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The release of pulses of water to increase hydroelectric power production at hydropower 

dams to meet daily peaks in electricity demands is called hydropeaking. Due to energy 

supply and demand fluctuations, the energy markets direct hydropower companies to 

balance load fluctuations through variations in power generation which result in flow 

regulation. More recently, this regulation is being carried out at shorter time intervals i.e., 

intra-daily and intra-hourly levels. The hydropeaking phenomenon increases drastically 

at shorter time intervals, severely impacting the riverine and riparian ecosystem. Social, 

economic, and ecological impacts arise from short-term hydropeaking. Furthermore, 

recreational services offered by the river are also impacted. This research develops a 

novel methodology for assessing these impacts in a strongly regulated sub-arctic river in 

Finland, i.e., Kemijoki River, Ossauskoski-Tervola reach. The methodology combines 

assessment of seasonal variations in sub-daily hydropeaking, two-dimensiona l 

hydrodynamic modelling, and a high-resolution landcover map developed through 

supervised land use classification via a machine learning algorithm. The results obtained 

include; the identification of a zone of influence of hydropeaking at sub-daily levels 

during each season, the total and class-wise area affected during each peaking event, and 

vulnerability zonation for water-based recreation in the river reach. The overall area of 

reach affected by peaking in Winter was (1.05 km2), Spring (0.96 km2), Summer (1.39 

km2), and Autumn (0.66 km2). A vulnerability mapping was also carried out for the 

suitability of water-based recreation in the study reach. The novel methodology 

developed in this research which defines the vulnerable zone of hydropeaking can be used 

as the first step in detailed impacts assessment studies such as those for impacts on fish 

habitat and sediment transport processes in the river. The hydropeaking- influenced zone 

can be used to set thresholds for ecological flows and ramping rates downstream of power 



 

 

stations and opens avenues for future research, development, and policy endeavors for 

riparian ecosystem impact assessment and mitigation.  

Keywords: Hydropeaking, Short-Term Regulation, Ecosystem Services, Sub-Arctic, 

Rivers, Hydropower, Load Balancing, Machine Learning, supervised Land use 

Classification 
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1. INTRODUCTION 

The Nordic region is home to around 27.7 million people (Nordic Co-operation 2021). 

This large population thrives on a constant supply of energy. Hydropower is the dominant 

energy source in this region, forming 56% of the total energy (Nordic Council 2021) with 

an installed capacity of 55000 MW (IRENA 2020). Hydropower units vary in size, 

design, and production capacity. The scale of this hydropower generation in the region 

has only been possible through the availability of a vast and complex network of rivers 

and their unique sub-arctic hydrology. According to the European Water Framework 

directive, there are 28 river basin districts in the Nordic Region (EEA 2018), spanning 

within and often across the borders of Finland, Sweden, Norway, and Denmark. The 

hydrology of these river systems is dominated by the spring floods, which directly result 

from the snowmelt (Osuch et al. 2022). This covers a period of late autumn to early 

spring. As temperatures start to rise in late spring and early summer snowmelt is 

instigated causing increased flows in all rivers of the region. 

 

Figure 1.  The Nordic Region. 
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Increasing anthropogenic activities and climate change are affecting the hydrology of 

these rivers (Torabi Haghighi and Klove 2013). Changing climate impacts sub-arctic 

hydrology, ranging from local to regional scale changes in precipitation and snow melt 

patterns, frequency, intensity, etc. Whereas increasing anthropogenic activities such as 

river regulation or modifications in the catchment are causing alteration of natural river 

flow regimes (Ashraf, et al., 2016; Torabi Haghighi & Klove, 2015).  The natural flow 

regimes of sub-arctic rivers have been highly altered due to continuous flow regulat ion 

over the past half-century (Torabi Haghighi and Klove 2013). This regulation stems from 

the hydropower units built on river systems to produce electricity. Power generation 

depends on the energy demand of the region which has steadily been increasing since the 

turn of the century. Nordic countries have the highest per capita electricity consumpt ion 

worldwide, i.e., 50 GJ (Giga Joules) compared to 20 GJ in Europe and 10 GJ in the rest 

of the world (Kofoed-Wiuff et al., 2020). It will not be inaccurate to state that the sub-

arctic rivers have been harvested to their capacity in hydropower generation, yet the 

energy demand continues to grow.  

In the Nordic region, overall hydropower constitutes the largest share of the energy mix 

i.e., 235 TWh (Terra Watt Hour)(Nordic Council 2021) where 96.2% in Norway, 72.6 % 

in Iceland, 50.1% in Greenland, 39.8% in Sweden, and 23% of all electricity in Finland 

comes from hydropower respectively (Rood and Victor 2019). Since topography varies 

mainly in the region with high mountainous areas in Norway to flat peatlands/marshes in 

Finland. The nature and design of power generation structures vary according to the 

topography. Where a good generation head is available, the units are often run of river 

type however in flat terrain areas such as those along the coast of the Baltic Sea, there is 

almost always a need for water impoundment. This is achieved by creating regulat ing 

structures such as dams, barrages and diversion works in the river flow path. In flat areas, 

these structures hold water up to several meters high. Cascading hydropower stations – 

meaning installing a series of power stations on the same river channel – optimizes power 

generation capacity and efficiency (Jamali and Jamali 2019). However, these 

optimization operations can further alter the river regime, resulting in implications for 

other components of the riparian ecosystem and its services. 

Energy demand directly dictates the amount of electricity generated from a given 

hydropower station, which often operates at high capacities to fulfill the energy needs 

(Basso and Botter 2012). Hydropower is a stable source of renewable energy, and its 
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popularity is attributed to its generation efficiency which is typically around 90% 

(Reclamation et al. 2005). As coal and natural gas-powered electricity generation units 

continue to result in poor air quality, increasing carbon emissions, rising global 

temperatures, and eventually climate change, there has been a major shift towards the use 

of renewable energy sources such as solar, wind, tidal, geothermal and hydropower, over 

the past half-century. In the Nordic Region two-thirds of energy now comes from 

renewable sources as the share of renewable sources in the Nordics increased from 31% 

in 2008 to 40% in 2018 (Kofoed-Wiuff et al. 2020). Among other sources as Wind, 

Geothermal, Solar, etc. Hydropower remains a preferred option, where feasible, in this 

green transition. Hydroelectric power has higher production efficiency as compared to 

solar, wind, or tidal powered systems These reasons along with unique hydrology have 

made hydropower a dominant source of power generation in the Nordic region. Climate 

change and increasing energy demand have called for stringent regulations and policy 

directives from the European Union which aims to increase the share of renewable 

sources in the total energy mix by 40% till 2030 alternative renewable sources such as 

wind and solar are making their way into the European energy mix (European Council 

2018).  

Power generation from these alternative renewable resources is not as stable as 

hydropower. Their efficiency fluctuates even within a day and is not necessarily readily 

available to the central grids when it is required. At other times there is surplus generation 

warranting the need for some sort of energy storage. This has given rise to a phenomenon 

called “Load Balancing” and relies heavily on Hydropower (Gupta et al. 2019). Load 

balancing is the process of managing fluctuations in electricity generation and attempting 

to store excess generation during periods of low demand for utilization in peak demand 

periods (Killingtveit 2019). While hydropower is being effectively used to cater to the 

gap between energy supply and demand, many challenges have also emerged due to this 

fix.  

While alteration in sub-arctic river regimes has already resulted in specific long-term 

impacts on riverine and riparian environments, increasing short-term river regulat ion 

caused by increasing energy demand creates more immediate impacts on these unique 

environments (Ashraf, et al. 2016). On the other hand, river regulation at sub-daily levels 

under hydropower operations adversely impacts ecological services offered by the river 

(Rytwinski et al. 2020). This occurs due to a phenomenon called “Hydropeaking”, which 

is the variable release of water downstream of reservoirs causing artificial flow 
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fluctuations in the river. The most significant observation of this phenomenon is the 

unusual peaks in a sub-daily flow hydrograph.(Hauer, Siviglia, et al. 2017a)  The smalle r 

the time interval in which the flow changes, the larger the impact of hydropeaking 

(Greimel et al., 2018). Driven by increasing energy demands, penetration of 

nonrenewable sources such as wind power in the energy mix, and the resultant need for 

load balancing, energy companies in the Nordic region are considering adding more 

Hydropower pants in already heavily regulated rivers. Challenges emerging from short-

term river regulation are impacting social, environmental, and economic conditions of the 

ecosystem and human settlements in the riparian zones of sub-arctic rivers. These 

developments, coupled with the increasing demand for river services, raise concerns for 

the future sustainability of river services among stakeholders (hydropower companies,  

environmental regulatory authorities, planners, managers, and communities). There is a 

need to understand and quantify these impacts, to mitigate further permanent damage to 

the sensitive sub-arctic riparian environments, to maximize the benefits offered by the 

natural resources of the area including hydropower, and to promote sustainab le 

development of the overall ecosystem. 

This research systemically investigates these concerns and attempts to develop scientific 

evidence to inform decision-making for the effective management of these vulnerab le 

riparian zones of sub-arctic rivers. We have attempted to investigate the hydraulic impact 

of short-term regulations within a typical reach of a sub-arctic river – Kemijoki River, 

Finland. This thesis attempts to identify the zone of influence in which the effects of 

Hydropeaking are felt in different seasons through a novel methodological approach. This 

methodological approach combines techniques of hydrodynamic modelling, land cover 

classification, and machine learning. Using this approach, the study sheds light on the 

potential impacts of short-term regulation on socio-recreational activities in the reach.  
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2. LITERATURE REVIEW 

2.1 Hydropeaking 

The amount and nature of flow in a river determine its overall health and ability to provide 

various services. Regulation of this flow through hydraulic structures across the river 

channel affects its regime, morphology, and fluvial processes (Torabi Haghighi 2017). 

Among different hydraulic structures which affect the river flow regime, the operations 

of a hydropower plant can create large amounts of flow variations in the river (Ashraf, et 

al. 2016). Hydropower plants often release too small or too large volumes of water 

downstream of a dammed structure by either turbine tunnels, sluice galleries, or spillway 

gates. Such abrupt operations of the water discharge from turbines cause artificial flow 

fluctuations on the downstream side of the river, often at sub-daily levels. Plant operations 

correspond to the energy demands (Greimel et al. 2018). Physically, hydropeaking can 

be observed from the rising and receding river water elevations due to sub-daily 

operations of the plant, though variations appear to be less pronounced since water is 

flowing continuously in the river and the volume is often very large to visualize such a 

drop without an accurate staff gauge(or with the naked eye). It is important to note here 

that variations in river flow at sub-daily levels can occur due to diverse natural and 

anthropogenic factors (Meile, Baumann et al. 2005). However, the intensity and 

frequency of variations caused by hydropeaking observed under hydropower plant 

operations at sub-daily levels vary significantly from naturally occurring flow processes 

(Alonso, et al. 2017).  (Greimel et al. 2016) found that this phenomenon also occurs in 

run-of-river plants at lower intensities and termed it Hydro-fibrillation. Fibrillat ion 

simply means quirking and is evident from the continuous minor fluctuations in sub-daily 

flow hydrograph downstream of a run-off-river hydropower plant.  

Numerous researchers have extensively studied the phenomenon of hydropeaking over 

the past three decades with the earliest studies in the 1970s; however, the term first 

appeared in literature in the early 1990s (Bejarano et al. 2018). The published literature 

on the subject has a variety of dimensions regarding this phenomenon, includ ing 

understanding the phenomenon, methods of estimation and quantification, its impacts on 

riverine ecology, social and recreational services of rivers, human health, and wellbeing, 

etc. Table 1 gives a glance at the body of knowledge on the subject over the past decade, 

the list, however, is not exhaustive.  
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Table 1. The existing body of literature on Hydropeaking and its impacts. 

Thematic Area Key Contributions 

Process Understanding (Hauer, et al. 2017b; Pisaturo et al. 2017; 

Premstaller et al. 2017a; Chiogna et al. 2018; Baki 

et al. 2019) 

Quantification and Assessment (Zolezzi et al. 2009; Zimmerman et al. 2010; 

Meile et al. 2011; Sauterleute and Charmasson 

2014; Carolli et al. 2015; Alonso, et al. 2017; 

Ashraf et al. 2022) 

Impacts on River Hydraulics, 

Hydrology, and Morphology 

(Almeida et al. 2020; López et al. 2020; Vericat et 

al. 2020; Batalla et al. 2021) 

Impacts on Riverine Ecology (Anderson et al. 2015; Bejarano et al. 2018, 2020; 

Gill et al. 2018; Greimel et al. 2018; Moreira et al. 

2019; Baladrón et al. 2021) 

Impacts on Fish Habitat (Nagrodski et al. 2012; Dibble et al. 2015; Vollset 

et al. 2016; Capra et al. 2017; Holzapfel et al. 

2017a; Addo 2019; Adeva-Bustos et al. 2019; 

Costa et al. 2019) 

Impacts on Human Habitat, Social 

and Recreational Services and  

(Carolli et al. 2017a; Pisaturo et al. 2019) 

Mitigation (Nagrodski et al. 2012; Bruder et al. 2016; Hauer, 

et al. 2017a; Premstaller et al. 2017b; Tonolla et 

al. 2017; Greimel et al. 2018; Moreira et al. 2019; 

Olivares et al. 2021) 

 

2.1.1 Quantification and Assessment 

Researchers have adopted many approaches to determine hydropeaking in regulated 

rivers. Some involve qualitative tools while others quantitative however both approaches 

often focus on parameters such as flow magnitude, maximum flow fluctuation rate, mean 
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flow fluctuation rate, amplitude, flow ratio, duration of peaking, etc. (Greimel, Schült ing 

et al. 2018). The research on hydropeaking and its associated impacts originated from 

inquiries about river regime alteration through flow regulation. However, the impacts of 

short-term regulations on hydraulic structures and their impacts on fish habitats and 

benthic macroinvertebrates were observed and documented as early as the 1970s until the 

early 1990s see (MacPhee and Bruvsen 1976; Valentin et al. 1996). (Richter 1996) was 

the first to present 32 analytical indices for river regime alteration or Indicators of 

Hydrologic Alteration (IHA) based on hydro-physical parameters. These indices used 

parameters like mean daily flows, water levels, head, discharge, etc., and grouped them 

into five fundamental characteristics of hydrological regime i.e., magnitude, timing, 

frequency, rate of change, and duration. The indicators were applied to pre and post-flow 

alterations to assess regime alteration. The last group of indicators focuses on the number 

of positive and negative changes between two consecutive flows and considers the mean 

rate of these changes as well. These indicators represent rapid flow fluctuation conditions 

in rivers like those caused by operations of hydropower stations or gates for that instance 

and could have been used to estimate hydropeaking events. (Olden and Poff 2003) 

reviewed a total of 172 regime alteration indicators and characterized them into 6 classes 

each class further bifurcated into low and high flow conditions, however, all the indicators 

developed thus far covered annual, monthly, or at most daily flow processes i.e., out of 

the 172 indicators none determined sub-daily flow variations. (Zimmerman et al. 2010)  

used four indicators to determine flow fluctuations caused by sub-daily regulation in the 

Connecticut river basin. (Meile et al. 2011)( proposed three additional indicators. One of 

the indicators gives annual distribution in discharge by dividing mean monthly flow by 

mean annual flow in the river. The other two indicators proposed by (Meile et al. 2011) 

have become the most widely used approaches to estimate individual hydropeaking 

events at sub-daily intervals through subsequent modifications. (Carolli et al. 2015) 

further refined the indicators developed by Meile et al. by adding threshold conditions 

and using median values for maximum peaking and ramping, thus effectively removing 

the effect of outliers in the data. 

Another approach around the same time was used to analyze hydrological time-serie s 

data and this was known as the Wavelet Transform (WT) approach. The WT approach 

had already been widely applied in the science of climatology as well as hydrology. The 

WT approach is a method of analysis for hydrological time series in which the dominant 

modes of variation in non-stationary signals are extracted and analyzed concerning time. 
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(Zolezzi et al. 2009)  was the first to use this technique to separate hydrological time-

series data and identify hydropeaking events. This study also introduced the concept of 

hydropeaking thresholds which has been fundamental to further advancements in this 

area. (Sauterleute and Charmasson 2014)  developed a computational tool known as the 

COSH tool based on this method, with the ability to separate individual hydropeaking 

events at the desired temporal resolution. (Sauterleute et al. 2016) later applied this tool 

for determinizing hydropeaking as an input for modelling stranding effects on Salmon 

populations in Dale, river Norway. (Ashraf et al., 2022) showed the application of this 

technique for regulated rivers of the Nordic region in the context of short-term flow 

alterations and resulting hydropeaking.  

2.1.2 Impacts of Hydropeaking 

Impacts on River Regime and Morphology  

 

Hydropeaking although a short-term phenomenon has long-term impacts on the river 

regime (Figueiredo et al. 2021) and the morphology of the river (Hauer et al. 2013). 

(Figueiredo et al. 2021) analyzed multiple indicators for hydrologic alteration for some 

24 gauging stations in 11 reaches of the Pantanal catchment and found a significant 

correlation of how hydropeaking has altered the regime of these reaches as compared to 

pristine tributaries. (Bejarano et al. 2018) established that hydro peaked rivers also show 

a significant alternation in seasonal flow patterns as well as daily and sub-daily changes 

when compared to unregulated rivers, thus resulting in long-term impacts on river regime. 

(Hauer et al. 2013) established that hydropeaking can significantly alter the channel and 

bank roughness by generating excessive shear stresses in the flow path. This is because 

“Bed Form roughness” is a fundamental parameter of river morphology and thus 

continuous river regulation can alter the form roughness of the river over longer periods. 

A more recent study by (Batalla et al. 2021) identifies that continuous hydropeaking 

increases water turbidity, increases bed armor, increases bed roughness, decreases bank 

stability, and causes severe variations in water surface area. He argues that rapid changes 

in water depth and dynamics of flow cause significant changes in turbidity. Moreover, 

alteration of flow dynamics causes changes in sediment transport regimes and the 

structure of the riverbed. Since sediment transport plays a vital role in shaping the 

morphology of the river, over longer periods changes begin to appear in bed forms, 
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substrate along the banks, and riffle-pool sequences of the river (Waidbacher et al. 2018; 

Vericat et al. 2020; Batalla et al. 2021) 

Impacts on Riverine Ecology  

The most significant impacts of hydropeaking are felt by riverine instream habitat and 

riparian ecology. Both flora and fauna of the regulated river get affected by rapid flow 

fluctuations caused by regulatory operations. Elements of riverine ecology such as fish, 

benthic invertebrates, riparian birds and small mammals, and aquatic, and riparian 

vegetation, all are affected by hydropeaking. Most published literature over the past three 

decades has extensively studied the impacts of hydropeaking on habitat and productivity, 

spawning and growth, and the risk of stranding for a variety of fish species (Bejarano et 

al. 2018). Thus, this field of inquiry is relatively well researched as evident from Table 1. 

The water depth fluctuations caused by hydropeaking are the major cause of fish 

stranding over banks (MacPhee and Bruvsen 1976; Cushman 1985; Bednarek and Hart 

2005; Weber et al. 2007; Nagrodski et al. 2012). Increasing hydraulic forces causes 

abrasion of the substrate which is the breeding habitat for most freshwater fish species. 

Moreover, the sudden surge and withdrawal of water can cause fishes to drift 

downstream, often to less suitable habitats, resulting in physiological, mechanical, or 

predatory stress (Greimel et al. 2018). Sediment-related processes caused by 

hydropeaking can result in reduced production (Hall et al. 2015). Furthermore, 

fluctuations in water temperature caused by short-term flow regulation can have 

implications for the reproduction, growth, and survival rate of fish species. (Kennedy et 

al. 2016; Auer et al. 2017; Greimel et al. 2018). 

 Benthic macroinvertebrates are often found in shallow depths along the riverbanks, 

attached to rocks, or in loose sediment. Benthic Macroinvertebrates are a reliable 

indicator for aquatic ecology as they differ in their response to external stimuli and can 

integrate external effects into their system, making them good indicators for assessing 

changes in biotic integrity (USEPA 2021). Benthic macroinvertebrates are also used as a 

biological indicator to assess the impacts of hydropeaking. (Salmaso et al. 2021) reviewed 

46 peer-reviewed studies assessing the impacts of hydropeaking on the habitat, 

population, growth, and abundance of Benthic Macroinvertebrates. She found that both 

direct and indirect impact assessment methods have pointed to a severe reduction in 

abundance at all ecological levels. The entire riparian zone biomass drift is controlled by 

hydropeaking causing variations in benthic densities. In reaches of double peaking, lateral 
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and longitudinal drift is also double. In short, the existence of high-quality habitat for 

benthic macroinvertebrates is directly related to the degree of hydropeaking in the river.  

Aquatic and riparian vegetation is also affected by hydropeaking. Hydropeaking affects 

seed germination and dispersal, plant anchorage, growth, and reproduction. (Bejarano et 

al. 2018) Fluvial processes initiated by short-term flow regulation affect the riverbank 

environment and thus the plants inhabiting it. Frequent variations in water depth at the 

banks causes inundation and water withdrawal from the root zone. Inundation can result 

in water logging where anoxic conditions can lead to the accumulation of toxic 

compounds in plant tissue. On the other hand, water withdrawals may lead to a deficit of 

soil moisture causing water stress for the plant. This can lead to permanent wilting in 

some species. Plant seeds risk being washed away from the riverbanks and transported 

downstream. While rapid fluctuations in water depth affect sediment transport processes 

which cause deposition of sediments drifted seeds and affect the natural propagation 

process. Water drag and lift combined with sediment processes can result in loss of 

biomass, scour, uprooting, and physical injury to riparian plants (Madsen et al. 2001). On 

the other hand, changes in water temperature (thermopeaking), increased turbidity, and 

changing concentration of gases, nutrients, and pollutants (saturopeaking) can all affect 

the population, growth, leaf phenologies, and reproduction of aquatic plants.(Bornette 

and Puijalon 2010; Riis et al. 2012; Bejarano et al. 2018)  

Impacts on Social – Recreational services in similar rivers 

The hydropeaking wave generated by sub-daily flow regulation at hydropower stations 

has serious implications for the river's socio-recreational services. These services can 

include trekking, bird watching swimming, bathing, beaching, snorkeling, boating, 

rafting, sport fishing, etc.(Woodward and Wui 2001; Carlsson et al. 2003; Pflüger et al. 

2010). Research in this area of hydropeaking impact assessment is limited (Russi et al. 

2013). Most of the research available for socio-recreational ecosystem services focuses 

on either coastal areas or wetlands. (Hammitt et al. 2001; Woodward and Wui 2001; 

Johnston et al. 2002). Hydropeaking is only recently being considered a potential hazard 

for human safety as well as for socio-recreational services. (Pisaturo et al. 2019) 

examined the risks of drowning and other challenges to human safety during 

hydropeaking events. He examined published literature on the stability of 

floating/swimming human bodies during flooding events. Key findings from this review 



 

18 

established that human body stability during a flooding event is dependent on physica l 

and psychological factors. However, the river's flow dynamics and physica l 

characteristics also play a significant role. Pisaturo complemented his hydraulic model of 

an alpine creek with a risk mapping of the river reach and defined penalty functions based 

on thresholds set by (Bischof et al. 2002) and evacuation pathways based on Dijkstra’s 

algorithm to initiate research in this area. (Carolli et al. 2017b) carried out the study to 

investigate the suitability of white-water rafting in Noce River, Italy, a hydro-peaked 

river, and developed a Rafting Hydro Suitability Index (RHSI) to assess the suitability 

conditions for rafting canoeing and other boating activities in the hydro-peaked river. 

Carolli’s methodology adopted a combination of hydraulic, hydrological, and habitat 

models to predict seasonal variation in the suitability of the RHSI. 

It can be noted from the above two examples that the body of knowledge in socio-

recreational impact assessment for hydro-peaked rivers is quite limited and the attempts 

are highly specific. Moreover, in the context of the Nordic region socio-recreation in the 

riparian zone can very well be the fundamental ecosystem service being affected by 

hydropeaking. This is partly because Nordic rivers are highly hydro-peaked (Ashraf et al. 

2018) and partly because riparian recreation is a significant part of the Nordic culture 

(further discussed in chapter 3). There is a significant knowledge gap in terms of valuat ion 

of these services, hydropeaking impact assessment, and future development needs for 

these services with increasing load balancing in hindsight. Thus, this thesis attempts to 

propose a novel method of hydropeaking impact assessment in general and socio-

recreational ecosystem services.  

2.2 Approaches in Hydropeaking impact assessment  

Major impacts of hydropeaking are well documented and can be determined via various 

methods. These methods involve quantification of hydropeaking in a river and associating 

the river system's desired social and ecological parameters with this quantificat ion 

through either means of modelling and/or support through qualitative information. (Hauer 

et al. 2017b) explains that although understanding of hydropeaking and its impacts has 

improved significantly, the interaction of this phenomenon with other river processes 

such as riparian habitat sustainability, sediment transport, bank stability, long-term river 

morphology, hyporheic aquifers, etc. is an ongoing process.  
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Although estimation of hydropeaking is still an ongoing area of inquiry, gradual 

improvements have been made since (Richter 1996) proposed indicators for regime 

alteration in rivers caused by events like hydropeaking. The methods developed by 

(Carolli et al. 2015; Greimel et al. 2016) have been used widely in subsequent studies on 

the subject. Based on these estimates of hydropeaking, different impact assessment 

techniques have been developed over the past decade. This theme, originally starting from 

the assessment of hydropeaking impacts on the habitat of certain fish species has grown 

into a diverse field of investigation for all kinds of social, ecological, and economic 

impacts stemming from hydropeaking. These impact assessment approaches are often 

specific to either; river regime and morphology (Vericat et al. 2020; Batalla et al. 2021) 

hydropower station and its associated socio-economics, hydrological scale (local, reach, 

sub-basin, basin) (Ashraf et al. 2018; Figueiredo et al. 2021), ecologies (specific flora, 

fauna, fish species or their habitat) (Schmutz et al. 2015; Holzapfel et al. 2017b) or 

recreational services from the river (Carolli et al. 2017b; Pisaturo et al. 2019).  

One approach developed by (Harby et al. 2016) attempts to integrate various ecologica l, 

hydraulic, and hydrological factors to develop a unified method of determining the overall 

impact of hydropeaking on riparian ecosystems. They used hydraulic parameters such as 

flow ratio, rate of change in water level, dewatered area, duration, timing, and frequency 

of peaking operations. (Harby et al. 2016) looked at variations in these hydraulic 

parameters in tandem with ecological parameters such as pollution, habitat degradation, 

low-temperature impacts, number of female adult salmonoids, size, distribution of 

spawning grounds, etc. Combining these parameters resulted in a peaking score that can 

be used to determine the level of impact generated by peaking. However, there is a gap 

in the current methodological milieu to adequately determine hydropeaking impacts on a 

riparian ecosystem. 

Advances in numerical hydraulics and modelling have opened avenues for understand ing 

complex hydraulic, and ecological processes and their interactions in riparian habitats in 

detail and with a high degree of accuracy. Numerical models are increasingly being used 

in geomorphological and river habitat research (Hauer et al. 2013). Numerical models 

improve our understanding and simulation of significant flow processes occurring in 

multiple dimensions in the river system.(Morvan et al. 2008; Hauer et al. 2013). For this 

reason, they are increasingly being used in hydropeaking and its impact assessment 

studies. For example, (Chiogna et al. 2018) attempted to couple hydrological modelling 
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with support vector regression to estimate hydropeaking and its impacts in alpine rivers.  

(Alonso et al. 2017) adopted a graphical approach to develop hydrologically relevant 

indices for characterizing sub-daily flows and evaluating their alterations due to 

hydropeaking. (Hauer et al. 2017) presented a methodology for assessing the longitudina l 

extent of hydropeaking based on changes in vertical ramping velocities. (Casas-Mulet et 

al. 2016) modeled both hydropeaking and thermo-peaking to assess the impacts of these 

phenomena on the early life stages of Salmonoids. (Hayes et al. 2021) has used modelling 

approaches to assess the response of European Grayling to hydropeaking stressors.  

(Pisaturo et al. 2016) determined that 3D approaches for hydraulic modelling can yield 

better results for subsequent fish habitat models. (Carolli et al., 2017) and (Pisaturo et al. 

2019)  used hydrodynamic modelling to determine the impact of hydropeaking on socio-

recreational services and human safety in Italian rivers. All these studies suggest that for 

developing an in-depth understanding of hydropeaking and its impacts, detailed 

numerical modelling of the studied area is necessary. Furthermore, this modelling cannot 

be a rough approximation of the river system as the socio-recreational and ecologica l 

impacts of hydropeaking although visible can only be examined through water surface 

elevation, depth, velocity, shear, and inundation outputs at high spatial and temporal 

resolutions. Thus, calling for two or three-dimensional dynamic modelling for accurate 

assessment of hydropeaking impacts. 

2.3 CFD or Hydrodynamic Modelling as an approach to assess the 

impacts of hydropeaking  

Numerical models developed for river system analyses are usually of three broad 

categories namely black-box models, stochastic models, and process-based models 

(Coulthard and van de Wiel 2012). Process-based models attempt to replicate the actual 

processes occurring in the river using numerical techniques. These models have two 

major components i.e., the flow and sediment transport components.  

Flow in regulated rivers and channels is non-uniform and unsteady i.e., the flow varies 

with respect to time and space (Graf and Altinakar 1998). The flow variations occur in 

all three spatial dimensions i.e., x, y, and z while the fourth dimension is time. Moreover, 

natural channels have movable flow boundaries due to erosion and accretion processes 

caused by sediment transport adding further complexity to describing a river system. 

Therefore, understanding flow in open channels began with simplifying the system with 
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safe assumptions such as fixing the bed roughness, channel cross-section, channel length, 

longitudinal slope, etc. to replicate steady uniform flow conditions. From there onwards 

the mathematical basis of flow dynamics has grown into a well-developed and complex 

science. The complete quantification of behavior of a river system is still an ongoing 

process due to infinite scale variability of geomorphological and biological parameters, 

nuances of local climatic factors, and challenges in describing and turbulence of flows 

(Tafarojnoruz 2010).  

Manning’s equation was one of the earliest empirical relations describing non-pressurized 

flows in open channels under steady, uniform conditions, and is still effectively used for 

open and partial flows in channels and sewers. Manning’s equation (Manning 1891)  in 

its basic form is given as equation (1); 

𝑄 =  
1

𝑛
× 𝐴 × 𝑅

2
3 × 𝑆

1
2 (1) 

Where; 

n is the coefficient of roughness, a dimensionless parameter describing the obstruction to 

flow based on the characteristics of the channel.  

A is the cross-sectional area of the channel/flow path 

R is the Hydraulic Radius (Wetted Area/Wetted Perimeter) 

S is the longitudinal slope of the channel/flow path 

Generally, the movement of an incompressible fluid between two cross-sectional areas is 

governed by conservation of mass, conservation of energy, and conservation of 

momentum. For unsteady flows in natural channels, these conservation relations are 

described by the hydrodynamic equations. (Verma 2020). Saint-Venant Equations are the 

basic form of hydrodynamic equations governing gradually varied unsteady flow in a 

single dimension (Tafarojnoruz 2010) given as; 

Conservation of mass (Continuity) 

𝑞𝐿 − 𝑈.
𝜕𝐴

𝜕𝑋
− 𝐴.

𝜕𝐴

𝜕𝑋
=

𝜕𝐴

𝜕𝑡
 (2) 
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Where; 

U is the cross-sectional average velocity, 

A is the cross-sectional area 

And ql is the net rate of lateral inflow per unit channel distance.  

t is time  

In absence of lateral flow, equation 2. becomes 

−
𝜕𝑄

𝜕𝑋
=

𝜕𝐴

𝜕𝑡
 (3) 

Conservation of Momentum/Energy  

𝑑𝐻

𝑑𝑋
= − (

𝜕𝑍

𝜕𝑋
+

𝜕𝑌

𝜕𝑋
+

𝑈

𝑔
.
𝜕𝑈

𝜕𝑋
+

1

𝑔
.
𝜕𝑈

𝜕𝑡
) (4) 

Where; 

𝑑𝐻

𝑑𝑋
 is energy slope 

𝜕𝑍

𝜕𝑋
  is channel slope 

t is time  

U is the cross-sectional average velocity, 

g is the gravitational acceleration 

𝜕𝑍 is a small increment in the z direction (elevation) 

𝜕𝑌 is a small increment in the y direction (longitudinal direction) 

𝜕𝑋 is a small increment in the x direction (lateral direction) 

Hydrodynamic equations in one dimension i.e., the direction of flow, although able to 

adequately describe the flow of water in natural channels, become excessively complex 

to solve in the second (Transverse Flow) and third (Vertical Flow/Depth Flow) 

dimensions. The exact analytical solution of the non-linear Reynold’s Averaged Navier 

Stokes (RANS) equation (which describes the unsteady flow in all three directions) in the 

3rd dimension is yet to be determined (Seregin 2007).  
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The Navier Stokes equations, a type of hydrodynamic equations, completely describe 

motions of incompressible fluids in all three dimensions given in cartesian coordinates  

(Bistafa 2018) as; 

𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
+ 𝑤

𝜕𝑢

𝜕𝑧
= 𝑔𝑥 −

1

𝜌

𝜕𝑝

𝜕𝑥
+ 𝜈 (

𝜕2 𝑢

𝜕𝑥 2
+

𝜕2 𝑢

𝜕𝑦2
+

𝜕2 𝑢

𝜕𝑧2
) , (5) 

𝜕𝑣

𝜕𝑡
+ 𝑢

𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
+ 𝑤

𝜕𝑣

𝜕𝑧
= 𝑔𝑦 −

𝜕𝑝

𝜕𝑦
+ 𝜈 (

𝜕2 𝑣

𝜕𝑥 2
+

𝜕2 𝑣

𝜕𝑦2
+

𝜕2 𝑣

𝜕𝑧2
) , (6) 

𝜕𝑤

𝜕𝑡
+ 𝑢

𝜕𝑤

𝜕𝑥
+ 𝑣

𝜕𝑤

𝜕𝑦
+ 𝑤

𝜕𝑤

𝜕𝑧
= 𝑔𝑧 −

𝜕𝑝

𝜕𝑧
+ 𝜈 (

𝜕2 𝑤

𝜕𝑥 2
+

𝜕2 𝑤

𝜕𝑦2
+

𝜕2 𝑤

𝜕𝑧2
) . (7) 

Where; 

u is the velocity in the x direction 

v is the velocity in the y direction 

w is the velocity in the z direction 

t is time  

gx is the acceleration of fluid continuum due to gravity in the x direction 

gy is the acceleration of fluid continuum due to gravity in the y direction 

gz is the acceleration of fluid continuum due to gravity in the z direction 

p is hydrostatic pressure 

ρ is the density of the incompressible fluid 

𝜕𝑧 is a small increment in the z direction (elevation) 

𝜕𝑦 is a small increment in the y direction (longitudinal direction) 

𝜕𝑥 is a small increment in the x direction (lateral direction) 

Flow in natural channels, however, does occur in all three dimensions. Moreover, 

complex conditions such as flow transitions from laminar to turbulent, from sub to 

supercritical, mixing of various flow regimes, sheet flow at shallow depths or eddies in a 

pool, and riffle formations in the flow path are just some of the examples of how 

conditions of flow can vary with respect to space and time in natural channels.  Similar ly, 

hydropeaking and its resultant impacts are also three-dimensional hydraulic phenomena. 

Altering water discharge from a hydraulic structure, rapidly, drastically and many times 
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within a day has implications for resulting downstream flow. The gravity waves generated 

by operations of a hydropower station are similar to a flood wave and the hydraulic 

conditions in the channel are unsteady and non-uniform. (Tafarojnoruz 2010; Schmutz et 

al. 2015; Greimel et al. 2016).  

Computational Fluid Dynamics (CFD) is a sub-branch of fluid dynamics that deals with 

fluid motion in complex scenarios like flow in natural channels and rivers. It applies 

mathematical and computational approaches to simulate flow processes in such 

conditions. Employing CFD approaches to simulate dynamic flow conditions is called 

hydrodynamic modelling. Essentially, it is the application of numerical methods and 

discretization techniques like finite difference and finite volume on complex flow 

problems. Hydrodynamic equations for the whole system are replaced by a grid of 

computational points at which discrete approximations of these dynamic equations are 

derived for each computational point. The finite difference or volume solvers then solve 

these equations independently and aggregate these unique solutions into a combined 

numerical solution for the whole system (Tryggvason, 2016). 

The analytical complexity of hydrodynamic equations and the need for understand ing 

flow processes in hydropeaking scenarios at a higher spatial and temporal resolution 

warrants the application of hydrodynamic modelling (Alho and Aaltonen 2008). 

Nowadays various commercial and open-source computational tools are available that 

combine numerical discretization techniques such as finite difference and finite volume 

approaches and hydrodynamic equation sets into compact software tools. These tools 

make use of a set of hydrodynamic equations called the “Shallow Water Equations”. The 

shallow water equations are derived from the Navier Stokes equation and rely on certa in 

simplifications to adapt to the 3-dimensional discretization used in CFD techniques.  

(A.C.E. 2010).  

All Hydrodynamic modelling software employs one or the other form of shallow water 

equations. Most used tools include commercial software like MIKE11, MIKE 21 SMS, 

TUFLOW, FLO-2D, LISFLOOD-FP, FLOW 3D, MIKE3, and open-source tools such as 

XPSWMM, HEC-RAS (Anees et al. 2017). For this thesis, we shall look into the Shallow 

water equations employed in the HEC RAS software which has been used in the 

hydrodynamic modelling of hydropeaking phenomena in this text. HEC RAS is an open-

source river system modelling package. It is a fully distributed modelling tool with 
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geographic information system (GIS) integrated capabilities. This modelling tool is a 

preferred choice for most hydrodynamic modelling studies mainly because it is open-

source, relatively user-friendly and most importantly it is widely used. Moreover, its 

predecessor HEC-2 has been around for more than three decades resulting in a plethora 

of good reference literature. HEC-RAS 1D computational engine employs the Saint 

Venant equations as described above and the 2D unsteady computational engine employs 

the Shallow Water Equations in either their dynamic form or diffusion wave 

approximation form. (A.C.E. 2010). Note that the current version of HEC RAS lacks the 

capability for solving three-dimensional equations. The shallow water equations for 2-

dimensional flows are as follows(A.C.E. 2010); 

Mass Conservation  

𝜕

𝜕𝑡
∭ 𝑑Ω + ∬ (𝑉.𝑛)𝑑𝑆 + 𝑄 = 0  

𝑆
Ω

(8) 

Where; 

Ω is the Volumetric region describing the three-dimensional space occupied by the fluid 

S are side boundaries 

Q is Flow crossing bottom surface or top water surface 

V is velocity vector (V=(u,v)T) 

n is boundary normal vector 

Momentum Conservation 

𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
= −𝑔

𝜕𝐻

𝜕𝑥
+

1

ℎ

𝜕

𝜕𝑥
(𝑣𝑥𝑥 ℎ

𝜕𝑢

𝜕𝑥
) +

1

ℎ

𝜕

𝜕𝑦
(𝑣𝑥𝑥 ℎ

𝜕𝑢

𝜕𝑦
) − 𝑐𝑓𝑢 + 𝑓𝑣 +

𝜏𝑠,𝑥

𝜌ℎ
, (9) 

𝜕𝑣

𝜕𝑡
+ 𝑢

𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
= −𝑔

𝜕𝐻

𝜕𝑥
+

1

ℎ

𝜕

𝜕𝑥
(𝑣𝑥𝑥 ℎ

𝜕𝑣

𝜕𝑥
) +

1

ℎ

𝜕

𝜕𝑦
(𝑣𝑥𝑥 ℎ

𝜕𝑣

𝜕𝑦
) − 𝑐𝑓𝑣 + 𝑓𝑢 +

𝜏𝑠,𝑦

𝜌ℎ
.(10) 
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Where; 

u is the velocity in the x direction 

v is the velocity in the y direction 

g is the gravitational acceleration 

𝑣𝑥𝑥 is horizontal eddy viscosity in the x direction 

𝑣𝑦𝑦 is horizontal eddy viscosity in the y direction 

𝑐𝑓  is bottom friction coefficient 

𝜏𝑠  is surface wind stress 

ℎ is water depth  

𝑓 is the Coriolis parameter (parameter to account for Earth’s rotation effect) 
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3. STUDY AREA 

3.1 Kemijoki – (Ossauskoski – Tervola reach) 

3.1.1 Kemijoki as a Subarctic River 

The area studied in this research is a 17.124 kilometers long river reach, stretching from 

the Ossauskoski power plant to the town of Tervola, on the Kemijoki River. Ossauskoski 

power station is located approximately 58 km south of the city of Rovaniemi at 

coordinates 66°09’27” N, 25°08’30” E, while the town of Tervola is another important 

urban center in Lapland located at coordinates 66°04’57” N, 24°47’42” E. The selected 

reach shown in Figure 2, has a sinuosity of 1.09 and sinuosity of degree 2. There are 4 

small islands in the reach with an area of 0.985 km2. The river corridor is stable and 

reinforced with coarse riprap material at various locations; at other banks, conditions vary 

with flow and sediment load.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  The study reach from Ossauskoski to Tervola on the Kemijoki river, 
Northern Finland). 
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The Kemijoki is the largest and longest river in Finland with an approximate length of 

550 km. It is the second-largest catchment in Finland with a total catchment area of 

51,127 km2 (49,467 km2 of which is in Finland except for a small part in the Russian 

Federation). The river originates at its two man-made head reservoirs in the north namely 

Lokka (311.75 km2) and Porttipahta (170.82 km2) and passes through the lake Kemijärvi, 

which is the largest freshwater lake in Lapland (230km2) (ELY-Centre 2018). Kemijoki 

river basin district is one of Finland's eight river basin districts under the European Water 

Framework Directive (EU-WFD). Kemijoki has its tributaries both in the east and the 

west. Ounasjoki from the Northwest is the largest tributary to Kemijoki. Other key 

tributaries include Kitinen, Luirojoki, Raudanjoki Tenniöjoki, Värriöjoki and Vuotasjoki. 

The major land use in the catchment is dedicated to natural forest, agroforestry, 

agricultural lands, peat marshes, etc. Table 2 gives the details of the land use of the area 

as percentages.  

 

Table 2.  Land use in the catchment based on Corrine landcover dataset 2018. 

S.No Land use Type Percentage of Catchment (%) 

1 Built up areas 0.77 

2 Agriculture Areas 0.75 

3 Forests and Open and rocky lands 77.59 

4 Wetlands and Open blogs 16.27 

5 Water Areas 4.61 

 

3.1.2 Hydrology, Climate, and Climate Change 

Kemijoki basin district can be divided into nine sub-basins, further divided into different 

catchment and sub-catchment areas. Kemijoki is the longest river in Finland and has a 

higher annual average flow as compared to its peers i.e. 524 m3/s (mean annual flow 

observed at Valjaskoski, Rovaniemi). The maximum flow measured at the same station 

was 4207 m3/s in May 1993, and the lowest flow was 47 m3/s in April 1970. Since the 

catchment has a small lake area of around 4.3%, its snowmelt storage capacity is limited , 

and therefore, fluctuations in water volume area are very high for different seasons.  

Major flows in the river are received during the spring flooding season, with 
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approximately 1800 m3/s generated by snow melting events within the catchment as is 

the case for the rest of the region.  There are a total of 23 water levels and 20 flow 

measuring stations operational on the river (ELY-Centre 2018). The data from these 

stations are collected, sorted, and maintained by the Lapland ELY Centre (Center for 

development, transport, and environment). Ossauskoski, however, is not one of the 

gauging stations but falls in between two official gauging sites i.e. Petäjäskoski and 

Taivalkoski the Figure 3 (a) and (b) show the long-term discharge for an upstream 

(Petäjäskoski) and downstream gauging station (Taivalkoski) (with respect to the reach) 

respectively.  

 
Figure 3.  (a) Discharge at SYKE gauging Station, Petäjäskoski upstream of reach 

(b) Discharge at SYKE gauging station, Taivalkoski downstream of Reach – Source 
SYKE, Finland National Hydrological Model. 

The climate of the area can be termed the boreal and sub-arctic climate based on the 

Köppen Geiger climate classification (Ashraf et al. 2016). The mean annual air 

temperature is around 0 and -1 degrees Celsius. The coldest months are December, 

January, and February while July and August are considered warm summer months. The 

annual average precipitation is around 500 mm/year and the heaviest rains occur during 

summer. The maximum recorded precipitation for the catchment was in the summer of 

1992 when it rained 131 mm and 140 mm in July and August respectively, whereas the 

average rainfall at the same station (Valjaskoski, Rovaniemi) in July is 69 mm. The winter 

lasts for approximately 6-7 months, where the temperature is usually sub-zero. The snow 

begins in October and melts in early May. The mean snow depth is around 60 – 80 cm 

(ELY-Centre 2018). 

3.1.3 Hydropower and Load Balancing 

Kemijoki is one of the most regulated rivers in the region with 18 different hydropower 

plants operating along the length of the river. The two main hydropower stations are 

(a) (b) 
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located at their headwaters, each with a generation capacity of 0.1 MW and 40.5 MW. 

The net installed capacity on the river is 1202.7 MW (3241 overall Finland). Kemijoki 

company owns, maintains, operates, and provides electricity from all these hydropower 

stations on the river. Overall power generation from Kemijoki (4131GWH) contributes  

to 26.36% of total hydropower (15,669 GWH) and 8.52% of total electricity generated in 

Finland (Kemijoki-OY 2020; Statistics-Finland 2020a). Over the past few years, the 

country’s energy mix is shifting more toward renewable energy, including hydropower , 

wind, solar tidal, geothermal, etc. The contribution of hydropower to national energy has 

increased from 45% to 52%. Moreover, the variable nature of the power generated by 

other sources and varying user demand forces hydropower plants to alter (increase or 

decrease) power generation regularly and often many times within a day. This is more 

commonly known as load balancing (Gupta et al. 2019). The plants contribute energy to 

the national grid which is distributed through different city authorities/power companies 

in different regions. The power generated from Kemijoki primarily serves the population 

of Lapland, some 180,000 people over 21 municipalities. (Statistics-Finland 2020a)  The 

greatest amount of power generated from these plants is in the Winter months (November, 

December, January, February, and March), followed by Autumn, Spring, and Summer. 

These variations are both demand-driven and based on the power available from other 

sources.  

The reach of interest exists between two hydropower stations i.e., between Ossauskoski 

– the upstream power station, and Taivalkoski – the downstream power station. 

Taivalkoski is the second last power plant in the cascade of powerplants over Kemijoki, 

with the Isoharaa plant in Kemi city being the last power station in this series. After 

Isohaaraa, the river drains into the Baltic Sea near its delta on the gulf of Ostrobothnia. 

The generation capacity of Ossauskoski and Taivalkoski is 124 MW and 134.1 MW, 

respectively. Tervola is the major town within this reach, and it has a population of 2,983 

people(Statistics-Finland 2020b). The town is supplied with power from Ossauskoski 

station. Both the power stations experience the effects of load balancing with Taivalkosk i 

more than that of Ossauskoski as it is a larger plant. The hydropower plants on the 

Kemijoki River are given in Figure 4 (Kemijoki-OY 2020).  
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Figure 4.  Dams and Hydropower stations on Kemijoki River.    

Ecosystem Services and Riparian Habitat 

Overall, the river reach houses a diverse ecology. The catchment falls in the arctic circle 

thus its flora and fauna are dominated by the arctic and boreal ecology. A variety of large 

and small mammal, bird, reptile, and fish species are found in the area. Out of these 

species, the Kemijoki Salmon is a famous indigenous species, stocks of which rapidly 

declined after the building of the Isohara dam at the delta of the river in the Gulf of 

Ostrobothnia in 1949.  Since Salmon is a migratory fish and Kemijoki River is highly 

regulated with more than 20 hydraulic structures in the flow path, the stock of Kemijoki 

salmon declined over time. However, this issue has been resolved to some extent by 

creating fish ladders and fish passes on the Isohara dam (Louhi et al. 2011).  
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Social-Recreational Services 

The river reach is a conglomerate of the forest, peatland marshes, and agricultural land, 

embedded in this tapestry is the town center of Tervola. Other neighborhoods in the reach 

include Hastinkangas, Kuivo, Siivolanperä, Korpela, etc. All these settlements are on the 

banks of the river in the Riparian zone. This is because river bodies enjoy a significant 

position in Finnish society. The socio-recreational services of the rivers and riparian 

zones are significant in the Finnish context. The river itself provides the inhabitants of 

these settlements with various recreational opportunities including swimming, game 

fishing, rafting, canoeing, kayaking, and boating on the river channel. On the banks of 

the river, there are numerous sandy beaches, lounging, and floating decks called “Laitur i” 

which are used for various recreational purposes. There are several hiking and trekking 

trails along the banks of the riparian forest which are popular among both the locals and 

the tourists. Locals and tourists trek, hike, and bike along these trails throughout the 

summer season.  There are camping sites along the banks of the river where inhabitants 

camp outdoors light campfires and carry out outdoor cooking. Another important 

recreation unique to Finnish culture is the summer cottages which are almost always 

along the banks of a water body. There are numerous summer cottages and farmhouses 

along the riverbanks in the study reach and they form an important tourist destination. 

The riparian zone is also a habitat for a variety of bird species and bird watching is also 

a favorite hobby among locals. In Tervola there are several riverside restaurants and 

commercial hotels which hold significant recreational and economic value to both the 

locals and the tourists. During winter there are a variety of recreational activities in the 

riparian zone including ice dipping followed by famous Finnish saunas. Ice fishing is also  

a popular activity along riverbanks in winter. Moreover, snowshoe trekking and skiing 

are also some of the recreational activities popular among locals during winter. Overall, 

rivers and riverbanks play a significant role in the well-being and lifestyle of Finnish 

people. The social well-being, recreational preferences, and leisure activities of the 

inhabitants of the reach are representative of the people of Finland and the Nordic 

countries in general.  
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4. MATERIALS AND METHODS 

4.1 Data Sources and Specifications 

The performance of a hydraulic model is often dependent on the quality of its input data 

(Brunner et al. 2016a). This is particularly true for two-dimensional hydrodynamic 

modeling, as it involves computation of hydraulic parameters such as flow volume, 

velocity, surface elevation, depth, bed shear, etc., within each finite element/cell of a user-

defined grid. The geometry of a single polygonal cell (often hexagonal or quadrangular) 

comprises the model-generated mesh/ and the underlying surface of the modeled terrain.  

 

Figure 5.  Three-dimensional model of the river reach. 

In most cases, the resolution of the terrain model determines the detail to which the model 

can simulate the hydraulics of the river and the flood plain. Therefore, it was ensured that 

the geometry of the model is accurate as possible and high-resolution data sources were 

used to develop an accurate digital terrain model of the reach. Most open-source terrain 

models are derived from laser scanning data through LIDAR (Light Detection and 

Ranging). A bathymetric survey was carried out by the Kemijoki-OY, (the company 

responsible for operations of the power plants at Ossauskoski and Taivalkoski).  

4.1.1 Bathymetric Data 

The bathymetric data was obtained from Kemijoki OY, the company operating most of 

the hydropower plants on Kemijoki, including the plant at Ossauskoski and Taivalkosk i. 
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The obtained bathymetric data was in the form of a point cloud having an x, y, and z 

coordinate for each point. There were 2.5 million (2,532,285) unique point records with 

variable point spacing ranging from 0.25m to 5m, however, the average point density was 

around 0.29 points/square meter. The bathymetric data was originally projected in the 

Finnish National Grid coordinate system called the KKJ 

(Kartta Koordinaatti Järjestelmän – Map Coordinate System).  

4.1.2 LIDAR Data 

A 2m-by-2m resolution digital elevation model is available from the Finnish National 

Land Survey website. However, as the bathymetric survey data had a higher spatial 

resolution and the highest possible resolution was desired for the digital terrain model, a 

2 m resolution terrain model was not suitable for the desired level of accuracy (pixel size 

of 1 m × 1 m) for the model. The raw laser scan data was available at the National Land 

Survey of Finland’s (NLSF) Open file service, in the form of compressed LAZ files. The 

LIDAR data is usually available in LAS file type format (short for Laser) developed and 

maintained by the American Society for Photogrammetry and Remote Sensing (ASPRS) 

since 2003 (Library of Congress 2020). To manage large-sized spatial data, it is 

compressed into LAZ formats. A conversion from LAZ to LAS was carried out using the 

LAS-tools toolbox in ERSI ARC-MAP. NLSF offers two types of LIDAR data i.e., an 

Auto-classified model and a Stereo classified model. The classification of points is based 

on the ASPRS’s LIDAR classification of 18 basic codes and classes (ground, low 

vegetation, forest, wire guard, noise, etc.) (ESRI 2020) and overall, 255 classes. 

According to the metadata published on NLSF’s website, the auto-classified model has 

its point cloud classified using an automatic classifier applied on subsequent returns of 

laser pulses hitting the ground surface. Whereas the stereo model has been assisted with 

aerial photographs from the National Land Survey of Finland. For the stereo model, the 

flowing and stable waters have been classified according to the banks and shores of the 

terrain database. While bridges have been classified manually. For this thesis, the stereo-

classified model was used. The stereo-classified model’s point cloud included 45 million 

points (45,607,140) with an average point density of 0.5 points / m², whereas the average 

point spacing is around 1.47 m.  
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4.1.3 Observed Flow Data 

A hydrodynamic or unsteady model cannot function without appropriate flow conditions 

set at its boundaries. To simulate hydropeaking events in the reach of interest through the 

hydrodynamic model, observed flow data was required at least at the upstream boundary 

of the model i.e., the Ossauskoski station. The temporal resolution of this data was vital 

for the model performance as this research aims at finding the effects of short-term 

regulation on eco-system services of Kemi River. These short-term regulations are carried 

out at an intraday/sub-daily level. Thus, quantification of the effects of hydropeaking 

required sub-daily flow hydrographs.  

The Kemijoki company maintains sub-daily (hourly) flow and stage records at its 

hydropower stations on Kemijoki. This is handed over to Finnish Environmental Institute, 

SYKE, for research and management purposes. Unfortunately, sub-daily flow data was 

not available at Ossauskoski. Only daily flow records were available at Oussaskoski and 

sub-daily flow data was only available for the downstream station of Taivalkoski which 

is some 34 km South of Ossauskoski. Both types of time series were however collected 

i.e., sub-daily long-term flow hydrograph at Taivalkoski from the year 2010 to September 

2021 as well as daily flow data at Ossauskoski from 2010 to September 2021.  

4.1.4 Observed Depth Data 

Water surface elevation or depth data is essential for calibrating and validating a hydraulic 

model. The depth data was collected using Solinst water pressure loggers. These loggers 

measure the pressure exerted by a water column above the logger sensor. Two data 

collection expeditions were carried out for this research. The first expedition collected 

water depth data every 10 minutes from 2nd September 2020 to 30th October 2020 at 6 

locations varied across the river's left and right bank. The second expedition collected 24 

hours of depth data at a 15-minute resolution between 12th and 13th July 2021 at 5 

locations. The second data collection was aimed to be used for model validation purposes.  

Locations of loggers in the reach are shown in Figure 6.  
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Figure 6.  Location of Logger for collection of observed depth data for model 
calibration and validation. 

4.1.5 Field Validation Data 

Upon examination of the bathymetric dataset and LIDAR dataset at overlapping areas, 

near the banks, an unusual discrepancy was observed in the elevations (Z coordinate) at 

the same geographical coordinates. Upon further investigation and visualization of the 

data, the difference ranged from 1.5m to 6m across the length of the reach. The 

bathymetric data appeared to have a lower elevation by this range. Several attempts were 

made to analyze and rectify this problem however, the difference in elevation between 

coincident points of bathymetry and LIDAR remained. A field validation exercise was 

carried out to collect points along each riverbank. A Trimble GNSS RTK rover was used 

to collect the geographical coordinates of approximately 70 validation points at various 

locations spread along both riverbanks. When the measured elevation values at coincident 

points were compared to elevation values of bathymetry and LIDAR, the LIDAR values 

were true, suggesting an error in the elevation values of bathymetric data. A difference 

analysis was performed on the normalized difference of elevation of overlapping points 

of bathymetry and LIDAR. The central tendency of the normalized difference showed a 

mean difference of 2.14 m between the true LIDAR and the faulty bathymetric data as 
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shown in Figure 7. A correction of 2.14 m was applied uniformly across the bathymetr ic 

point cloud before it was merged with the LIDAR for interpolation.  

 

Figure 7.  Elevation Validation Analysis (a) Difference between Bathymetry and 

Validation Points (b) Difference between final merged DEM and Corrected Bathymetry 
and Validation Points. 

4.1.6 Land Cover/Land Use Data 

The Land Cover data is important for this analysis as identified land types will determine 

whether an area affected by hydropeaking is socio-ecologically significant or not. Two 

types of land cover data have been used in this analysis; the effect of hydropeaking has 

been analyzed been evaluated for both data types. The first land cover data type has been 

obtained from SYKE’s (Finnish Environment Institute) open data service. The dataset 

has been prepared under the EU Copernicus Land Project. The data describes the land 

cover changes from 2012 to 2018. The data is a raster dataset with a resolution of 20 m × 

20 m. The smallest pattern of change is 0.5 ha. The material was produced based on 

SKYE's spatial datasets and satellite imagery interpretation.   A three-level hierarchica l 

classification describes the land use/land cover. The five main categories (built-up areas; 

agricultural areas; forests and open canals and rocky areas; wetlands and open bogs and 

water areas) are divided into a total of 15 subcategories at the second level. At the third 

classification level, the categories are further subdivided into 44 subcategories (SYKE, 

2021).  

The second data type has been obtained from a supervised classification of ariel imagery 

from the National Land Survey of Finland’s open data service. The aerial imagery is 
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orthorectified and has a spatial resolution of 0.5 m x 0.5 m. A machine learning algorithm 

using Ecognition software was applied. The classes defined in this model are based on 

the significant social, recreational, and ecological land uses observed via interpretat ion 

of satellite imagery and field observations. The classes include Farmland (Cultivated and 

Non-Cultivated,), Forest (Riparian, Non-Riparian) Recreational Areas (Beach, Summer 

Cottage/Farmhouse,), Water (River), etc. Further details and processing of this data have 

been discussed in subsequent sections. 

4.2 2D-Unsteady Modelling 

Two-dimensional unsteady hydraulic modelling using HEC-RAS involves setting up a 

robust model followed by its computations. Like most models, computed results are thus 

calibrated and validated with observed data. The setup of a 2D hydraulic model in HEC 

RAS can be divided into the following steps namely. 

 Data/Input Pre-processing  

 Model Geometry Development 

 Simulation Set up 

4.2.1 Model Inputs 

Simulation of unsteady flow conditions via 2D models often requires the careful 

preparation of model inputs. The key inputs for an unsteady model can include accurate 

model (channel and flood plain) geometry, roughness characteristics (channel and flood 

plain), initial and boundary conditions of flow and observed river flow and stage data, 

etc.  

Development of Digital Elevation Model 

Geometry plays a key role in a 2D model as finite element or finite difference models 

rely on cell dimensions and geometry to determine the necessary parameters for solving 

hydraulic equations (diffusion wave, shallow water, full momentum, Saint Venant’s, 

etc.). Where most hydraulic models rely heavily on the characteristics of the computation 

grid, HEC RAS relies more on the underlying geometry in the model. As discussed in 

section 4.1 the underlying terrain beneath a 2D user-defined computation grid is a key 



 

39 

parameter for model performance. Therefore, a quality sub-aqueous surface is required 

to get accurate results. The depth-sounding survey data was available as a point cloud of 

coordinates, each point having a unique x y, and z value. HEC-RAS requires a continuous 

smooth surface beneath the computational grid, considering this underlying surface as a 

cell face (Brunner and CEIWR-HEC 2016a). Continuous surfaces can be developed from 

point clouds based on relative elevations of each point through the means of interpolation. 

This type of geostatistical operation is common when analyzing spatial datasets. An 

interpolated elevation surface from any given point cloud is essentially a normalized 

value of elevation for that point reflected in a pixel. Interpolation plays its part in find ing 

values of elevations in between individual points and representing the interpolated values 

so that the resulting image is a continuous surface of pixels each having a unique value 

of elevation. The accuracy and quality of the resulting surface depend on the  

 Point Density (i.e., the distance between individual points) 

 Pixel size 

 Interpolation Technique used 

Point density is a key factor in determining the quality of the elevation models. Point 

density is essentially a parley between the capacity of the sensor (can be optical, laser or 

sonar) to capture the geographical coordinates of the earth’s surface; the degree of 

accuracy required for the end goal of analyses, and the availability of computationa l 

resources. As explained in section 4.1, two different datasets each with varying point 

density were available. The bathymetric point cloud obtained via depth sounding had a 

point density ranging between 16 points/m2 to 0.04 points/m2, whereas the point cloud 

obtained from the LIDAR had an average density of 1. 56 points/m2. Since the data had 

already been collected the accuracy of the digital elevation model was controlled by other 

factors such as pixel value, size, and interpolation techniques. 

The pixel size determines what will be a unique value of elevation within a given map 

pixel representing the same area on the ground. For example, a pixel size of 1m x 1m, 

would mean that the value of elevation will not change within 1 m2. Too large a pixel size 

would loss of accuracy while computing hydraulic properties in each cell; too small a 

value would mean more accuracy and detail in the elevation model but increase 

computational time and resources. Furthermore, if the point density of observed data is 

too low, i.e., lesser points per square meter of area, choosing a smaller pixel size would 
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result in an unrealistic approximation of ground information during interpolation. Since 

the point density for our dataset range from 16 points/m2 to 0.25 points/m2. We chose a 

pixel size of 1 m2. However, some studies have used an even smaller size of 0.5 m2, 1 m2 

size is an acceptable level of accuracy for socio-recreational and ecological habitat 

analysis.  

The type of elevation value represented in a pixel can be an integer or real number (float) 

depending on the accuracy required in the digital elevation model. Since real ground 

surface elevation changes infinitely (although change is infinitesimal), a real number can 

best describe this change of elevation values between ground points represented by pixels 

in the digital elevation model.  

The interpolation technique significantly influences the quality of a digital elevation 

model. There are several interpolation techniques available for processing geographic 

data. These can be essentially divided into two types; 

 Deterministic Methods 

 Geo-Statistical Methods 

Deterministic methods employ the use of interpolation equations on the values of 

observed elevations between 2, three, or more adjacent points whereas geo-statistica l 

values rely on an analysis of the distribution and spread of data points for a given search 

area and estimate elevation values based on the statistical parameters such as mean, 

variance, standard deviation, covariance, etc.(Habib et al. 2020).  

Deterministic methods employed for interpolation of geographic data often include 

Linear Interpolation, Polynomial Interpolation, Radial Basi Functions (Spline (Thin plate, 

Regularized, Tension), Quadratic) Inverse Distance Weightage (IDW), Triangulation and 

Triangulated Integrated Networks (TIN), Nearest Neighbor, Bicubic Interpolation, etc. 

While geo-statistical methods include but are not limited to Kriging (Bayesian Empirica l, 

Ordinary, Simple, Universal, Indicative, Probabilistic, Disjunctive), Areal Interpolat ion 

(Binomial, Gaussian, Poisson), TopoR/ANUDEM, etc.  

Various studies have explored the performance of different interpolation techniques for 

the general processing of geographic information (Amini et al., 2019; Arun, 2013; Habib 
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et al., 2020; Wu et al., 2019) and for developing digital elevation models for both ground 

and subaqueous terrains. All studies agree that when higher accuracy is required in the 

development of digital elevation models, geo-statistical methods take precedence over 

deterministic methods. (Iwai and Murayama 2019)  explored the performance of differe nt 

interpolation techniques for two different bathymetric depth sounding datasets and 

concluded that TopoR and Kriging gave the best results among four tested geostatistica l 

methods.  (Wu et al. 2019)  found that among a variety of deterministic and geo-statistica l 

techniques Thin plate Spline and Ordinary kriging with Anisotropy produce the best 

results for bathymetric datasets.  

For terrestrial/ground elevation models, (Habib et al. 2020) found that determinist ic 

method TIN fairs better over TopoR/ANUDEM. While (Arun 2013) concluded that 

Kriging performs better for terrestrial elevation models as it adapts to changes in surface 

topography whereas ANUDEM works better in interpolating subaqueous stream surfaces 

or cliffs and peaks.  

Based on the review of works by these authors Ordinary Kriging was adopted as the 

method of choice for interpolating both datasets. Kriging is a geostatistical interpolat ion 

technique also known as the Gaussian process regression. According to (Iwai and 

Murayama 2019) kriging was developed by a French Mathematician Georgeos Matheron 

and later tested by Coburn (Matheron 1963; Coburn et al. 2020)  

Kriging evaluates the distance between points as well as the extent of variation between 

values of the elevation between known points. Kriging approaches the data with basic 

statistical analysis, then models the variogram, and finally creates a prediction surface 

based on the various parameters (sill, nugget, range, lag value, estimation error) Kriging 

assigns weightage to observed points adjacent to a location whose elevation value is 

unknown.  The basic model involves the estimation of a weighted sum of the data points 

used in kriging is based on the equation (11); 

𝑍(𝑠0) =  ∑ 𝜆𝑖

𝑁

𝑖=1

𝑍(𝑠𝑖) (11) 
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Where; 

Z(s) is the measured value at ith location 

λ is an unknown weight for the measured value at the location of interest 

s is the location of interest 

N is the number of measured values 

This unknown weight is based on two factors i.e., the distance between an observed point 

and the location of interest and the overall spatial arrangement of the observed points 

determined from the statistical parameters (mean, median, variance, standard deviation, 

variance, covariance, kurtosis, etc.) of observed data. The spatial autocorrelation between 

observed points needs to be quantified to assign weights to the predicted value at the 

location of interest. Thus, predicated value relies on the fitted model of observed data, the 

distance, and the overall spatial arrangement of data.(Paramasivam and Venkatramanan 

2019). 

Kriging model in its simplest form can be given by equation (12) 

𝑍(𝑠) =  𝜇(𝑠) +  𝜀(𝑠) (12) 

 

Where;  

Z(s) is the predicted elevation values 

 μ(s) is an unknown weight function  

ε(s) is the constant estimated error 

This unknown weight function is estimated using a semivariogram. A variogram is a 

statistic/statistical parameter that assesses the average decrease in the similarity of two 

random spatial variables as the distance between these variables increases. A 

semivariogram is half of this average decrease. A typical semivariogram is given by; 

                                                 𝛾(𝑥𝑖 ,𝑥𝑗) =
1

2
(𝑦𝑖 − 𝑦𝑗)2                                                (13) 
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Where;  

γ is the semivariogram function 

xi is the location of point 1 

xj is the location of point 2 

yi is the elevation value of point 1 

yj is the elevation value of point 2 

Plotting the semivariogram function will look like Figure 8, 

 

Figure 8.  A typical plot of actual and fitted semivariogram. 

The semivariogram function can be used to determine the unknown weight function in 

the kriging model which can be given as  

𝐴𝜆 = 𝐵 (14) 

Where; 

A is γ(x i,xj) Semivarogram function between observed points 

B is γ (xα, x i) Semivarogram function between observed point and point of interest 

λ is an unknown weight 

thus, taking the inverse we get the unknown weight;  

𝜆 = 𝐴−1𝐵 (15) 
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The semivariogram functions can be defined for a set number of neighboring points and 

a defined maximum distance between points. The reliance on the concept of 

semivariogram makes kriging to be a unique technique allowing the user to determine 

whether the predicted values of elevation – which depend on the weight λ are close to 

some of the observed values or not. The value ±𝜀, can be introduced as a known error in 

observed data allowing for a correction in the predicted values. Kriging technique has 

also been reported to perform better when data has a general directional trend or a strong 

spatial correlation(Paramasivam and Venkatramanan 2019), which is the case for our 

datasets as the there is a gradual slope towards the Gulf of Ostrobothnia reflected in both 

the bathymetric and LIDAR datasets. 

Since there were two different types of datasets i.e. bathymetry and LIDAR, the merging 

of the interpolated outputs of the two datasets was resulting in erroneous surface profiles 

at the boundary of the merge. This boundary represented the banks of our reach of 

interest. A true bank profile reflected in an accurate digital elevation model was essentia l 

to the performance of the hydraulic model as the underlying Hydraulic Equations 

(Shallow Water Equation or Diffusion Wave) are highly sensitive to geometry in shallow 

areas. (Brunner and CEIWR-HEC 2016b) Moreover, the overall objective of the 

hydrodynamic modelling of the river reach is to determine the impact of hydropeaking 

on socio-recreational and ecologically significant habitats along the river. As the primary 

interaction of the changes in the river flow and these habitats occur at the banks of the 

river, the accurate representation of the banks was vital to the analysis.  

Since merging or mosaicking of individually interpolated raster outputs was producing 

erroneous results, particularly at the boundaries (overlapped areas), it was attempted to 

interpolate the two datasets together which resulted in improved results.   

Both feature datasets were combined to form a large point cloud of approximately 48 

million points (48,139,425). It is important to note here that different interpolat ion 

methods require different computational resources and times. Geo-statistical methods 

usually require more computational time and resources as is obvious from the complex 

statistical analyses being performed on the entire data. Therefore, geo-informatic 

software often puts an upper cap on processing large datasets for interpolation, especia lly 

for point features. The ESRI ARC-MAP software’s geo-statistical analyst toolbox, 

though a powerful tool to perform geostatistical computation has an upper cap of 
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processing up to 45 million features. Therefore, the bounds of the interpolation were kept 

to a buffer distance of 1.5 km from the banks of the river. This distance was well within 

the expected area of influence of the hydraulic model simulating hydropeaking. This 

buffering reduced the point cloud to only 23 million points (23,353,659).  

Combining two datasets created the innate limitation that now both point clouds must be 

processed via a similar interpolation technique. However, as literature has suggested that 

Kriging can perform well for the development of elevation models of both types of 

datasets, the combined point cloud was interpolated via ordinary kriging using ARC-

Map’s geostatistical Analyst toolset. Parameters set for the kriging model are presented 

in Table 3.  

Table 3. Parameters used for ordinary kriging. 

Parameter Value 

Estimate Error (𝜀) 100% (set at default) 

Number of neighboring points 2 

Maximum distance to neighboring points 5 m 
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Figure 9.  Step-wise process for the development of a high-resolution digital 

elevation model. 

Figure 9. shows the step-wise process of developing a digital elevation model. The 

resulting elevation model and terrains are presented in chapter 5, section 5.1.1. 

Observed Flow Hydrograph Preprocessing 

The daily flow data at the upstream boundary i.e., at Ossauskoski was obtained from 

Kemijoki OY while hourly flow data was not available for Ossauskoski. Both hourly and 

daily flow data were available for the downstream station at Taivalkoski, obtained from 

SYKE (Finnish Environmental Institute). This posed a challenge for the simulation of 

sub-daily flow for hydropeaking impact assessment as this study hypothesizes and proves 

by citing relevant literature that sub-daily flow fluctuations create a greater hydropeaking 

and in turn greater impacts on the riparian ecosystem. Several attempts were made to 
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create a discharge time-series at hourly timestep for Ossauskoski station these included 

Interpolation between daily flows through Spline interpolation technique, developing 

rating curves at known cross-sections, and using observed stage data to generate an hourly 

time series, etc. Based on a comparison with hourly flow dynamics at Taivalkoski, all 

these attempts failed to produce satisfactory hourly time series for Ossauskoski. Figure 

8. shows results from these attempts  

 

Figure 10.  (a) Comparison of hourly flow at Taivalkoski and flow at Ossauskoski 
generated from the rating curve of a known cross-section (b) Comparison of hourly 

flow at Taivalkoski and flow at Ossauskoski generated from Spline interpolation. 
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Upon comparison of daily time-series at the downstream station of Taivalkoski with 

Ossauskoski staunch similarities were observed between daily flow patterns for 

September 2020 at the two stations as shown in Figure 11.  

 

Figure 11.  Comparison of Daily flow hydrographs at Ossauskoski and Taivalkoski 
for September 2020. 

It was later confirmed by Kemijoki company that operating rules for both stations are the 

same, resulting in similar daily flow patterns. This pointed toward a possibility that hourly 

ramping at both stations will also be similar based on this inference and the lack of 

availability of high-resolution temporal data at Ossauskoski, the sub-daily flows at 

Taivalkoski were used as a substitute for simulating seasonal hydropeaking scenarios. It 

is important to note here that the model has been calibrated and validated using the actual 

daily flows of Ossauskoski. The hydrographs for simulation scenarios for both HP1 and 

HP2 are shown in Figures 12 and 13 respectively.  
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Figure 12.  Hydrographs for HP1 (peaking magnitude) simulation scenarios (a) 

Winter (03-19-2011) (b) Spring (12-04-2015) (c) Summer (30-08-2020 (d) Autumn (29-
11-2011. 
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Figure 13.  Hydrographs for HP2 (ramping rates) simulation scenarios (a) Winter (14-

03-2013 (b) Spring (06-04-2013) (c) Summer (29-06-2020) (d) Summer (29-06-2020). 

Observed Water Level Data Processing 

The observed water level fluctuation data collected through Sonlist loggers for both 

calibration and validation rounds were corrected for atmospheric pressure. The 

atmospheric pressure prevailing in the reach was collected through a barologger. The 

observed depth at each logger was subtracted from the barologger values to obtain 

corrected depths which were used for calibration and validation purposes.   

Land-cover and roughness Calibration 

The land cover data, as explained in section 4.1.6, was acquired from SYKE’s open data 

service. The data had a resolution of 20 m and was compiled in the year 2018 under the 

Corine landcover project. A total of 18 different land cover classes were falling in the 

selected area of analysis. The data was available in the form of an ESRI shape file the 

required area of interest was clipped from the overall tile. Each class was assigned a value 

of manning’s roughness which would later act as an important input for the 2D model. 

The manning’s n values for different classes in the land cover were assigned based on 

roughness values determined by(Chow 2007). These values give a better starting point to 

the model, which calculates the hydraulic properties of each cell such as wetted area, 

wetter perimeter, and volume in each cell implicitly based on the roughness value 

assigned to each cell and later calibrates the entire model based on these roughness values. 

(A.C.E., 2010 Hydraulic Reference Manual HEC RAS). It is, however, important to note 

that the landcover data considers the water channel as a single landcover class thus as an 

initial value a singular value of roughness is assigned to the entire channel. We know that 
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channel roughness varies in three dimensions i.e. with respect to the longitudina l, 

transverse as well as depth dimensions. Therefore, to accurately represent the roughness 

of the channel, different calibration regions are defined and superimposed on the existing 

landcover. The manning’s n values assigned to these calibration regions are based on the 

roughness characteristics of the channels corresponding to those defined by Chow and 

later examined by USGS (Coon 1998). 

An important observation made here is that since the land cover resolution is 20 m, 

discrepancies can be expected at a resolution lower than this. The Landcover data 

considered the main river channel at the bank full conditions and assigns it a unique class 

as a water course, whereas the bank conditions keep on changing with respect to flow. 

Thus, the roughness of the channel and the floodplain must be carefully assigned to the 

model. To improve the calibration of the model with respect to the roughness 

characteristics of the channel and the flood plain, different calibration regions were 

defined as unique polygons and imported as “Calibration Regions” in the model. The 

regions were delineated based on changes in the landcover by analyzing the information 

from high-resolution orthophotos and checking the land cover data from Corrine 

Landcover database 2018. The manning’s n values corresponding to the landcover classes 

based on Chow and USGS. 

4.2.2 Model Geometry Setup 

Geometry is the most important part of a hydraulic model. The geometrical construct of 

the model represents the physical characteristics of the area of interest through which the 

river reach is passing. The geometry of the model was set up by first developing a terrain 

model in the RAS Mapper extension of the HEC-RAS program. The terrain is the basic 

canvas of the model geometry representing the topography of the area and the river. All 

other geometrical features of the model such as lateral (bridges, dams, etc.) or inline 

(weirs, piers, etc.) structures rely on the terrain. The RAS mapper has an in-built terrain 

building module, which takes the raster elevation grid or the Digital Elevation Model 

(DEM) of the area of interest as an input, applies the triangulated irregular network or 

(TIN) technique to develop the terrain with appropriate hill shading and continuous 

elevation contouring. The developed terrain is visually aesthetic and computationa lly 

accurate providing the modeler, with a clear overview of the area of interest.  
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The next step is to set the perimeter of the 2D area in which a computational grid of 

appropriate mesh size is going to be introduced. The perimeter of the computational area 

is an important factor, eventually controlling the total amount of hydrodynamic 

computations carried out in a single simulation run of the model. The perimeter can be 

drawn using editing tools in the RAS mapper otherwise it can be introduced as a shapefile 

of polygon features in the geometry. The area upon which the actual flow computation is 

carried out can be equal to or smaller than the terrain of the model. For the area of interest, 

a polygon shape file for the perimeter of the 2D area was introduced in the RAS Mapper. 

This perimeter was about an offset of 500 m from the banks of the river and was 

developed using the buffer tool in the ESRI – ARC GIS software.  

The selection of this 500 m zone along each bank of the river has a significant bearing on 

the eventual analysis of the model results. As this buffer zone represents partly the active 

flood plain of the river and partly the riparian zone of concern for the studied phenomenon 

i.e. Hydropeaking. The selection of this analysis area is based on the several test runs of 

the model simulating hypothetical hydropeaking scenarios, expert judgment as well as 

discussions with local inhabitants of the area. In short, it is safely assumed that the 

impacts of short-term regulation may not extend beyond 500 m of the riverbanks. The 

total analysis area thus amounts to 27.326 km2  

With defined extents, the analysis area can be gridded into finer 2D areas known as cells. 

Each cell represents a finite element of the model. Discretizing the entire analysis area 

into logical cells of appropriate dimensions enables the application of finite element and 

finite difference, computation techniques. The center of each cell is denoted as a 

computation point where the hydraulic properties of the cell are averaged i.e., the center 

of each cell will have average values of hydraulic parameters computed at each cell face. 

HEC RAS can carry out hydraulic computations in octagonal cells, however, any cell in 

the discretized mesh may not have more than 8 sides as it makes computation exceedingly 

complex leading to erroneous computations. The dimensions of the cell can be set in the 

2D area properties and the HEC RAS geometry editor however care should be exercised 

in selecting an appropriate dimension for the cell as it is directly related to the 

computation times, as explained in subsequent sections.  

The 2D-Hydrodynamic model requires a minimum of two boundary conditions to 

effectively simulate flow through the river channel. These boundary conditions are 
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introduced as line features at the upstream and downstream edges of the analysis area. 

Conditions for each boundary must be set for the simulation to recognize the hydraulic s 

prevailing in the river. Different types of conditions can be assigned to boundaries these 

include, a time series hydrograph, a rating curve, a stage hydrograph, normal depth, etc. 

For our area of interest, the upstream boundary – approximately 100 m south of the 

Ossauskoski reservoir – was set as a time series hydrograph while the downstream 

boundary was set as the normal depth of flow at the Tervola bridge.  

The next step in setting up model geometry was to refine the mesh in areas where the 

natural topography was relatively complex such as the banks or flow 

branching/confluence near in-stream Islands. Mesh refinement is an important exercise 

as it facilitates accurate computation of hydrodynamic equations for complex areas in the 

model, further improving the model performance during calibration and validat ion 

phases. Mesh refinement is carried out through refinement regions and break line tools in 

the RAS Mapper. Since the reach of interest had no isolated flow channels or pools, 

refinement was carried out by introducing break lines at the banks and around the four 

instream Islands.  

Finally, the most important physical characteristic of open channel hydraulics i.e., the 

roughness conditions were introduced through Manning’s number. The default 

manning’s number for any 2D area in HEC RAS is set as 0.06. The base manning’s 

number for the terrain can be assigned to different land features using a Land Cover layer 

in RAS Mapper. For our area of interest, the Land cover layer representing the Corrine 

land cover data from 2018 was introduced in the model and the appropriate manning’s 

number was assigned to different land-use classes. This base roughness data was 

overridden by another geometry layer as shapefile, having polygon features called 

“Manning’s calibration Regions”. A total of ten polygon features were added to this layer 

which included six logical horizontal subdivisions of the reach and the bank areas as well 

as four in-stream islands. 

4.2.3 Simulation Set-up 

Two fundamental modules of the HEC-RAS program are involved in setting up an 

unsteady simulation. The first is the unsteady flow conditions module and the second is 

the unsteady computation engine. The modeler/user must carefully set the boundary 
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conditions, the initial conditions, and the simulation parameters such as the computation 

time step, the courant number, various coefficients, tolerances, etc. to imitate the actual 

flow conditions as realistically as possible.  

Boundary Conditions 

A 2-Dimensional model hydraulic model functions as an area. The perimeter of this area 

forms the physical bounds of the simulation space. The simulation space or the 

computation grid in turn can have several internal and external boundaries. The 

simulation conditions must be defined at the boundary of this 2D area. In the case of our 

reach, the flow enters the river immediately downstream of Ossauskoski reservoir, flows 

across the length of the reach, and exits at the Tervola bridge. The simulated flow is 

defined as a flow hydrograph, at the upstream boundary. The boundary conditions for the 

HEC RAS model simply state the manner, location, and amount of flow entering and 

exiting the model analysis area or simulation space. The HEC-RAS unsteady flow 

conditions module will automatically recognize any boundary condition lines introduced 

in the geometry of the model. Moreover, based on the location of the boundary line the 

flow module will present relevant boundary condition options for the user to assign. For 

our area of interest, we used a flow hydrograph as the upstream boundary. For model 

calibration, a daily flow hydrograph with a daily flow for September 2020, was assigned 

as the upstream boundary of the model. One reason for this was that the stage data was 

available for September 2020 secondly, simulating the flow of the entire month at the 

daily resolution instilled stability in the model and assisted in the calibration process. At 

the same boundary, an hourly flow for 24 hours (one–day interval) from 18:00 hours on 

12th  to 18:00 hours on 13th July 2021 was added as an input to simulate validation flows. 

The selection of this time step was based on the availability of the stage data collected for 

validation. For simulation of hydropeaking events, sub-daily (hourly) flows of 24 hours 

for days with most HP1 and most HP2 were selected for simulation for each season thus 

making the total simulation scenarios to be 8 (further explained in section 4.2.5). For the 

downstream boundary conditions, the normal depth boundary condition was assigned. 

This condition remained the same for all the model runs. The model requires input for the 

friction slope (slope of energy grade line) for the normal depth of water at the downstream 

end of the reach, which is essentially the longitudinal slope of the riverbed. This slope is 

simply given as  



 

55 

𝑆 =  
∆ℎ

𝑙
 (16) 

Where;  

S is the Slope of the riverbed 

∆h  is the Elevation difference between the deepest points at the upstream and 

downstream cross-sections 

l is the straight line distance between upstream and downstream cross-sections 

For our reach of interest, this slope was calculated to be 0.0000205 

Initial Conditions 

A 2D unsteady model can run into stability issues if the simulation is run without warming 

the model up first or setting up initial conditions of flow. Realistically any flow condition 

in a flowing river cannot exist without the river having an existing state, for example, a 

rainfall event only generates a peak in the hydrograph for any channel whereas the 

baseflow always exists in the river. Similarly, the initial condition for a 2D HEC RAS 

model is the condition of river flow instantaneously before the studied phenomenon 

occurs. Initial conditions or model warm-up conditions are set up in the 2D computationa l 

engine’s options and tolerances. For calibration, an initial condition of 360 hours was set 

in the model with 10% of the time dedicated to ramping up the flow to the set init ia l 

conditions. The initial flow condition for the calibration stage was 497.83 m3/s which is 

the 10-year average daily flow (long-term flow) for September. Initial conditions can be 

introduced in the model through Initial condition Reference points – unique point feature 

added in the model geometry or simply at the boundary conditions. The initial conditions 

can be either stage or flow conditions at these designated locations. Initial conditions can 

also be introduced in the model through output files of the previous model runs called 

“Restart Files”. Finally, initial conditions in the model can be set as the boundary 

conditions allowed to continue to run for the designated time for initial conditions.   

Computational Timestep 

The total time for the simulation depends on the computational time step, the total length 

of the time series being simulated, and the resolution of the computation mesh (i.e. the 

size of each cell in the mesh). The computational time step is the time required to 

complete a single iteration of the chosen set of hydrodynamic equations which in our case 

were the “Diffusion Wave Equations” (Simplified shallow water equations). The 



 

56 

computational time step is a key factor controlling model performance and stability. The 

computational time step for the unsteady finite difference computation engine and in most 

finite difference solvers depends on the Courant-Friedrichs-Lewy (CFL) condition or the 

“Courant number”. Courant number is a dimensionless parameter representing the time a 

particle stays in one cell of the mesh. Essentially it is a relation between the velocity of 

flow from one cell face to the next, the distance between two cell faces, and the time 

taken by the flow. The basic relation in one dimension is given as  

𝐶 =
𝑉𝑤∆𝑇

∆𝑋
≤ 𝐶𝑚𝑎𝑥  (17) 

Where;  

C is Courant Number 

∆T is Time step in seconds 

∆X is Distance in feet 

Vw is Flood Wave speed in ft/s 

Cmax is the maximum courant number 

Also   

𝑉𝑤 =
𝑑𝑄

𝑑𝐴
 (18) 

 

Where;  

dQ is Change in discharge over a short time interval (Q2-Q1) 

dA is Change in the cross-sectional area over a short time interval (A2-A1) 

For practical purposes Vw is calculated from a ratio of Vw/V given in Table 4; 

Table 4.  Flood vs average flow velocity ratios for different channel types. 

Channel Shape Ratio Vw/V* 

Wide Rectangular 1.67 

Wide Parabolic 1.44 

Triangular 1.33 

Natural channel  1.5 

* V is Average flow velocity 
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The stability conditions for an unsteady model or any finite element model for that 

instance, as stipulated by the Courant-Friedrichs-Lewy condition is that the courant 

number should be less than 1 and ideally between 0.47 and 1(Brunner and CEIWR-HEC 

2016b) The latest version of HEC-RAS offers a way to confirm to the courant condition 

for unsteady flows using the Adaptive timestep settings. These settings allow the user to 

fix the maximum and minimum courant number and a maximum and minimum factor by 

which the time step will be doubled or halved. HEC-RAS assesses the appropriate time 

step ∆T based on initial iterations of the solver. From this point onwards this time step is 

thus used to carry out further iterations in each cell and throughout the simulat ion 

window. The total simulation time will thus depend on this final time step in which the 

entire time series will be divided for computation.  

Coefficients and Parameters 

Several coefficients are employed in setting up a simulation scenario with the unsteady 

computational engine. These coefficients are important tweaking factors for setting up 

the model to depict the actual flow conditions of the river. Some of the key coefficients 

include theta, contraction and expansion coefficients, lateral and longitudinal mixing 

coefficients 

Theta is an implicit weighing factor used to weight spatial derivatives between the current 

solution and the previously solved solutions. Its value ranges between 0.6 to 1.0 (default). 

Theta can be tweaked to fine-tune model results and for calibration purposes. The 

contraction and expansion coefficients can be modified as input in data tables of the 

model geometry to describe, estimate and account for the forces involved in the expansion 

or contraction of flow resulting in energy losses. However, for 2D dimensional models, 

these coefficients are kept at their default values of 0 since 2D models can better capture 

the forces acting in different directions, unlike the 1D models. The mixing coefficients 

are introduced in the model to include the effects of turbulence during the flow. 

Turbulence is the transfer of momentum due to the chaotic motion of fluid particles as 

water contracts and expands as it moves over the surface and around objects. Turbulence 

in HEC-RAS is modelled with a gradient diffusion process. To this end, the user must 

assign lateral or longitudinal eddy viscosity coefficients. In addition to these, turbulence 

can also be described using Smagorinsky’s Coefficient, which the user can define. For 

our model, turbulence was not considered.(Brunner and CEIWR-HEC 2016a)  
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Figure 14.  Two-Dimensional Hydrodynamic Modelling Setup in HEC-RAS. 

4.2.4 Model Calibration and Validation 

Calibration Parameters and Targets  

Any numerical model which relies on mathematical relations or equations to solve real-

world problems must be calibrated and validated through real-world observations. 

Calibration is a process in which model parameters and attributes are adjusted in such a 

manner that the model can reproduce the observed data with reasonable accuracy.  

Validation on the other hand is the reproduction of observed data but for events and 

simulations other than those of calibration using a calibrated model. A validation exercise 

suggests that the calibrated model is an approximately true description of the physica l 

conditions on the ground and can simulate a variety of events. The accuracy of these 

simulations is assessed through statistical tools which measure the residual error between 

the observed and the simulated data. For hydrodynamic models using finite-difference 

solvers, model accuracy is assessed mainly through the coefficient of determination (R-

Squared)(Mardani et al. 2020) which is the proportion of the variance for a dependent 

variable explained by an independent variable in a regression model. R-Squared is given 

by the relation; 

𝑅2 = 1 −
∑ (𝑦𝑖

^ − 𝑦𝑖)2
𝑖

∑ (𝑦𝑖 − 𝑦𝑖
−)2

𝑖

 (19) 
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where; 

𝑦𝑖 is Observed value 

𝑦𝑖
^ is Simulated value 

𝑦𝑖
− is the Mean of all values 

The calibration and validation target set for our hydrodynamic model was to achieve 

higher values of R-Squared i.e. the residual difference between observed and the 

simulated values, is close to zero or as minimum as possible. The model output used for 

testing this metric was the simulated depth at locations of observed data (logger locations) 

which was compared to the observed depth during each of the calibration and validat ion 

runs. 

Key model parameters which affect the performance of a 2D hydrodynamic model in 

HEC-RAS, and can be used as tools for calibration include; 

 Manning’s Roughness Coefficient “n” 

 Computational Grid size and Sub grid Bathymetry (Hydraulic properties and flow 

storage) 

 Computational Timestep 

 Theta (Implicit weighting Factor) 

 Initial Conditions 

 Boundary Conditions 

 Lateral Flows 

The manning’s roughness parameter is one of the fundamenta l parameters determining 

the resistance to flow within the flow path (main channel and the flood plain) based on 

the physical characteristics of the flow path. Furthermore, the shallow water equations 

used in HEC-RAS are set up in such a way that flow or conveyance through any cross-

sectional area/cell face is dependent on only one roughness parameter i.e. Manning’s 

Roughness coefficient.  Generally, the higher the value of manning’s coefficient lower 

the conveyance or flow through a given cell face. Alternatively, the higher the discharge 

and stage of water, the lower the resistance to flow. Flow depth and roughness thus form 

an implicit relationship that has a high significance for unsteady flow conditions such as 

those during hydropeaking events. This phenomenon is sometimes called “Depth 

Dependent Roughness”(Kopecki et al. 2017).  
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For our model, the base manning’s roughness values for the channel were set in the 10 

calibration regions according to values indicated by USGS and Chow whereas base 

manning’s roughness values for the floodplain were set according to the landcover. The 

model was run using the calibration flows from September 2020 as explained in section 

4.1.3 for base n values. The resulting simulation results for the stage were compared to 

the observed stage data and adjustments were made accordingly to the n values for each 

of the calibration regions. Overall, more than 6 combinations of n-values of the 

calibration regions were tested until the simulation results converged within acceptable 

error ranges.  

Model geometry plays a significant role in the calibration of a 2D unsteady model. An 

important geometrical parameter used for calibrating the 2D model is the cell shape and 

size of the computational grid. Good calibration results are obtained when the cell shape 

is symmetrical and aligned to the physical features of the river. Cell size on the other hand 

is tied to the computational time step via the courant condition as discussed above. 

Different cell sizes ranging from 100 m x 100m to 1m x 1m were tested. A cell size of 

10m x 10m gave the best calibration results selected in combination with an appropriate 

computational time step. For a courant condition of 1 and flood wave velocity of 1.5 and 

cell size of 10m, the computational time step comes to be 6.67 seconds as per equations 

(17) and (18). For our model, the timestep was controlled by the courant condition and 

for all simulations, the timestep was set to be around 5 seconds.  

Theta is a weighting factor applied to the finite difference approximations for the solution 

of unsteady flow equations. Theta varies from 0.6 to 1.0 where a value of 0.6 provides 

more numerical accuracy and a value of 1.0 provides most numerical stability. Initia l 

conditions play an important role in model stability and model calibration. Initia l 

conditions describe the state of the model instantaneously before the simulated event. 

Since rivers always maintain a baseflow our model must also have a baseflow over which 

different events can be simulated, faulty initial conditions result in calibration issues , 

especially when calibrating to observed stage/depths. For our model, actual flows for 48 

hours before the simulation period i.e., two consecutive days were used to initialize the 

model. Boundary conditions also play an important role in model calibration. The frict ion 

slopes given at the upstream and downstream boundary represent the longitudinal slope 

of the river upstream and downstream of the reach. This slope defines the slope of the 

energy grade line for the modelled reach, particularly at the downstream end. Error in 

estimations of this slope can produce erroneous stage/depth results and affect the 
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calibration process. Similarly, lateral flows through small streams and river offshoots 

must be correctly estimated so that total volume accounting in the model does not result 

in erroneous stage and flow outputs. 

Model validation 

For model validation, water depth data collected on 12th and 13th July 2021 was used. 

This is following the 70%-30% rule for utilization of observed data where 70% of data 

was used for model calibration and 30% was used for validation. The calibration model 

with all its parameters, geometry, and conditions was simulated for the validation flows 

(24-hour flows on 12th and 13th July 2021) and the validation results were obtained.  

4.2.5 Simulation Scenarios 

To assess the impacts of hydropeaking, the simulated flow must be representing a 

hydropeaking event determined from the sub-daily flow. At this stage our model was 

calibrated and validated for actual simulation of the hydropeaking events As discussed in 

chapter 2 there are numerous methods to determine hydropeaking in a river, however here 

we adopt a simple method developed by (Carolli et al. 2015)  and later adopted by and  

(Ashraf et al. 2018). This method involves the determination of two hydropeaking 

indicators termed HP-1 and HP-2. The HP-1 indicator is a measure of the magnitude of 

hydropeaking given by the normalized difference of the daily maximum and minimum 

flows. This difference is normalized by the mean daily flow and is given as follows;  

𝐻𝑃1𝑖 =  
𝑄𝑚𝑎𝑥𝑖 −  𝑄𝑚𝑖𝑛𝑖

𝑄𝑚𝑒𝑎𝑛𝑖

,      𝑖 ∈ [1,365] (20) 

Here i describe the ith day of the year and Qmax, Qmin and Qmean are the maximum, 

minimum, and mean discharge on the ith day respectively. 

The second indicator gives the time rate of changes in discharge or simply the ramping 

rate and is given as; 

|(𝐻𝑃2𝑘)𝑖| = (
∆𝑄𝑘

∆𝑡𝑘

)
𝑖

= (
𝑄𝑘 − 𝑄𝑘 −1

𝑡𝑘 − 𝑡𝑘 −1

)
𝑖

,     𝑖 ∈ [1,365]  (21) 

Here i describe the ith day of the year 

where subscript k refers to the discharge timestep (e.g., [1 ≤ k ≤ 24] for data sampled 

hourly) and |…| refers to absolute value.  
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The two hydropeaking indicators mentioned above were calculated using the R. statistic a l 

package. R. is a free software environment for statistical computing and graphics. The R 

compiler uses the R language and is widely applied for computing statistical measures 

and visualizing the data. The short code used to compute the HP1 and HP2 indicators is 

presented in Appendix 1 whereas the computational results are shown in Chapter 5, 

section 5.3. Through these indicators, daily hydropeaking (HP1) and maximum hourly 

ramping (HP2) were calculated. It is important to note here that the Hydropeaking 

thresholds developed by (Carolli et al. 2015) were not used in this study. To understand 

the overarching impact of the hydropeaking phenomenon in the study reach we looked at 

seasonal variations in HP1 and HP2. In Finland, particularly in the study reach, there are 

a total of four seasons. Winter (November, December, January, February, March), Spring 

(April, May), Summer (June, July, August), and Autumn (September, October). One day 

per season was identified with most HP1 and HP2 resulting in a total of 8 simulat ion 

scenarios. A 90th percentile check was applied to both the calculated values of HP1 and 

HP2. This has been applied by both (Carolli et al. 2015) and (Ashraf et al. 2018) to 

exclude any extreme high flow events as well as any outliers in the data. The resulting 

simulation scenarios are shown in Table 5. 

Table 5. Simulation dates and values of indicators for simulation scenarios HP1 and 

HP2. 

Season HP1 HP2 (m3s-1h-1) 

Event Date Value Event Date Value 

Winter 3/19/2011 1.893701 14/03/13 287.4 

Spring 4/12/2015 1.739438 6/4/2020 266.8 

Summer 8/30/2020 1.91607 29/06/20 245 

Autumn 11/29/2011 1.842501 1/9/2020 302.7 

 

Each of the scenario mentioned in Table 9 was simulated through the 2D hydrodynamic 

model. Selected outputs from the simulations were processed to estimate the vulnerab le 

area as explained subsequently in section 4.4  
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4.3  Land Classification via Machine Learning 

The need for a new land classification system for our study area arose from the fact that 

the open-source Corrine Land Cover Data set published in 2018 had a spatial resolution 

of 20 m, and the new ESRI global landcover dataset published in 2021 had a spatial 

resolution of 10 m. Upon close examination of these datasets through overlaying 

technique it was revealed that significant information was being lost at these spatial scales 

which was vital for hydropeaking impact assessment. Riparian habitat, channel and bank 

features, and recreational structures all had an average size of less than 10m. Furthermore, 

as explained in section 4.1.6 the National Land Survey of Finland (NLSF) maintains a 

repository of orthophotos with very high spatial resolution i.e. 0.5 m. These orthophotos 

could have been used to carry out supervised land use classification. While the 

orthophotos had a high spatial resolution, the spectral resolution was limited to only three 

visible bands. The only viable method to obtain high-resolution land use maps to employ 

in hydropeaking impact assessment was “Object-Based Supervised Land Use 

Classification”. This is discussed in subsequent sections, 

4.3.1 Land Classification 

Land cover and land use maps describe various physical features on a given remotely 

sensed spatial dataset (satellite imagery and/or aerial photos). Land classification is a 

process of identification of different types of biophysical natural or manmade features 

and assigning each pixel of an image to the respective unique feature class. Land cover 

deals only with biophysical features whereas land use is a broader term used for all kinds 

of land classes including both manmade and natural features. The feature classes can be 

based on a user-defined, national, regional, or even a global classification system. 

Examples of classification systems include National Land Cover Database (NLCD 

system – a national level classification system employed in the USA), Corrine land cover 

system (a regional land classification system in Europe), and IPPC land-use system for 

carbon Inventory (a global classification system), etc. The land cover and land use 

classification process is as old as remote sensing itself. It is a fundamental analysis of 

observed geospatial data upon which further analyses are built. The techniques employed 

for the classification of land range from basic spatial models to advanced methods such 

as Convoluted Neural Network algorithms (CNN) and Deep Learning techniques.  There 

are two basic types of land classification methods (Karan and Samadder 2018)  
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 Supervised Classification  

 Unsupervised Classification 

Supervised classification is a process in which the user identifies a limited number of 

training pixels specific to unique feature classes, for a given geospatial image. The 

algorithm then classifies the entire image into the user-defined feature classes based on 

the training samples. Unsupervised classification on the other hand does not involve any 

training data from the user and employs various clustering techniques to distribute 

spectral information into user-defined classes. Supervised classification techniques can 

be further divided into two types; 

 Pixel-based classification techniques 

 Object-based classification techniques 

The pixel-based classification techniques rely on the spectral information included in the 

image such as visible bands (red, blue, green, yellow); red edge; near, far, shortwave, and 

thermal infrared bands, aerosols, ultraviolet bands, panchromatic band, etc.((EDC-URI) 

Environmental Data Center-University of Rhode Island 2018) . Features with simila r 

spectral information are clustered into unique classes according to the training samples. 

Here a challenge emerges for the classification of pixels belonging to different classes 

but having the same spectral information, for instance, spectral information from a river 

and lake will most likely be the same and thus classification capabilities of an algorithm 

rely solely on spectral information gets restricted this way. Object-based classificat ion 

techniques, on the other hand, rely on the fusion of multiple types of information 

including, spatial, spectral, hydrometeorological, and biophysical information to identify 

individual image objects which can thus be assigned to unique classes according to 

training samples. In this case, the samples are user-defined image objects instead of 

pixels.  Object-based classification is highly effective for (a) images with high spatial and 

low spectral resolution and (b) user-defined classes with overlapping spectral 

information.  

Whether pixel-based or object-based classification, the training data is passed onto a 

classification algorithm (discussed in the next section) which classifies the image into 

unique classes according to the samples. Land classification can be performed through a 

variety of tools that perform geospatial data processing however some tools perform 
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better than others for specific types of classification. ESRI ARC MAP software performs 

well for pixel-based unsupervised classification, and Q-GIS and Google Earth Engine 

perform well with open-source LANDSAT 8 and Sentinel-II imagery for supervised 

pixel-based classification. Python API for ARC MAP and R statistical software can also 

be used for supervised pixel-based classification for any type of dataset. Trimble 

Ecognition software performs exceptionally well for supervised object-based 

classifications(Ali 2015). Similar results can be obtained through Google Earth Engine 

albeit its performance is only documented for LANDSAT and Sentinel Images(Tassi and 

Vizzari 2020). For this study, we attempted pixel-based classification through ARC MAP 

10.5 and Google Earth Engine while Object-based classification with Ecognition v 9.0 

software.  

4.3.2 Machine Learning for Land Classification 

Machine learning algorithms are a useful tool for land classification. Machine learning is 

the capacity of a system to learn from problem-specific data to solve similar problems 

through an automated process (Janiesch et al. 2021). It is essentially training a computer 

algorithm on identifying relations between attributes of a specific type of dataset and the 

algorithm is expected to predict these relations for similar datasets. Before the trained 

algorithm can be used for the prediction of other datasets, the algorithm is first tested on 

a similar but separate dataset to check the accuracy of predictions. Statistical tools and 

measures are then used to assess the accuracy of predictions made by the algorithm 

Typically, the accuracy of predictions is presented in a confusion matrix which is a matrix 

of counts of correctly and incorrectly predicted values (pixels or image objects) vs 

observed/expected (training samples) broken down for each class. A confusion matrix is 

a classification tool giving rough statistics for the performance of the algorithm. (Düntsch 

and Gediga 2019) Accuracy and precision of the predicted results are then determined 

using other statistical metrics such as Overall Accuracy, Producer’s Accuracy, User’s 

Accuracy, Errors of Omission and Commission, Kappa, etc.(Tassi and Vizzari 2020)  

Different machine learning and deep learning algorithms for classification have been 

developed in the field of data science which are applicable for a variety of thematic 

studies including remote sensing (Karan and Samadder 2018). 
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The K nearest neighbor (KNN) algorithm predicts the class of a new data point using the 

classification of its nearest neighbor. It is sometimes called a lazy learning algorithm 

since it technically memorizes all the data and classifies based on similarity measures 

e.g., distance functions(Shetty 2021). For this research, the best results were obtained 

using the KNN classification algorithms in Ecognition software.  

4.3.3 Object-Based Supervised Land Classification Using Machine Learning 

Algorithms 

As discussed above the object-based approaches are suitable for datasets with high spatial 

and low spectral information. This process produced the best results for land classificat ion 

of Orthophotos from NLSF and therefore it is described in detail here. Overall, the 

process involves following key steps 

 Data Fusion 

 Segmentation 

 Selection of Training Samples  

 Classification  

 Accuracy Assessment 

Data fusion is the compilation and overlaying of different types of spatial data. For our 

study area, we used a georeferenced raster mosaic of Orthophotos with Red Green, and 

Blue visible bands representing our study reach; a LIDAR point cloud adding topographic 

information; a digital surface model layer derived from a filtered point cloud; and a mean 

of spectral layers.  

The main step in object-based classification is the segmentation of the image into logica l 

image objects. These image objects are vector data objects and represent the boundary of 

features (groups of pixels) with similar attributes. These attributes can include spectral 

information in pixels, geospatial information, elevation data, and pixel values for various 

indices such as NDVI (Normalized Difference Vegetation Index), NDWI (Normalized 

Difference Water Index), BSI (Bare Soil Index), etc. which are calculated from inherent 

spectral information of pixels. In addition to these attributes, segmentation algorithms can 

detect the geometry of features from raster images and geometrical properties such as 

shape, size, orientation, length, adjacency, symmetry, etc. can be considered for the 

segmentation process based on the quality of input data. One of the most applicable 
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multiresolution segmentation algorithms is the NN (Nearest Neighbor) algorithm. This is 

like the KNN classification algorithm and uses proximity and distance functions to group 

pixels into image objects (Ali 2015). 

Once the segmentation process is complete, the user must define a color-labeled class 

hierarchy for the image. This classification scheme must be logical and correspond to the 

desired application of the land cover map. Since our intended output for the classificat ion 

was the impact assessment of hydropeaking of riparian ecosystems the class hierarchy 

developed for our study area was revised specifically to the Finnish context 

Approximately 4000 training samples corresponding to the above land classes were 

selected from approximately 200,000 image objects. The trained samples were then 

passed onto the machine learning classifier. Different built-in classifiers are available in 

both Google Earth Engine and the Ecognition software. We attempted to train and classify 

our image using Decision Tree, SVM, Random Forest, and KNN algorithms. The 

algorithm was first trained with the training samples and then executed. A classified 

image was obtained according to the set class hierarchy. The results obtained for 

classification are presented in Chapter 5, section 5.5. 

4.4 Hydropeaking Impact Assessment  

The final outputs from the 2D hydrodynamic model include rasters of spatially and 

temporally distributed depth, stage (WSEL), velocity, shear, and inundation boundaries 

for the channel and the floodplain. These results are obtained for each simulation scenario 

for seasonal Hydropeaking assessment as discussed in section 4.2.5. The actual zones of 

influence and vulnerability of hydropeaking arising from these seasonal events are 

derived from the post-processing of these outputs of the hydrodynamic model. This is a 

novel technique proposed in this study and is explained as follows; 

4.4.1 Vulnerable Area Assessment  

The zone of influence in which hydropeaking impacts are felt at sub-daily levels can be 

determined by extracting the difference between the minimum and maximum inundation 

caused by a particular peaking event. These inundation boundaries correspond to the 
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maximum and minimum hourly flows in the reach. This difference can be obtained 

through a simple raster calculation given as 

 

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑉𝑢𝑙𝑛𝑒𝑟𝑎𝑏𝑙𝑒 𝑍𝑜𝑛𝑒 = 𝑀𝑎𝑥 𝐼𝑛𝑢𝑛𝑑𝑎𝑡𝑒𝑑 𝐴𝑟𝑒𝑎 − 𝑀𝑖𝑛 𝐼𝑛𝑢𝑛𝑑𝑎𝑡𝑒𝑑 𝐴𝑟𝑒𝑎 (22) 

Once a raster with a vulnerable zone is obtained, we can identify individual land parcels 

affected by hydropeaking. The area of the vulnerable zone can be overlayed on a 

landcover map, and the clipped results will be a raster of different land uses affected by 

hydropeaking. Here it is important to note that the spatial resolution of the vulnerab le 

area raster is 1 m which is the resolution of all the outputs from the hydrodynamic model.  

Here the value of a high-resolution landcover map with user-defined classes becomes 

evident since individual land uses affected by hydropeaking can easily be identified. 

Furthermore, this vulnerable area will be quantified according to the user-defined land 

use classes which are significant in the Finnish riparian context. The process and the 

model used in ESRI ARC-MAP are shown in Figure 15. 
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Figure 15.  (a) Vulnerable Area Assessment Process (b) Arc Map model. 

4.4.2 Vulnerability assessment for water-based recreation 

The outputs from the hydrodynamic model can also be applied to determine zones in the 

main river channel and on the riverbanks which can become vulnerable to rapid changes 

in water velocity. Water velocity is highly significant for many water-based recreationa l 

activities such as swimming, boating, fishing, sunbathing, etc. These rapid changes will 

be felt on an intra-hourly basis caused by the fluctuating ramping rates of flow which are 

(a) 

(b) 
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in turn caused by hydropeaking. Under these conditions, human safety is at severe risk 

and a large enough peaking wave can cause fatigue, trauma, or even downing of a 

swimmer or a boat user downstream of the peaked station. 

(Pisaturo et al. 2019)  explored human hydraulic stability under peaking waves using 

empirical relations and flood wave safety thresholds developed by (Bischof et al. 2002). 

Human hydraulic stability is given as the product of water depth at any given instance 

and location in the water body.  

𝐻𝑉𝒊𝑗 = 𝐷𝑒𝑝𝑡ℎ𝒊𝑗 ×   𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝑖𝑗 (23) 

 

Where; 

HV is Human hydraulic stability 

i is time datum (hour) 

j is space datum (x,y coordinates) 

 

The depth-velocity (water-based recreation) thresholds defined by (Bischof et al. 2002)  

presented in Table 11 have been used to highlight zones of vulnerability where swimming 

should be avoided in each season, whereas general guidelines can be drawn from these 

zonation maps for other water-based recreation such as boating and fishing as well. 
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5. RESULTS AND DISCUSSIONS 

5.1  Model Geometry  

The model geometry determines the overall numerical accuracy and the performance of 

a 2D hydrodynamic model in HEC-RAS. The sub-grid bathymetry approach compels the 

user to come up with good quality terrain data. This was achieved through kriging – a 

geo-statistical interpolation technique where the elevation corrected bathymetric and 

filtered lidar point clouds were merged and interpolated into a smooth raster surface using 

the geostatistical analyst tool in the ESRI ARC-GIS software. The resulting digita l 

elevation model was fed into the RAS Mapper package of HEC RAS software to get a 

continuous terrain for the 2D model. The Digital elevation model and the resulting terrain 

are shown in Figures 16 (a) and (b) respectively.  

 
Figure 16.  (a) Digital Elevation Model (b) Digital Terrain Model.  
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5.2  Model Calibration and Validation 

5.2.1. Calibration 

The 2D hydrodynamic model was calibrated using the observed depth data from the first 

data collection expedition i.e., for September and October 2020. The main calibrat ion 

parameters were manning’s roughness coefficient, computational timestep, init ia l 

conditions, normal depth at the downstream boundary, and theta. The model calibrat ion 

target was set as the squared error and hydrograph dynamics. The calibration parameters 

producing the best calibration results are presented in Table 6. 

Table 6. Two-dimensional hydrodynamic model calibrated model parameters. 

S. No. Calibration Parameter Selected Value 

1. Manning’s n for Channel 0.05 

2. Manning’s n for floodplain as per landcover  

3. Initial Conditions 48 hours flow before simula t ion 

period (actual flows) 

4. Theta 0.6 

5. Computational Timestep 5 seconds 

6.  Downstream boundary (friction 

slope of normal depth) 

0.0000205 

  

The temporal resolution of the upstream boundary hydrograph was the daily flow of 2 

months i.e., September and October 2020. This time corresponds to the available 

observed depth data. The following figures show the model calibration results.  
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Figure 17.  R-Squared values for model calibration (a) Logger 1 (b) Logger 2 (c) 

Logger 3 (d) Logger 4. 

R-Squared values were used as a calibration target to achieve a value of 1 i.e., R2 ≤ 1. 

The upstream loggers 1 and 2 give good results of R2 whereas a declining trend was seen 

for the downstream loggers. This decline can be explained as minor discrepancies arising 

from the single value correction applied to the bathymetric data one traverses from 

upstream to downstream in the reach. In presence of accurate bathymetric data higher 

convergence is expected for R-Squared values however the current values can be 

considered a good fit for a river reach of approximately 17 km at 1 m spatial resolution. 
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Figure 18.  Calibrated Model - Flow dynamics and goodness of fit (a) Logger 1 (b) 

Logger 2 (c) Logger 3 (d) Logger 4. 

The next calibration target was the dynamics of water depth at logger locations. Here too 

the divergence and thus the residual error increases from upstream to downstream. A 

variety of reasons can be attributed to this divergence, including discrepancies in 

elevation data due to correction applied to bathymetry, errors in roughness coefficients 

for the channel (although calibrated to the best possible), and/or volume accounting errors 

in lateral flows. However, the simulated dynamics confirm the observed depth for most 

of the reach.  

5.2.2. Validation 

The validation targets were similar to those set for calibration however, only hourly depth 

data was available for validation purposes i.e., 24-hour depth data for 12th and 13th July 

2021. All other parameters were kept the same for the model as set for the calibration. In 
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absence of hourly flows at Ossauskoski, hourly flows from the downstream station at 

Taivalkoski were used as upstream flow boundary for validation purposes based on 

assumptions discussed in section 4.2.1. The results from validation simulations are 

presented in Figure 19 and Figure 20.  

 

Figure 19.  R-Squared values for model validation(a) Logger 1 (b) Logger 2 (c) 

Logger 3 (d) Logger 4. 

Similar trends of divergence of R-Squared values were observed at the same logger 

locations i.e. an increase in divergence and residual error between simulated and observed 

depths at downstream locations in the reach.  
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Figure 20.  Validated Model - Flow dynamics and goodness of fit (a) Logger 1 (b) 

Logger 2 (c) Logger 3 (d) Logger 4. 

The goodness of fit at different logger locations for the validation run depicts a simila r 

trend of a relatively good fit upstream of the reach but an increasing divergence trend 

downstream. In addition to variations in water depth magnitudes, there is also a time lag 

between observed and simulated depth at downstream locations in the reach. This time 

lag is a result of time lag in flows between Oussasskoski and Taivalkoski i.e. flows 

observed at Oussasskoski will appear at Taivalkoski with a time lag equal to the time 

taken for a rising or receding flood peak from Oussaskoski to Taivalkoski. An adjustment 

of 3 hours was applied to the upstream boundary condition which reduced residual errors 

upstream and improved the convergence upstream but failed to address the problem at 

downstream locations in the reach. Figure 20 (a) shows that for logger 1 which lies in the 

upstream part of the reach the simulated depths match the observed depth for the most of 

the simulated day however an important trend to note here is that the receding leg of the 
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simulated hydrograph in the initial hours has a very steep slope suggesting that the model 

is decelerating and accelerating faster than the actual flows. The same trend is observed 

as we move downstream at the location of the second logger as seen in Figure 20 (b) and 

higher water depths are simulated. As we move further down to the location of the third 

logger as in Figure 20 (c) a time lag is seen between peaks, this can be associated with 

the fact that flows from the downstream station are being simulated at the upstream 

boundary. Figure 20 (d) shows that simulated flows do not fit the observed flows, this 

can be explained by the fact that model behavior, the effect of lateral flows, and the effect 

of the downstream reservoir are all accumulating near the downstream boundary of the 

model. Thus, the model fitting is showing poorer results as we move down in the reach.  

5.3  Hydropeaking Assessment 

Hourly hydropeaking has been determined using the indicators developed by Caroli et al. 

2017. These indicators were applied to the continuous long-term hourly data available for 

Taivalkoski from 2010 to 2021. Both annual and seasonal hydropeaking for indicators 

HP1 and HP2 were determined. From these indicators most peaked days i.e., 90th 

percentile for HP1 and HP2 were determined which were used for simulating the model.  

5.3.1 Hourly Peaking magnitude and ramping 

The long-term hourly HP1 (peaking magnitude) and HP2 (ramping) were calculated from 

the continuous time-series data at Taivalkoski (Figures 21 and 22).  

 

Figure 21.  Annual hourly hydropeaking HP1 indicator (magnitude) (2010-2021). 
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It can be seen from Figure 21 that the magnitude of hydropeaking has an overall 

decreasing trend over the years, suggesting a reduction in short-term regulation over a 

decade at Taivalkoski, however as discussed in subsequent sections peaking trends vary 

significantly during seasons and certain seasons are experiencing more short-term 

regulations, thus more peaking, and hence more impacts in the downstream reach.  

 

Figure 22.  Annual hourly hydropeaking HP2 indicator (ramping rate) (2010-2021). 

The average 90th percentile ramping for a long-term discharge time series (2010 to 2021) 

is limited to 101.41 m3/s. However, for hourly ramping, this average value can be 

considered very high. The overall trend of ramping is increasing, as indicated by the 

trendline from 2010 to 2021, although the increasing trend is not significant over the 

decade.  

5.3.2 Seasonal Change in Hourly Peaking magnitude and ramping 

The seasonal trends for HP1 and HP2 indicate that the winter season experiences most 

peaking in terms of magnitude however overall trend for peaking varies for each season. 

This confirms the original hypothesis that load balancing in certain seasons is particular ly 

higher than the others and can be correlated directly to the market fluctuations in those 

seasons (Ashraf et al. 2018). For instance, the peaking in the spring and summer shows 

that high market fluctuations and high load balancing demand more short-term regulation. 

Figures 23 and 24 describe these trends for both indicators HP1 and HP2 respectively. 
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Figure 23.  Seasonal hourly hydropeaking HP1 indicator (magnitude) (2010-2021) (a) 
Winter (b) Spring (c) Summer (d) Autumn 

Figure 23 (a) shows that there is an overall decline in the magnitude of peaking in the 

Winter season over ten years however in comparison to other seasons Winter season 

experiences the most magnitude of Hydropeaking. Figure 23 (d) shows that for the first 

part of the decade Autumn season experiences an increasing trend for hydropeaking with 

2013 having the most peaking but the next year i.e., 2014 experienced a decline in peaking 

from where it goes on an increasing trend till the end of the time series. From Figure 23 

(c) it can be seen that there is an increasing trend for hydropeaking for the Summer 

season. Increasing hydropeaking in the summer season for regulated rivers in the Nordic 

region has also been observed by (Ashraf et al. 2022) where a different peaking 

assessment approach was adopted suggesting that this trend is more widespread across 

the region. Although the data is cleaned for outliers by selecting only 90 th percentile 

values of HP1 the increasing peaking in Spring as shown in Figure 23 (b) can be 

associated with Spring floods and snowmelt where the magnitude of daily peaking is 

expected to increase due to increased flows however the marked increase in peaking 

during the summer season can be attributed to higher energy demand and more short-

term regulations for load balancing.  
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Figure 24.  Seasonal hourly hydropeaking HP2 indicator (ramping rate) (2010-2021) 

(a) Winter (b) Spring (c) Summer (d) Autumn. 

For the ramping indicator HP2, the Winter and Autumn season exhibit more ramping as 

seen in Figure 24 (a) and (d) where hourly ramping values has average values of 240 

m3/s/hr and 160 m3/s/hr. This is considerably higher than average ramping during Spring 

(53.51 m3/s/hr) and Summer (62.57 m3/s/hr) as seen in Figures 24 (b) and (c) respective ly. 

For Winter and Autumn seasons, an increasing trend of hourly ramping is observed over 

a long period. However, this trend is not significantly large and confirms the overall 

annual trend for hourly ramping for the same time series.  

5.4  Simulation Results 

The simulation scenarios mentioned in section 4.2.5 were used to simulate the calibrated 

and validated model to assess hydropeaking impacts. These scenarios represented the 90th 

percentile for most hydro peaked days (90th HP1 and 90th HP2) days for hourly discharge 

time series at Taivalkoski from 2010 to 2021. The 2D dimensional hydrodynamic model 

was used to simulate the said scenarios. The average total computation time was 

approximately 30 minutes for each scenario while other parameters were unaltered and 

remained the same as the calibrated model. A variety of outputs were obtained from the 

simulation of the hydrodynamic model. These include spatially and temporally 

distributed depth, velocity, shear stress, depth-velocity product, inundation boundaries, 

residence time, etc. Moreover, at predefined cross-sections in the river channel total flow 

out of the cross-section, hydraulic radius, and numerous other hydraulic properties were 
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computed.  These outputs can either be used without processing, can be processed for 

further analysis, or act as inputs to other modelling tools for example fish habitat 

modelling or sediment transport models. Figure 25 gives a snapshot of key simulat ion 

outputs for maximum depth, velocity, water surface elevation, and shear stress for the 

HP1 summer season reach whereas Figure 26 presents the time series of these outputs at 

logger location 3 (refer to figure 5). 

 

Figure 25.  Simulation outputs for HP1 (peaking magnitude) scenario for the summer 

season. (a) Maximum Depth (b) Maximum Velocity (c) Maximum Water Surface 
Elevation (d) Maximum shear Stress. 

In Figure 25 (a) Maximum depth can be observed in the reach when summer peaking 

scenarios were simulated. In areas where the river channel has deep pools, such as 

dredged areas immediately after the power station and narrow gorges around islands, the 

water depth can reach up to 10 meters on average. Figure 25 (b) shows the maximum 

velocity in the river channel. The velocity of flow in the river is an important 

consideration for further analyses as it is directly related to ramping and reservoir 

operations. On average the velocity in the channel under all simulations does not exceed 

1 m/s. However, in certain areas and under certain ramping scenarios the flow velocity 

can reach as high as 8 m/s as seen in the figure. Figure 25 (c) shows maximum waster 

surface elevation for the same simulation. On average, the WSE does not change more 

than a few centimeters since the terrain is very flat (longitud inal slope = 0.000025) but 
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WSE is higher in upstream areas as compared to downstream areas. Figure 25 (d) shows 

shear stress caused by water flow in the channel. Zones of high-water shear can easily be 

seen in the figure where higher flow velocity results in erosion of the channel creating 

deep gorges and pools in the riverbed.   

  

Figure 26.  (a) WSE time series at logger 3 location for HP1 Summer(b) Water Depth 

time series at logger 3 location for HP1 Summer (c) Velocity time series at logger 3 
location for HP1 Summer.  

Figure 26 (a) shows variations in the WSE at logger 3 location which is somewhat middle 

of the reach. The water level fluctuates between 27.8 and 29 m throughout the day. Figure 

26 (b) shows the change in depth at logger 3 during the simulation and Figure 26 (c) 

shows changes in velocity at the same location. It is evident from these figures that the 

peaking in the summer season is being regulated during the night and early morning 

times. This is true for the HP2 indicator as well, most scenarios suggest that a period of 

4 hours from around 6:00 am to 10:00 am is when high volumes of water a released for 

power generation. Thus, this is the time when most peaking is observed. 
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5.5  Land classification with Machine Learning 

As explained in section 4.3 open-source land cover data available from the Corine land 

cover database or the ESRI Global landcover database had a low spatial resolution of 20 

meters and 10 meters respectively whereas the spatial resolution of simulated outputs 

from the hydrodynamic model had a spatial resolution of 1m. Therefore, a landcover map 

with a higher spatial resolution was necessary. Furthermore, the classifications available 

for both the open-source databases were unsuitable for the Finnish context (Corrine 

classification is too exhaustive with more than 44 classes and ESRI classification is too 

general with only 5 classes) and hydropeaking impact assessment therefore a revised 

landcover map was developed specifically for the reach of interest. The technique adopted 

was the use of supervised object-based classification through a machine learning 

algorithm in the Ecognition software. A variety of machine learning algorithms were 

applied to the data source (high-resolution orthophotos) and accuracy was tested for each 

algorithm. The tested algorithms include Support Vector Machines SVM, Random 

Forest, Decision tree, and K-nearest neighbors (KNN). The best results were obtained for 

the KNN algorithm Figure 27 presents the final output of classification through this 

algorithm.  

 

Figure 27.  Object-Oriented Supervised Land Cover Classification using KNN 
Machine Learning Algorithm.  
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5.6  Vulnerable Area assessment 

The main output from hydrodynamic modelling is the post-processing of the inundation 

boundary outputs from the seasonal hydropeaking scenarios simulated for HP1 and HP2. 

Using the landcover map developed through machine learning the total vulnerable area 

under the effect of hydropeaking was determined as well as the vulnerable area affected 

under each class. Figure 28 shows impacted areas for each summer season under HP1 

scenarios whereas Figure 29 (a) and (b) shows the total area and class-wise distribution 

of areas affected by hydropeaking under HP1 and HP2 simulation scenarios respective ly.  

 

Figure 28.  Vulnerable Area during Hydropeaking (HP1 Summer Scenario). 
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Figure 29.  Classwise distribution of affected area during hydropeaking (a) HP1 

Scenario (b) HP2 scenario. 

Figures 29 (a) and (b) both highlight that the highest percentage of affected areas exists 

during the summer season for both HP1 and HP2 scenarios. This is in line with the 

increasing trend of hydropeaking during summer seasons as found by (Ashraf et al. 2022) 

as well. Furthermore, the class most affected overall and particularly for the summer 

season is the “Beach” class i.e. 15.2% and 13.8% followed by the “River” class i.e. 12% 

and 5.8% for HP1 and HP2 scenarios respectively. This indicates that hydropeaking can 
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be a significant challenge during the summer season. If this observation is considered in 

tandem with the impact assessments for water recreation as discussed in the next section, 

the severity of the problem for socio-recreational services of the river can be realized. 

Class-wise distribution of hydropeaking affected area is presented in Appendix 2. 

5.7  Impact Assessment for Water-based Recreation 

Waterbodies including lakes, rivers, and streams play a vital role in well-being and 

recreation in the Nordic and Finnish cultures. Many Finnish families own summer 

cottages and houses along almost all the riverbanks in Finland. Furthermore, river 

recreation is also popular among tourists who often rent these cottages for recreation and 

leisure activities during vacations. Swimming, fishing, boating, canoeing, rafting, and 

sunbathing on beaches are the most common recreational activities for riparian areas in 

Finland. Hydropeaking directly impacts these recreational services of the river. Short-

term regulations in the river bodies create vulnerabilities for users of these riparian 

services. In our reach of interest, hydropeaking can result in severe risk of stranding, 

drowning, and fatigue for swimmers in the river channel and along the banks. Based on 

the water-based recreation thresholds developed by(Bischof et al. 2002) and later applied 

to hydropeaking waves by (Pisaturo et al. 2019) in regulated rivers we have identified 

zones of vulnerabilities for water-based recreation in the river channel. Figure 28. and 

Figure 29. shows the areas of the river reach of interest unsuitable for swimmers subjected 

to high peaking (both HP1 and HP2) during each season.  
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Figure 30.  Vulnerability for water recreation during Hydropeaking (magnitude) HP1 
Scenarios (a) Winter (b) Spring (c) Summer (d) Autumn. 

It is evident from the Figures 30 (c) and (d) for the magnitude of peaking (HP1 scenarios) 

that during Summer and Autumn significant parts of the channel and the riverbanks fall 

under moderate to high danger zones whereas only very deep sections of the river are 

dangerous for water recreation during winter and spring periods as shown in Figure 30 

(a) and (d). This poses a significant problem for the river’s recreational services as 

Summer and Autumn seasons are the most suitable periods for water-based recreation 

due to mild water and air temperatures. The summer season is particularly important for 

swimming, boating, fishing, canoeing, and rafting (Brown et al. 1991). If large parts of 

the downstream reach become unsuitable for water recreation, particularly in the most 

important season, there will be direct implications for the socio-economic services of the 

river ecosystem. The river reach immediately downstream of hydropower stations will be 

inaccessible to locals and tourists alike, affecting both the well-being of the riparian zone 

inhabitants and the economic gains obtained through tourism. 
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Figure 31.  Vulnerability for water-based recreation during Hydropeaking (ramping) 
HP2 Scenarios. 

From Figure 31 we can see that vulnerability for water-based recreation under HP2 

(ramping) scenarios is distinctively higher than those for HP1 suggesting that a higher 

ramping rate will result in a larger peaking wave generating the maximum depth velocity 

product and higher danger for water-based recreation in water. This means that higher 

ramping rates are directly related to higher vulnerability for water recreation. 

Furthermore, nearly 90% of the reach is either in the high or moderate danger zone during 

the summer season as seen in Figure 31(c) suggesting that water-based recreation would 

become impossible without the risk of drowning or stranding if a peaking wave in the 

90th percentile of ramping is released downstream of Ossauskoski. The danger for water-

based recreation is also higher during the autumn season under higher ramping scenarios 

as observed in Figure 31 (d) while the suitability during winter and spring seasons is 

similar to those under HP1 scenarios.    
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6. SUMMARY AND CONCLUSIONS 

Ecosystem services from the river systems comprising of social, economic, recreationa l, 

and ecological services play an important role for the riparian habitat and the entire 

catchment area. River regulation through hydraulic structures and hydropower affects 

these services and multifaceted impacts are felt across sectors. Utilizing data with a high 

spatial and temporal resolution, this research attempts to assess the scale of impacts 

generated by short-term river regulation in a typical reach of a sub-arctic river in Finland 

i.e., Kemijoki. The novel approach adopted in this research combines two-dimensiona l 

hydrodynamic modelling with high-resolution land cover maps to identify the zone of 

influence of hydropeaking generated in every season. Firstly, the magnitude and ramping 

of hydropeaking events caused by flow regulation at Ossauskoski power station were 

determined for each season using two peaking indicators HP-1 and HP-2. Hourly flows 

for the eight most peaked days (one per season per indicator) were simulated through a 

two-dimensional hydrodynamic model in HEC-RAS 6.2 software and hydraulic response 

of the downstream reach was estimated.  A zone of influence was determined for each 

season as the difference between the maximum and minimum inundation resulting from 

hydropeaking events. Combining this zone of influence with a customized high-

resolution Land cover map, developed through object-oriented supervised classificat ion 

via machine learning.  

Through simple arithmetic operations on resulting outputs the total and class-wise 

seasonal distribution of affected areas of the reach were obtained which showed that a 

total of 5.1% of the total reach area is affected by hydropeaking. The summer season is 

the most affected season, and the “Beach” class is the most affected class with more than 

15% of the beach area in the reach affected by hydropeaking. Both findings have 

implications for the socio-recreational services in the river reach which is demonstrated 

by the vulnerability mapping for water-based recreation during peaking events. The 

seasons most appropriate for water recreational activities such as swimming, boating, 

fishing, and canoeing in the Finnish cultural context are Summer and Autumn and these 

are the two seasons experiencing the most vulnerability for water-based recreation. 

Valuation of these socio-recreational services of the river is always subjective to the 

users, however, in the Finnish context, these services hold a significant cultural value. As 

more and more renewable sources penetrate the energy market more load balancing is 
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expected at hydropower stations. The future of hydropeaking in subarctic rivers and the 

resulting loss of ecosystem services is dependent on the outlook of energy markets and 

intelligent policy decisions in the future. Balancing competing needs of ecosystem 

services from the river as well as economic gains viz a viz energy demands will be a 

challenging yet necessary task.  Further research is required to link economic and energy 

models with ecosystem impact assessments. This research can provide an impetus for 

effective management of valuable natural resources and assist in ensuring optimal 

performance of unique sub-arctic ecosystems.   

 

Figure 32.  Summary of the vulnerability assessment process and key findings 
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7. FUTURE STUDIES 

Two-dimensional hydrodynamic modelling using high-resolution data opens a variety of 

avenues for ecosystem impact assessment of river systems such as Kemijoki. This 

research evaluated the impacts of hydropeaking in regulated rivers however multip le 

subsequent studies can be carried out based on the outputs of the two-dimensiona l 

hydrodynamic model. For instance, fish habitat modelling requires high resolution 

spatially distributed velocity profiling of the river, which was impossible with a one-

dimensional model. Several habitat suitability and simulation studies have recently been 

carried out, relying on hydrodynamic models. Our coupled modelling approach can 

directly be applied to fish habitat suitability studies, thus assessing indirect impacts of 

river regulation such as fish stranding, loss of habitat, stresses during spawning stages, 

etc., and more direct impacts such as obstruction to fish migration.  

In addition, the hydrodynamic modeling approach can be applied to determine the impact 

of short-term regulation on the sediment transport process. The water depth, velocity, and 

shear stress outputs from the dynamic model can be used to simulate a river sedimentat ion 

model. Cumulating the hourly or daily changes to bed and bank loads over a large 

simulation period can yield insights into the long-term stability of the river corridor under 

a short-term regulation regime.  

Thermopeaking is an associated phenomenon of hydropeaking that directly impacts water 

quality in regulated rivers and has indirect effects on fish habitats. The excessive 

fluctuation in flow generated from river regulation artificially increases water 

temperature downstream of the regulation unit which is called Thermopeaking. Increased 

temperatures from Thermopeaking can accelerate the growth rate of biologica l 

contamination of water while an artificial water temperature rise in certain seasons can 

affect fish breeding cycles. Advanced hydrodynamic software such as CMS-FLOW can 

be used to simulate changes in water temperature with respect to changing river flow. 

Whereas advanced temperature sensors can be used to collect high-resolution water 

temperature data by calibrating a thermopeaking simulation. These impacts are only 

recently being discovered, and further studies are needed to establish the full extent of 

these adverse effects on the riparian ecosystem.  
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APPENDICES 

Appendix 1. Hydropeaking Indicators HP1 and HP2 Calculations 

 
R version 4.2.0 (2022-04-22 ucrt) -- "Vigorous Calisthenics" 

Copyright (C) 2022 The R Foundation for Statistical Computing 
Platform: x86_64-w64-mingw32/x64 (64-bit) 

 
 
library(data.table) 

library(plyr) 
library(dplyr) 

library(ggplot2) 
library(lubridate) 
setwd("C:/Users/Administrator.PYOVES-PC073021/Desktop/Eco-

River/Hydropeaking") 
F1 <-read.csv("HP1_Calc.csv", sep = ",", stringsAsFactors = FALSE, dec = ".",header 

= TRUE) 
######################HP1_Calculations################### 
colnames(F1)[1] <- "Date" 

F1$Date<- as.POSIXct( F1$Date, format="%d-%m-%y") 
 

F1$year<- format(F1$Date,"%Y") 
F1$year<- as.numeric(F1$year) 
F1$counter<- format(F1$Date,"%j") 

F1$counter<- as.numeric(F1$counter) 
F1$month<- format(F1$Date,"%m") 

F1$month<- as.numeric(F1$month) 
F1_max <-aggregate(F1, by=list(F1$year,F1$Counter), FUN= max) 
F1_min <-aggregate(F1, by=list(F1$year,F1$Counter), FUN= min) 

F1_mean <-aggregate(F1, by=list(F1$year,F1$Counter), FUN= mean) 
fmn<- F1_mean 

fmn<- sapply(fmn, as.numeric) 
HP1<- ((fmx-fmin)/fmn) 
HP1<- as.data.frame(HP1) 

HP1_90th<- aggregate(HP1, by=list(HP1 $year, HP1$counter), FUN= quantile, 
Probs=90, na.rm=TRUE) 

#write.csv(HP1_90th, " HP1_90th.csv", row.names=F) 
 
HP1$season<-ifelse (HP1$month >3 & HP1$month <=5, "Spring", 

                         ifelse (HP1$month >5 & HP1$month <=8, "Summer", 
                                 ifelse (HP1$month >8 & HP1$month <=11, "Autumn", "Winter"))) 

#HP1$season<- as.numeric(HP1$season) 
 
SeasonalHP1<- aggregate(HP1$HP1, 

by=list(HP1$year,HP1$season,HP1$counter,HP1$Date),  
                            FUN = quantile, probs=c(0.90),na.rm=T) 
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WinterHP1 <- select(filter(SeasonalHP1, Group.2 == "Winter"), 
c(Group.1,Group.3,Group.4,x)) 

colnames(WinterHP1)[3] <- "Date" 
colnames(WinterHP1)[4] <- "HP1" 
 

SpringHP1 <- select(filter(SeasonalHP1, Group.2 == "Spring"), 
c(Group.1,Group.3,Group.4,x)) 

colnames(SpringHP1)[3] <- "Date" 
colnames(SpringHP1)[4] <- "HP1" 
 

SummerHP1 <- select(filter(SeasonalHP1, Group.2 == "Summer"), 
c(Group.1,Group.3,Group.4,x)) 

colnames(SummerHP1)[3] <- "Date" 
colnames(SummerHP1)[4] <- "HP1" 
 

AutumnHP1 <- select(filter(SeasonalHP1, Group.2 == "Autumn"), 
c(Group.1,Group.3,Group.4,x)) 

colnames(AutumnHP1)[3] <- "Date" 
colnames(AutumnHP1)[4] <- "HP1" 
write.csv(SeasonalHP1, " SeasonalHP1.csv", row.names = F) 

 
##########################End########################### 

 
######################HP2 Calculations#################### 
 

library(data.table) 
library(plyr) 

library(dplyr) 
library(ggplot2) 
library(lubridate) 

setwd("C:/Users/Administrator.PYOVES-PC073021/Desktop/Eco-
River/Hydropeaking") 

f1<-read.csv("HP2.csv", sep = ",", stringsAsFactors = FALSE, dec = ".",header = 
TRUE) 
colnames(f1)[1] <- "Date" 

colnames(f1)[2] <- "Q" 
 

f1$Date<- as.POSIXct( f1$Date, format="%d-%m-%y %H: %S") 
f1<- na.omit(f1) 
date_sequence<- as.data.frame( seq(as.POSIXct("2010-01-15 09:00:00"),  

                                   as.POSIXct("2021-08-10 12:00:00"), by="hour")) 
colnames(date_sequence)[1] <- "Date" 

#date_sequence$Q<- as.numeric(-1) #### we will replave this with NA because rbind 
doesn'y accept character 
data_mrg<- merge(date_sequence,f1, by= "Date", all=T) 

dif<- as.data.frame(diff(data_mrg$Q)) 
colnames(dif)[1] <- "dif" 

 
test<- seq(1:2)  
finland_hp2<- rbind(test, dif) 

finland_hp2[1,]<- NA 
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data_mrg$diff<- abs(finland_hp2$dif) 
data_mrg$year<- format(data_mrg$Date,"%Y") 

data_mrg$Counter<- format(data_mrg$Date,"%j") 
data_mrg$month<- format(data_mrg$Date,"%m") 
data_mrg$month<- as.numeric(data_mrg$month) 

 
data_mrg$season<-ifelse (data_mrg$month >3 & data_mrg$month <=5, "Spring", 

        ifelse (data_mrg$month >5 & data_mrg$month <=8, "Summer", 
                ifelse (data_mrg$month >8 & data_mrg$month <=11, "Autumn", "Winter"))) 
 

SeasonalHP2<-aggregate(data_mrg$diff, 
by=list(data_mrg$year,data_mrg$season,data_mrg$Counter,data_mrg$Date),  

                            FUN = quantile, probs=c(0.90),na.rm=T) 
 
WinterHP2 <- select(filter(SeasonalHP2, Group.2 == "Winter"), 

c(Group.1,Group.3,Group.4,x)) 
colnames(WinterHP2)[3] <- "DateTime" 

colnames(WinterHP2)[4] <- "HP2" 
 
SpringHP2 <- select(filter(SeasonalHP2, Group.2 == "Spring"), 

c(Group.1,Group.3,Group.4,x)) 
colnames(SpringHP2)[3] <- "DateTime" 

colnames(SpringHP2)[4] <- "HP2" 
 
SummerHP2 <- select(filter(SeasonalHP2, Group.2 == "Summer"), 

c(Group.1,Group.3,Group.4,x)) 
colnames(SummerHP2)[3] <- "DateTime" 

colnames(SummerHP2)[4] <- "HP2" 
 
AutumnHP2 <- select(filter(SeasonalHP2, Group.2 == "Autumn"), 

c(Group.1,Group.3,Group.4,x)) 
colnames(AutumnHP2)[3] <- "DateTime" 

colnames(AutumnHP2)[4] <- "HP2" 
write.csv(SeasonalHP2, "  SeasonalHP2.csv", row.names = F) 
#######################END######################### 
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Appendix 2. Area affected during hydropeaking 

Table 7. Area affected during Hydropeaking (HP1 Scenario) and class-wise 

distribution for different seasons 

Class 

HP1 Winter HP1 Spring HP1 Summer HP1 Autumn 

AREA 

(sq km) 

%age 

of Class 

AREA 

(sq km) 

%age 

of Class 

AREA 

(sq km) 

%age 

of Class 

AREA 

(sq km) 

%age 

of Class 

Uncultivated 

Farmland 
0.001 0.0% 0.011 0.2% 0.028 0.6% 0.025 0.5% 

Cultivated 

Farmland 
0.000 0.0% 0.002 0.2% 0.005 0.6% 0.005 0.5% 

Road 0.000 0.0% 0.001 0.2% 0.002 0.4% 0.001 0.3% 

Beach 0.006 3.0% 0.024 11.6% 0.032 15.2% 0.026 12.2% 

Riparian 

Forest 
0.022 0.7% 0.120 3.6% 0.209 6.2% 0.182 5.4% 

Non-

Riparian 

Forest 

0.008 0.1% 0.054 0.6% 0.119 1.4% 0.104 1.2% 

Summer 

Cottages 
0.000 0.1% 0.002 0.6% 0.003 1.1% 0.003 0.9% 

Urban Area 0.000 0.0% 0.000 0.2% 0.001 0.4% 0.001 0.3% 

River 1.011 12.1% 0.747 9.0% 0.993 11.9% 0.206 2.5% 

Total 1.049 3.8% 0.961 3.5% 1.392 5.1% 0.552 2.0% 
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Table 8. Area affected during Hydropeaking (HP2 Scenario) and class-wise 
distribution for different seasons 

Class HP2 Winter HP2 Spring HP2 Summer HP2 Autumn 

AREA 

(sq 

km) 

%ag

e of 

Class 

AREA 

(sq 

km) 

%age 

of 

Class 

AREA 

(sq 

km) 

%age 

of 

Class 

AREA 

(sq km) 

%age 

of 

Class 

Uncultivate

d Farmland 

0.011 0.2% 0.010 0.2% 0.031 0.6% 0.014 0.3% 

Cultivated 

Farmland 

0.002 0.2% 0.002 0.2% 0.006 0.6% 0.002 0.2% 

Road 0.001 0.2% 0.001 0.1% 0.001 0.3% 0.001 0.2% 

Beach 0.017 8.2% 0.021 10.0

% 

0.028 13.5

% 

0.023 11.1

% 

Riparian 

Forest 

0.100 3.0% 0.097 2.9% 0.207 6.2% 0.125 3.7% 

Non-

Riparian 

Forest 

0.049 0.6% 0.042 0.5% 0.117 1.4% 0.053 0.6% 

Summer 

Cottages 

0.001 0.5% 0.001 0.5% 0.003 1.0% 0.002 0.7% 

Urban Area 0.000 0.2% 0.000 0.2% 0.001 0.3% 0.000 0.3% 

River 0.182 2.2% 0.483 5.8% 0.266 3.2% 0.444 5.3% 

Total 0.364 1.3% 0.657 2.4% 0.660 2.4% 0.665 2.4% 
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