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This thesis focuses on two lakes (Pyykosjarvi and Kuivasjarvi) located in a suburban area 

of Oulu, Finland. This analysis aimed to model water circulation between two lakes and 

provide possible solutions for reducing the residence time from one lake to another, 

eventually improving the water quality, as these lakes suffer water quality problems due 

to poor drainage. Two-dimensional hydrodynamic modeling was applied to resolve this 

problem by implementing channel modification to the actual terrain. Modified terrain is 

then analyzed for the hydrological response of the basin (as discharge) to short rainfall of 

5, 10, 50 and 100 years return period to observe the catchment response to changes. 

It is evident from the results acquired through hydrodynamic modeling that channel 

modification can reduce residence time between two lakes. Moreover, catchment 

response to rainfall scenarios showed exceptional results with almost no flooding with 

changes introduced compared to the actual conditions. These modifications can help 

improve water quality in both lakes as a conveyance in the system ameliorates. 

Keywords: Hydraulic Modeling, Water Quality, Lakes, Terrain Modification, 

Conveyance, Residence Time, Catchment Response 
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1 INTRODUCTION 

Finland is one of the water-rich countries in terms of per capita water availability in 

northern Europe. According to Food and Agriculture, Finland has renewable internal 

freshwater resources of 19400 per capita 𝑚3 (Food and Agriculture Organization 2018). 

The country houses a variety of water bodies such as rivers, streams, lakes etc. Finland is 

often called the land of lakes, with almost 188,000 lakes of every shape and size. Lakes 

perform a significant role in the Finnish economy, society and culture (James O’Sullivan 

2015). Lakes are also considered an essential source of recreational activities. Swimming, 

bathing, fishing, boating, and trekking are some of the summer outdoor activities on lakes 

in Finland, which has nearly 16,000 cottages on lake shores. As well as being well-liked 

in wintertime activities, cross-country skiing, ice skating, kick-sledding, snowmobiling, 

and snowshoeing are also readily accessible (James O’Sullivan 2015). 

The hydrology of Finland is dominated by snow melt and the spring flooding 

season(Veijalainen et al. 2010). Regular freeze and thaw cycles in this boreo-arctic 

environment have led to the development of large swathes of land into peatland marshes 

since the last ice age (Kopansky 2019). During each snowmelt season, the peatlands and 

forested areas in Finland release significant quantities of decayed organic matter into the 

water bodies such as lakes and rivers through snowmelt. The distinct brown coloration of 

Finnish waters is attributed to this fact. Thus, the nutrient loading to Finish waters is 

relatively high, composed of various organic nutrients such as dissolved organic carbon, 

nitrogen, phosphorous etc. (Kämäri et al. 1990). 

As a part of Fennoscandia, Finland has flat topographical features (Puura, Laitakari and 

Amantov, 1996). Where water drains into streams and rivers, it eventually finds its way 

to the Baltic Sea. However, many smaller basins drain into lakes, and while some of them 

have outlets that function based on incoming flow, most of the basins are Endorheic 

Basins. Endorheic basins are terminal basins where water is prevented from reaching 

larger bodies of water like rivers that flow into the ocean (Yapiyev et al. 2017). This flat 

topography poses a crucial problem known as “Stagnation,” which is the point when 

water flux becomes zero (Bresciani et al. 2019). Stagnation of lake water directly results 

in deterioration of lake water quality. Adequate conveyance of the water through the lake 

system is obstructed due to stagnation, which causes an increasing age and temperature 

of lake water (Chhipi-Shrestha et al. 2021). An increase in temperature can result in a 
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decreased amount of dissolved oxygen in water (Bhateria and Jain 2016). Moreover, 

stagnation also leads to an imbalance in the nutrient budget (Anderson and Munter 1981), 

resulting in eutrophication. Eutrophication (an upsurge in the amount of organic material 

(Malone and Newton 2020)) of lakes can also be influenced by other physical factors like 

the thermal stratification of stagnant water bodies. Eutrophication affects oxygen 

availability during the daytime, and plants produce oxygen through photosynthesis. All 

animals, plants, aerobic microorganisms, and decaying creatures breathe and consume 

oxygen in the dark. The growth of biomass is required for these two competitive 

processes. The oxidation of the organic matter that has settled into the sediment at the 

bottom of the water body consumes all available oxygen in the case of extreme biomass 

accumulation; meanwhile, some bacteria utilize the oxygen found in sulfates. This 

process releases Sulfur, rapidly catching any remaining free oxygen in the top layers. As 

a result, the aquatic body loses all its oxygen, extinguishing the aquatic life (Klein and 

Perera 2002). 

These facts, coupled with already high natural loading in Finnish waters, have resulted in 

a severe challenge to the lake ecosystems in Finland. This problem is further exacerbated 

by increasing anthropogenic activities. Although the lakes in Finland provide a variety of 

ecosystem services, the growing population, urbanization, and modernization pose an 

existential crisis for these unique lacustrine ecosystems. Wastewater discharge and 

environmental contamination of lakes due to anthropogenic activities such as mining is a 

perplexing problem for Finish environmental authorities. (Bhateria and Jain 2016). 

Furthermore, as a member of the European Union, Finland works closely on the EU Water 

Framework Directive (Directive No 2000/60/EC), an environmental law aimed at 

improving water quality in EU member states, including rivers, lakes, groundwater, 

estuaries, and coastal waterways. The directive has a six-year cycle, with the third cycle 

from 2022 to 2027. It focuses on ecological status, which incorporates biological quality 

aspects (fish, aquatic flora, macroinvertebrates, and phytoplankton), and chemical status 

based on environmental quality requirements for permitted concentrations of priority 

compounds. It also emphasizes physio-chemical evaluation to check for temperature and 

nutrient levels to support biology and hydro-morphological investigations, which refer to 

water flow, sediment deposition, and movement (Chave 2001). Thus, improving lake 

water quality is essential to protect lacustrine ecosystems in Finland and is vital for 

meeting Finland’s obligations to the EU-WFD. 
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This thesis research has examined a unique lake system in a typical sub-urban Finnish 

locality. The lake system combines peatlands, two connected lakes, surrounded by sub-

urban human settlements and hosting diverse flora and fauna. The lake system offers 

various ecosystem services, which are under threat due to a significant stagnation 

problem. This thesis has investigated the hydraulic performance of the lake system 

through hydrodynamic modeling under different precipitation scenarios. Furthermore, an 

attempt has been made to propose measures to improve the hydraulic performance of the 

lake and resolve the stagnation problem. These measures will be made available to the 

concerned authorities as recommendations.  

The thesis addresses two important research questions: 

RQ1. How can hydraulic modifications help decrease water stagnation?  

RQ2. What is the lakes’ response to the proposed modifications during different rainfall 

events? 
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2 STUDY AREA 

The study area mainly focuses on a lake system of two connected lakes, Kuivasjarvi and 

Pyykosjarvi, with geographical coordinates of 60.067309, 25.473865 and 65.051624, 

25.49619, respectively, located in a suburban area of Oulu city in the North Ostrobothnia 

region of Finland. Figure 1 shows the location of the study area, graphically representing 

both lakes with connecting streams, outflow from the lake and level loggers' location.  

 

Figure 1 Study Area 
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Oulu’s climate strongly impacts the city's prevailing hydrology, affecting its existing 

manmade and natural features, such as the lake system in question. The city’s climate is 

classified as "Subarctic Continental” due to its location on the coast of the Gulf of 

Bothnia (P 2019). With an average yearly temperature of 3.3 degrees Celsius and 477 

millimeters of precipitation, Finland's most prominent city is wholly contained inside this 

climate zone. Oulu city has been working hard to implement climate change adaptation 

and mitigation measures since the 1990s. In 2011, the city of Oulu became one of the first 

signatories to the Covenant of Mayors. The Covenant of Mayors is the world's most 

significant climate and energy action campaign. The initiative's progress, goals, and 

recent accomplishments are aimed to have affordable, secure and sustainable energy, 

decarbonized cities resilient communities by 2050 (Mayors 2022). In addition, the city 

committed to cutting greenhouse gas emissions by 20 percent by 2020. The new Covenant 

of Mayors on Climate and Energy was signed in 2016, and it included a commitment to 

reduce emissions of greenhouse gases by at least 40 percent by the year 2030. In January 

of 2022, the new municipal policy established a goal of reaching carbon neutrality by 

2035.  

The lake system is in the Kaijonharju neighborhood of the city with a population of 3800 

inhabitants, close to Oulu University; Large open parking areas, low-density concrete 

house blocks, and verdant woodland areas are some of the distinguishing features of the 

Kaijonharju neighborhood. There are not many services in the community; they are 

primarily situated in the center of a commercial area. Moreover, both lakes serve as 

recreational the area with beaches on both lakes (Anttila 2015) 

The two lakes are connected through a circular culvert. The Pyykosjarvi lake drains into 

the Kuivasjarvi lake, which ultimately drains into the Gulf of Bothnia. To improve water 

quality, additional water has been fed to the Pyykosjarvi through a pipe from the Oulujoki 

river since 2010 to counter the fish deaths due to low oxygen levels (Anttila 2015). 

 Kuivasjarvi has an area of 0.82 𝑘𝑚2 whereas Pyykosjarvi has a size of 1.46 𝑘𝑚2. The 

average depth of Kuivasjarvi is 1.33 meters, while Pyykosjarvi's average depth is 1.45 

meters. The catchment properties of these two lakes are shown in table 1 below; Table 1 

shows the information acquired through the Hertta Environment Information System, 

which includes catchment name, catchment id, total watershed area and percentage of the 

lake in contrast to the catchment area. 
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Table 1 Catchment Information 

  

Catchment Name Kuivasojan 

Catchment ID 84.112 

Catchment Area 33.61 

Lake Size 6.96% of the watershed area. 

 

Table 2 represents the water quality condition on 4 April 2022; sampling of water quality 

is done by Eurofins Ahma Oy, and data is acquired from Hertta Environment Information 

System. Although both lakes are close, the table shows they have distinct water quality 

parameters. The electrical conductivity of Pyykosjarvi is 11mS/m, while for Kuivasjarvi, 

it's 21mS/m; this parameter indicates that water deteriorates as electrical conductivity 

increases. Similarly, the alkalinity of the lakes increased from Pyykosjarvi to Kuivasjarvi 

while changing the pH of the water from acidic to alkaline. Iron concentration also 

changed from 3400 to 6400, which causes more bitterness in the water; furthermore, total 

nitrogen and ammonium as nitrogen increased but a drastic increase in nitrite-nitrate as 

nitrogen from 93 to 340. Overall, the parameters examined show that most water quality 

parameters changed, indicating that water quality deteriorates. Water quality parameters 

are compared to those discussed in (Omer 2019). 

Table 2 Lake’s Quality Conditions 

Parameter Unit Pyykosjarvi Kuivasjarvi 

Oxygen, soluble mg/l 3.6 4.6 

Oxygen saturation level sat.% 26 33 

Electrical conductivity mS/m 11 21 

Alkalinity mmol/l 0.5 0.79 

pH  6.98 7.28 

Total nitrogen µg/l 1200 1700 

Nitrite-nitrate as nitrogen µg/l 93 340 

Ammonium as nitrogen µg/l 640 820 

Total phosphorus µg/l 17 66 

Iron µg/l 3400 6400 
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3 BACKGROUND STUDY 

Lake is an extensive body of water found within geographical boundaries (Romanescu et 

al. 2013). Lake refers to any water-containing depressions, whether natural or 

constructed, having their own life and individuality (WMO and UNESCO 1998). Each 

lake is unique depending upon its morphological properties, catchment, and the region's 

topography. Nonetheless, lakes can be classified into different types based on the 

similarities of their properties. (Søndergaard et al. 2020). 

Based on the difference in origin, 11 primary and 76 subcategories of lakes are classified; 

some significant types of lakes based on origin are discussed below (Chapman 1996). 

Glacial Lakes: Lakes are formed by or on ice, ponded by ice, or found in ice-scraped rock 

basins. Lakes formed by various forms of moraines and kettle lakes formed by glacial 

drift fall into this category. Glacial lakes are the most common in mountain ranges, 

subarctic regions, and Pleistocene surfaces. This category includes all cold temperate and 

many warm temperate lakes worldwide, including Canada, Russia, Scandinavia, 

Patagonia, and New Zealand. 

Tectonic Lakes: Large-scale crustal motions separate water bodies from the sea, forming 

lakes are typical examples of tectonic lakes. Furthermore, lakes formed in rift valleys due 

to earth faulting, folding, and tilting can also be considered tectonic lakes. These lakes 

could be ancient, like Lake Baikal in Russia, which is 25 million years old. The Caspian 

Sea and African Rift lakes are typical examples of this type. 

Fluvial Lakes: River meanders can be the leading factor in forming lakes like oxbow and 

levee lakes. Besides this, fluvial damming can be caused by the sediment deposition in 

tributaries resulting in the lake's formation, and these lakes are described as Fluvial lakes. 

Shoreline Lakes: Lakes form as it gets blocked from the sea due to sediment 

accumulation, causing spits. The coastal lakes of Egypt can be referred to as shoreline 

lakes. 
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Dammed Lakes: These lakes are significant in mountainous areas, such as rockslides, 

mudflow and screes. Attabad lake in northern Pakistan is a typical example of a dammed 

lake created in 2010 due to the land sliding blocking the Hunza River (Iqbal et al. 2014). 

Volcanic Lakes: Lakes are found in craters and calderas, including dammed lakes formed 

by volcanic activity. 

Solution Lakes: Lakes are formed by the percolation of water through water-soluble rocks 

such as limestone, gypsum, or rock salt are known as Karst lakes, and they are reasonably 

prevalent in suitable geological terrain. They are usually considered minor, yet there is 

evidence that some massive water bodies may have started this way. 

Lakes can be categorized into four zones that provide ecosystems for various plant and 

animal life species which are as follow (Bhateria and Jain 2016). 

• Littoral zone 

• Limnetic zone 

• Profundal zone 

• Benthic zone 

3.1 Lakes in Finland 

In Finland, lakes are formed mainly by three events: bedrock cracking, water and ice 

transport of boulders and soil, particularly during glacial periods, and deglaciation 

resulting in lake formation. The nature of the weathering bedrock in the drainage area and 

the loose soil particles determine the lake type: clay and carbonates in the bedrock cause 

eutrophy, while rain and sand cause oligotrophy. Natural eutrophic lakes are primarily 

found in coastal locations with vast clay plateaus in Finland. Still, they can also be found 

elsewhere when the clay is rich in the soil or phosphates are present in the bedrock. In 

contrast, Oligotrophic lakes can be noticed near the Salpausselka formation, where the 

soil is predominantly sand or crust and in Lapland. Later, dystrophic lakes are added to 

the lakes category classifying brown water lakes of oligotrophic and eutrophic origin as 

dys-oligotrophic and dys-eutrophic. In contrast, dystrophic characteristic refers to brown 

or yellow water caused by the humic substances of varying compositions (Lepistö 1999).  
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For lake management and planning, water quality indicators for temperature, dissolved 

oxygen, and habitat characteristics can be substantial (Hondzo and Stefan 1996). Water 

quality parameters can be categorized into three major categories: physical, chemical, and 

biological(Omer 2019). 

Table 3 Water Quality Parameters 

Physical Parameters Chemical Parameters Biological Parameters 

Turbidity  pH Bacteria 

Temperature Acidity Algae 

Color Alkalinity Viruses 

Taste and odor Chloride Protozoa 

Solids Chlorine residual   

Electrical Conductivity Sulfate  

 Nitrogen  

 Fluoride  

 Iron and Manganese  

 Copper and Zinc  

 Hardness  

 Dissolved oxygen  

 Biochemical oxygen demand (BOD)  

 Chemical oxygen demand  

 Toxic inorganic substances  

 Toxic organic substance  

 Radioactive substances  

 

3.2  Lake Water Quality in Finland 

Finnish inland waters and the Baltic Sea have deteriorated due to nutrient loading, 

resulting in eutrophication (Granlund et al. 2005). Studies on 20 lakes in Finland indicated 

higher nutrient concentrations, primarily chlorophyll and suspended solids (Ekholm and 

Mitikka 2006). Trends from 1990 to 1999 were analyzed by monitoring 165 lakes in 

Finland, revealing that non-marine sulfate decreased by 69% while nitrogen 

concentrations were also low (Skjelkvåle et al. 2001). Eurowaternet (Information and 

observing network developed by European Topic Center on Inland Waters (Nixon et al. 

1998)) in Finland was launched in 2000 to monitor quantitative and comparative 

information on lake water quality. Finnish Eurowaternet found that Finnish lakes have 

increased alkalinity throughout the year, resulting from lake loading (Mitikka and Ekholm 

2003). More studies suggest that agricultural activities influence the lake water quality in 

terms of algal blooms and eutrophication (Ventelä et al., 2007). Moreover, cyanophycean 
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blooms can also be found in lake water due to urban drainage (Hasler, 1947), which can 

also deteriorate water quality and affect the functioning of the aquatic ecosystem (Vincent 

2009). Flat terrain characteristics of Finland (Puura et al. 1996) define the slope of the 

region, which implies that the slope influences the water quality due to stagnation and 

waterlogging (Sliva and Dudley Williams 2001). 

Waterlogging can be triggered by excessive rainfall, poor external drainage, poor internal 

drainage and inability of the soil to store water or a combination of one or more scenarios 

(Cox and McFarlane 1990). Studies on 30 Canadian shield lakes of southeastern Quebec 

showed a solid empirical correlation between many water quality parameters and the 

catchment slope. Studies suggested that the development of waterlogging adjacent to 

streams and lakes plays a significant role, whether the dissolved substances go along with 

the surface water or are captured by the soils (D’Arcy and Carignan 1997). Other studies 

revealed that climate-induced water logging influences the process of denitrification and 

could result in increased phosphorus (Coops et al. 2003). Additionally, waterlogging 

coupled with salinity could be more serious, resulting in an increased concentration of 

NaCl (Horsnell et al. 2009). Waterlogging also contributes to hypoxia which represents 

low oxygen as it encourages the quick utilization of dissolved oxygen by the bacteria and 

roots. It also initiates the accumulation of ethylene and other products produced by the 

anaerobic metabolism of bacteria, which leads to decreased levels of nitrate, sulfate, and 

Manganese (Barrett-Lennard 2003). Another study assessing water quality in context 

with the logging effect was conducted on the forest streams, showing that logging activity 

has impacted water quality issues (Ling et al. 2016). It is evident from the literature 

mentioned above that water logging, decreased flow velocities and low slope result in 

deteriorating water quality; to cater to this issue different modeling techniques are 

adopted to enhance water quality. 

3.3 Lake Water Quality Assessment 

Hydrodynamic modeling is often the first step in understanding the water quality 

problems emerging from stagnation and waterlogging, and this is because poor hydraulic 

performance and drainage are at the core of the problem. A two-dimensional 

eutrophication model (Zhang, Culver and Boegman, 2008) was developed based on the 

two-dimensional hydrodynamic and water quality model (CE-QUAL-W2) to simulate 

biological, nutrient and surface values bottom temperature, which was close to the 
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observed measurements. A numerical simulation model was developed by (Bartleson et 

al. 2005) to investigate the effects of nutrient delivery, grazer concentrations and initial 

circumstances on macrophytes and epiphytic algae in the presence of submerged plants. 

It showed positive results in recovering shallow water lakes by planting submerged plants. 

A structurally dynamic model based on phosphorus nutrient limitation has been 

constructed for Lake Mogan, near Ankara, Turkey. This structurally dynamic model uses 

the exergy as a goal function in the shallow lakes to adapt to the seasonality of plankton. 

The model's output explains the competition between phytoplankton and submerged 

vegetation is admirable (Zhang et al. 2003). The hydrological and hydraulic model 

(Tanaka et al. 2018) is used on Tonle Sap Lake 2-d inertial equation is applied in the 

model to study the water dynamics in the lake. Another model was developed based on 

hydrodynamics and water quality to explore the different processes like hydrodynamic 

circulation, transport and mixing in the lake, and the changing concentration of 

phosphorus and phytoplankton (Mendelsohn et al. 1995). (Mendelsohn et al. 1997) 

developed the hydrodynamic model integrated with transport modeling to examine the 

currents, sediment distribution, concentration of phosphorus and its referred effects by 

alteration of the causeway. Apart from conventional modeling methods for enhancing 

lake water quality, we hypothesize that hydraulic modeling itself can be used as a tool to 

assess lake water quality since water stagnation contributes a lot to water quality and can 

be referred to as a hydraulic issue, as mentioned in studies (Gras et al. 1983). 

HEC-RAS software is a well-renowned tool for hydraulic modeling as it has been 

implemented in a wide variety of water flow problems, including flood inundation 

mapping (Bhandari et al. 2017; Pathan and Agnihotri 2020), rainfall-runoff analysis 

(Costabile et al. 2020), hydrodynamic flow routing (Brunner et al. 2015), sediment 

transport (Joshi et al. 2019), dam breach analysis (Yi 2011), assessment of topography 

and land cover impact for urban flood (Yalcin 2020), Calibration of Manning’s n-values 

(Ardıçlıoğlu and Kuriqi 2019), glacial outburst floods (Alho and Aaltonen 2008), the 

applicability of riparian vegetation module integrated with HEC-RAS and many more.  

3.4 Hydrodynamic Modeling of Lakes 

As mentioned above, HEC-RAS can effectively be used for modeling and investigating 

a variety of water flow-related issues. In this section, we explain the experiences of 

various authors in using HEC-RAS as a tool for modeling lake hydraulics. HEC-RAS 2D 
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unsteady flow and GIS were utilized to obtain the floodwater depth, the velocity of the 

flood, and the water surface elevation profile to predict the peaks while using the flood 

frequency analysis in the Lake Tana sub-basin of Ethiopia; the findings of this study can 

be applied to early warnings, municipal planning, emergency action plans, flood 

insurance rates, and ecological research in the study area (Asitatikie et al. 2021). In 

another study, HEC-RAS integrated with Qual2K was used to assess the impact of tidal 

effects on the water quality (Fan et al. 2009). 

Hydraulic modeling of the Wausau Lake was carried out by the Corps of Engineering 

(US Army) to explore the substitute modeling options to enhance the backwater channel 

flow. This study aimed to improve the water quality and restore the lake's ecosystem using 

the HEC-RAS version 5.0.3 by increasing the flow within the Wausau Lake system as 

there were footprints of the hostile species and algae due to the decreased flow. This study 

did not account for the sediment transport within the lake, the water quality information, 

or the model was calibrated. However, the primary aim was to study the system's flow 

changes by putting a culvert and dredging options. Studies showed the increased flow 

velocities with an increase in the peak (US Army Corps of Engineering 2018). 

In another study, the HEC-RAS model was used to evaluate the hydraulic performance 

of Lake Calumet by implementing restorative steps to improve flow control during storms 

and habitat restoration. Different culvert designs were proposed and simulated to enhance 

the flow through the identified critical points (Lian et al. 2018). To assess the flood risk 

management of Lake Pamvotida, hydraulic simulations were adopted using the 2D 

unsteady HEC-RAS model (Papaioannou et al. 2018). 

State of the art in the literature suggests that two-dimensional hydrodynamic modeling 

can be used to model and assess lake water quality problems. This forms the basis of a 

similar 2D model developed in HEC-RAS for the stagnation problem in the study area, 

as discussed in subsequent sections. 
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4 MATERIALS AND METHODS 

4.1 Materials 

Various sources of data were used in preparing inputs for the hydrodynamic model. The 

model mainly requires geometric data, including a good quality digital elevation model 

and a finite element grid/mesh to describe the model’s computation domain. Secondly, 

flow data is required to simulate the model at prescribed boundaries (inflow boundary 

conditions). Finally, information on roughness parameters of the entire flood plain, 

especially the flow path, whether a river, channel, or lake, is necessary to simulate actual 

conditions of flow existing in the study area. The following sections provide information 

on the data types used in the model and their sources.  

4.1.1 Elevation Data 

A good quality digital elevation model (DEM) can be developed using Light Imaging and 

Radar (LIDAR) data, which is the laser scan of the earth’s surface to reveal its topographic 

features. A DEM is a digital version of the earth's geographical features, which can be 

obtained by transforming a lidar point cloud into a bare-earth DEM. The etrs-tm35fin 

coordinate system was used for the digital elevation model that was downloaded from the 

open-access website of the National Land Survey of Finland (NLSF). This model has a 

resolution of 2 meters and uses the GeoTIFF file format. 

4.1.2 Bathymetric Data 

A bathymetric survey was carried out to assess the streams' depth in order to get the input 

information for the hydraulic modeling software. For the lakes’ subaqueous topography 

(hydrography), bathymetric data was acquired from the City of Oulu’s Environmental 

Protection. Both datasets are then merged to the DEM using Topo to Raster method in 

ArcMap 10.8.1. Figure 3 shows RTK attached with a small boat used for the bathymetric 

survey 
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Figure 2 RiverSurveyor with Boat 

4.1.3 Loggers Data 

Solinst level loggers were placed in the streams and lakes to observe the water's depth at 

different locations. In addition, a barometric logger was also placed in the studied area to 

compensate for the barometric pressure from level loggers. Figure 4 shows one of the 

loggers placed to acquire water depths. 

 

Figure 3 Level Logger 

4.1.4 Discharge Calculations 

For both lakes, a flow measurement survey was carried out to identify the inflow and 

outflows of the lakes. Discharge measurement was then carried out on the identified 
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streams using the FlowTracker2, TQ Tracer and conventional discharge calculation 

method using a flowmeter and cross-section. A time series of discharge data were 

collected from November 2021 to June 2022 at a timestep of 10 minutes.  

4.1.5 Land Cover 

Land cover data is essential to identify the land use type in the study area and define the 

roughness parameters of the underlying terrain in the modeled area. Corine land cover 

dataset from SYKE has been used in this context, produced by integrating satellite data 

and hand digitalized maps from satellite images. A raster land cover database with a 

resolution of 20m (Härmä et al. 2019) has been used as an underlying landcover layer for 

the model. Image (Figure 5) below shows the land cover layer of the studied catchment; 

27 different types of land use classes can be identified in the catchment, which includes 

various types of forests which different soil properties, water bodies, watercourses, green 

urban areas, industrial and commercial units, dump site, peat bogs, arable land and 

marshes etc. 

 

Figure 4 Land Cover Layer of the Catchment 

4.2 Methods 

Open channel hydraulics is fluid mechanics' branch governing water flow in natural 

settings. Various equations ranging from simple empirical relations to complex three-
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dimensional tensors describe multiple flow conditions in natural water systems such as 

streams, rivers, and lakes. Hydrodynamic equations such as Saint Venant equations, 

Navier Stokes equations, etc., describe flow in dynamic conditions such as those found 

in natural systems. Hydrodynamic equations coupled with finite element numerical 

modeling give rise to hydrodynamic modeling. Hydrodynamic modeling is the state-of-

the-art approach to assessing hydraulic problems and proposing solutions as it is accurate, 

quick and cost-effective. 

4.2.1 Hydrodynamic Modeling 

Several tools can perform hydrodynamic modeling, including Flo-2D, TUFLOW, SMS 

(Surface modeling software), XP-SWMM, MIKE Flood, waterRIDE, ISIS 2D and HEC-

RAS etc. (Banks et al. 2014). We have used HEC-RAS 6.1 for performing 2D 

hydrodynamic modeling of the catchment because it is an open-access tool with various 

new features.  

4.2.2 HEC-RAS 

The HEC-2 program was previously used to compile and present flood risk data, which 

was then replaced by the HEC-RAS (Hydrologic Engineering Center’s River Analysis 

System) developed by USACE (US Army Corps of Engineers). FEMA (Federal 

Emergency Management Agency) insisted on adopting HEC-RAS in place of HEC-2 for 

all the newly contracted Flood Insurance Studies (FISs) on 14 March 1997 and then 

guided to revise the earlier studied floodplain into HEC-RAS on 30 April 2001. The 

floodplain modeling handbook was created to explain the HEC-RAS version 3.0 

modeling processes to engineers with experience creating floodplain models using the 

HEC-2 program. HEC-RAS version 1.0 was launched in July 1995, and there have been 

six subsequent releases since then. Adding unsteady flow routing in version 3.0 

significantly improves over earlier versions. The UNET (A one-dimensional unsteady 

open-channel flow model), developed by Dr. Robert L. Barkau and supported by the 

USACE, solves unsteady flow equations (Dewberry and Davis LLC 2002). 

4.2.3 Governing Equations in Hydrodynamic Modeling 

The fluid dynamics equations, including continuity, momentum, and energy, determine 

the flow dynamics in natural water bodies. These equations define the physics of flow, as 

fluid dynamics is based on the physical principles of these equations (continuity, 
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momentum, and energy). Visualizing a moving fluid can be done using the Finite Volume 

Control or Infinitesimal Finite Element. In translational form, it is easier to determine a 

solid mass's velocity than a fluid since fluids exhibit different velocities at different 

locations (Anderson 1992). The HEC-RAS software can model fluid flow in two 

dimensions, and for 2D modeling, it employs the Finite Element approach. In HEC-RAS 

movement of fluids in three dimensions is described by simplifying the Navier-Strokes 

equation. This simplification leads to the Shallow Water equations (Gary W. Brunner 

2022). 

Manning's equation is likely the most extensively used for describing open channel flow 

in uniform conditions. Generally, as turbulence and flow retardance rise, so does n. 

Manning's n can be viewed as a factor that combines the impacts of flow resistance 

produced by the bed's roughness, vegetation, and the quantity of sediment or debris 

carried by the flow (Gordon et al. 2004). Manning’s equation is used in HEC-RAS to 

determine conveyance, the volume of fluid/water flowing between two finite elements 

(Brunner 2022). 

Manning’s Equation. 

𝑄 =
1

𝑛
𝐴𝑅

2
3⁄ √𝑆 (1) 

Where: 

Q is the flow rate 

n is the roughness coefficient/manning’s roughness coefficient of the channel 

A is the cross-sectional area of the flowing channel 

R is the Hydraulic radius 

S is the longitudinal slope of the flowing bed channel 

The remaining equations, as mentioned above, determine the conservation of mass, 

energy and momentum between two finite elements. These equations are a form of 

hydrodynamic equations derived from Navier-Stokes equations and are called “Shallow 

Water Equations” these are shown in the following equations given in hydraulic reference 

to HEC-RAS (HEC RAS 2016). 
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Conservation of mass (Continuity). 

𝜕

𝜕𝑡
∭ 𝑑𝛺

𝛺

+ ∬ (𝑉. 𝑛)𝑑𝑆 + 𝑄 = 0
𝑠

 (2) 

 

 

Where; 

S is side boundaries 

Ω is 3D space in which the fluid occupies 

n is boundary normal vector 

V is velocity vector 

Q is top water surface 

Conservation of momentum. 

𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑥
+ 𝑣
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1

ℎ

𝜕
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𝜕𝑦
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𝜏𝑠,𝑥

𝜌ℎ
. (3) 

𝜕𝑣

𝜕𝑡
+ 𝑢

𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
= −𝑔

𝜕𝐻

𝜕𝑥
+

1

ℎ

𝜕

𝜕𝑥
(𝑣𝑥𝑥ℎ

𝜕𝑣

𝜕𝑥
) +

1

ℎ

𝜕

𝜕𝑦
(𝑣𝑥𝑥ℎ

𝜕𝑣

𝜕𝑦
) − 𝑐𝑓𝑣 + 𝑓𝑢 +

𝜏𝑠,𝑦

𝜌ℎ
. (4) 

Where; 

v is y-direction velocity 

𝑣𝑦𝑦 is y-direction horizontal eddy viscosity 

u is x-direction velocity 

𝑣𝑥𝑥 is x-direction horizontal eddy viscosity 

g is the gravitational acceleration 

𝜏𝑠 is wind stress at the surface 

ℎ is water depth 

𝑐𝑓 is friction coefficient at bottom 

𝑓 is Coriolis parameter 

4.2.4 Model Setup 

The setting up of the two-dimensional HEC-RAS model can be divided into six steps: 

data, input processing, input, computation, output and output processing. These steps are 

interlinked with one another from data to output processing. The model setup is shown in 

Figure 6. The first step is preparing the input data required for starting the 2D modeling 
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in HEC-RAS. This process comprises developing an excellent digital elevation model, 

land cover data, observed flow data at the boundaries, the catchment slope, etc. Every 

input data is essential for model simulation; for instance, DEM is used to develop the 

terrain, while land cover data is responsible for the land cover layer, which governs the 

manning’s n. Furthermore, observed flow and depth data can be used to calibrate and 

validate the model. Longitudinal slope governs the slope of the catchment in terms of 

normal depth boundary.  

 

Figure 5 Flowchart of Model Setup from Data to Output 

Setting up the model's geometry is a significant process for the hydraulic model. It 

represents the studied area's physical attributes and defines how water will move through 

the system. Before the geometry is set up in a 2D model, the model's projection must be 

set. The creation of the underlying terrain model can be done using the RAS-Mapper. 

After setting projection, lidar-based DEM is imported to the RAS terrain development 
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feature. Various parts of the DEM are merged within the RAS-Mapper. The imported 

files may include (DEM tiles from NLSF and possible bathymetric data). Once the terrain 

is created, the accuracy of the coordinate system can be validated by matching it with web 

imagery like google maps or google satellite imagery; produced terrain can be seen in the 

figure below (figure 7), which has a resolution of 2m. 

 

Figure 6 Terrain Development in RAS Mapper 

Once terrain development is completed, the perimeter of the 2D area in RAS-Mapper is 

created. In RAS Mapper, the perimeter can be drawn using the edit tools or imported as 

a shapefile. For the perimeter creation, we imported the already developed polygon 

shapefile of the catchments; shapefiles of the catchment were created in two sub-

catchments using the ESRI’s ArcMap tool. A separate shapefile was introduced for the 

catchment of each lake, i.e., Pyykosjarvi and Kuivasjarvi. Introduced shapefile resulted 

in two different 2D perimeters connected by the geometric editor's SA/2D connections 

tool. The computational grid is contained in these 2D perimeter areas. The computational 

grid comprises cells that characterize the model's finite components. Each cell has faces 

depending upon the shape. In HEC-RAS 2D, a grid cell can have up to eight faces, 

meaning exceeding more than eight faces of each cell can result in stability issues. All 

errors within the computational grid must be resolved before the simulation. Each cell has 

its computational point, representing its averaged hydraulic properties. Figure 8 depicts 

the 2D flow areas with cell dimensions approximately equal to 50m. 
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Figure 7 2D Flow Area with Computation Points 

Boundary conditions were set in the model for calibration and validation. Two boundary 

conditions were introduced 1) Normal Depth for outflow and 2) Flow Hydrograph. Flow 

hydrograph boundary condition was introduced into Lake Pyykosjarvi to initiate the flow. 

For simulation of scenarios, built-in rain on-grid boundary conditions were added to the 

whole catchment in addition to the normal depth and flow hydrograph. Furthermore, for 

manning’s roughness landcover layer was added, as described in an earlier section. Initial 

conditions for the terrain section were not set to estimate the residence time from 

Pyykosjarvi to Kuivasjarvi outflow, but for calibration, validation and simulating 

scenarios, initial conditions are described in relevant sections. 

Table 4 Simulation Setup Parameters 

Manning’s No (flow path) 0.004 

Manning’s No (catchment) As per land cover 

Computional Time Step 1min 

Computional Mesh size 50m x 50m 
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Boundary Condition Upstream boundary (flow hydrograph, rain-on-grid) 

Downstream boundary (normal depth) 

Initial conditions From restart file (168 hours/1 week) 

 

4.2.5 Calibration & Validation of Model 

Models and simulations are widely used in computational science and engineering 

solutions to solve complex problems. But how should one know the results from these 

models are accurate and reliable to implement in reality? There is always a gap between 

simulated and observed results as it is hard to collect data regarding all parameters to 

imitate reality. In order to increase the reliability of the results from these models, 

calibration and validation are widely used (Trucano et al. 2006). Calibration and 

validation can be done using the observed data to simulate the models, 70 to 30 ratio is 

used for this purpose. Seventy percent of the observed dataset is usually used for the 

calibration of the model, and thirty percent of the observed data is used for the model's 

validation. In calibration, model-dependent parameters are adjusted to a certain extent to 

get reasonably close results to the observed data. Once calibration of the model is done, 

validation of the model is carried out. In validation, the remaining thirty percent of the 

observed data is used as the input to the model to regenerate the results without altering 

the model parameters. For calibration and validation, landcover’s manning roughness was 

used for water bodies and watercourse, which is 0.004, while a normal depth of 0.0006 

was used. Initial conditions were applied using the initial flow distribution method. 

Calibration and validation can be assessed with the help of statistical analysis tools; for 

this purpose, the coefficient of determination (𝑅2) is widely used in various 

hydrodynamic models (Pasquale et al. 2014; Ardıçlıoğlu and Kuriqi 2019; Mardani et al. 

2020). Coefficient of determination (𝑅2) or multiple correlation coefficient is widely used 

for regression analysis and measures the percentage of variability of the dependent 

variable from the independent variable (Nagelkerke 1991). Mathematically coefficient of 

determination can be represented as (Chicco et al. 2021): 

𝑅2 = 1 −
∑ (𝑋𝑖 − 𝑌𝑖)

2𝑚
𝑖=1

∑ (�̅� − 𝑌𝑖)2𝑚
𝑖=1

                          (5)  
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𝑅2 with values +1 and −∞ representing best and worst values, respectively. 

Where: 

𝑋 is the predicted value. 

𝑌 is the actual value. 

𝑌 ̅is the mean of actual values. 

4.2.6 Simulation Scenarios 

Different dimensions of bridges and rainfall scenarios will be simulated after the model's 

validation to evaluate the lakes' response in terms of depth and flow velocity at the outlet. 

In the first scenario, we will investigate the critical point within the water's conveyance 

by introducing different bridge dimensions and channel modification. After terrain 

modification, rainfall scenarios with a return period of 5, 10, 50 and 100 years will be 

simulated to compare modified hydraulics properties with the actual ones and catchment 

response in extreme rainfall. During modifications, the following (Table 5) terrain 

modifications opted in BMT and CMT. Changes in terrain were done with the help of 

RAS Mapper by introducing a terrain modification layer. For simulation of scenarios, 

manning’s n was modified for watercourse and water bodies from 0.004 to 0.003; 

similarly, in (CMT), the longitudinal slope was changed for channel 1 to 0.003 and 

channel 2 to 0.002. Channel 1 connects both lakes, while channel 2 is the outflow channel 

from the Kuivasjarvi, the location of both channels is shown in figure 14 below. 

Table 5 Modified Terrain Properties 

Bridge Modified Terrain (BMT) 

 Actual Terrain Properties Modified Terrain Properties 

Outlet bridge Dimension 10m 25m 

Bridge 1 5m 15m 

Bridge 2 5m 15m 

Connection 5m 15m 

Channel Modified Terrain (CMT) 

 Bottom Width Max. Extent 
Left side Slope 

(H: V) 

Right side Slope 

(H: V) 

Channel 1 -20m 30m -15 -15 

Channel 2 17.5mm 35m -15 -15 
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The intensity and frequency of short-duration rainfall scenarios are acquired from the 

graph given by the Finnish Meteorological Institute on the climate guide website (Institute 

n.d.). Rainfall scenarios are shown in Table 6 below. 

Table 6 Rainfall Scenarios 

Rainfall Return Period 5 Years 10 Years 50 Years 100 Years 

Rainfall (mm) 19.2 22.8 32.4 36.6 

Rainfall Duration (mins) 60 60 60 60 

Rainfall Intensity (mm/mins) 0.3 0.4 0.5 0.6 

Probablility  20 10 2 1 
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5 RESULTS & DISCUSSION 

5.1 Calibration &s Validation 

Calibration of the model was done using the observed inflow measurements and depth of 

the stream at the outflow during the period of 01st-May to 31st-May 2022 (approximately 

30 days), with a temporal resolution of 10 mins shown. The observed depth and simulated 

depths are shown in figure 9. The figure shows a similar trend during the calibration 

period. However, there is a difference in high peak values, i.e., 0.57m simulated high peak 

compared to the observed high peak, which is 0.68m. 

 

Figure 8 Calibration Results Comparison 

Calibration parameters, i.e., manning’s roughness and slope, were adjusted to get the 

acceptable range of coefficient of determination (𝑅2), i.e., 𝑅2 ≤ 1. Figure 10 below 

shows the best calibration results obtained for 𝑅2 = 0.885. 𝑅2 related to the calibration 

is the best we can get because inflow and outflow of the streams is a complex hydraulic 

system which may include groundwater inflow, delayed inflow from stormwater 

drainage, similar behavior of water flow at an outlet like groundwater inflow of 

groundwater outflow from the outflow stream. Furthermore, inaccurate lakes bathymetry 
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can also influence the residual error in the coefficient of determination. Limited inflow 

or outflow data, along with the erroneous bathymetry, could be contributing to a 

discrepancy in simulated depth, eventually affecting the calibration of the model. 

 

Figure 9 Coefficient of Determination of Calibration 

In validation, observed data from the 1st week of June, i.e., 1 June 2022 to 8 June 2022, 

was used to validate the model. Figure 11 compares the observed and simulated water 

depth at the outflow. The observed depth varies from 0.38m to 0.42, while the simulated 

values vary from as low as 0.40m to 0.42 during the validation period. Coefficient of 

determination (𝑅2) for the model validation was 0.678 between observed and simulated 

depth, as Figure 12 demonstrates. Although there was not a huge difference between the 

observed and the simulated depths at the outflow yet 𝑅2 comes out to 0.678; this indicates 

that the simulated depth pattern is not that close to the observed depth. 𝑅2 The parameters 

discussed above in the calibration phase of the model can also be affected for the 

validation of the model. The same model parameters, geometry and simulation setup were 

used for model calibration and validation. 
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Figure 10 Validation Results Comparison 

 

Figure 11 Coefficient of Determination of Validation 

5.2 Modified Terrain selection 

After calibration and validation of the model, our next objective was to select the best 

performing terrain to counter the effect of water logging and increase the water circulation 

from Pyykosjarvi to the outflow of the Kuivasjarvi and identify the bottleneck between 
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Pyykosjarvi to Kuivasjarvi outflow. For this purpose, we made modifications in actual 

terrains by introducing the 1) dredged channels from Pyykosjarvi to Kuivasjarvi outflow 

and 2) altering the dimensions of the bridges and culverts between Pyykosjarvi and 

Kuivasjarvi outflow. Flow of 2 𝑚𝑚3 with a future start of 3 July, 2022 to 17 July 2022 

from the Pyykosjarvi was initiated to calculate the time it takes to reach the end of the 

outflow stream of Lake Kuivasjarvi.  

 

 

Figure 12 A) Modified Terrain Comparison B) Bridge Modified Terrain with 

Actual Terrain

a) 

b) 
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After running the simulations from 3 July 2022 to 17 July 2022, we extracted the data 

from the result point at the end of the Kuivasjarvi outflow stream. Figure 13(a) shows the 

results from the result point, and it shows that if the 2𝑚3 flow initiates from Lake 

Pyykosjarvi, it will reach the result point in 10 days and 16 hours in the case of bridge-

modified terrain, while it took 8 days and 6 hours to reach the same point in case of CMT. 

A comparison was also established between the actual and modified terrain while opting 

for the terrain. Almost no change was observed between bridge-modified terrain and the 

actual terrain, as shown in Figure 13 (b); a similar trend of the time to reach the result 

point and depth between BMT and UMT can be seen in figure 13(b).  

 

Figure 13 a) Water Logging Conditions in Channel Modified Terrain b) Water 

Logging Conditions in Bridge Modified Terrain 
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Figure 14 a) shows channel-modified terrain (CMT) with nearly no water logging, while 

Figure 14 b) shows the bridge-modified terrain with water logging issues. The critical 

point for water logging identified between Lake Pyykosjarvi and Kuivasjarvi is the 

connection observed in Figures 13 a and b. Based on these results, CMT has performed 

well hydraulically, increasing the water circulation between the lakes compared to the 

BMT. 

5.3 Simulated Scenarios 

CMT was adopted to simulate the scenarios to check the catchment response for the short-

duration rainfall of 5, 10, 50 and 100 years in contrast to the actual terrain. For this 

purpose, depth and velocity profiles are generated for three locations 1) Outflow 

downstream of the Kuivasjarvi outflow, 2) Connection where Pyykosjarvi outflow works 

as inflow to Kuivasjarvi, 3) Bridge-outlet, which can be considered as Kuivasjarvi 

outflow. Figure 15 shows the location of the resulting point discussed above. 

 

Figure 14 Results Point Location 

Outflow 

 

Connection 

 

 

Bridge-Outlet 

 

Channel 2 

Channel 1 
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5.3.1 Outflow 

Figure 15-18 shows the catchment response in terms of depth and velocity with a constant 

inflow of 2𝑚𝑚3/𝑠𝑠𝑠𝑠𝑠𝑠 along with the short-duration rainfall of 5, 10, 50 and 100 years of 

return with changing terrain attributions, i.e., UMT and CMT. Results show that CMT 

performed well hydraulically in depth and velocity compared to the unmodified terrain. 

In CMT, during the 5, 10, 50 and 100 years of return period maximum depth observed 

was 0.68m, 0.759m, 0.843m and 0.912m, while for UMT maximum depth was 0.838m, 

0.93m, 1.043m and 1.161m respectively. Moreover, maximum velocity during the 5, 10, 

50 and 100 years of return period was 0.242m/sec, 0.263m, 0.286m and 0.307m, 

correspondingly with CMT, while in UMT, velocity remained the same for all of the 

rainfall scenarios. However, the change in minimum velocity was noted during all four 

rainfall scenarios. UMT and CMT showed a similar pattern for depth during all short-

duration rainfall, although the difference in maximum and minimum depth is observed 

during comparison. 

 

Figure 15 Depth Results from Channel Modified Terrain at Outflow  
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Figure 16 Velocity Results from Channel Modified Terrain at Outflow velocity 

 

Figure 17 Depth Results from Unmodified Terrain at Outflow 
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Figure 18 Velocity Results from Unmodified Terrain at Outflow 

5.3.2 Connection 

Similarly, Figures 19 and 21 indicate the velocity and depth results for CMT and UMT 

for the ‘Connection’ region under the same inflow and rainfall return criteria mentioned 

above. The results show that the UMT & CMT followed the same trend (pattern) for depth 

and velocity cases. In CMT, the depth peaks are located at 0.82m, 0.87m, 0.93m, and 

0.99m for the return years 5, 10, 50, and 100, respectively. The UMT maximum depths 

are observed at 1.545m, 1.622m, 1.659m, and 1.758m, respectively. In the velocity graph, 

CMT has distinct and stable trends compared to UMT. The maximum velocity (m/sec) 

was observed at 0.225, 0.250, 0.270, and 0.295 for the return duration of 5, 10, 50, and 

100 years respectively. In contrast, maximum velocity peaks remained almost the same, 

varying between 0.275 to 0.325m/sec for all rainfall scenarios in the case of UMT. 
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Figure 19 Depth Results from Channel Modified Terrain at Connection 

 

Figure 20 Velocity Results from Channel Modified Terrain at Connection 
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Figure 21 Results from Unmodified Terrain at Connection (a) depth (b) velocity 

5.3.3 Bridge-Outlet 

In the third location, i.e., ‘Bridge-Outlet,’ the same investigations were performed, and 

the results are shown in Figures 22 and 23. The depth curves for CMT and UMT have 

similar trends with different peak values. Depth maxima for CMT are located at 0.745m, 

0.810m, 0.905m, and 0.990m for the return years 5, 10, 50, and 100, respectively. UMT 

maxima are observed at 1.120m, 1.200m, 1.290m, and 1.395m, respectively. CMT has a 
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clear improvement in depths compared to UMT results. In the velocity case, CMT curves 

have also proven better stabilization than UMT. However, the maximum velocity (m/sec) 

was observed at 0.175, 0.205, 0.225, and 0.248 for the return duration of 5, 10, 50, and 

100 years respectively. On the other hand, UMT showed variation in the maximum 

velocity peaks and reported several peaks for the return years 5, 10, 50, and 100 years. 

 

 

Figure 22 Results from Channel Modified Terrain at Bridge Outlet (a) depth (b) 

velocity 
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Figure 23 Results from unmodified Terrain at Bridge Outlet (a) depth (b) velocity 
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6 CONCLUSION & FUTURE SCOPE 

Finland has water quality issues due to the humic substance in the surface waters and 

lowered slope attributes of the region, causing conveyance problems. Similarly, the 

studied lakes (Pyykosjarvi and Kuivasjarvi) have worsened water quality problems due 

to improper conveyance. Conveyance can affect water quality parameters, including 

dissolved oxygen, pH and other dissolved substance. So, the water quality of these lakes 

can be improved by hydraulic modeling as these problems are more associated with 

conveyance. 

Two-dimensional unsteady hydraulic models for the subjected lakes were developed in 

HEC-RAS version 6.1. Different modifications were considered to enhance the flow 

dynamics, including 1) widening of existing bridges or culverts and 2) introducing low-

depth channels with increased slope. Low-depth channels were considered believing the 

services both lakes provide to the local community, and high-depth channels could not be 

suitable for the general public as safety criteria. Calibration and validation of the model 

were done using observed data by the coefficient of determination 𝑅2 for calibration and 

validation 𝑅2 was 0.885 and 0.678, respectively. Later, modifications were assessed 

based on the reaching time at the endpoint of outflow. Results from channel modified 

terrain showed lower residence time than the bridge modified terrain and unmodified 

terrain; residence time was reduced to 58 hours which explains that hydraulic dynamics 

of both lakes improved the conveyance between the lakes. However, results showed 

relatively lower velocities and lower depths, which are justifiable because the cross-

sectional area of the modified channels is rather large. 

Channel modification is a nature-based solution that can be implemented by dredging. 

Over time, the deposition of sediment carried by the water obstructs the water flow, 

affecting the slope at critical points such as outflow and connection. The particular 

longitudinal slope of the channel must be considered while opting for this solution, as 

increasing too much slope can reduce the lake water area.  

Following the improved conveyance, short-duration rainfall with a return period of 5, 10, 

50 and 100 years was simulated on unmodified and channel-modified terrain to analyze 

the response of catchment for extreme 60 mins rainfall. Results showed no flooding 

throughout the channels in channel-modified terrain for 5, 10, 50 and 100 years. However, 
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in unmodified terrain, flooding was observed at connecting streams and outflow during 

rainfall of 10, 50 and 100 years, and during rainfall of 5 years, flooding was observed 

only at connecting stream. 

Future studies may include detailed water quality modeling for both studied lakes. For 

this purpose, long-term data acquisition is required for several parameters, including time 

series of inflows, outflows, and water quality parameters sediments. 

Finally, the answer to the research questions framed during the thesis is summarized 

below: 

RQ-1. How can hydraulic modifications help decrease water stagnation? 

Hydraulic modification made through hydrodynamic modeling exhibited positive results 

in increased conveyance as we mentioned that residence time decreased by 58 hours. 

RQ-2. What will be the response of the catchment to the proposed hydraulic 

modifications during different rainfall return periods? 

Catchment responses to the proposed hydraulic modifications were also observed 

positively, as no flooding was observed on introduced channel modifications. 
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