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ABSTRACT 

The change in the use of the River Kyrönjoki embankment floodgates – effects on water 

levels during spring breakup 

Marko Ojamaa 

University of Oulu, Degree Programme in Environmental Engineering 

Master’s thesis 2022, 104 pp. + 1 appendix 

Supervisor(s) at the university: Ali Torabi Haghighi, Abolfazl Jalali Shahrood 

 

The objective of this thesis was to study the river ice effect on water levels in the River 

Kyrönjoki when discharge is changed due to the alteration in the use of the floodgates. 

Effects on water levels during 50-, 100-, and 250-year flood in open-water, ice cover, and 

ice jams situations were observed in this study.  

According to current permit floodgates must be opened when the water level at Nikkola 

gauging station reaches the water level N2000 +40,53 m. This must be done to prevent 

flood damages for the communities along the River Kyrönjoki. However, the floodwater 

released through floodgates flows to the embankment areas which are mainly arable land.  

This causes harm to agriculture by delaying the start of sowing and causing excess 

pumping costs. 

If the floodgates could be opened later, which is, to let water level rise higher in the River 

Kyrönjoki than determined in the current permit, the harm to agriculture could be less. 

However, it must be considered that the water level in the River Kyrönjoki should not 

rise harmfully because of delayed opening of the floodgates. 

For the study HEC-RAS 5.0.7 software was used. HEC-RAS software can model open-

water, ice cover and ice jam situations. The premise of the modeling was that the 50-, 

100-, and 250-year floods would happen during spring breakup. However, as a result of 



 

 

the climate change, more high flows occur also in autumn and in the middle of the winter. 

Though these flows should be smaller than flows during floods in the spring. 

The results obtained in the thesis showed that the change in the operation of the floodgates 

did not cause very major differences in the water levels compared to operation of the 

floodgates according to the current permit. The results can be used if the current permit 

is going to be changed in the future.  

Keywords: river ice, ice jam, ice cover, breakup, floodgates, flood, spring flood, 

Kyrönjoki 

  



 

 

TIIVISTELMÄ 

Kyrönjoen pengerrysalueiden tulvaluukkujen käytön muutos – vaikutukset 

vedenkorkeuksiin jäänlähdön aikana 

Marko Ojamaa 

Oulun yliopisto, ympäristötekniikan tutkinto-ohjelma 

Diplomityö 2022, 104 s. + 1 liite 

Työn ohjaajat yliopistolla: Ali Torabi Haghighi, Abolfazl Jalali Shahrood 

 

Tämän diplomityön tavoitteena on selvittää Kyrönjoen yläosan pengerrysalue iden 

tulvaluukkujen käytön muutosten vaikutusta Kyrönjoen vedenkorkeuksiin kevättulvan 

aikana. Vaikutusta vedenkorkeuksiin tutkittiin virtaamilla, joiden toistuvuus on 

keskimäärin kerran 50, 100 ja 250 vuodessa. 

Nykyisen luvan mukaan tulvaluukut on avattava, kun vedenkorkeus Nikkolan 

vedenkorkeuden havaintoasemalla saavuttaa tason N2000 +40,53 m. Tulvaluukkujen 

avaaminen tehdään, jotta tulvavesi ei aiheuttaisi haittaa yhdyskuntien toiminnoil le. 

Pengerrysalueilla, joille tulvavesi ohjataan, on kuitenkin peltoalueita. Tulvaves ien 

päästäminen pengerrysalueille aiheuttaa haittaa maanviljelykselle viivästämällä kylvöjä 

ja aiheuttamalla ylimääräisiä pumppauskustannuksia. 

Haittaa maanviljelykselle voitaisiin mahdollisesti pienentää, jos tulvaluukut voitais iin 

avata myöhemmin. Tällöin annettaisiin veden pinnan nousta korkeammalle Nikkolan 

havaintoasemalla kuin nykyisessä luvassa on määrätty. Tämän muutoksen seurauksena 

vedenkorkeus Kyrönjoessa ei kuitenkaan saisi nousta haitallisen korkealle. 

Asian selvittämisessä käytettiin HEC-RAS 5.0.7 ohjelmistoa. HEC-RAS pystyy 

mallintamaan avovesi-, jääkansi- ja jääpatotilanteita. Lähtökohtana oli, että mallinne tut 

virtaamat ovat kevään ylivirtaamia, jotka tapahtuvat keskimäärin kerran 50, 100 ja 250 

vuodessa. Tulevaisuudessa ilmastonmuutos kuitenkin saattaa aiheuttaa sen, että yhä 



 

 

enenevissä määrin suuria virtaamia esiintyy syksyllä ja keskitalvella. Nämä virtaamat 

ovat kuitenkin todennäköisesti pienempiä kuin saman toistuvuuden kevättulvien 

virtaamat. 

Saadut tulokset osoittivat, että tulvaluukkujen käytön muutos ei aiheuttanut kovinkaan 

merkittäviä muutoksia Kyrönjoen vedenkorkeuksiin. Saatuja tuloksia saattaa olla 

mahdollista hyödyntää mahdollisessa luvan muutoksessa. 

Avainsanat: jokijää, jääpato, jääkansi, jäiden lähtö, tulvaluukut, tulva, kevättulva, 

Kyrönjoki 

 

 

 



 

 

FOREWORD 

This thesis has been made for ELY Centre South Ostrobothnia between spring 2022 and 

autumn 2022. The thesis is related to a measure mentioned in the River Kyrönjoki flood 

risk management plan. The measure is the change in the use of the embankment upstream 

of the River Kyrönjoki. 

The results of this thesis are going to be utilized for the possible permit change. The 

objective of this thesis is to study the change of water levels in the River Kyrönjoki during 

spring breakup when the floodgates will be opened at a later stage than determined in the 

current permit. Previous investigations have been made about opening the floodgates at 

a later stage but not this kind of study about the effects on the water levels during spring 

breakup. 
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student Abolfazl Jalali Shahrood, senior engineer Mikko Huokuna, superior Sari Yli-

Mannila and water management specialist Juhani Huhtamäki. Thanks to water 

management specialist Katriina Keto for checking the grammar. 
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1 INTRODUCTION 

EU Directive 2007/60/EC, which covers the assessment and management of flood risks, 

entered into force on 26 November 2007. Member States of the EU must identify the 

possible risk of flooding on watercourses and coastal areas. Countries must map the flood 

extent as well as assets and inhabitants at risk in these areas and take adequate and 

coordinated measures to reduce this flood risk. (The EU Floods Directive 2007/60/EC 

2007a) 

Finland has legislation for flood risk management based on the Directive 2007/60/EC: 

Government Decree on Flood Risk Management (659/2010) and Flood Risk Management 

Act (620/2010). 

EU countries have established flood risk management plans for the flood risk areas. Every 

6 years, flood risk management plans must be updated. The plans include measures to 

reduce flooding and minimize the consequences of flooding. (The EU Floods Directive 

2007/60/EC 2007b). For the River Kyrönjoki the flood risk management has been updated 

for the period 2022-2027. 

There are two areas at significant risk of flooding in the River Kyrönjoki: Ilmajoki-

Seinäjoki and Ylistaro-Koivulahti (Figure 1). The River Kyrönjoki embankment area is 

in the Ilmajoki-Seinäjoki area of significant flood risk. 
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Figure 1 Significant flood risk areas and others flood risk areas (Elinkeino-, liikenne-ja 
ympäristökeskus raportteja 49 | 2021, p. 6). The black line indicates the study area of 
the thesis. 

In this thesis the differences in water levels of the River Kyrönjoki are compared in open-

water, ice cover, and ice jam situations as discharge is changed. The change in discharge 

is made possible by alternating the use of floodgates of the three embankments upstream 

in the River Kyrönjoki. Two different kinds of situations were compared: (1) in 
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accordance with the current permit and (2) situation where floodgates are opened later 

than in the current permit.  

The current permit determines that floodgates must be opened during flood when the 

water level in the Nikkola gauging station reaches the elevation N2000 +40.53 m (N60 

+40.12 m, N43 +40.00 m). This thesis also covers how water level changes in ice cover 

and ice jam situation if the floodgates would be opened when the water level in the 

Nikkola gauging station reaches the elevation N2000 +40.83 m (N60 +40.42 m, N43 +40.30 

m).  

This study is related to the flood risk management plan for the River Kyrönjoki catchment 

area for 2022-2027.  

1.1 Study area 

1.1.1 The River Kyrönjoki catchment 

The River Kyrönjoki is situated in Western Finland mainly in the area of Ostrobothnia 

and Southern Ostrobothnia. The River Kyrönjoki is located in the Water management 

area of Kokemäenjoki-Saaristomeri-Selkämeri (Figure 2). 
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Figure 2 Kokemäenjoki-Saaristomeri-Selkämeri river basin district. (Elinkeino-, 
liikenne- ja ympäristökeskus raportteja 49 | 2021, p. 117) 

In the year 1953, the residents of the area decided that something must be done to prevent 

flooding (Orrenmaa 2004, p. 7; Kaleva 2004). This process took about half a century from 

1953 to 2003. During those years there was, and still is, different kind of opinions on how 

much mitigation and adaptation for floods should be done.  From 1970 to 1990 there was 

a lot of opposition against the flood mitigation plans. In the original plan, the purpose was 

to also build hydro powerplants on the river. Locals did not want the powerplants on the 

river and in the year 1991 rapids of the River Kyrönjoki were protected under the 

protection act (Laki Kyrönjoen erityissuojelusta -1139/1991), which came into force on 

1.9.1991.  

Part of the mitigation measures was the construction of the River Kyrönjoki embankment 

area. Seven individual embankments are located near each other and on both sides of the 

River Kyrönjoki. The construction of the embankment areas was done during the years 

1980-2001. (The nearby situated Pajuluoma embankment was built during 1975-1976). 

(Orrenmaa 2004, p. 68-69). The construction includes 124 km embankments and 

nowadays 22 pumping stations. (Orrenmaa 2004, p. 68-69) 
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The River Kyrönjoki catchment has been divided into nine 2nd level river sub-basin 

(Figure 3). The biggest sub-basins are Kainastonjoki (42.09) 1081 km2, Seinäjoki (42.07) 

1011 km2 and Jalasjoki (42.04) 431 km2. 

 

Figure 3 The sub-basins of the River Kyrönjoki. (Elinkeino-, liikenne-ja 
ympäristökeskus raportteja 49 | 2021, p. 118) 

 



16 

 

The River Kyrönjoki is regulated by reservoirs, powerplants, and embankment areas. 

(Orrenmaa 2004, p. 3). Construction work consisted of four artificial lakes, four power 

stations, 120 km of the embankments, 22 pump stations and one artificial rapid (Orrenmaa 

2004, p. 119). 

River regulation is the act of controlling the variability of water levels and (or) flow to 

meet human demands, such as hydropower production, flood control, navigat ion, 

recreation, and water supply (Huokuna et al. 2020, p. 1). Figure 4  shows the major 

regulations of the River Kyrönjoki. 

 

Figure 4 Major regulations, dams and power plants in the River Kyrönjoki catchment. 

(Kyrönjoen vesistöalueen säännöstely, 2022) (modified) 
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The River Kyrönjoki has hydropower plants in Voitilankoski (Mustasaari) and Hiirikosk i 

(Vähäkyrö). Artificial lakes Kyrkösjärvi, Kalajärvi and Pitkämö also have hydropower 

plants.  (Kyrönjoen vesistöalueen tulvariskien hallintasuunnitelma vuosille 2022 – 2027, 

p. 119) The locations of the power plants are presented in  Figure 5. 

 

Figure 5 Hydropower plants in the River Kyrönjoki catchment area. 
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1.2 The River Kyrönjoki morphology 

The basin area of the River Kyrönjoki is 4923 km2 and the lake percentage is 1,23 % 

(Ekholm 1993, p. 76). The River Kyrönjoki flows into the Gulf of Botnia of the Baltic 

Sea. The river is approximately 200 km long and its highest point is about 140 m from 

sea level (The Lake Seinäjärvi). The length of the main reach is 127 km and the height 

difference is about 40 meters (Kyrönjoen vesistöalueen tulvariskien hallintasuunnite lma 

vuosille 2022-2027 Raportteja 49 | 2021, p. 118) (Figure 6 & Figure 7). 

 

Figure 6 Longitudinal profile plot of the River Kyrönjoki. Elevation N2000. 

The catchment of the River Kyrönjoki does not have many lakes, but there are some small 

lakes. The catchment is quite flat (Figure 7). During the latest ice age, ice covered the 

catchment area. Land is still rising after the ice age. (Elinkeino-, liikenne- ja 

ympäristökeskus raportteja 110, 2015, s. 5). 
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Figure 7 Elevation map of the River Kyrönjoki catchment. Elevations 0…200 m. 
(Elinkeino-, liikenne- ja ympäristökeskus raportteja 110 | 2015, p. 33) (modified) 

The discharge fluctuation of the River Kyrönjoki can be large, and the river is prone to 

flooding.(Elinkeino-, liikenne-ja ympäristökeskus raportteja 49 | 2021, p. 3). The small 

lake percentage as well as the effective draining of forests and arable land further flooding 

in the area. Peak flow to the main river from sub-basins happens usually at the same time 

which increases the flow to the main river.  The highest discharges happen usually in the 

spring due to snow melt, but high precipitation may cause floods at any season. (Aaltonen 

& Huokuna 2017, p. 2) The latest autumn flood happened in October 2012 (Elinkeino- , 

liikenne- ja ympäristökeskus raportteja 49 | 2021, p. 30).  
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The River Kyrönjoki is a regulated river that has reservoirs and embankments. Several 

flood mitigation measures such as embankments, lake regulations, artificial reservoirs, 

and dredging have been carried out to protect communities and agriculture from floods. 

(Aaltonen & Huokuna 2017, p. 2) 

There are several gauging stations in the River Kyrönjoki catchment ( Figure 8 & Table 

1). 

 

Figure 8 Gauging stations (Elinkeino-, liikenne- ja ympäristökeskus raportteja 49 | 
2021, p. 125) 
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Table 1 The River Kyrönjoki water level and discharge gauging stations. MW: mean 

water level, HW: high water, NW: low water, MHW: mean high water, MNW: mean 
low water. MQ: mean discharge, HQ: highest discharge, NQ: lowest discharge, MHQ: 

mean of the years highest discharge, MNQ: mean of the years lowest discharge. 
(Elinkeino-, liikenne-ja ympäristökeskus raportteja 49 | 2021, p. 126) 

Gauging station Period MW * HW* NW* MHW* MNW* 

4200100 Koskuejärvi 1.1.1926 – 31.7.1982 110,93 112,56 110,36 111,83 110,62 

4200210 Jalasjoki, Luopa 23.10.1958 – 31.7.1981 81,46 83,52 79,61 82,51 80,97 

4200230 Koskutjoki 1.9.1984 – 2013 92,06 93,44 91,42 92,88 91,74 

4200240 Pitkämön tekojärvi 16.11.1970 – 68,50 69,61 57,87 69,06 68,83 

4200270 Kauhajoen säänn.pato 1.1.1972 – 68,88 69,66 64,73 69,51 67,79 

4200280 Jalasjoen säänn.pato 1.2.1972 – 81,30 81,71 78,02 81,50 80,90 

4200290 Jalasjoki, Jalasjärvi 12.2.2014 – 84,43 86,83 84,12 85,57 84,21 

4200300 Ilmajoki, Nikkola 19.3.1989 – 35,78 40,91 33,34 39,36 34,95 

4200410 Kyrkösjärven tekojärvi 24.11.1980 – 81,44 81,86 79,40 81,73 80,26 

4200411 Kalajärven tekojärvi 1.1.1977 – 105,27 105,69 100,19 106,03 102,70 

4200420 Seinäjärvi 1.6.1957 – 139,29 139,84 138,20 139,67 138,65 

4200430 Seinäjoki, Jouttikoski 5.9.2002 – 2013 85,29 87,06 84,68 86,54 84,80 

4200431 Liikapuron tekojärvi 30.12.1970 – 133,16 133,75 131,00 133,49 132,55 

4200451 Kärjenkosken pato 24.3.2016 – 91,84 91,93 91,03 91,91 91,54 

4200500 Munakka 1.1.1912 – 31.3.1993 34,99 40,16 33,25 38,47 33,98 

4200570 Kyrönjoki, Malkakoski 29.10.2009 – 36,25 39,81 35,01 37,58 35,88 

4200600 Kyrönjoki, Hanhikoski 1.5.1951 – 33,21 37,05 32,06 35,91 32,31 

4200700 Kyrönjoki, Napue 5.10.1987 – 13.12.1993 20,56 21,28 18,31 21,18 19,00 

4200800 Pappilankoski 23.3.1912 – 31.12.1983 ja 1.1.2013 – 18,28 20,36 17,19 19,57 17,78 

4200900 Hiirikoski*** 1.1.2015 – 11,96 13,03 11,70 12,54 11,79 

4201000 Skatila 1.11.1911 – 4,06 6,84 2,82 5,59 3,44 

4203300 Kurikka kk 2.1.2017 – 40,22 42,61 39,74 41,59 39,89 

4209030 Kauhajoki, Lellava 13.10.2016 – 86,59 88,31 86,33 87,48 86,41 

              

Gauging station Period MQ** HQ** NQ** MHQ** MNQ** 

4200100 Koskuejärvi – luusua 18.6.1926 – 31.12.1966 0,36 11 0,01 3,5 0,04 

4200200 Jalasjoki, Luopa 1.1.1926 – 31.12.1947 8,1 135 0,01 65 0,33 

4200210 Jalasjoki, Luopa 1.6.1960 – 31.10.1964 7,6 95 0,10 60 0,60 

4200220 Koskutjoki, Koskue 22.6.1982 – 31.8.1984 0,62 12 0,05 7,9 0,06 

4200230 Koskutjoki 1.9.1984 – 16.9.2009 0,97 14 0,01 7,1 0,14 

4200250 Pitkämö 1.1.1971 – 16,3 300 0,00 122 0,62 

4200251 Kauhajoki, Jyllinkoski 1.4.1959 – 31.12.1969 9,4 142 0,00 99 0,42 

4200270 Kauhajoen säänn.pato 3.4.1987 – 4,9 133 0,00 77 0,03 

4200280 Jalasjoen säänn.pato 3.4.1987 – 3,2 110 0,00 52 0,01 

4200281 Niiles 1.8.2003 – 4,3 11,3 0,00 9,8 0,09 

4200290 Jalasjoki, Jalasjärvi 12.2.2014 – 5,4 73 0,09 37 0,58 

4200410 Kyrkösjärven tekojärvi 1.1.1992 – 6,6 34 0,00 22 0,18 

4200411 Kalajärven voimalaitos 21.2.1977 – 3,6 23 0,00 14,8 0,18 

4200431 Liikapuron tekojärvi 2.2.1992 – 2010 0,26 1 0,05 0,69 0,06 

4200432 Liikapuron tekojärven pato 17.4.2013 – 0,29 6,4 0,01 1,60 0,07 

4200451 Kalajärvi+ Seinäjoki 1.1.1981 – 4,1 33 0,00 17,6 0,27 

4200600 Kyrönjoki, Hanhikoski 1.1.1951 – 35 483 0,92 258 3,6 

4200900 Hiirikoski 1.1.2015 – 35 334 1,03 200 13,9 

4201000 Skatila 1.1.1911 – 43 528 0,40 298 3,90 

*Averages are not exact because there are gaps in the data.  *** Observations are not N2000 elevations.  

 

Near the Gulf of Bothnia, the River Kyrönjoki flood water level may rise so high that 

flood water flows to the River Laihianjoki catchment (Figure 9). 
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Figure 9 Bifurcation region between the River Kyrönjoki and the River Laihianjoki. 

1.3 The River Kyrönjoki in the spring 

The River Kyrönjoki discharge growth can be very rapid in the spring. It can reach its 

maximum in a few days. The duration of the flood is quite short, from 4 to 6 days on 

average. Ice jams has reported in the River Kyrönjoki (Figure 10) (Elinkeino-, liikenne -

ja ympäristökeskus raportteja 49 | 2021, p. 127). 
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Figure 10 Reported ice jam locations (green dots) (Elinkeino-, liikenne -ja 
ympäristökeskus raportteja 49 | 2021, p. 127). 

The oldest information about the River Kyrönjoki spring floods is from 1680 when water 

stayed on the fields of eastern Mustasaari for three whole weeks and the flood peeled the 

topsoil off. In the next year spring flood destroyed three mills and several barns and 

storehouses (Turunen 1985, p. 72). Also, there are records from the years 1780, 1853, and 

1888 when spring floods were great and caused large damages (Turunen 1985, p. 143). 

The year 1888 flood return period was several hundred years. ((Elinkeino-, liikenne- ja 

ympäristökeskus raportteja 49 | 2021, p. 138-139) 

During the last century, there have been several ice jams in the River Kyrönjoki. Ice jams 

have caused flooding that have caused large damages in years 1962, 1971, 1972, 1984, 

1985, 2006, 2011 and 2013 (Elinkeino-, liikenne-ja ympäristökeskus raportteja 110 | 

2015, p. 62). 
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South Ostrobothnia ELY Centre has made some reports about the River Kyrönjoki spring 

breakups from the years 2010 to 2020. According to the reports, ice jams have been 

occurring in the River Kyrönjoki during spring breakup in the years 2010, 2011, 2013, 

2018 and 2021. The severity of the flood caused by the ice jam varies from year to year 

(Aaltonen & Huokuna 2017, p. 2). 

On the shore of the artificial lake, Kyrkösjärvi is located CHP plant (Combined heat and 

power plant) and hydropower plant. CHP plant releases cooling water into the lake. From 

Lake Kyrkösjärvi water flows through a hydropower plant to the River Seinäjoki. The 

River Seinäjoki meets The River Kyrönjoki about 10 km downstream. The water that is 

flowing from the River Seinäjoki is the reason that the River Kyrönjoki is often without 

ice cover possibly throughout the whole winter (Figure 11). However combined power 

and heat production facility is going to change its operation in the coming years. Thus, it 

is expected that ice cover forms in places where it has not existed before. 

 

Figure 11 Unfrozen part of the River Kyrönjoki which is caused by the warm water 

from CHP plant, starting from tributary (Seinäjoen suuosan oikaisu-uoma) continuing 
sometimes even about 10 km downstream. (Satellite image 2022-04-12 © Sentinel 

Hub). 
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Attempts are made to prevent the formation of ice jams during spring floods. One of the 

mitigation measures is the ice sawing (Figure 12). 

 

Figure 12 Ice sawing on the River Kyrönjoki. (Photo by Juhani Huhtamäki) 

The River Kyrönjoki flows from south to north. During breakup ice blocks flowing from 

the south usually meet an intact ice cover in the north. This causes breakup ice jams. The 

duration of the breakup ice jams is not very long, usually from a few hours to a couple of 

days. It is typical to this kind of south-north rivers that there is frequent jamming as 

moving ice blocks encounter intact ice cover in the north. The River Kyrönjoki is located 

at latitudes where winter thaws have not been very common until these days. 
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1.4 The River Kyrönjoki embankment area 

The River Kyrönjoki upstream embankment area was built from 1980 to 2003 (Figure 

13). Construction of the embankment was started with the embankment of Rintala in 

December 1980 at village Katila in Seinäjoki. (Orrenmaa 2004, p. 62)  

 

Figure 13 The River Kyrönjoki embankments. 
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The length of embankment levees is about 60 km along the River Kyrönjoki (Orrenmaa 

2004, p. 62). Rintala embankment was ready in 1982, pumps and ditching were completed 

year after. Tieksi embankment construction started in 1982 (Orrenmaa 2004, p. 67) and 

was mainly ready in 1985 (Orrenmaa 2004, p. 69). 

1.4.1 The floodgates 

There are three floodgates (Figure 14) through which the floodwater is let into the 

embankment areas. Floodgates are situated in the three biggest embankment areas: 

Rintala, Tieksi and Halkosaari. Halkosaari floodgates are inside the pumping station. 

 

Figure 14 Röyskölä floodgate (1), Ionoja floodgate (2), Halkosaari pumping station (3). 

In the Figure 14 there is (1) Röyskölä floodgate (opening height 2 m and width 8 m). 

Picture is taken from the River Kyrönjoki direction. (2) Ionoja floodgate (opening height 

2 m and width 6 m). Picture is taken from the River Kyrönjoki direction. (3) Halkosaari 
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pumping station. Picture from embankment area towards the River Kyrönjoki. The River 

Kyrönjoki flows behind the levee. 

When the River Kyrönjoki flood water is released through floodgates it spreads to the 

embankment areas behind the levees (Figure 15). 

 

Figure 15 Theoretical flooding area during 100-year flood (shown in blue color). 

1.4.2 Flood thresholds 

In the embankment area, there are 8 flood thresholds (Table 2). Flood water from the 

River Kyrönjoki is possible to flow through these thresholds but usually it does not 

happen if the floodgates are working. Rintala and Tieksi have only one flood threshold, 
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Halkosaari have two and Kitinoja has four thresholds. The flood thresholds locations are 

presented in the previously presented Figure 13. 

Table 2 Thresholds of the embankments. 

Embankment area Amount of flood 

thresholds 

Location (river station) of the thresholds 

Rintala 1 926+50 - 930+00 

Tieksi 1 

 

926+00 - 930+00 

Halkosaari 2 887+30 - 889+30 and 845+30 - 847+30 

Kitinoja 4 750+40-753+40, 780+00-782+90, 783+00-786+00 and 

798+30-801+30 

 

1.4.3 Malkakoski (artificial rapid) 

Malkakoski rapid (or dam) was built during the years 1997-2003.  The dam restored the 

water level to the same level as it was in the 1930’s (Orrenmaa 2004, p. 97). Malkakoski 

keeps the water leveled about 40 km upstream (Figure 16). The water level is now 

possible to keep at the same level as it was before rapids were cleared of rocks and other 

obstacles during 1930s. Malkakoski dam has been built that way that it does not worsen 

the floods. (Orrenmaa 2004, p. 97). 
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Figure 16 Malkakoski dam was built during the years 1997-2003 (Top left picture 
Orrenmaa 2004, p. 97 (modified)) 

1.5 Previous studies 

Ice jams in the River Kyrönjoki have been studied before. One research was done 

concerning Vassofjärden bay (Aaltonen & Huokuna 2017). The case study presented 

results of ice breakup jam flood in the River Kyrönjoki delta. Aaltonen and Huokuna 

(2017) simulated ice jam situations in the River Kyrönjoki delta by using HEC-RAS -

model and Monte Carlo method.  

One thesis has been written about optimization of the use of floodgates during summer 

and autumn floods (Lippo 2013). The purpose was to study how to decrease the damage 

to crops caused by flood water released through floodgates. 
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2 THEORY 

About 60 % of the rivers in the Northern Hemisphere are affected by ice (Prowse et al. 

2007, p. 443). In order to understand ice behavior during breakup it is also necessary to 

know how this ice has formed during winter. River ice has been studied only past few 

decades (Beltaos 1995, p. xii). However, the physical and mechanical properties of ice 

are largely described in the literature (Huokuna et. al. 2020, p. 1). 

Open-water floods and ice-jam-induced floods differ in water levels, celerity, and 

damages they cause. Ice-induced floods are usually more severe than open-water floods 

because of the thickness and roughness of ice jams. Also forecasting water levels during 

river ice break up and ice jams is more challenging than forecasting open-water flood 

water levels. (Rokaya et al. 2020, p. 1) 

River ice has many processes such as formation, evolution, transport, accumulat ion, 

dissipation, and deterioration of various forms of ice (Shen 2010, p. 1).  River ice 

processes is illustrated in the Figure 17. 
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Figure 17 River ice processes (Reiter & Huokuna 1990, p. 8) (modified) 
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2.1 Freeze-up duration and patterns 

Ice formation in rivers needs water temperature to cool down to 0 ℃. The main reason 

for cooling is heat transfer from the water to cooler air. Other factors for the heat loss are 

snowfall on the water surface and cold ground at the banks. Water also cools down 

through long-wave radiation. Groundwater influx on the other hand contributes heat to 

the water. Incoming solar radiation is absorbed by the water which has a significant 

impact in the spring, but during the freeze-up period, the cooling effect of cold air is more 

significant than heat from the sun. (Hicks 2016, p. 3) 

Ideal ice cover formation could go as follows: firstly, static ice cover starts to form in the 

less turbulent reaches. This ice cover then extends towards the center of the reach by 

freezing and accumulation of frazil ice. Frazil pans and floes build up an ice bridge across 

the reach between banks of border ice. This prevents the frazil ice movement downstream 

on the surface of the water. Ice starts to accumulate behind the ice bridge and complete 

ice cover starts to form. Ice cover starts to extend upstream. When the reach has entirely 

covered by the ice cover, frazil ice production stops. After this ice cover grows beneath 

the now stationary ice cover. (Beltaos 1995, p. 45) The fastest way that ice cover can 

form, is by the juxtaposition of ice floes. It has been reported that the rate of advance of 

the ice cover is as high as 40 km per day in the St. Lawrence River. (Beltaos 1995, p. 46) 

Ice cover formation upstream is slow if the flow velocities are so high that ice floes move 

fast or as the cover accumulates it is continually shoving and thickening. Usually freeze -

up advances systemically upstream. Rivers that flow south may have freeze-up first 

upstream where the reaches are colder. Smaller tributaries may freeze up before the main 

river. (Beltaos 1995, p. 46) 

2.2 River ice growth 

Ice cover formation in rivers is more complex than in lakes. Rivers differ from lakes in 

their flow velocities and fluid turbulence. Flow hydraulics and meteorological conditions 

have a significant role in river ice cover formation. (Hicks 2016, p. 3) At the surface of 

ice cover snow influences the rate of ice growth (Beltaos 2008, p. 70). 
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The ice formation in a river is dependent on the flow velocity (Table 3). In smaller rivers, 

morphologyof the channel has a significant effect on how fast ice cover forms (Buffin-

Bélanger et al. 2013, p. 36). To form a complete ice cover may take less than two weeks 

in small rivers (Beltaos 1995, p. 46). 

Table 3 Flow velocity threshold for different types of ice covers. (Lindenschmidt 2016, 
p. 50) 

Flow velocity (m/s) Type of ice formed 

<0.4 Thermal ice / border ice 

0.4…0.7 Frazil-generated ice cover 

0.7…1.5 Thicker shoved ice accumulation 

>1.5 Open water persists throughout winter 

  

Frazil production most probably occurs in steep shallow reaches (Figure 18). In such a 

case ice cover formation may be entirely controlled by the accumulation of frazil deposits 

and border and static ice growth is a minor factor (Beltaos 1995, p. 46). 

 

Figure 18 A schematic illustration of frazil ice. (Lindenschmidt, p. 13 (modified)). 

Anchor ice (a.k.a. bottom ice) builds up to the riverbed. Anchor ice can form in two 

different ways: underwater nucleation or accretion of active frazil particles to objects 

underwater (Beltaos 2013, p. 135). Anchor ice formations are difficult to study because 

they last a short time (Nafziger et.al., 2017). Large anchor ice blocks are not possible to 
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form on a fine riverbed material because anchor ice is easily buoyed up.  Anchor ice either 

does not usually form in shallow streams because of terrestrial heat flux coming from the 

riverbed. (Beltaos 1995, p. 41) When there is ice cover, frazil production stops. Ice growth 

continues only under the now stationary ice cover. (Beltaos 1995, p. 45) 

Ice cover can be roughly categorized into two groups: thermal black ice (also called 

smooth or blue ice) and rough ice (also called consolidated or white ice). The surface of 

thermal ice is very smooth. Usually, thermal ice forms when water velocity is lower than 

0.4 m/s. (Lindenschmidt 2020, p. 49) 

In the range of 0.4 to 0.7 m/s, frazil ice is produced. Frazil ice forms a white and rougher 

cover than thermal ice. The crystals of rough ice are smaller and oriented in different 

directions than thermal ice. (Lindenschmidt 2020, p. 49-50) 

When water velocity is between 0.7 and 1.5 m/s during winter, this can lead to ice 

hummocking and jamming. If the water velocity is over 1.5 m/s, it is usually too turbulent 

to maintain a stable ice cover and this kind of area remains open through the winter. 

(Lindenschmidt 2020, p. 50) 

Simply formulas for river ice growth can be used for engineering applications. Commonly 

used is the Stefan formula: 

 ℎ𝑖 = K√𝐷𝑓 (1) 

Df is accumulated freezing degree-days and K is a coefficient that has a theoretical value 

which takes into account the conditions of exposure and surface insulation (Beltaos 1995, 

p. 48). In Table 4 are typical values of the coefficient K. 

Table 4 Typical values of the coefficient K in the Stefan equation (Hicks 2016, p. 82) 

Snow and Wind Conditions Coefficient K (m/°C1/2day1/2) 
Windy lakes, no snow 0.027 

Average lake, with snow 0.017 to 0.024 
Average river, with snow 0.014 to 0.017 

A sheltered small stream with rapid flow 0.007 to 0.014 
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Dynamic ice growth occurs when the ice cover forms with the interaction between the 

moving ice pieces and the flowing water. Mainly all river ice covers form this way. 

Dynamical ice growth can be bridging, juxtaposing, underturning of floes, ice cover 

shoving, and under-ice transport of floes. (Guyer 2016, p. 33) 

2.3 Hydraulics of ice-covered channels 

Ice cover has a profound effect on river hydraulics. Ice cover increases the wetted 

perimeter of the cross-section. The perimeter can be double compared to open water 

season. Because 92 % of ice thickness is submerged, the ice cover also diminishes the 

effective flow area. Thus, compared to open water conditions for the same discharge, the 

average flow velocity is reduced, and the flow depth is greater. (Hicks 2016, p. 58) Even 

not very thick ice cover can cause flooding even with moderate flow discharges compared 

to the open-water situation (Beltaos 1995, p. 88-91). 

The ice cover alters the velocity profile compared to open water conditions. Ice cover is 

a new boundary that increases flow resistance. Therefore, the maximum velocity is not 

situated near the surface any longer, but lower, near the surface that has lower flow 

resistance. (Nyantekyi-Kwakye et.al. 2018, p. 414) 

Figure 19 presents a schematic illustration of a typical velocity distribution under a 

stationary ice cover. In this situation the maximum velocity Vmax is near the center, more 

precisely near the smoother surface, whereas in the open water situation the maximum 

velocity is near the surface. In an ice cover situation, the velocity is zero on the bottom of 

the ice cover. (Hicks 2016, p. 59) 
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Figure 19 Streamwise velocity under ice cover (Hicks 2016, p. 59) (modified). 

The other important thing in the figure is the phreatic surface (i.e. the water level that can 

be observed if drilled a hole in the ice cover). The phreatic surface is not at the bottom of 

the ice but near the top of the ice. This is because about 92 % of ice thickness is 

submerged. If there is snow on the ice cover the ice is submerged more. (Hicks 2016, p. 

60) 

As ice cover affects the flow, the flow also affects the ice cover formation. Reduced flow 

velocity increases the ice cover growth as juxtaposed ice cover may form. High flow 

velocities cause ice pans to sink or under-turn and cause hydraulic thickening of the ice 

cover. Higher velocities may cause ice cover to collapse, and the consequence is 

hummocky ice cover or freeze-up ice jam. In places where water flow velocities are very 

high, an ice cover may not form at all. (Hicks 2016, p. 59) 

2.4 River ice breakup 

Breakup is defined as the “disintegration of an ice cover” (International Association for 

Hydro-Environment Engineering and Research (IAHR) 1980). Understanding the river 

ice breakup processes also increases the level of understanding of ice jams also. Ice jams 

and the flood events caused by ice jams occur after an initial ice-cover breakup. The 

ability to predict ice-cover breakup helps to predict ice jams and the flooding caused by 

ice jams. Ice breakup and unfolding of ice jams depends on the freezup stage and ice 

cover growth during winter (Beltaos & Carter, 2009 p. 113). 
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Ice breakup can be highly erosive which changes river channels, banks, and adjacent 

riparian zones due to high flow velocities, high stage, and mechanical action of ice. 

(Prowse & Culp 2003, p.) 

During breakup water temperatures at the leading edge of open water can be quite high, 

in some field measurements 9 ℃ are reported (Prowse & Culp 2003, p. 133) Mild weather 

launches the breakup of river ice cover.  Different kinds of processes follow which include 

thermal deterioration, initial fracture, movement, fragmentation, transport, jamming, and 

final clearance of ice. (Morales-Marín et al. 2019, p. 49) 

The breakup can be divided into phases: pre-breakup, onset, drive, jamming and wash. 

These phases can exist simultaneously in different reaches of the river or even in the same 

river.  (Beltaos 2008, p. 51-52) 

2.4.1 Thermal and dynamic breakup 

Breakup is influenced by both meteorological and hydraulic processes (Lindenschmidt 

2020, p. 79). River ice breakup can be categorized into two categories: thermal and 

dynamic (mechanical) breakup. Thermal breakup causes milder effects than the dynamic 

breakup. Thermal breakup occurs when there is no strong spring runoff event. In thermal 

breakup river ice mainly melts in place. In a dynamic breakup, water flow breaks the ice 

suddenly and violently including broken ice, ice runs, and ice jams. (Hicks 2016, p. 34-

35) River ice breakup is not usually purely either thermal or dynamic but includes 

elements of both (Beltaos & Burrell 2006, p. 124). 

Thermal breakup is mainly caused by meteorological events (rising temperature and 

increased sunshine) rather than hydraulic effects (Lindenschmidt 2020, p. 79). A thermal 

breakup can be described as a process that includes different kinds of phases: snowmelt 

on the ice cover (1), development of open leads (2), and ice melt (3) (Hicks 2016, p. 35-

37). 

The type of ice that is formed during freeze-up affects thermal breakup. Ice can be thermal 

ice (smooth, black) or rough ice (consolidated, white). Thermal ice has a smooth surface. 

Ice crystals are oriented in one direction and light can easily penetrate through thermal 
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ice. Ice crystals in rough ice are smaller and oriented in different directions. 

(Lindenschmidt 2020, p. 49-50) Solar radiation penetrates more easily through 

undeteriorated black ice than through rough ice (Beltaos 2008, p. 92). 

Low flow during warm spring weather allows the ice cover to deteriorate to its place 

which happens in a thermal breakup. Ice melts in its place or breaks easily on the flow 

during a thermal breakup. Thus, it does not cause very significant backwater or flooding. 

This kind of deterioration is the same type as happens in a lake where there is quite a little 

ice movement. (Hicks 2016, p. 34-35) 

Dynamic breakup, like a thermal breakup, can also be described as a process that has 

different kind of phases: snowmelt and open lead development, overflow from open leads, 

formation of hinge cracks and shorefast ice inundation, formation of transverse cracks, 

sheet ice accumulation, ice clearing, ice jams, and ice jam release and ice runs (Hicks 

2016, p. 37-47). 

Dynamic breakup is caused mainly by hydraulic factors which are increasing flow and 

rising water levels. Rapid and strong runoff can be enough strong to lift and move ice 

before thermal deterioration of ice has happened. Dynamic breakup occurs when the rapid 

melt of major snowpack causes high runoff. This hydraulic force can break very thick 

intact ice cover. High runoff causes ice to break, dislodge, and move downstream.  

(Lindenschmidt 2020, p. 79-83) Usually, the higher the freezeup level, the higher is the 

resistance of the winter ice cover to dislodgement and mobiliza tion by the rising spring 

flow (Beltaos 2008, p. 194). 

The duration and evolution of the breakup are governed by river geometry and climatic 

conditions. Thus, there can exist different breakup phases in the same river at the same 

time. In some reaches breakup can be dynamic (mechanical) and thermal in other reaches. 

(Beltaos 2008, p. 62) 
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Figure 20 Hinge cracks in the River Kyrönjoki. 

 Increasing flow rises the water level. This causes ice cover to rise when it is still quite 

thick. This can cause hinge cracks on the ice cover (Figure 20 & Figure 21). The sides of 

the ice are still connected to the banks. Only one hinge appears in the narrow streams.  

(Lindenschmidt 2020, p. 81) 

 

Figure 21 Cross sections of wide and narrow rivers showing hinge cracking 

(Lindenschmidt 2020, p. 81) (modified). 
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The initiation of breakup starts when transverse cracks form in the ice cover or when the 

ice cover begins sustained movement at a specific location (Figure 22).  

 

Figure 22 Transverse crack in the River Kyrönjoki. 

As the water level continues to rise it also widens the water surface area. This makes it 

possible for ice sheets to rotate and break up more. If the movement of ice floes or ice 

blocks along a stream is restricted, the ice begins to accumulate upstream of the 

obstruction, for example, bridge piers. This can lock the sheets in place, forming a pack 

that gradually increases in length. More ice may flow from tributaries into the main river 

as a jave (ice jam release wave) and cause ice jamming in the main river. (Lindenschmidt 

2020, p. 82-83) 

Calculations have shown that a steep surge (slope over ~0.005) can fracture the ice cover 

so that it can produce transverse cracks spaced at tens of ice thicknesses (Beltaos 2004, 

p. 180). 

Prowse and Onclin (1987) studied the mean duration of ice breakup. They found that the 

mean duration of ice breakup varied from several days to several weeks. Prowse and 

Onclin (1987) found that there is no apparent relationship between breakup duration with 

latitude or region. Based on these results they concluded that breakup duration is 
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depending on physical factors (e.g. river size and steepness), tributaries of the river, length 

of river contributing the ice, and the frequency of ice jamming. (see Prowse & Culp 2003, 

p.130) The end of the breakup is assumed to be when a section of the river becomes 

predominantly ice-free. 

2.5 Predicting river ice breakup 

Due to the complexity of river ice processes during winter, forecasting river ice breakup 

is more challenging than predicting open-water flood conditions (Rokaya et al. 2020, p. 

1). Ice cover breakup precedes ice-jam induced flooding; thus it is important to 

understand breakup processes and predict river ice breakup (Lindenshmidt 2016, p. 79).  

Different kind of models have been tested to predict ice cover breakup: fuzzy logic, 

artificial neural networks, adaptive neuro-fuzzy inference systems, and a combination of 

multi-models. A widely used empirical approach has also been the cumulative degree 

days of thawing/melting (CDDM). Hydraulic models have also been applied to predict 

water levels during a breakup. (Rokaya et al. 2020, p. 1) 

Existing ice cover breakup prediction methods can be categorized as follows: Statistical 

methods which include threshold models, regression models and discriminant function 

analysis. Empirical methods which are fuzzy expert systems, artificial neural networks 

(ANNs), and machine learning techniques. Relatively few studies have been undertaken 

that apply hydraulic models in river ice forecasting. Challenges to the predictive use of 

hydraulic models are uncertainties in flows and ice conditions and the speed of the ice 

breakup and ice jam situations. Remote sensing has been used to predict situations in 

rivers, usually based on current upstream river observations about ice conditions and 

breakup progression. For example, RADARSAT-2 can be utilized for near real-time 

monitoring of ice breakup to help with flood forecasting and warning. (Rokaya, et al. 

2020, p. 3) 
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2.6  Ice jams forecasting during breakup 

Ice breakup jam situations are more complicated than open-water situations and thus 

include a lot of variables. To model open-water situations properly, boundary conditions 

(discharge, downstream water elevation) and riverbed roughness (Manning n coefficient) 

are needed. Ice jam flood modeling also needs information about the ice jam location and 

size and several ice jam properties such as ice jam roughness and porosity. All these 

variables may vary greatly depending on winter conditions. Very different but still 

probable combinations may produce similar or unexpected water elevations. (Aaltonen & 

Huokuna 2017, p. 1) 

The formation of breakup jams is a complex physical process. Ice jams have been tried 

to forecast by empirical threshold models (e.g. initial freeze up stage of the ice cover, 

Accumulated Freezing Degree Days AFDD), statistical models (logistic regression, 

discriminant function analysis) and neural networks. Empirical methods for forecasting 

ice jams are site-specific and can give positive false predictions (Table 5). Statistica l 

methods can reduce empirical models’ false positive predictions but usually not enough. 

Neural networks require still more testing in the future. (Beltaos 2008, p. 347) 

Table 5 Comparison of ice jam prediction at Oil City using various techniques. (Based 
on data from White and Daly 2002, Massie et al 2002). (Beltaos 2008, p. 347) 

Error Type Empirical Method Combined, Empirical  

and Statistical 

Neural Network 

%  False Negative Errors  11.8 % (2/17) 35.3 % (6/17) 5.9 % (1/17) 

%  False Positive Errors 40.0 % 8.3 % 7.4 % 

 

The factors that determine the probability of ice jams are complex. That is why statistica l 

analysis methods are not as applicable to ice-related situations as for normal flooding 

phenomena. (Guyer 2016, p. 7) Neural networks have proven be quite good to give 

predictions (Table 5). 
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2.7 Characteristics of an ice jam 

One definition for the ice jam is “a stationary accumulation of fragmented ice or frazil 

that restricts flow” (IAHR Working Group on River Ice Hydraulics Definition). The “ice 

dam”, which is the anchor ice cumulated at the bottom of a stream, is also included in this 

definition. (Beltaos 1995, p. 71) 

Ice jams are phenomena of rivers in northern regions rivers. Ice jams form an obstruction 

to the flow. This causes rising water levels which may lead to floods and damages. Ice 

jams do not only form during spring freshet but can form thorough winter, during freeze -

up and breakup as well as in midwinter. (Aaltonen & Huokuna 2017, p. 2) The severity 

of ice jam is depending on the flow conditions. Ice jam increases upstream water levels 

and simultaneously can decrease downstream flow. (Guyer 2016, p. 99-101) 

Opportune circumstances for the ice jam to occur are when spring flows are high, the 

freeze up stage is low, and the ice cover is not thicker than normally. High spring flow 

increases the stress on the ice cover and extends the water surface width. (Beltaos & 

Carter, 2009 p. 113) 

Usually, breakup starts in the upper reaches and proceeds downstream. These ice pieces 

continue to flow until the fluvial geomorphology suddenly changes. (Lindenschmidt 

2020, p. 85-86; Hicks 2016, p. 43-44)  

As ice pieces accumulate to ice jam, it obstructs the flow and causes rising water levels 

upstream. At some stage water level is enough high to cause an ice jam to break. It is 

possible that ice jam may form again downstream if circumstances are right. This kind of 

recurring process (ice run – ice jam – ice jam release – ice run) may happen many times 

until ice pieces discharge to a sea or a lake. Sometimes water level can rise so high that 

water floods over riverbanks. (Lindenschmidt 2020, p. 86)  Ice breakup progresses at 

different speeds in different areas along the river. This is due to variations in ice thickness, 

river alignment, slope and velocity. (Hicks 2016, p. 42) 
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2.8 Typical ice jamming sites 

Ice jams can form anywhere in a river if ice floes or breaking fronts confront competent 

ice cover. However, ice jamming is more probable at sites with certain geomorphic or 

man-made structures (Beltaos 1995, p. 75). Theory and observations in the field suggest 

that sharp bends, sudden slope decreases, and constrictions and where ice is thick, are 

usually places where ice jams occur (Beltaos 2008, p. 209). 

River bends reduce the force of the ice rubble on the intact ice sheet downstream and 

movement of the rubble stops. At breakup ice jamming slowdowns the advance of 

breaking fronts. Shallow river sections may increase the formation of grounded jams. 

Deep hanging dams may cause ice jamming at breakup. On north-flowing rivers it is also 

common that ice jams against intact ice cover which is yet to breakup (Lindenschmidt 

2020, p. 85-86; Hicks 2016, p. 43-44; Beltaos 1995, p. 75-77) 

Wind may contribute to ice jam formation. If the river is large and unsheltered the wind 

may resist the ice floes downstream passage. Especially such places are the mouths of 

rivers flowing into large lakes. Wind can cause local reductions or reversals in flow 

velocity through storm surges. (Beltaos 1995, p. 78) 

2.9 Types of ice jams 

River ice jams can be classified in different ways. All types can exist within the same ice 

pack (Beltaos 1995, p. 15). Classification may be made by the mode of formation 

(hydraulic thickening or consolidation) or by the season of occurrence (freeze-up jam at 

the beginning of winter or breakup jam in the spring) (Hicks 2016, p. 85). This thesis is 

concentrating to study breakup ice jams on the River Kyrönjoki water levels in the spring.  

Ice jams can form in the winter or in the spring, so they can occur both during river freeze-

up and ice breakup. However, ice jams are more common during a breakup. Because ice 

and snow melts faster in the south, during spring ice jams seem to be more common in 

the rivers that flow from south to north. The big differences between freeze-up and 

breakup jams are the air temperature and the discharge. Freeze-up jams are “stronger” 
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because water freezes between ice floes and flows are usually low, so freeze-up jams do 

not release usually. (Beltaos 1995, p. 16) 

Surface jams forms of ice floes that are in a single layer and exist in places in reaches 

where the current is relatively slow. Narrow- and wide-channel jams are thicker than 

surface jams. (Beltaos 1995, p. 15) 

Freeze-up jams are usually floating ice jams. During freeze-up floating jams may not 

cause flooding but in the spring breakup they can cause obstructions for the ice runs. 

(Hicks 2016, p. 86) 

2.9.1 Freeze-up jams 

Freeze-up jams do not usually very much cause flooding because of low flows during a 

freezing period and freeze-up jams are usually floating ice jams. However, freeze-up jams 

may be an obstruction during breakup for incoming ice runs. Freeze-up jams may form 

when the cover freeze-up front is developing rapidly in the river. Stream is full of frazil 

ice and pans which is the consequence of the rapid cooling of the weather (Figure 23 

Cross section of the freeze-up jam). (Hicks 2016, p. 85-86) 

 

 

Figure 23 Cross section of the freeze-up jam (Rocks 2017) (modified). 
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2.9.2 Breakup jams 

Breakup ice jams start to form when moving ice stops to the ice cover which is not moving 

(Beltaos 2008, p. 209). Breakup ice jams occur mainly in spring when a large and rapid 

increase in discharge breaks the river ice cover (Hicks 2016, p. 87). Breakup ice jams can 

also occur in the winter when mid-winter thaw causes some segments of a river to break 

up (Hicks 2016, p. 87). 

During a breakup, powerful ice runs are often seem that they “plough” their way through 

intact ice covers. Their speed sometimes exceeds 5 m/s. This is called the breaking front. 

When breaking front cannot continue to plough its way through the intact ice, it forms an 

ice jam formation (Figure 24). An arrest of breaking front occurs. This phenomenon is a 

quite regular cause of breakup jams. (Beltaos 1995, p. 75) 

In certain situations, it is possible that the ice jam extends to riverbed. This kind of jam is 

called a grounded jam (Hicks 2016, p. 87). Likelihood for grounding is more probable at 

breakup than at freeze-up (Beltaos 1995, p. 84). 

The biggest breakup ice jams form in spring. Breakup ice can exist also in winter thaw 

but their duration is shorter and does not cause so much flooding as during spring. They 

occur when a large and rapid increase of flow breaks river ice which is quite thick and 

strong. The rapid increase of flow is usually caused by runoff from a significant snowpack 

or rain-on-snow event. Jams that form during a breakup, are usually the roughest ice jams. 

(Hicks 2016, p. 87) 

 

Figure 24 Cross section of breakup jam (Rocks 2017) (modified). 
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2.9.3 Narrow- and wide-channel jams 

The terms “wide” and “narrow” do not depend on the river width alone but on the 

hydraulic and ice conditions that are usual in wide and narrow rivers. In narrow channels, 

ice jams are mainly formed by internal collapse by hydraulic processes at the ice front. 

This is called by term narrow-channel jam (Figure 25). Ice jams can also form by interna l 

collapse or by hydraulic processes at the ice front. An ice jam is likely to shove in a wide  

river. This is called by term wide-channel jam (Figure 25). (Beltaos 1995, p. 79-80) 

Narrow- and wide-channel jams are thicker than a surface jams. Narrow jam is controlled 

by hydraulic conditions at its edge. Wide jams are controlled by the collapse and 

thickening of a narrow jam. (Hicks 2016, p. 44) 

The wider the river, the more probable it is that the ice jam collapses. If NorW < 24, wide 

river jam generally occurs, otherwise narrow jam occurs (Lindenschmidt 2020, p. 14). 

 
𝑁𝑜𝑟𝑊 =  

𝑣2𝐶2

𝐵
 

(2) 

𝑣 = 𝑡ℎ𝑒 𝑚𝑒𝑎𝑛 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 (𝑚 𝑠⁄ ) 

𝐶 = 𝐶ℎ𝑒𝑧𝑦′𝑠 𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 (𝑚1/2/𝑠) 

𝐵 = 𝑟𝑖𝑣𝑒𝑟 𝑤𝑖𝑑𝑡ℎ (m) 
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Figure 25 Narrow-channel jam (above picture) and wide-channel jam (below) 
(Lindenschmidt 2020, p. 17) (modified). 

As frazil flocs and pans are juxtapositioning but also can submerge and deposit under the 

ice cover, the ice jam is called narrow ice jam. This is common in narrow river channels. 

This kind of ice cover thickening increases flow resistance and backwater staging. 

(Lindenschmidt 2020, p. 16) 

In wide jams, thickness depends on flow shear stress, channel width and slope, and 

internal strength of the jam. The slope is affected by the downslope component of the 

jams’ weight which influences the flow shear stress. The evolution of a wide jam is 

consecutive frontal progression - collapse – thickening events. Simultaneously with the 

thickening phase happens movement of the leading edge. This is called telescoping. 

(Beltaos 1995, p. 80) 

Wide jams are usually much thicker than narrow jams. Wide jams also generate higher 

water levels than narrow jams. Breakup jams are almost solely wide types of jams. This 

is because flows are high and there is no cohesion to resist forces, only internal friction. 

(Beltaos 1995, p. 80) 

2.10 Ice jam release (jave) and ice runs 

River ice jams can store a large volume of water upstream from the jam. This volume is 

released suddenly when an ice jam releases. This causes an ice jam release wave (jave). 
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Before the wave caused by ice jam release was referred to as surge but as more studies 

have been made, it has been noticed that actually they are not steep fronted waves (i.e. 

surges). Nowadays these waves are referred to as ice jam release waves (i.e. javes). (Hicks 

2016, p. 102; Beltaos 2008, p. 252) 

During a breakup there is possibility for rapid ice jams release and the following ice run. 

Ice jam release event can be severe because it produces waves of ice and water that travel 

downstream. (Hicks 2016, p. 85) Downstream water rises very rapidly and water 

velocities are faster than during extreme open-water floods (Beltaos 1995, p. 95). 

The jave caused by ice jam release causes water and ice to break through the intact ice 

cover downstream. It can keep on moving for a long distance. When ice run stalls it forms 

a new jam. (Beltaos 1995, p. 17) 

The ice jam release mechanism is not fully understood. Prediction of an ice jam release 

is currently very difficult. (Beltaos 1995, p. 92; Hicks 2016, p. 100)  

However, it is possible to predict quite feasible ice jam profiles using steady flow 

approximations based on the maximum discharge. Wave peak magnitudes and speeds 

during ice jam release events are harder to predict. Those kinds of situations require of 

full dynamic equations of unsteady flow and good understanding of the ice effects. (Hicks 

2016, p. 104) 

2.11 Ice jamming in regulated rivers 

Rivers can be regulated by 

 control structures (e.g. dams, hydropower projects), 

 water extraction (e.g. pumping, flow diversion), 

 changes to the channel and flood plain of a river or stream, and by 

 construction of barriers to water flow onto a flood plain. (Huokuna et al 2017, p. 

2) 
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Regulation in rivers can be categorized as inter-annual, seasonal, short-term or a 

combination of these (Huokuna et al. 2017, p. 14). 

Regulation usually affects both upstream and downstream water levels. Downstream 

regulation alters magnitude, intensity, and duration of flows. In the Northern Hemisphere 

regulation affects ice cover in rivers and reservoirs. Vice versa ice cover affects regulat ion 

structures. (Huokuna et al. 2017, p. 2) Higher freeze-up water levels increase the risk of 

ice jams because ice cover does not start to move very easily in the spring (Huokuna et 

al. 2017, p. 20). 

Anchor ice formation and release differs in regulated and unregulated rivers. In 

unregulated rivers anchor ice manifested in fall and spring when ice cover not existed. In 

regulated rivers the ice cover usually does not exist throughout the winter which enables 

more anchor ice events than in unregulated rivers. (Nafziger et al 2017, p. 77) 

2.12 HEC-RAS river ice modeling 

HEC-RAS is a software for one-dimensional (1D) and two-dimensional (2D) hydraulic 

calculations. It can also model ice cover and ice jam situations. The software can simulate 

ice covers of known thickness and roughness. HEC-RAS can simulate wide river ice jams 

by adjusting the jam thickness and roughness by using the ice jam force balance equation 

and the standard step backwater equation. HEC-RAS cannot determine the locations of 

the ice jams, the user must do that. 

Ice covers can be modeled with steady flow and unsteady flow. However, ice jams can 

be modeled only with a steady flow. Some research papers have been written about 

modeling ice cover and ice jams with HEC-RAS (Beltaos & Tang, 2013, Sui et al. 2004, 

Daly & Vuyovich 2003). 

HEC-RAS river ice modeling has some limitations. The default value of the erosion 

velocity (Vmax=1.524 m/s) may be needed to change to a higher value at high-flow 

velocities (Beltaos & Tang 2013, p. 8). HEC-RAS is not very good for grounded ice jams 
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modeling because HEC-RAS does not model seepage flow between ice floes and riverbed 

scouring (Hicks 2016, p. 94). 

HEC-RAS -model needs the river bathymetry and in addition (Beltaos & Tang, 2013, p. 

3): 

- river discharge (Q) at the upstream end and the discharge of tributaries 

- boundary condition at downstream end of the computational reach 

- observed water levels for model calibration 

- locations of the toe and head of an ice jam 

- upstream and downstream limits of open water and ice covered reaches 

- Manning coefficients of river bed and sheet ice cover 

- Manning coefficient of the underside of an ice jam 

- thickness of ice cover 

- porosity of the rubble comprising the jam (0.40 for breakup jams) 

- internal friction angle fo the rubble comprising the jam (default 45°) 

- ice cohesion (for the rubble mass value 0, which is a realistic assumption for 

breakup jams and conservative for freezeup jams) 

- ratio of lateral-to-longitudinal normal stresses within the rubble mass. Default 

value is 0.33 

- maximum allowable flow velocity underneath the jam (Vmax). Default value is 

1.524 m/s. 

Ice covered rivers have been usually modelled using one-dimensional (1-D), steady, 

gradually, varied flow approximation. Manning’s equation has been used to calculate 

frictional resistance effects: 

 
𝑄 =

1

𝑛
𝐴𝑅

2

3 𝑆
𝑓

1

2    (SI units) 
(3) 
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Where Q is the discharge, 

n is the Manning’s coefficient, 

Sf is the friction slope, 

A is the flow area and 

R is hydraulic radius (R = A/P, P is wetted perimeter). (Hicks 2016, p. 60) 

 

This equation is also applicable for ice-covered cases after some consideration. The 

wetted perimeter is also included the width of the underside of the ice cover. For the 

wetted perimeter, the submerged portion of the ice must be excluded when calculat ing 

the flow area. If the density of ice for example 0.92 the area to exclude is calculated as 

Ae = T·0.92·(tj), where T is under ice width of the channel and tj is ice thickness. For the 

HEC-RAS -program bed and ice roughness are given separately, and program combines 

them into a total ice roughness (Hicks 2016, p. 60-61). 

The spacing between cross-sections could have significant effect to results. At the present 

it is not known what the best distance between cross-sections should be. (Beltaos & Tang 

2013, p. 9) 

Ice covers and ice jams can be modeled only in 1D-reaches with HEC-RAS. The current 

HEC-RAS -software version can model ice cover in both steady and unsteady flow 

simulations. Ice jams can be modeled only in steady flow simulations (Daly & Vuyovich 

2003, p. 2). 

HEC-RAS uses following formulas for river ice cover modeling: 

A river channel or its subdivision (i) can be estimated using Manning’s equation: 

 𝐾𝑖 =
1

𝑛𝑐
𝐴𝑖𝑅𝑖

2/3
    (SI units) (4) 

𝑛𝑐 = 𝑡ℎ𝑒 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠  

𝐴𝑖 = 𝑡ℎ𝑒 𝑓𝑙𝑜𝑤 𝑎𝑟𝑒𝑎 𝑏𝑒𝑛𝑒𝑎𝑡ℎ 𝑡ℎ𝑒 𝑖𝑐𝑒 𝑐𝑜𝑣𝑒𝑟 

𝑅𝑖 = 𝑡ℎ𝑒 ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝑡𝑜 𝑎𝑐𝑐𝑜𝑢𝑛𝑡 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑝𝑟𝑒𝑠𝑒𝑛𝑐𝑒 𝑜𝑓 𝑖𝑐𝑒 
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Using Belokon-Sabaneev formula it is possible to estimate the composite roughness of 

ice-covered stream. 

 

𝑛𝑐 = (
𝑛𝑏

3/2 + 𝑛𝑖
3/2

2
)

2/3

 

(5) 

𝑛𝑐 = 𝑡ℎ𝑒 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠  

𝑛𝑏 = 𝑡ℎ𝑒 𝑏𝑒𝑑 𝑀𝑎𝑛𝑛𝑖𝑛𝑔′𝑠 𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 𝑣𝑎𝑙𝑢𝑒 

𝑛𝑖 = 𝑡ℎ𝑒 𝑖𝑐𝑒 𝑀𝑎𝑛𝑛𝑖𝑛𝑔′𝑠 𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 𝑣𝑎𝑙𝑢𝑒 

 

An ice-covered channel has the hydraulic radius: 

 
𝑅𝑖 =

𝐴𝑖

𝑃𝑏 + 𝐵𝑖

 
(6) 

 

𝐴𝑖 = 𝑡ℎ𝑒 𝑓𝑙𝑜𝑤 𝑎𝑟𝑒𝑎 𝑏𝑒𝑛𝑒𝑎𝑡ℎ 𝑡ℎ𝑒 𝑖𝑐𝑒 𝑐𝑜𝑣𝑒𝑟 

𝑃𝑏 = 𝑡ℎ𝑒 𝑤𝑒𝑡𝑡𝑒𝑑 𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟 𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒𝑑 𝑤𝑖𝑡ℎ ℎ𝑒 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑏𝑜𝑡𝑡𝑜𝑚 𝑎𝑛𝑑 𝑠𝑖𝑑𝑒 𝑠𝑙𝑜𝑝𝑒𝑠 

𝐵𝑖 = 𝑡ℎ𝑒 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑢𝑛𝑑𝑒𝑟𝑠𝑖𝑑𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑐𝑒 𝑐𝑜𝑣𝑒𝑟 

 

Manning’s roughness values for an ice cover can be estimated when the ice thickness and 

the type of the ice is known (Table 6). 

Table 6 Ice cover thickness and Manning's values (Brunner 2016, p. 11-4). 

Ice thickness (m) Loose frazil Frozen frazil Sheet ice 
0.1 - - 0.015 

0.3 0.01 0.013 0.04 
0.5 0.01 0.02 0.05 

0.7 0.02 0.03 0.06 
1.0 0.03 0.04 0.08 

1.5 0.03 0.06 0.09 
2.0 0.04 0.07 0.09 

3.0 0.05 0.08 0.1 
5.0 0.06 0.09 - 
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HEC-RAS uses following formulas for ice jam modeling: 

For wide-river ice jams the ice jams stresses are estimated by the ice jam force balance 

equation (Brunner 2016, p. 11-4): 

 𝑑(𝜎𝑥 𝑡)

𝑑𝑥
+

2𝜏𝑏𝑡

𝐵
= 𝜌′𝑔𝑆𝑊𝑡 + 𝜏𝑖 

(7) 

 

𝜎𝑥 = 𝑡ℎ𝑒 𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝑠𝑡𝑟𝑒𝑠𝑠 (𝑎𝑙𝑜𝑛𝑔 𝑠𝑡𝑟𝑒𝑎𝑚 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛) 

𝑡 = 𝑡ℎ𝑒 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 

𝜏𝑏 = 𝑡ℎ𝑒 𝑠ℎ𝑒𝑎𝑟 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑎𝑛𝑘𝑠 

𝐵 = 𝑡ℎ𝑒 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑤𝑖𝑑𝑡ℎ 

𝜌′ = 𝑡ℎ𝑒 𝑖𝑐𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

𝑔 = 𝑡ℎ𝑒 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 (9,81 𝑚 𝑠2⁄ ) 

𝑆𝑊 = 𝑡ℎ𝑒 𝑤𝑎𝑡𝑒𝑟 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑠𝑙𝑜𝑝𝑒 

𝜏𝑖 = 𝑡ℎ𝑒 𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑢𝑛𝑑𝑒𝑟𝑠𝑖𝑑𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑐𝑒 𝑏𝑦 𝑡ℎ𝑒 𝑓𝑙𝑜𝑤𝑖𝑛𝑔 𝑤𝑎𝑡𝑒𝑟 

 

Manning’s roughness values for an ice jam can be estimated when the ice thickness and 

the condition of the ice is known (Table 7). 

Table 7 The suggested range of Manning's n values for ice jams (Brunner 2016, p. 11-
3). 

Type of ice Condition Manning’s n value 

Sheet ice Smooth 0.008…0.012  

 Rippled ice 0.01…0.03 

 Fragmented single layer 0.015…0.025 

Frazil ice New ice thickness 0.3…0.9 m 0.01…0.03 

 Ice thickness 0.9…1.5 m 0.03…0.06 

 Aged ice 0.01…0.02 

 

Approximations for the ice jam Manning’s values have been derived from the data of 

Nezhikovsky. If the ice cumulation is greater than 0.45 m, Manning’s value can be 

estimated as (Brunner 2016, p. 11-6): 
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 𝑛𝑖 = 0.069(𝐻/0.3048)−0.23(𝑡𝑖/0.3048)0.40  (8) 

 

If the ice accumulation thickness is less than 0.45 m then can be used equation (Brunner 

2016, p. 11-6): 

 𝑛𝑖 = 0.0593(𝐻/0.3048)−0.23 (𝑡𝑖/0.3048)0.77 (9) 

 

Figure 26 presents the Manning’s values in different water depths as a function of ice 

thickness. 

 

Figure 26 Manning's value dependence of the ice jam thickness and the water depth. 

HEC-RAS -solution procedure to calculate ice thickness for each cross section starts from 

a known ice thickness at the upstream end of the ice jam. For the next downstream section 

the ice thickness is assumed. Then value of F can be calculated. (Brunner 2016, p. 11-7). 

The ice jam thickness at downstream cross section is computed: 

 𝑡𝑑𝑠 = 𝑡𝑢𝑠 + 𝐹𝐿 (10) 
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where 𝑡𝑢𝑠 = 𝑡ℎ𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑎𝑡 𝑡ℎ𝑒 𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 𝑠𝑒𝑐𝑡𝑖𝑜𝑛, 

𝐿 = 𝑡ℎ𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑠 and 

𝐹 =
𝐹𝑢𝑠 + 𝐹𝑑𝑠

2
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3 MATERIALS AND METHODS 

The work process 

The following pages presents the data used for this study. The collected data was used in 

HEC-RAS model which was applied to get the results (Figure 27). According to literature 

statistical methods work poorly in ice jam prediction, so those were not used. 

 

Figure 27 Working process to get results for the open water, ice cover and ice jams 
situations. 

This thesis is concentrating to study breakup ice jams on the River Kyrönjoki water levels 

in the spring. 
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The goal was to compare water levels in two different situations: 

1) the floodgates upstream are opened according to permit (i.e. Nikkola water level 

N2000 +40.53 m) 

2) the floodgates are opened later than defined in the current permit (i.e. Nikkola 

water level N2000 +40.83 m).  

Water level differences were studied using 50-, 100- and 250-year floods in open water, 

an ice cover and ice jams situations. 

Seven river sections were chosen (Figure 28) for the ice jam study which were modeled 

with HEC-RAS steady flow simulation: 

- RS 16010…18100 (2090 meters) 

- RS 31950…32100 (150 meters) 

- RS 35800…36275 (475 meters) 

- RS 39500…40300 (800 meters) 

- RS 45500…46449 (949 meters) 

- RS 46949…47748 (799 meters) 

- and RS 48554…48958 (404 meters) 

Characteristic for the River Kyrönjoki ice jams are that the “same” ice jam moves 

gradually downstream forming a new ice jam in different location. Therefore, basically, 

the same ice blocks form a jam to the new place as it surges the previous one. 

In these locations ice jams existed in the years 2013 and 2018. Also, in other years ice 

jams have been emerged often at these locations, so these locations were the most logical 

choice for modelling. 

One river section (Figure 28) was chosen for the ice cover study which was modeled with 

HEC-RAS unsteady flow simulation: 

- RS 104958…108687 (3729 m) 
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The modeled ice jam and ice cover locations are presented in Figure 28. 

 

Figure 28 The ice jams and the ice cover modeled with HEC-RAS. 
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Parameters for ice jams and ice cover situations used in HEC-RAS -model were as 

follows: 

- ice jam is in the channel but not over banks 

- modeled ice thicknesses in the channel are 0.1 m, 0.2 m, 0.3 m, 0.4 m, 0.5 m 0.6 

m and 0.7 m 

- internal friction angle of the ice is φ = 45° 

- ice cohesion is 0 

- ratio of lateral-to-longitudinal normal stresses within the rubble mass is K1=0.33 

- porosity is 0.4 

- Manning coefficient of ice are 0.01, 0.02 and 0.03 m 

- maximum allowable flow velocity is Vmax=5 m/s. 

Values of the ice parameters for the model was chosen based on the observations in the 

area and studies from previous years.  

3.1 Ice Thickness of the River Kyrönjoki 

Frequent observations about the River Kyrönjoki ice thickness have been made in the 21st 

century. The measurements are carried out before breakup.  The first measurement will 

be done in the end of February and the next one 2 to 3 weeks after that. (Figure 29) 

(Huhtamäki 2021). 
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Figure 29 River ice thickness measurement (Photo by ELY Centre South Ostrobothnia). 

The ice thickness measurement’s locations are quite evenly spread out along the about 

130 km long river concentrating near the sites where ice jams usually occur (Figure 30). 

 

Figure 30 Locations of the ice thickness measurement on the River Kyrönjoki (2010-

2022). 

Background map © NLS 2022 
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Some observation sites haven been left out and some new places added during years 

(Table 8). Ice thickness can be so thin that measurements are not safe to carry out in some 

places every year.  

Table 8 Number of observations years per site. 

River station Place Number of observation years 

-3+00 Bodstrand 9 

39+00 Mälsor 9 

77+00 Koivulahti 11 

160+00 Skatila 9 

190+00 Kolkki 11 

303+00 Vähäkyrö 11 

440+00 Tuurankoski 21 

455+00 Isokyrö, Vanhan kirkon alapuoli 5 

460+00 Isokyrö, vanha kirkko 21 

466+00 Isokyrö, Reinilän sillan yläpuoli 6 

472+00 Isokyrö, Pukkilansaaren pääsillan väli 11 

489+00 Perttilä 11 

554+00 Ylistaro, riippusilta 21 

647+00 Ylistaro, voimalaitos 21 

784+00 Malkakoski, silta 19 

815+00 Kitinoja 10 

926+00 Aunes 21 

1052+00 Nikkola 21 

1200+00 Tuiskula 21 

1253+00 Keskusta, Kurikka 8 

 

The ice thickness of the River Kyrönjoki has varied between 0…105 cm during years 

1998-2022 (Figure 31). 

 

Figure 31 Ice thickness per year (1998-2022). 

 



64 

 

Figure 32 shows ice thickness of the River Kyrönjoki in different locations. The ice 

thickness includes both white and black ice. The ice thickness has been mainly between 

20 and 80 centimeters. The average of the ice thickness has been about 43 centimeters. 

 

Figure 32 Ice thickness along the River Kyrönjoki, years 1998-2022. 

On the river station 647+00 ice is the thickest (Figure 32). This is possibly caused by the 

rapids or structures of the old hydropower plant which causes water to flow fast. The fast 

current produces frazil ice which accumulates downstream. 

The Malkakoski (river station 784+00) has some ice thickness measurements but usually 

the place is unfrozen because of the warm water coming from the heat power plant 

upstream. This warm water to Malkakoski comes through Seinäjoki channel (in Finnish: 

Seinäjoen suuosan oikaisu-uoma) at the River Kyrönjoki river station 880+46. 

During winter is also short warm periods, but every year ice cover exists in the River 

Kyrönjoki. The cumulative degree-days of freezing varies quite much year by year 

(Figure 33). The cumulative degree-days of freezing (CDDF) is the sum of the of the daily 

mean air temperatures that are below freezing during winter. 
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Figure 33 Cumulative degree-days of freezing, Pelmaa gauging station, years 2010-
2020. 

Pelmaa gauging station is situated near the River Kyrönjoki (Figure 34). 

 

Figure 34 The location of Pelmaa gauging station. 

 

 



66 

 

Using Stefan formula  

ℎ𝑖 = K√𝐷𝑓  

gives the ice cover thickness ℎ𝑖  between 34…74 cm for CDDF values between 600 and 

1900 (for average river with snow K=0.014 to 0.017) (Figure 35) The weakness of the 

cumulative degree-days of freezing (CDDF) method is that it does not take into account 

the thermal deterioration of an ice cover, for example solar radiation (Beltaos 2008, p. 

106).  

 

Figure 35 The measured average ice thickness of the River Kyrönjoki  and two 

predicted ice thickness with Stefan formula. 

Ice cover of the River Kyrönjoki melts and breaks up from the south first. Hereby the ice 

floes start to move from upstream first as downstream the ice cover may still be intact. 

Usually, the breakup in the River Kyrönjoki is more dynamical (mechanical) than thermal 

kind. The duration of the spring flooding is about a couple of days to one week in the 

River Kyrönjoki. 
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3.2 Ice jam occurrences in the River Kyrönjoki in 2010-2022 

During years 2010-2022 there has been reported ice jams in 2010, 2011, 2013 and 2018 

(Figure 36, Figure 37 & Figure 38). In 2013 and 2018 the discharge was so great that the 

floodgates had to be opened and let the water from the River Kyrönjoki to the three 

embankments (Rintala, Tieksi and Halkosaari). The information of ice jams occurrences 

was available in flood diaries from the year 2010 to 2018. Reports were written by the 

personnel of ELY Centre South Ostrobothnia and ELY Centre Ostrobothnia. 

2010-2020 annual maximum discharges at Skatila gauging station have been visualized 

in Figure 36. The figure shows the discharge, occurrence of ice jams and the cumula t ive 

degree-days of freezing. There are not very many observations, but it seems basis of this 

data that the ice jams would exist if the discharge were high enough. 

 

Figure 36 Ice jam occurrences years 2010-2020. In 2012 the highest discharge was in 
autumn before there was any ice in the river. Discharge values are from Skatila gauging 
station and CDDF values are calculated from Pelmaa station temperature observations. 

In this thesis the maximums of the discharges studied are above 350 m3/s. So, basis of 

these scarce data it could be expected that during 50-, 100- and 250-year floods the 

existence of the ice jams is probable if CDDF is above 800 ℃ and the discharge is more 

than 350 m3/s in Skatila gauging station. 
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Figure 37 Ice jam locations in the River Kyrönjoki (2010-2018). 

 

Background map © NLS 2022 
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Figure 38 Ice jam locations in the River Kyrönjoki (2010-2020). 

In the year 2010 few ice jams was reported that occurred before the peak of the discharge 

(Figure 40). In the year 2010 there was no need to open flood gates during spring flood.  

In Figure 39 is presented Nikkola, Hanhikoski and Skatila gauging stations’ locations that 

are referred to in the following graphs. 
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Figure 39 Locations of the Skatila, Hanhikoski and Nikkola gauging stations. 

 

Figure 40 Reported ice jams in 2010. 
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In the year 2011 was reported several ice jams (Figure 41). It was basically the same ice 

rubble which jammed in several locations in its way to downstream. There was need to 

open the floodgates in the year 2011. In the River Kyrönjoki ice jam may often be 

recurring process (ice run – ice jam – ice jam release – ice run) until ice pieces discharge 

to the sea. Usually, the same ice blocks that form ice jam upstream, release and form 

another ice jam downstream. 

 

Figure 41 Reported ice jams in 2011 (Ice jam releases upstream and jams downstream 

repeatedly). 

In the year 2013 discharge was so big that the floodgates had to be opened. Ice jams 

existed between opening and closing of the floodgates (Figure 42). 
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Figure 42 On the timeline (year 2013) is presented ice jams, discharge (Skatila and 
Hanhikoski gauging stations), water level at Nikkola gauging station and floodgates 
opening and closing timing. 

Figure 43 shows the locations of the ice jams in the year 2013. 

 

Figure 43 Ice jams dates and locations in the year 2013. 

Background map © NLS 2022 
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In the year 2018 discharge peak was about 330 m3/s at the Hanhikoski gauging station 

and about 390 m3/s at the Skatila gauging station near the delta. Discharge was so big that 

the floodgates had to be opened. The ice jams occurred before opening and closing of the 

floodgates (Figure 44). 

 

Figure 44 The timeline (year 2018) shows ice jams, discharge (Skatila and Hanhikoski 
gauging stations), water level in Nikkola gauging station and floodgates opening and 

closing timing. 

The locations of the ice jams in the year 2018 are presented in the Figure 45. 
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Figure 45  Ice jams dates and locations in the year 2018. 

 

3.3 HEC-RAS model 

The HEC-RAS -model was built by connecting and modifying three separate existing 

HEC-RAS -models (Figure 46): 

- the embankment area part of the River Kyrönonjoki 1D/2D model (by 

Insinööritoimisto Pekka Leiviskä 2019, original 1D model done by 

Ympäristötekniikan insinööritoimisto Jami Aho Oy,  altered by Antti Tamminen) 

- 2D Delta model (by Ympäristötekniikan insinööritoimisto Jami Aho Oy 2020) 

- 1D model (completed 2013) between previously mentioned 1D/2D (embankment 

area) and 2D (delta area) 

Background map © NLS 2022 
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Figure 46 The HEC-RAS models applied in this thesis. 

Kyrönjoki 2D Delta HEC-RAS -model was altered to 1D model.  

To model ice jams and ice cover, two different HEC-RAS -model was used. This was 

done because for the ice jam modeling is needed steady flows, but the ice cover modeling 

can be done using unsteady flows. Using two different models it was possible to reduce 

the calculation time of the models also. The other model was for the ice jams situations 

(Figure 47) and the other model for the ice cover situation (Figure 48). 

Background map © NLS 2022 
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For the ice jams situations all three ready HEC-RAS -models were altered to HEC-RAS 

1D model. The number of cross-sections were increased by interpolating them every 25 

meters.  For the ice cover modelling was used the existing 1D/2D model. Except the 

original delta-model, all other two models were altered to N2000 vertical coordinate 

reference system. 

 

Figure 47 1D HEC-RAS -model used for the ice jams modeling. 

Background map © NLS 2022 
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Modeling precisely river system under ice-covered situations is impossible due to 

complexity of ice cover and ice jam situation. However, approximations are possible and 

this is what has been done in this study. 

  

Figure 48 HEC-RAS -model for the ice cover modeling. 

 

Background map © NLS 2022 
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The HEC-RAS model default value 1.524 m/s could be changed for some modeled ice 

jams in this study. Figure 49 shows the maximum velocities along longitudinal profile 

caused by 50-, 100- and 250-year flood in open water condition. 

 

Figure 49 The maximum velocities in open water situations (HQ1/50, HQ1/100 and 

HQ1/250). 

It is quite probable that wide ice jams occur in the River Kyrönjoki. Lindenshmidt (2020, 

p. 17) states that if NorW < 24, wide river jams generally occur. In Figure 50 is presented 

the NorW-values of of the River Kyrönjoki calculated for the 1D part (ice jams part). 

 
𝑁𝑜𝑟𝑊 =  

𝑣2𝐶2

𝐵
 

(11) 

𝑣 = 𝑡ℎ𝑒 𝑚𝑒𝑎𝑛 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 (𝑚 𝑠⁄ ) 

𝐶 = 𝐶ℎ𝑒𝑧𝑦′𝑠 𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 (𝑚1/2/𝑠) 

𝐵 = 𝑟𝑖𝑣𝑒𝑟 𝑤𝑖𝑑𝑡ℎ (m) 
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Figure 50 The river Kyrönjoki NorW values. 

 

3.3.1 The calibration and validation of the HEC-RAS -models  

The models were already calibrated by the designers of the models, so the models were 

ready to use (Aho 2013 & 2020; Leiviskä 2019). However, the models were calibrated 

for open water situation. 

The calibration for all seven ice jams situations were not possible because of the lack of 

ice jam data. However, in 2006 there was an ice jam near the one of the modelled locations 

at river station 46949…47748. In 2006 the water levels were measured based on the 

marks near the river banks after the ice jam. The ice jam situation was tried to recreate 

with the 1D model. It seemed that to get the same water levels as measured the ice 

thickness need to be quite small (10 cm) and the Manning’s value 0.01. 
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3.3.2 The flows used in HEC-RAS -models 

Figure 51 shows the HEC-RAS model river stations where flow changes (increases). 

 

Figure 51 The locations of the discharge changes in HEC-RAS -model. 

The unsteady flows for 50-, 100- and 250-year floods (Figure 52) were provided by 

SYKE. SYKE calculated the discharges with WSFS (Watershed Simulation and 
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Forecasting System). The Figure 52 shows the discharges in the river station 105+182 at 

Nikkola in the HEC-RAS model and in the river station 880+46 at Kiikku where the 

tributary (Seinäjoen suuosan oikaisu-uoma) joins the River Kyrönjoki. 

 

Figure 52 Hydrographs for Nikkola (river station 105182) and Kiikku (river station 

88046.96) from SYKE Watershed Simulation and Forecasting System (WSFS) for 
HEC-RAS 1D/2D -model 

Because HEC-RAS needs steady flows for the ice jam modelling, both daily discharges 

and maximum discharges were picked as steady flows for the model from the previous 

presented unsteady flows. Those discharges were summed with maximum lateral steady 

flows (50-, 100- and 250-year floods) which were obtained from HEC-RAS 1D -model 

(Table 9). 

Table 9 The maximum lateral flows (m3/s) that were added to daily steady flows that 
were picked from unsteady flow at the river station 71253.37. The discharge values 
mean the flow that is added to steady cumulative flow starting from the river station 

71253.37. 

River Station 50-yr flood 100-yr flood 250-yr flood 

71253.37 0 0 0 

64487.48 14.6 15.9 17.6 

58558.25 -44.8 -50.7 -58.1 

53265.96 6.6 7.1 7.9 

50769.03 15.6 17 18.7 

46499.4 2 2.1 2.4 

45500 17.1 18.7 20.6 

27500 24 26 28.6 
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In the Table 9 is shown the flows that are added to the starting flow at the river station 

71253.37.   The total flow at the river station 27500 is obtained when all the values in 

each column are added up. 

In the Table 9 at river station 58558.25 there is a negative flow. The flows are taken from 

the original model (year 2013). The reason for the negative discharge is that for the model 

calibration was done by the basis of the data from the two gauging stations Hanhikosk i 

and Skatila. Hanhikoski gauging station is located at the river station 710+00 and Skatila 

is located at the river station 160+00. Hanhikoski has been recalibrated after year 2012 

because the measurements had some inaccuracies. This could explain the negative flow 

in the model that was needed for successful calibration of the model. 

Maximum flows in the River Kyrönjoki usually occur in April (Figure 53 & Figure 54). 

 

Figure 53 Annual maximum flows at Skatila gauging station (1911-2021). 

However, in the 21st century many maximum flows (yellow labeled in Figure 53) have 

occurred in the early winter and some maximum flows in February and March. 
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Figure 54 Annual maximum flow occurrence at Skatila gauging station. 

3.4 The effect of the use of floodgates to discharges downstream from the 
embankments 

Because the ice jams were modeled with steady flow, it was not possible to model the use 

of floodgates in 1D model. That is why the steady flows as boundary conditions were 

picked from the 1D/2D model unsteady flows for the starting point of the 1D model at 

the river station 74044 (740+44). 

Figure 55 shows the discharge downstream from the embankments at the river station 

740+44. In the figures there are presented the discharges of with return period of 50-, 

100- and 250-year when floodgates are operated according to the current permit (Nikkola 

N2000 +40.53 m) and when the opening of the floodgates is delayed (Nikkola N2000 

+40.83 m). 
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Figure 55 The 50-, 100- and 250-year flood discharges downstream from the 
embankments at river station 74044 when floodgates are opened according to the 

current permit (Nikkola N2000 +40.53 m) and at later stage (Nikkola N2000 +40.83 m). 

The Figure 55 shows that the change in the operation of the floodgates has the biggest 

effect during 50-year flood. The 100- and 250-year floods are so large that the change in 

the operation of the floodgates can be seen only at the beginning and at the end of the 

floods. 
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The maximum difference between the compared floodgate operations in the 50-year flood 

flow was about 40 m3/s, maximum difference in 100-year flood flow about 30 m3/s and 

maximum difference in 250-year flood flow about 25 m3/s. These differences are quite 

small compared to 50-year flood discharge which was about 350 m3/s (right after 

embankments in downstream) and about 500 m3/s near the Gulf of Bothnia. The 100-

year flood flow downstream right after embankments was about 350 m3/s and near the 

Gulf of Bothnia about 540 m3/s and 250-year flood flow downstream right after 

embankments about 360 m3/s and near the Gulf of Bothnia about 590 m3/s. 
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4 RESULTS 

4.1.1 Open water modeling results 

The downstream section (RS -11200 – 74044.37) of the River Kyrönjoki was modeled 

with 1D model and steady flow. Figure 56 shows the difference in the highest water levels 

(HW1/50, HW1/100 and HW1/250) during 50-, 100- and 250-year floods between the 

two situations; when the floodgates are operated according to the current permit and when 

the opening of the floodgates is delayed. Variation in the water level difference is between 

0…18 centimeters. The River Kyrönjoki water level difference is the biggest during 50-

year flood. When the discharge grows (i.e. 100- and 250-year flood) the water level 

difference decreases.  

 

Figure 56 Steady flow open water differences between maximum water levels when 
floodgates are opened when Nikkola gauging stations water level reaches N2000 +40,53 

m and +40,83 m. 

The upstream section (RS 58886.31 – 127133.6) of the River Kyrönjoki was modeled 

with 1D/2D -model and unsteady flow. There is some overlapping between steady flow 

(1D) and unsteady (1D/2D) models; both models include river stations between RS 

58886.31 – 74044.37. Figure 57 shows the water level difference in the River Kyrönjoki. 

The water level is the biggest during 50-year flood. Variation in the water level difference 

is from 0 to 15 centimeters. When the discharge grows (i.e. 100- and 250-year flood) the 

water level difference decreases.  
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Figure 57 Unsteady flow open water simulation differences between maximum water 
levels when the floodgates are opened when Nikkola gauging stations water level 
reaches N2000 +40,53 m and +40,83 m. 

4.1.2 Ice cover modeling results 

Ice cover located at RS 91460…108687 (17,2 km), was modeled with HEC-RAS 1D/2D 

model and unsteady flow. The ice cover modeling results can be printed out from HEC-

RAS software and studied. As an example, is in Figure 58 presented a part of the 

longitudinal profile at river station 88000…94000. In Figure 59 is presented the 

differences. 

 

Figure 58 Example of 50-year flood maximum water levels at ice cover situation. Ice 

thickness is 10 cm and Manning’s value is 0.01. The difference between maximum water 
levels is marked with black arrows. The ice cover thickness seems thicker than 10 cm 

because in the figure is presented the two compared situations. 
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Figure 59 Unsteady flow ice cover simulation differences between 50-, 100- and 250-
year flood water levels (HW1/50, HW1/100 and HW1/250) when the floodgates are 

opened when Nikkola gauging stations water level reaches N2000 +40,53 m and +40,83 
m. Ice cover is located between river stations 91460 and 106867. Ice cover thickness is 

10…70 cm and Manning’s value is 0.01…0.03. 
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4.1.3 Ice jams modeling results 

. A cross-section is presented as an example of an ice cover of the ice jam at river station 

46949.23 in Figure 60. The figure shows the thickness of the ice jam at the river station 

46949.23 and the 50-year flood maximum water levels when the floodgates are operated 

according to the current permit and when the operation of the floodgates is altered. The 

water level difference is about 5 centimeters in the Figure 60. 

 

 

Figure 60 The ice cover thickness of the ice jam.at river station 46949.23 and the 
maximum water levels of the two compared floodgates operating situations during 50-
year flood. Modeled ice thickness 10 cm and Manning’s value 0.01. 

The ice jam profiles can be studied in longitudinal profiles also. An ice jam profile is 

presented between river stations 46900…47600 in Figure 61. The modeled ice thickness 

was 10 cm. In the Figure 61 can be seen that when modeling the ice jam, the ice jam 

thickness is much thicker than the starting ice thickness of 10 cm.  
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Figure 61 Example of the ice jam profile. Figure is exported from HEC-RAS. In the 

figure are presented the maximum water levels (HW1/50) during 50-year flood when 
floodgates are opened two different ways (Nikkola N2000 +40,53 m and N2000 +40,83 

m). Modeled ice thickness 10 cm and Manning’s value 0.01. 

Figure 63 is presented differences in water levels in the modeled ice jam situation between 

river stations 48554…48958. In the figure is also presented the open-water difference as 

a reference.  There are some spikes in the figure. The spikes seem to exist near the toe of 

the ice jams (Figure 62). 

 

Figure 62 Example of the location of the spike that can be seen in the water level 
difference (Figure 63). When cross sections amount in the model was reduced and the 
model was recalculated the spike disappeared. 
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Figure 63 shows the water level differences between the two compared floodgates 

operating situations during 50-, 100- and 250-year floods. Ice jam exists between river 

stations 48554…48958.  The rarer the flood, the smaller the difference in water levels. 

All six other ice jam situations showed similar outcomes and are presented in the 

Appendix 1. 
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Figure 63 Ice jam between RS 48554…48958. From top to bottom HW1/50, HW1/100 
and HW1/250 water level differences between situations Nikkola N2000 +40,53 m and 

Nikkola N2000 +40,83 m. Ice cover thickness is 10…70 cm cm and Manning's value 
0.01…0.03. 

4.1.4 The ice volume of the modeled ice jams 

Figure 64 shows the ice volumes calculated by the HEC-RAS -model. The volume of ice 

should not be more than the possible volume of ice coming in from the upstream. The 

River Kyrönjoki length is about 127 km plus tributaries and it is at least 50 m wide at 

study locations so possible volume of ice that the model calculated could be quite realistic.  
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Figure 64 Variation of volume of ice in ice jams calculated by the HEC-RAS 1D model. 
The thicker is the modeled ice cover thickness the bigger is the ice volume. 
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5 DISCUSSION 

In this study the focus was on the water level differences during spring breakup event 

when the floodgates are opened in two different ways: according to the current permit 

and at the later stage. The results were modeled with the HEC-RAS -software. The change 

in the operation of the floodgates caused changes in the flow between these two situations. 

The modeled flows were of 50-, 100- and 250-floods.  

One result of the thesis was that floodgates should be opened at the latest when water 

elevation at Nikkola gauging station reaches the level N43 +40,40 m (N2000 +40,93 m). 

Thus, the water level would not rise too high by the embankment area and upstream near 

Ilmajoki city. The results showed that the change in the use of the floodgates of the 

embankments has effects to the water levels downstream in the River Kyrönjoki. 

However, the changes were not very major. 

In open-water situation (both 1D and 1D/2D -models) it was found that the difference 

between the current and the delayed use of the floodgates situations in water levels varied 

from 0…18 cm. The delayed use of the floodgates caused about 0…18 cm higher water 

levels than the floodgates operating according to the current permit. The biggest 

difference reading in the results was about 18 cm at the river station 66502, where 

Ookilantie bridge is also located. The biggest difference in the River Kyrönjoki water 

levels was right after embankments and it decreased downstream as more and more flow 

was entering from tributaries. The change in the operation of the floodgates was not 

anymore seen so clearly in water level difference at the downstream than near the 

embankments. There is a sharp peak in open water situation figure at river station 

60656.98. During model runs HEC-RAS informed that at the river station 60565.98 

calculation accuracy was not very exact. The peak is possibly due calculation inaccuracy. 

In ice cover situation when the ice thickness was 10…30 cm and Manning’s value 0.01 

the water level difference was 3…7 cm in 50-year flood situation. In 50-year flood 

situation, when Manning’s value was 0.02 or 0.03, this kind of positive water level 

difference was not observed. On the contrary the water level difference was a little bit 

negative, about -1 cm. In other modeled ice cover situations, there was very little 
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difference at all between them. The water level differences were biggest during 50-year 

flood. This is because the 100- and 250-year flood are that much bigger than 50-year 

flood that the change in the operation of the floodgates has not so much effect than in 50-

year flood. 

In the ice jam situations the water level differences were biggest during 50-year flood as 

corresponding to maximum water level differences (HW1/50 differences) were at their 

maximum of about 8 cm. Mainly water level differences between ice jam and open-water 

situation did not differ many centimeters. Usually, ice jams cause water level to rise more 

than ice cover and open water situations. As the water level rises there is more space for 

water to spread. That is why water level differences in ice jam situations could be 

expected to be lower than in open-water situations as the figures show. 

Some ice jam graphs had sharp upward and downward spikes in water level differences 

near the ice jams’ toes. These spikes disappeared when the number of cross-sections were 

reduced at the ice jam location. The spikes seem to depend on the model properties which 

should need further research. Beltaos and Tang (2013, p. 6) have discussed the relevancy 

of ice jam toe for the results when modeling ice jams with HEC-RAS. 

The volume of ice in ice jams was checked. Ice volume check is needed to be done for 

ice jams modeled with HEC-RAS (Hicks 2018, p. 95) Hicks (2016, p. 95) states that 

computed volume of ice can be as little as 50 percent of the total volume of ice estimated. 

The modeled ice volumes seemed to be realistic.  

The change in the flow between these compared floodgates operation situations (Nikkola 

N2000 +40,53 m and +40,83 m) in open-water, ice cover and ice jam situations were not 

that significant that it would have caused a very notable difference in water levels of the 

River Kyrönjoki. 

5.1 Possible uncertainties and limitations 

The situation in the toe of the ice jam is hard to predict. The ice jam graphs show some 

spikes at the toe of the ice jams. If the cross-section distances were increased in 1D model, 
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the spikes disappeared. However, the spikes were left on the graphs to show that the 

modeling of ice jams can be sensitive task. 

The HEC-RAS 1D model used in this study is almost 10 years old. The cross-section data 

of the model would require an update. Because the 1D model was calibrated with the 

Hanhikoski and Skatila gauging stations data that ended for Skatila 08-09-2009 and for 

Hanhikoski 06-05-2013, it does not consider the newer data till 2022.  More significant 

is the fact that the Hanhikoski gauging station has been recalibrated in 2012 because the 

observations it was producing were not quite accurate before that. 

Unsteady flows used in the HEC-RAS models were calculated with Watershed 

Simulation and Forecasting System (WSFS) by SYKE. These modeled unsteady 50-, 

100- and 250-year flood flows are the most probable ones. WSFS is also taking into 

account the regulation of the lakes when simulating flows. It could be possible that 

regulation in the real situation would not happen the same way as in WSFS. In real 

situation this could give different kind of 50-, 100- and 250-year flood flows and thus the 

real situation would be different than the situations now modeled. 

The parameters used for the ice in the HEC-RAS -model may differ in real situatio n. 

Because there were not very much water level observations from the ice jam locations 

and thus there did not exist very much data for calibration for ice jam situations. More 

observations during ice jams and ice cover situations would help to model more realistic 

ice jams and the results would be more realistic. 

All modeled ice cover situations (126 pcs) and ice jam situations (882 pcs) could include 

some modeling instability. However, the HEC-RAS -program did not report any major 

errors. Some new cross-sections were interpolated for the 1D model. It would better to 

measure them in the field so the model would be more accurate when the river 

morphology would be same as in the field. 
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6 CONCLUSIONS AND RECOMMENDATIONS 

In this study floodgates were operated only two different ways, according to the current 

permit or delayed stage. Different kind of operation of the floodgates could be one topic 

for further research. This study was concentrating on discharges of 50-, 100- and 250-

year floods. Discharges of other kind could be also taken under consideration. 

Based on the year 2013 and 2018 ice jam observations, it seems probable that ice jams 

can exist both before and after opening the floodgates. Based on the year 2018 observation 

it can be assumed that ice jams may exist also in flow situations when floodgates are 

opened. Thus, ice jams can affect the altered discharge that is generated using floodgates.  

This thesis focused on studying breakup jams and ice cover in the spring breakup. 

However, because of climate change probably less ice cover exists in the future and 

freeze-up jams will be more common. Thus, it could be useful to consider studying 

floodgates use during freeze-up jams. 

Even though the alteration in the use of floodgates causes just a little bit higher water 

levels compared to floodgate operation according to the current permit, these 5…10 cm 

higher water levels may not be acceptable for the residential areas along the River 

Kyrönjoki. The land cover by the River Kyrönjoki is quite flat. If the water rises over the 

river banks, it could spread quite far.  

Different kind of model modifications could be tested. For example, cross sections 

amount could be altered. Now there were some spikes in the graphs which disappeared 

when cross-sections amounts were altered. The spikes seem to depend on the model 

properties which would need further research. 

The use of Monte Carlo method would give more wide range of the results. It is possible 

to change many variables in HEC-RAS software concerning ice jams. This could be done 

by programming HEC-RAS routines. This way it would be possible to get wide range of 

different kind of ice jam situations. 
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Possible further research demand could be to model the ice jams with different kind of 

software than HEC-RAS. ice jams were modeled with steady flow. If ice jams would be 

modeled more dynamically, the results could be different kind. 
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7 SUMMARY 

This thesis focused on studying how the change in the use of embankments floodgates 

affects the water levels downstream during spring breakup when there is ice in the river. 

The embankments are located upstream part of the river to protect the agriculture land 

from the flood water. However, during floods it might be necessary to release floodwater 

to the embankment area through floodgates to prevent or diminish flood damages 

upstream. 

The water level differences of two different kind of situations were compared: (1) the 

floodgates are operated accordance with the current permit and (2) the floodgates are 

opened later than in the current permit. The water level at the Nikkola gauging station 

determines when floodgates must be opened. In the situation (1) according to permit 

floodgates need to be opened when water level reaches the level N2000 +40,53 m. In the 

situation (2) the opening of the floodgates is delayed so that they are opened when water 

level at the Nikkola gauging station reaches the level N2000 +40,83 m. Thus, in the 

situation (2) the water level is allowed to rise 30 cm higher than the Nikkola water level 

defined in the current permit. 

Both situations were modeled with HEC-RAS 5.0.7. with unsteady and steady flow. The 

River Kyrönjoki was divided in to two different parts: upstream and downstream part. 

The upstream part was modeled with unsteady flow 1D/2D model which included an ice 

cover. The downstream part was modeled with steady flow 1D model which included 7 

different ice jam locations. The modeled flows were 50-, 100- and 250-year flood flows. 

Maximum water levels and their difference were calculated for both studied situations. 

The results showed that change in the operation of the floodgates did not cause very much 

change in the River Kyrönjoki water levels. The difference was the smaller the rarer the 

flood was. 
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Appendix 1. The water level differences during ice jams 

 

 

 

Figure 65 Ice jam between RS 46949…47748. From top to bottom HW1/50, HW1/100 

and HW1/250 water level differences between situations Nikkola N2000 +40,53 m and 
Nikkola N2000 +40,83 m. Ice cover thickness is 10…70 cm cm and Manning's value 

0.01…0.03. 



 

 

 

 

 

Figure 66 Ice jam between RS 45500…46449. From top to bottom HW1/50, HW1/100 

and HW1/250 water level differences between situations Nikkola N2000 +40,53 m and 
Nikkola N2000 +40,83 m. Ice cover thickness is 10…70 cm cm and Manning's value 
0.01…0.03. 



 

 

 

 

 

Figure 67 Ice jam between RS 39500…40300. From top to bottom HW1/50, HW1/100 

and HW1/250 water level differences between situations Nikkola N2000 +40,53 m and 
Nikkola N2000 +40,83 m. Ice cover thickness is 10…70 cm cm and Manning's value 
0.01…0.03. 



 

 

 

 

 

Figure 68 Ice jam between RS 35800…36275. From top to bottom HW1/50, HW1/100 

and HW1/250 water level differences between situations Nikkola N2000 +40,53 m and 
Nikkola N2000 +40,83 m. Ice cover thickness is 10…70 cm cm and Manning's value 
0.01…0.03. 



 

 

 

 

 

Figure 69 Ice jam between RS 31950…32100. From top to bottom HW1/50, HW1/100 
and HW1/250 water level differences between situations Nikkola N2000 +40,53 m and 
Nikkola N2000 +40,83 m. Ice cover thickness is 10…70 cm cm and Manning's value 

0.01…0.03. 



 

 

 

 

 

Figure 70 RS 16010…18100. From top to bottom HW1/50 differences between situations 

Nikkola N2000 +40,53 m and Nikkola N2000 +40,83 m. Ice cover thickness is 10…70 
cm cm and Manning's value 0.01…0.03. 
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