Hemisphere geography of ice‐covered rivers. 
Hydrological Processes, 24(2), 235–240. https://doi.org/10.1002/hyp.7561 

Benson, B. J., Magnuson, J. J., Jensen, O. P., Card, V. M., Hodgkins, G., Korhonen, J., Livingstone, D. 
M., Stewart, K. M., Weyhenmeyer, G. A., & Granin, N. G. (2012). Extreme events, trends, and 



References 

 65 

variability in Northern Hemisphere lake-ice phenology (1855–2005). Climatic Change, 112(2), 
299–323. https://doi.org/10.1007/s10584-011-0212-8 

Bjerke, J. W., López-Blanco, E., Tømmervik, H., Striberny, A., Davids, C., Ólafsdóttir, R., Karlsen, S. 
R., Sandström, P., Turunen, M., Rikkonen, T., Arneberg, M. K., Siikavuopio, S., Zinglersen, K., 
Lynge-Pedersen, K., Sandström, S., & Rautio, P. (2025). Nordic boreo-arctic lands under rapid 
climatic change: A review of recent and future trends and extreme events. Earth-Science Reviews, 
261, 105012. https://doi.org/10.1016/j.earscirev.2024.105012 

Blåfield, L., Calle, M., Kasvi, E., & Alho, P. (2024). Modelling seasonal variation of sediment 
connectivity and its interplay with river forms. Geomorphology, 463, 109346. 
https://doi.org/10.1016/j.geomorph.2024.109346 

Blåfield, L., Gonzales-Inca, C., Alho, P., & Kasvi, E. (2025). Morphological response to climate-
induced flood-event variability in a subarctic river. Earth Surface Dynamics, 13(5), 827–844. 
https://doi.org/10.5194/esurf-13-827-2025 

Blåfield, L., Marttila, H., Kasvi, E., & Alho, P. (2024). Temporal shift of hydroclimatic regime and its 
influence on migration of a high latitude meandering river. Journal of Hydrology, 633, 130935. 
https://doi.org/10.1016/j.jhydrol.2024.130935 

Blaskey, D., Koch, J. C., Gooseff, M. N., Newman, A. J., Cheng, Y., O’Donnell, J. A., & Musselman, 
K. N. (2023). Increasing Alaskan river discharge during the cold season is driven by recent 
warming. Environmental Research Letters, 18(2), 024042. https://doi.org/10.1088/1748-
9326/acb661 

Blöschl, G., Hall, J., Parajka, J., Perdigão, R. A. P., Merz, B., Arheimer, B., Aronica, G. T., Bilibashi, 
A., Bonacci, O., Borga, M., Čanjevac, I., Castellarin, A., Chirico, G. B., Claps, P., Fiala, K., 
Frolova, N., Gorbachova, L., Gül, A., Hannaford, J., … Živković, N. (2017). Changing climate 
shifts timing of European floods. Science, 357(6351), 588–590. 
https://doi.org/10.1126/science.aan2506 

Buffin‐Bélanger, T., Bergeron, N., & Dubé, J. (2013). Ice Formation in Small Rivers. In River Ice 
Formation (pp. 385–409). Committee on River Ice Processes and the Environment. 

Burn, D. H., & Whitfield, P. H. (2017). Changes in cold region flood regimes inferred from long‐record 
reference gauging stations. Water Resources Research, 53(4), 2643–2658. 
https://doi.org/10.1002/2016WR020108 

Burrell, B. C., Beltaos, S., & Turcotte, B. (2023). Effects of climate change on river-ice processes and 
ice jams. International Journal of River Basin Management, 21(3), 421–441. 
https://doi.org/10.1080/15715124.2021.2007936 

Charlton, R. (2007). Fundamentals of Fluvial Geomorphology (0 ed.). Routledge. 
https://doi.org/10.4324/9780203371084 

Chen, Y., & She, Y. (2020). Long-term variations of river ice breakup timing across Canada and its 
response to climate change. Cold Regions Science and Technology, 176, 103091. 
https://doi.org/10.1016/j.coldregions.2020.103091 

Cockburn, J., & Lamoureux, S. (2008). Hydroclimate controls over seasonal sediment yield in two 
adjacent High Arctic watersheds. Hydrological Processes, 22(12), 2013–2027. 
https://doi.org/10.1002/hyp.6798 

Cooley, S. W., & Pavelsky, T. M. (2016). Spatial and temporal patterns in Arctic river ice breakup 
revealed by automated ice detection from MODIS imagery. Remote Sensing of Environment, 175, 
310–322. https://doi.org/10.1016/j.rse.2016.01.004 

Das, V. K., & Debnath, K. (2025). Understanding riverbank erosion through the Lens of Turbulence: 
A review. Journal of Hydrology, 649, 132484. https://doi.org/10.1016/j.jhydrol.2024.132484 

De Leeuw, J., Lamb, M. P., Parker, G., Moodie, A. J., Haught, D., Venditti, J. G., & Nittrouer, J. A. 
(2020). Entrainment and suspension of sand and gravel. Earth Surface Dynamics, 8(2), 485–504. 
https://doi.org/10.5194/esurf-8-485-2020 



Karoliina Lintunen 

 66 

De Rham, L. P., Prowse, T. D., & Bonsal, B. R. (2008). Temporal variations in river-ice break-up over 
the Mackenzie River Basin, Canada. Journal of Hydrology, 349(3–4), 441–454. 
https://doi.org/10.1016/j.jhydrol.2007.11.018 

De Serio, F., & Mossa, M. (2015). Analysis of mean velocity and turbulence measurements with 
ADCPs. Advances in Water Resources, 81, 172–185. 
https://doi.org/10.1016/j.advwatres.2014.11.006 

Demers, S., Buffin‐Bélanger, T., & Roy, A. G. (2011). Helical cell motions in a small ice‐covered 
meander river reach. River Research and Applications, 27(9), 1118–1125. 
https://doi.org/10.1002/rra.1451 

Demers, S., Buffin‐Bélanger, T., & Roy, A. G. (2013). Macroturbulent coherent structures in an ice‐
covered river flow using a pulse‐coherent acoustic Doppler profiler. Earth Surface Processes and 
Landforms, 38(9), 937–946. https://doi.org/10.1002/esp.3334 

Dettinger, M. D., & Diaz, H. F. (2000). Global Characteristics of Stream Flow Seasonality and 
Variability. Journal of Hydrometeorology, 1(4), 289–310. https://doi.org/10.1175/1525-
7541(2000)001<0289:GCOSFS>2.0.CO;2 

Dey, S. (2014). Fluvial Hydrodynamics: Hydrodynamic and Sediment Transport Phenomena. Springer 
Berlin Heidelberg. https://doi.org/10.1007/978-3-642-19062-9 

Ditlevsen, P., & Ditlevsen, S. (2023). Warning of a forthcoming collapse of the Atlantic meridional 
overturning circulation. Nature Communications, 14(1), 4254. https://doi.org/10.1038/s41467-
023-39810-w 

Ettema, R. (2002). Review of Alluvial-channel Responses to River Ice. Journal of Cold Regions 
Engineering, 16(4), 191–217. https://doi.org/10.1061/(ASCE)0887-381X(2002)16:4(191) 

Ettema, R. (2006). Ice Effects on Sediment Transport in Rivers. In M. H. Garcia (Ed.), Sedimentation 
Engineering. ASCE Publications. 

Ettema, R., & Daly, S. F. (2004). Sediment transport under ice. US Army Corps of Engineers, Engineer 
Research and Development Center, Cold Regions Research and Engineering Laboratory. 

Fang, G., Yang, J., Li, Z., Chen, Y., Duan, W., Amory, C., & Maeyer, P. D. (2022). Shifting in the 
global flood timing. Scientific Reports, 12(1), 18853. https://doi.org/10.1038/s41598-022-23748-
y 

Feng, D., Gleason, C. J., Lin, P., Yang, X., Pan, M., & Ishitsuka, Y. (2021). Recent changes to Arctic 
river discharge. Nature Communications, 12(1), 6917. https://doi.org/10.1038/s41467-021-27228-
1 

Fukś, M. (2023). Changes in river ice cover in the context of climate change and dam impacts: A review. 
Aquatic Sciences, 85(4), 113. https://doi.org/10.1007/s00027-023-01011-4 

Fukś, M., & Wiejaczka, Ł. (2025). Climatic determinants of changes in the ice regime of Carpathian 
rivers. Quaestiones Geographicae, 44(1), 131–143. https://doi.org/10.14746/quageo-2025-0009 

Ghareh Aghaji Zare, S., Moore, S. A., Rennie, C. D., Seidou, O., Ahmari, H., & Malenchak, J. (2016). 
Estimation of composite hydraulic resistance in ice‐covered alluvial streams. Water Resources 
Research, 52(2), 1306–1327. https://doi.org/10.1002/2015WR018096 

Gilcoto, M., Jones, E., & Fariña-Busto, L. (2009). Robust Estimations of Current Velocities with Four-
Beam Broadband ADCPs. Journal of Atmospheric and Oceanic Technology, 26(12), 2642–2654. 
https://doi.org/10.1175/2009JTECHO674.1 

Giovino, C., Cockburn, J. M. H., & Villard, P. V. (2025). Ice Ice Maybe: Stream Hydrology and 
Hydraulic Processes During a Mild Winter in a Semi-Alluvial Channel. Water, 17(13), 1878. 
https://doi.org/10.3390/w17131878 

Gohari, A., Shahrood, A. J., Ghadimi, S., Alborz, M., Patro, E. R., Klöve, B., & Haghighi, A. T. (2022). 
A century of variations in extreme flow across Finnish rivers. Environmental Research Letters, 
17(12). https://doi.org/10.1088/1748-9326/aca554 

Gordeev, V. V. (2006). Fluvial sediment flux to the Arctic Ocean. Geomorphology, 80(1–2), 94–104. 
https://doi.org/10.1016/j.geomorph.2005.09.008 



References 

 67 

Groom, J., & Friedrich, H. (2019). Spatial structure of near-bed flow properties at the grain scale. 
Geomorphology, 327, 14–27. https://doi.org/10.1016/j.geomorph.2018.10.013 

Hall, J., Arheimer, B., Borga, M., Brázdil, R., Claps, P., Kiss, A., Kjeldsen, T. R., Kriaučiūnienė, J., 
Kundzewicz, Z. W., Lang, M., Llasat, M. C., Macdonald, N., McIntyre, N., Mediero, L., Merz, B., 
Merz, R., Molnar, P., Montanari, A., Neuhold, C., … Blöschl, G. (2014). Understanding flood 
regime changes in Europe: A state-of-the-art assessment. Hydrology and Earth System Sciences, 
18(7), 2735–2772. https://doi.org/10.5194/hess-18-2735-2014 

Hall, J., & Blöschl, G. (2018). Spatial patterns and characteristics of flood seasonality in Europe. 
Hydrology and Earth System Sciences, 22(7), 3883–3901. https://doi.org/10.5194/hess-22-3883-
2018 

Helama, S., Jiang, J., Korhonen, J., Holopainen, J., & Timonen, M. (2013). Quantifying temporal 
changes in Tornionjoki river ice breakup dates and spring temperatures in Lapland since 1802. 
Journal of Geographical Sciences, 23(6), 1069–1079. https://doi.org/10.1007/s11442-013-1063-1 

Helley, E. J., & Smith, W. (1971). Development and calibration of a pressure-difference bedload 
sampler. US Department of the Interior, Geological Survey, Water Resources Division. 

Hicks, F., & Beltaos, S. (2008). River Ice. In M. Woo (Ed.), Cold Region Atmospheric and Hydrologic 
Studies: The Mackenzie GEWEX Experience (Vol. 2, pp. 281–305). Springer. 
https://doi.org/10.1007/978-3-540-75136-6_15 

Hjulström, F. (1935). Studies of the Morphological Activity of Rivers as Illustrated by the River Fyris 
[PhD dissertation, The Geological Institution of the University of Uppsala]. 
https://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-481786 

Hodgkins, G. A., Dudley, R. W., & Huntington, T. G. (2005). Changes in the Number and Timing of 
Days of Ice-Affected Flow on Northern New England Rivers, 1930–2000. Climatic Change, 71(3), 
319–340. https://doi.org/10.1007/s10584-005-5926-z 

Holmes, R. M. (2021). NOAA Arctic Report Card 2021: River Discharge. NOAA Technical Report 
OAR ARC ; 21-11. https://doi.org/10.25923/ZEVF-AR65 

Hyvärinen, V. (1986). Valunta. In S. Mustonen (Ed.), Sovellettu hydrologia (Applied hydrology) (1st 
ed.). Helsinki: Vesiyhdistys r.y. [In Finnish]. 

Hyvärinen, V. (1988). Effects of climatic changes on winter discharge in Finland. Proceedings of the 
Nordic Hydrological Conference, NHP Report, 1(22), 27–32. 

Hyvärinen, V. (1998). Observed trends and fluctuations in hydrological time series in Finland—A 
review. Proceedings of Second International Conference on Climate and Water, Espoo, Finland, 
17-20 August, Vol. 3., 1064–1070. 

Hyvärinen, V. (2003). Trends and Characteristics of Hydrological Time Series in Finland. Hydrology 
Research, 34(1–2), 71–90. https://doi.org/10.2166/nh.2003.0029 

Hyvärinen, V., & Leppäjärvi, R. (1989). Long-term trends of river flow in Finland. Proceedings of 
Conference on Climate and Water, Helsinki, Finland, 11-15 September 1989., 450–461. 

Ilmatieteen laitos. (2016). Vuorokauden ylin lämpötila, 10 km, 1961-2024, GeoTIFF. 
http://urn.fi/urn:nbn:fi:csc-kata00001000000000000655 

Ilnicki, P., Farat, R., Górecki, K., & Lewandowski, P. (2014). Impact of climatic change on river 
discharge in the driest region of Poland. Hydrological Sciences Journal, 59(6), 1117–1134. 
https://doi.org/10.1080/02626667.2013.831979 

IPCC. (2023). Climate Change 2023: Synthesis Report. Contribution of Working Groups I, II and III 
to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing 
Team, H. Lee and J. Romero (eds.)]. IPCC, Geneva, Switzerland. (First). Intergovernmental Panel 
on Climate Change (IPCC). https://doi.org/10.59327/IPCC/AR6-9789291691647 

Irannezhad, M., Chen, D., & Kløve, B. (2015). Interannual variations and trends in surface air 
temperature in Finland in relation to atmospheric circulation patterns, 1961–2011. International 
Journal of Climatology, 35(10), 3078–3092. https://doi.org/10.1002/joc.4193 



Karoliina Lintunen 

 68 

Irannezhad, M., Marttila, H., & Kløve, B. (2014). Long-term variations and trends in precipitation in 
Finland. International Journal of Climatology, 34(10), 3139–3153. 
https://doi.org/10.1002/joc.3902 

Irannezhad, M., Ronkanen, A.-K., Kiani, S., Chen, D., & Kløve, B. (2017). Long-term variability and 
trends in annual snowfall/total precipitation ratio in Finland and the role of atmospheric circulation 
patterns. Cold Regions Science and Technology, 143, 23–31. 
https://doi.org/10.1016/j.coldregions.2017.08.008 

Jafari, R., & Sui, J. (2021). Velocity Field and Turbulence Structure around Spur Dikes with Different 
Angles of Orientation under Ice Covered Flow Conditions. Water, 13(13), 1844. 
https://doi.org/10.3390/w13131844 

Jamieson, E. C., Post, G., & Rennie, C. D. (2010). Spatial variability of three‐dimensional Reynolds 
stresses in a developing channel bend. Earth Surface Processes and Landforms, 35(9), 1029–1043. 
https://doi.org/10.1002/esp.1930 

Jokinen, P., Pirinen, P., Kaukoranta, J.-P., Kangas, A., Alenius, P., Eriksson, P., Johansson, M., & 
Wilkman, S. (2021). Climatological and oceanographic statistics of Finland 1991–2020. Finnish 
Meteorological Institute. https://doi.org/10.35614/isbn.9789523361485 

Jylhä, K., Tuomenvirta, H., Ruosteenoja, K., Niemi-Hugaerts, H., Keisu, K., & Karhu, J. A. (2010). 
Observed and Projected Future Shifts of Climatic Zones in Europe and Their Use to Visualize 
Climate Change Information. Weather, Climate, and Society, 2(2), 148–167. 
https://doi.org/10.1175/2010WCAS1010.1 

Kaboli, S., Kankare, V., Haghighi, A. T., Uvo, C. B., & Kasvi, E. (2026). Associations between the 
thermal spring timing variability and atmospheric teleconnection patterns over the past six decades 
in Finland. Atmospheric Research, 334, 108752. https://doi.org/10.1016/j.atmosres.2026.108752 

Kämäri, M., Alho, P., Veijalainen, N., Aaltonen, J., Huokuna, M., & Lotsari, E. (2015). River ice cover 
influence on sediment transportation at present and under projected hydroclimatic conditions. 
Hydrological Processes, 29(22), 4738–4755. https://doi.org/10.1002/hyp.10522 

Kasvi, E., Vaaja, M., Kaartinen, H., Kukko, A., Jaakkola, A., Flener, C., Hyyppä, H., Hyyppä, J., & 
Alho, P. (2015). Sub-bend scale flow–sediment interaction of meander bends—A combined 
approach of field observations, close-range remote sensing and computational modelling. 
Geomorphology, 238, 119–134. https://doi.org/10.1016/j.geomorph.2015.01.039 

Kendall, M. G. (1975). Rank Correlation Methods (4th ed.). Charles Griffin. 
Klavins, M., Briede, A., & Rodinov, V. (2009). Long term changes in ice and discharge regime of rivers 

in the Baltic region in relation to climatic variability. Climatic Change, 95(3–4), 485–498. 
https://doi.org/10.1007/s10584-009-9567-5 

Korhonen, J., & Kuusisto, E. (2010). Long-term changes in the discharge regime in Finland. Hydrology 
Research, 41(3–4), 253–268. https://doi.org/10.2166/nh.2010.112 

Koyuncu, B., & Le, T. B. (2022). On the Impacts of Ice Cover on Flow Profiles in a Bend. Water 
Resources Research, 58(9), e2021WR031742. https://doi.org/10.1029/2021WR031742 

Kuusisto, E. (1992). Runoff from Finland in the period of 1931–1990. Aqua Fennica, 22(1), 9–22. 
Kuusisto, E., & Elo, A.-R. (2000). Lake and river ice variables as climate indicators in Northern Europe. 

SIL Proceedings, 1922-2010, 27(5), 2761–2764. 
https://doi.org/10.1080/03680770.1998.11898168 

Lacroix, M. P., Prowse, T. D., Bonsal, B. R., Duguay, C. R., & Ménard, P. (2005). River Ice Trends in 
Canada. In CGU HS Committee on River Ice Processes and the Environment (Ed.), Proceedings 
of the 13th Workshop on the Hydraulics of Ice Covered Rivers. 

Larsen, P. A. (1969). Head losses caused by an ice cover on open channels. Boston Society of Civil 
Engineers. 

Latkovska, I., Apsīte, E., & Elferts, D. (2016). Long-term changes of the ice regime of rivers in Latvia. 
Hydrology Research, 47(4), 782–798. https://doi.org/10.2166/nh.2016.012 



References 

 69 

Leenman, A., Greenberg, E., Moulds, S., Wortmann, M., Slater, L., & Ganti, V. (2025). Accelerated 
River Mobility Linked to Water Discharge Variability. Geophysical Research Letters, 52(2), 
e2024GL112899. https://doi.org/10.1029/2024GL112899 

Lewis, T., & Lamoureux, S. F. (2010). Twenty-first century discharge and sediment yield predictions 
in a small high Arctic watershed. Global and Planetary Change, 71(1–2), 27–41. 
https://doi.org/10.1016/j.gloplacha.2009.12.006 

Lin, Y., Lindenschmidt, K.-E., Lü, H., Zhu, Y., Liu, M., Chen, T., & Xu, Y. (2025). Modeling climate 
change effects on river ice thickness in the Northern Hemisphere. Journal of Hydrology, 660, 
133268. https://doi.org/10.1016/j.jhydrol.2025.133268 

Lindenschmidt, K.-E. (2020). River Ice Processes and Ice Flood Forecasting: A Guide for Practitioners 
and Students. Springer International Publishing. https://doi.org/10.1007/978-3-030-28679-8 

Liu, W., Xie, S.-P., Liu, Z., & Zhu, J. (2017). Overlooked possibility of a collapsed Atlantic Meridional 
Overturning Circulation in warming climate. Science Advances, 3(1), e1601666. 
https://doi.org/10.1126/sciadv.1601666 

Lotsari, E., Dietze, M., Kämäri, M., Alho, P., & Kasvi, E. (2020). Macro-Turbulent Flow and Its 
Impacts on Sediment Transport Potential of a Subarctic River during Ice-Covered and Open-
Channel Conditions. Water, 12(7), 1874. https://doi.org/10.3390/w12071874 

Lotsari, E., Kasvi, E., Kämäri, M., & Alho, P. (2017). The effects of ice cover on flow characteristics 
in a subarctic meandering river. Earth Surface Processes and Landforms, 42(8), 1195–1212. 
https://doi.org/10.1002/esp.4089 

Lotsari, E., Lind, L., & Kämäri, Maria. (2019). Impacts of Hydro-Climatically Varying Years on Ice 
Growth and Decay in a Subarctic River. Water, 11(10), 2058. https://doi.org/10.3390/w11102058 

Lotsari, E., Lintunen, K., Kasvi, E., Alho, P., & Blåfield, L. (2022). The impacts of near-bed flow 
characteristics on river bed sediment transport under ice-covered conditions in 2016–2021. Journal 
of Hydrology, 615, 128610. https://doi.org/10.1016/j.jhydrol.2022.128610 

Lotsari, E., Tarsa, T., Kämäri, M., Alho, P., & Kasvi, E. (2019). Spatial variation of flow characteristics 
in a subarctic meandering river in ice‐covered and open‐channel conditions: A 2D hydrodynamic 
modelling approach. Earth Surface Processes and Landforms, 44(8), 1509–1529. 
https://doi.org/10.1002/esp.4589 

Lotsari, E., Vaaja, M., Flener, C., Kaartinen, H., Kukko, A., Kasvi, E., Hyyppä, H., Hyyppä, J., & Alho, 
P. (2014). Annual bank and point bar morphodynamics of a meandering river determined by high‐
accuracy multitemporal laser scanning and flow data. Water Resources Research, 50(7), 5532–
5559. https://doi.org/10.1002/2013WR014106 

Luomaranta, A., Aalto, J., & Jylhä, K. (2019). Snow cover trends in Finland over 1961–2014 based on 
gridded snow depth observations. International Journal of Climatology, 39(7), 3147–3159. 
https://doi.org/10.1002/joc.6007 

Magnuson, J. J., Robertson, D. M., Benson, B. J., Wynne, R. H., Livingstone, D. M., Arai, T., Assel, 
R. A., Barry, R. G., Card, V., Kuusisto, E., Granin, N. G., Prowse, T. D., Stewart, K. M., & 
Vuglinski, V. S. (2000). Historical Trends in Lake and River Ice Cover in the Northern 
Hemisphere. Science, 289(5485), 1743–1746. https://doi.org/10.1126/science.289.5485.1743 

Mann, H. B. (1945). Nonparametric Tests Against Trend. Econometrica, 13(3), 245. 
https://doi.org/10.2307/1907187 

Mansikkaniemi, H., & Mäki, O.-P. (1990). Paleochannels and recent changes in the Pulmankijoki 
valley, northern Lapland. Fennia - International Journal of Geography, 168(2), 137–152. 

McCrystall, M. R., Stroeve, J., Serreze, M., Forbes, B. C., & Screen, J. A. (2021). New climate models 
reveal faster and larger increases in Arctic precipitation than previously projected. Nature 
Communications, 12(1), 6765. https://doi.org/10.1038/s41467-021-27031-y 

McFarlane, V., Loewen, M., & Hicks, F. (2017). Measurements of the size distribution of frazil ice 
particles in three Alberta rivers. Cold Regions Science and Technology, 142, 100–117. 
https://doi.org/10.1016/j.coldregions.2017.08.001 



Karoliina Lintunen 

 70 

Melin, R. (1970). Hydrological regions in Scandinavia and Finland. Hydrology Research, 1(1), 5–37. 
https://doi.org/10.2166/nh.1970.0001 

Meriö, L., Ala‐aho, P., Linjama, J., Hjort, J., Kløve, B., & Marttila, H. (2019). Snow to Precipitation 
Ratio Controls Catchment Storage and Summer Flows in Boreal Headwater Catchments. Water 
Resources Research, 55(5), 4096–4109. https://doi.org/10.1029/2018WR023031 

Michel, B. (1971). Winter Regime of Rivers and Lakes. Cold Regions Research and Engineering 
Laboratory. 

Morales, J. A., Lozano, C., & Sedrati, M. (2019). Calculated Potential Bedload Versus Real Transported 
Sands along the Guadiana River Estuary (Spain–Portugal). Journal of Marine Science and 
Engineering, 7(11), 393. https://doi.org/10.3390/jmse7110393 

Muste, M., Braileanu, F., & Ettema, R. (2000). Flow and sediment transport measurements in a 
simulated ice‐covered channel. Water Resources Research, 36(9), 2711–2720. 
https://doi.org/10.1029/2000WR900168 

Namaee, M. R., & Sui, J. (2019). Effects of ice cover on the incipient motion of bed material and shear 
stress around side-by-side bridge piers. Cold Regions Science and Technology, 165, 102811. 
https://doi.org/10.1016/j.coldregions.2019.102811 

Newton, A. M. W., & Mullan, D. J. (2021). Climate change and Northern Hemisphere lake and river 
ice phenology from 1931–2005. The Cryosphere, 15(5), 2211–2234. https://doi.org/10.5194/tc-15-
2211-2021 

Norrgård, S., & Helama, S. (2019). Historical trends in spring ice breakup for the Aura River in 
Southwest Finland, AD 1749–2018. The Holocene, 29(6), 953–963. 
https://doi.org/10.1177/0959683619831429 

Norrgård, S., & Helama, S. (2022). Tricentennial trends in spring ice break-ups on three rivers in 
northern Europe. The Cryosphere, 16(7), 2881–2898. https://doi.org/10.5194/tc-16-2881-2022 

Nystrom, E. A., Rehmann, C. R., & Oberg, K. A. (2007). Evaluation of Mean Velocity and Turbulence 
Measurements with ADCPs. Journal of Hydraulic Engineering, 133(12), 1310–1318. 
https://doi.org/10.1061/(ASCE)0733-9429(2007)133:12(1310) 

Olsson, T., Jakkila, J., Veijalainen, N., Backman, L., Kaurola, J., & Vehviläinen, B. (2015). Impacts of 
climate change on temperature, precipitation and hydrology in Finland – studies using bias 
corrected Regional Climate Model data. Hydrology and Earth System Sciences, 19(7), 3217–3238. 
https://doi.org/10.5194/hess-19-3217-2015 

Park, H., Yoshikawa, Y., Oshima, K., Kim, Y., Ngo-Duc, T., Kimball, J. S., & Yang, D. (2016). 
Quantification of Warming Climate-Induced Changes in Terrestrial Arctic River Ice Thickness 
and Phenology. Journal of Climate, 29(5), 1733–1754. https://doi.org/10.1175/JCLI-D-15-0569.1 

Pearson, K., & Galton, F. (1895). VII. Note on regression and inheritance in the case of two parents. 
Proceedings of the Royal Society of London, 58(347–352), 240–242. 
https://doi.org/10.1098/rspl.1895.0041 

Peel, M. C., Finlayson, B. L., & McMahon, T. A. (2007). Updated world map of the Köppen-Geiger 
climate classification. Hydrology and Earth System Sciences, 11(5), 1633–1644. 
https://doi.org/10.5194/hess-11-1633-2007 

Pei, C., Yang, J., She, Y., & Loewen, M. (2024). Measurements of frazil ice flocs in rivers. The 
Cryosphere, 18(9), 4177–4196. https://doi.org/10.5194/tc-18-4177-2024 

Peters, M., Dow, K., Clark, S. P., Malenchak, J., & Danielson, D. (2017). Experimental investigation 
of the flow characteristics beneath partial ice covers. Cold Regions Science and Technology, 142, 
69–78. https://doi.org/10.1016/j.coldregions.2017.07.007 

Polvi, L. E., Dietze, M., Lotsari, E., Turowski, J. M., & Lind, L. (2020). Seismic Monitoring of a 
Subarctic River: Seasonal Variations in Hydraulics, Sediment Transport, and Ice Dynamics. 
Journal of Geophysical Research: Earth Surface, 125(7), e2019JF005333. 
https://doi.org/10.1029/2019JF005333 

Prowse, T., Alfredsen, K., Beltaos, S., Bonsal, B., Bowden, W., Duguay, C., Korhola, A., McNamara, 
J., Vincent, W., Vuglinsky, V., Walter Anthony, K., & Weyhenmeyer, G. (2011). Effects of 



References 

 71 

Changes in Arctic Lake and River Ice. AMBIO, 40(S1), 63–74. https://doi.org/10.1007/s13280-
011-0217-6 

Prowse, T., Bonsal, B., Duguay, C., & Lacroix, M. (2007). River-ice break-up/freeze-up: A review of 
climatic drivers, historical trends and future predictions. Annals of Glaciology, 46, 443–451. 
https://doi.org/10.3189/172756407782871431 

Qiu, J., Luojus, K., Kaartinen, H., Qiu, Y., Silander, J., Patro, E. R., Klöve, B., & Haghighi, A. T. 
(2025). A harmonized 2000–2024 dataset of daily river ice concentration and annual phenology 
for major Arctic rivers. ESSD – Hydrosphere/Rivers, lakes, groundwater. 
https://doi.org/10.5194/essd-2025-607 

Rantanen, M., Karpechko, A. Yu., Lipponen, A., Nordling, K., Hyvärinen, O., Ruosteenoja, K., Vihma, 
T., & Laaksonen, A. (2022). The Arctic has warmed nearly four times faster than the globe since 
1979. Communications Earth & Environment, 3(1), 168. https://doi.org/10.1038/s43247-022-
00498-3 

Rawlins, M. A., & Karmalkar, A. V. (2024). Regime shifts in Arctic terrestrial hydrology manifested 
from impacts of climate warming. The Cryosphere, 18(3), 1033–1052. https://doi.org/10.5194/tc-
18-1033-2024 

Robert, A., & Tran, T. (2012). Mean and turbulent flow fields in a simulated ice‐covered channel with 
a gravel bed: Some laboratory observations. Earth Surface Processes and Landforms, 37(9), 951–
956. https://doi.org/10.1002/esp.3211 

Rubel, F., Brugger, K., Haslinger, K., & Auer, I. (2017). The climate of the European Alps: Shift of 
very high resolution Köppen-Geiger climate zones 1800–2100. Meteorologische Zeitschrift, 26(2), 
115–125. https://doi.org/10.1127/metz/2016/0816 

Ruosteenoja, K. (1986). The date of break-up of lake ice as a climatic index. Geophysica, 22(1–2), 89–
99. 

Ruosteenoja, K., & Jylhä, K. (2021). Projected climate change in Finland during the 21st century 
calculated from CMIP6 model simulations. Geophysica, 56(1–2). 

Ruosteenoja, K., Jylhä, K., & Kämäräinen, M. (2016). Climate projections for Finland under the RCP 
forcing scenarios. Geophysica, 51(1), 17–50. 

Salmela, J., Kasvi, E., Vaaja, M. T., Kaartinen, H., Kukko, A., Jaakkola, A., & Alho, P. (2020). 
Morphological changes and riffle-pool dynamics related to flow in a meandering river channel 
based on a 5-year monitoring period using close-range remote sensing. Geomorphology, 352, 
106982. https://doi.org/10.1016/j.geomorph.2019.106982 

Salmela, J., Saarni, S., Blåfield, L., Katainen, M., Kasvi, E., & Alho, P. (2022). Comparison of cold 
season sedimentation dynamics in the non-tidal estuary of the Northern Baltic Sea. Marine 
Geology, 443, 106701. https://doi.org/10.1016/j.margeo.2021.106701 

Sayre, W. W., & Song, G. B. (1979). Effects of Ice Covers on Alluvial Channel Flow and Sediment 
Transport Processes (IIHR Report No. 218). Iowa Institute of Hydraulic Research. 

Schneider, C., Laizé, C. L. R., Acreman, M. C., & Flörke, M. (2013). How will climate change modify 
river flow regimes in Europe? Hydrology and Earth System Sciences, 17(1), 325–339. 
https://doi.org/10.5194/hess-17-325-2013 

Sediqi, S., Sui, J., Li, G., & Dziedzic, M. (2024). Characteristics of turbulent flow around bridge 
abutments in the presence of vegetation in channel bed under ice-covered flow conditions. Cold 
Regions Science and Technology, 221, 104172. https://doi.org/10.1016/j.coldregions.2024.104172 

Sen, P. K. (1968). Estimates of the Regression Coefficient Based on Kendall’s Tau. Journal of the 
American Statistical Association, 63(324), 1379–1389. 
https://doi.org/10.1080/01621459.1968.10480934 

Sharma, S., Magnuson, J. J., Batt, R. D., Winslow, L. A., Korhonen, J., & Aono, Y. (2016). Direct 
observations of ice seasonality reveal changes in climate over the past 320–570 years. Scientific 
Reports, 6(1), 25061. https://doi.org/10.1038/srep25061 

Sharma, S., Richardson, D. C., Woolway, R. I., Imrit, M. A., Bouffard, D., Blagrave, K., Daly, J., 
Filazzola, A., Granin, N., Korhonen, J., Magnuson, J., Marszelewski, W., Matsuzaki, S. S., Perry, 



Karoliina Lintunen 

 72 

W., Robertson, D. M., Rudstam, L. G., Weyhenmeyer, G. A., & Yao, H. (2021). Loss of Ice Cover, 
Shifting Phenology, and More Extreme Events in Northern Hemisphere Lakes. Journal of 
Geophysical Research: Biogeosciences, 126(10), e2021JG006348. 
https://doi.org/10.1029/2021JG006348 

Shen, H. T. (2025). River Ice Effects on Sediment Transport and Channel Morphology—Progress and 
Research Needs. Glacies, 2(1), 2. https://doi.org/10.3390/glacies2010002 

Shields, A. (1936). Application of similarity principles and turbulence research to bed-load movement 
(No. 26; pp. 5–24). Preussische Versuchsanstalt für Wasserbau und Schiffbau. 

Simons, D. B., & Richardson, E. V. (1966). Resistance to flow in alluvial channels (Report No. 422J; 
Professional Paper). USGS Publications Warehouse. https://doi.org/10.3133/pp422J 

Smith, K., Cockburn, J., & Villard, P. V. (2023a). Rivers under Ice: Evaluating Simulated 
Morphodynamics through a Riffle-Pool Sequence. Water, 15(8), 1604. 
https://doi.org/10.3390/w15081604 

Smith, K., Cockburn, J., & Villard, P. V. (2023b). The effect of ice cover on velocity and shear stress 
in a riffle‐pool sequence. Earth Surface Processes and Landforms, 48(7), 1414–1427. 
https://doi.org/10.1002/esp.5557 

Smith, L. (2000). Trends in Russian Arctic river-ice formation and breakup, 1917 to 1994. Physical 
Geography, 21(1), 46–56. https://doi.org/10.1080/02723646.2000.10642698 

SonTek. (2013). RiverSurveyor—Discharge, bathymetry and current profiling. 
SonTek. (2022). RiverSurveyor S5/M9—System Manual. 
Spearman, C. (1904). The Proof and Measurement of Association Between Two Things. American 

Journal of Psychology, 15(1), 72–101. 
Stacey, M. T., Monismith, S. G., & Burau, J. R. (1999). Measurements of Reynolds stress profiles in 

unstratified tidal flow. Journal of Geophysical Research: Oceans, 104(C5), 10933–10949. 
https://doi.org/10.1029/1998JC900095 

Stadnyk, T. A., Tefs, A., Broesky, M., Déry, S. J., Myers, P. G., Ridenour, N. A., Koenig, K., 
Vonderbank, L., & Gustafsson, D. (2021). Changing freshwater contributions to the Arctic: A 90-
year trend analysis (1981- 2070). Elementa, 9(1). https://doi.org/10.1525/elementa.2020.00098 

Sukhodolov, A. (2012). Structure of turbulent flow in a meander bend of a lowland river. Water 
Resources Research, 48(1), 2011WR010765. https://doi.org/10.1029/2011WR010765 

Sukhodolov, A., Thiele, M., & Bungartz, H. (1998). Turbulence structure in a river reach with sand 
bed. Water Resources Research, 34(5), 1317–1334. https://doi.org/10.1029/98WR00269 

Sukhodolov, A., Thiele, M., Bungartz, H., & Engelhardt, C. (1999). Turbulence structure in an ice‐
covered, sand‐bed river. Water Resources Research, 35(3), 889–894. 
https://doi.org/10.1029/1998WR900081 

SYKE. (2024). Hydrological observations [Dataset]. https://ckan.ymparisto.fi/dataset/hydrologiset-
havaintopaikat. https://ckan.ymparisto.fi/dataset/hydrologiset-havaintopaikat 

Syvitski, J. P. M. (2002). Sediment discharge variability in Arctic rivers: Implications for a warmer 
future. Polar Research, 21(2), 323–330. https://doi.org/10.3402/polar.v21i2.6494 

Takala, T., Lotsari, E., & Polvi, L. E. (2025). Surface flow and ice rafting velocities during freezing 
and thawing periods in Nordic rivers. Journal of Hydrology, 649, 132447. 
https://doi.org/10.1016/j.jhydrol.2024.132447 

Tan, A., Adam, J. C., & Lettenmaier, D. P. (2011). Change in spring snowmelt timing in Eurasian 
Arctic rivers. Journal of Geophysical Research, 116(D3), D03101. 
https://doi.org/10.1029/2010JD014337 

Teal, M. J., Ettema, R., & Walker, J. F. (1994). Estimation of Mean Flow Velocity in Ice‐Covered 
Channels. Journal of Hydraulic Engineering, 120(12), 1385–1400. 
https://doi.org/10.1061/(ASCE)0733-9429(1994)120:12(1385) 

Theil, H. (1950). A rank-invariant method of linear and polynomial regression analysis, III: Confidence 
regions for the parameters of polynomial regression equations. Indagationes Mathematicae, 12(2). 



References 

 73 

Thellman, A., Jankowski, K. J., Hayden, B., Yang, X., Dolan, W., Smits, A. P., & O’Sullivan, A. M. 
(2021). The Ecology of River Ice. Journal of Geophysical Research: Biogeosciences, 126(9), 
e2021JG006275. https://doi.org/10.1029/2021JG006275 

Tilastokeskus. (2020). Statistical Yearbook of Finland 2020 (S. Hiltunen, N. Koivula, T. Ruuskanen, 
& S. Laine, Eds.). Tilastokeskus. 

Trenberth, K. (2011). Changes in precipitation with climate change. Climate Research, 47(1), 123–138. 
https://doi.org/10.3354/cr00953 

Tsai, W.-F., & Ettema, R. (1994). Ice cover influence on transverse bed slopes in a curved alluvial 
channel. Journal of Hydraulic Research, 32(4), 561–581. 
https://doi.org/10.1080/00221686.1994.9728355 

Turcotte, B., & Morse, B. (2013). A global river ice classification model. Journal of Hydrology, 507, 
134–148. https://doi.org/10.1016/j.jhydrol.2013.10.032 

Turcotte, B., Morse, B., Bergeron, N. E., & Roy, A. G. (2011). Sediment transport in ice-affected rivers. 
Journal of Hydrology, 409(1–2), 561–577. https://doi.org/10.1016/j.jhydrol.2011.08.009 

Turcotte, B., Morse, B., & Pelchat, G. (2020). Impact of Climate Change on the Frequency of Dynamic 
Breakup Events and on the Risk of Ice-Jam Floods in Quebec, Canada. Water, 12(10), 2891. 
https://doi.org/10.3390/w12102891 

Urroz, G. E., & Ettema, R. (1994). Small-scale experiments on ice-jam initiation in a curved channel. 
Canadian Journal of Civil Engineering, 21(5), 719–727. https://doi.org/10.1139/l94-077 

Van Rijn, L. C. (1984). Sediment Transport, Part III: Bed forms and Alluvial Roughness. Journal of 
Hydraulic Engineering, 110(12), 1733–1754. https://doi.org/10.1061/(ASCE)0733-
9429(1984)110:12(1733) 

Vehviläinen, B., & Lohvansuu, J. (1991). The effects of climate change on discharges and snow cover 
in Finland. Hydrological Sciences Journal, 36(2), 109–121. 
https://doi.org/10.1080/02626669109492493 

Veijalainen, N., Ahopelto, L., Marttunen, M., Jääskeläinen, J., Britschgi, R., Orvomaa, M., Belinskij, 
A., & Keskinen, M. (2019). Severe drought in Finland: Modeling effects on water resources and 
assessing climate change impacts. Sustainability (Switzerland), 11(8). 
https://doi.org/10.3390/su11082450 

Veijalainen, N., Lotsari, E., Alho, P., Vehviläinen, B., & Käyhkö, J. (2010). National scale assessment 
of climate change impacts on flooding in Finland. Journal of Hydrology, 391(3–4), 333–350. 
https://doi.org/10.1016/j.jhydrol.2010.07.035 

Vormoor, K., Lawrence, D., Heistermann, M., & Bronstert, A. (2015). Climate change impacts on the 
seasonality and generation processes of floods – projections and uncertainties for catchments with 
mixed snowmelt/rainfall regimes. Hydrology and Earth System Sciences, 19(2), 913–931. 
https://doi.org/10.5194/hess-19-913-2015 

Vormoor, K., Lawrence, D., Schlichting, L., Wilson, D., & Wong, W. K. (2016). Evidence for changes 
in the magnitude and frequency of observed rainfall vs. Snowmelt driven floods in Norway. 
Journal of Hydrology, 538, 33–48. https://doi.org/10.1016/j.jhydrol.2016.03.066 

Vuglinsky, V. S. (2002). Peculiarities of ice events in Russian Arctic rivers. Hydrological Processes, 
16(4), 905–913. https://doi.org/10.1002/hyp.365 

Wang, F., Huai, W., & Guo, Y. (2021). Analytical model for the suspended sediment concentration in 
the ice-covered alluvial channels. Journal of Hydrology, 597, 126338. 
https://doi.org/10.1016/j.jhydrol.2021.126338 

Wang, H., Liu, J., Klaar, M., Chen, A., Gudmundsson, L., & Holden, J. (2024). Anthropogenic climate 
change has influenced global river flow seasonality. Science, 383(6686), 1009–1014. 
https://doi.org/10.1126/science.adi9501 

Wang, J., Guan, Y., Wu, L., Guan, X., Cai, W., Huang, J., Dong, W., & Zhang, B. (2021). Changing 
Lengths of the Four Seasons by Global Warming. Geophysical Research Letters, 48(6), 
e2020GL091753. https://doi.org/10.1029/2020GL091753 



Karoliina Lintunen 

 74 

Wilcock, P. R. (1996). Estimating Local Bed Shear Stress from Velocity Observations. Water 
Resources Research, 32(11), 3361–3366. https://doi.org/10.1029/96WR02277 

Wilcox, A. C., & Wohl, E. E. (2006). Flow resistance dynamics in step‐pool stream channels: 1. Large 
woody debris and controls on total resistance. Water Resources Research, 42(5), 2005WR004277. 
https://doi.org/10.1029/2005WR004277 

Williams, G. (1970). A note on the break‐up of lakes and rivers as indicators of climate change. 
Atmosphere, 8(1), 23–24. https://doi.org/10.1080/00046973.1970.9676580 

Wolman, M. G., & Miller, J. P. (1960). Magnitude and Frequency of Forces in Geomorphic Processes. 
The Journal of Geology, 68(1), 54–74. https://doi.org/10.1086/626637 

Wuebben, J. L. (1986). A Laboratory Study of Flow in an Ice-Covered Sand-Bed Channel. Proceedings 
of the 8th IAHR Symposium on Ice. 

Yang, R.-M., & Zhang, T. (2022). Dramatic thinning of Alaskan river ice and its climatic controls. 
Advances in Climate Change Research, 13(5), 623–631. 
https://doi.org/10.1016/j.accre.2022.08.001 

Yang, X., Pavelsky, T. M., & Allen, G. H. (2020). The past and future of global river ice. Nature, 
577(7788), 69–73. https://doi.org/10.1038/s41586-019-1848-1 

Zhang, T., Li, D., East, A. E., Kettner, A. J., Best, J., Ni, J., & Lu, X. (2023). Shifted sediment-transport 
regimes by climate change and amplified hydrological variability in cryosphere-fed rivers. Science 
Advances, 9(45), eadi5019. https://doi.org/10.1126/sciadv.adi5019 

Zhang, X., Vincent, L. A., Hogg, W. D., & Niitsoo, A. (2000). Temperature and precipitation trends in 
Canada during the 20th century. Atmosphere-Ocean, 38(3), 395–429. 
https://doi.org/10.1080/07055900.2000.9649654 

Zhou, S., Yu, B., & Zhang, Y. (2023). Global concurrent climate extremes exacerbated by 
anthropogenic climate change. Science Advances, 9(10), eabo1638. 
https://doi.org/10.1126/sciadv.abo1638 

 
 





Karoliina Lintunen
AII 433

AN
N

ALES UN
IVERSITATIS

 TURKUEN
SIS

ISBN 978-952-02-0672-7 (PRINT) 
ISBN 978-952-02-0673-4 (PDF)
ISSN 0082-6979 (Print) 
ISSN 2343-3183 (Online)

Pa
in

os
al

am
a,

 T
ur

ku
, F

in
la

nd
 2

02
6


	ABSTRACT
	TIIVISTELMÄ
	Table of Contents
	Abbreviations
	List of Original Publications
	1 Introduction
	2 Background
	2.1 Seasonal and regional variability in discharge and hydrological controls
	2.2 Ice formation, breakup, and ice characteristics
	2.3 Hydraulic effects of river ice on flow properties
	2.4 Climate change and altering discharge and ice regimes
	2.5 Sediment transport beneath ice cover

	3 Study Areas
	3.1 Finnish catchments
	3.2 Pulmanki River

	4 Material and Methods
	4.1 Weather data
	4.2 Discharges and flow characteristics
	4.2.1 Hydrological observation stations
	4.2.2 Discharges and flow characteristics under ice-covered conditions
	4.2.3 Applicability and limitations of acoustic flow measurements in natural environments

	4.3 River ice cover and bedform characteristics
	4.4 Velocity components and turbulence parameters
	4.4.1 Analysis of turbulence parameters from ADV data
	4.4.2 Analysis of turbulence parameters from ADCP data

	4.5 Bedload and riverbed sediment analysis
	4.6 Statistical analyses

	5 Results and Discussion
	5.1 Climate change is driving shifts in discharge regimes in cold-region rivers (Paper I)
	5.2 Flow characteristics and sediment transport in the near-bed region of the ice-covered meander bend (Papers II-III)
	5.3 From shifting discharge regimes to altered under-ice hydraulics and sediment dynamics: implications of river ice in cold-region rivers (Papers I-III)

	6 Conclusions
	Acknowledgements
	References


 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 7.087 x 10.000 inches / 180.0 x 254.0 mm
     Shift: none
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20260427092346
      

        
     Shift
     -4
            
       D:20260424094300
       720.0000
       Blank
       510.2362
          

     Tall
     1
     0
     No
     1581
     967
     QI2.9[QI 2.9/QHI 1.1]
     None
     Down
     5.6693
     -0.2268
            
                
         Both
         205
         AllDoc
         226
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3k
     Quite Imposing Plus 5
     1
      

        
     118
     156
     155
     156
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: before current page
     Number of pages: 2
     Page size: same as current
      

        
     D:20260428140522
      

        
     Blanks
     Always
     2
     1
            
       D:20260304091710
       595.2756
       Blank
       11.3386
          

     1
     Tall
     1561
     636
     0
     1
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsCur
     BeforeCur
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3k
     Quite Imposing Plus 5
     1
      

        
     0
     2
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 2
     Page size: same as current
      

        
     D:20260428140554
      

        
     Blanks
     Always
     2
     1
            
       D:20260304091710
       595.2756
       Blank
       11.3386
          

     1
     Tall
     1561
     636
     0
     1
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsCur
     AfterCur
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3k
     Quite Imposing Plus 5
     1
      

        
     158
     2
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20260428140614
      

        
     Shift
     -4
            
       D:20231003151711
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1581
     967
    
     QI2.9[QI 2.9/QHI 1.1]
     None
     Right
     3.0804
     -0.2268
            
                
         Both
         205
         AllDoc
         226
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3k
     Quite Imposing Plus 5
     1
      

        
     159
     160
     159
     160
      

   1
  

 HistoryList_V1
 qi2base





