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 Tiivistelmä 
Vaihtelevat sääolosuhteet ja muuttuva ilmasto luovat haasteita maatalouden 

vesienhallinnalle. Vesienhallinnan päätavoitteena on ollut tehokas kuivatus, 

jolla luodaan suotuisat kasvuolosuhteet viljelylle. Voimistuva hydrologinen 

vaihtelu on lisännyt kiinnostusta joustavaan vesienhallintaan, jonka avulla 

kuivatustehokkuutta voidaan säädellä kuivatustarpeen mukaan ja täten li-

sätä sopeutumista yleistyviin kuiviin ja märkiin olosuhteisiin. Yksi keino li-

sätä vesienhallinnan joustavuutta on valtaojan säädettävällä padotuksella. 

 Diplomityössä tarkasteltiin padotuksen spatio-temporaalisia vaikutuksia 

maatalousalueen uomaverkostossa. Säätöpadotuksen periaatteena on valta-

ojan vedenpinnansäätö hydrologisten olosuhteiden mukaan. Sen tavoit-

teena on pidättää vettä valtaojassa vähäisen kuivatustarpeen aikaan samalla 

varmistaen riittävä kuivatuskapasiteetti korkean kuivatustarpeen aikaan. 

Työn tavoitteena oli kehittää laskennallinen työkalu padotusvaikutuksen si-

mulointia varten, ja tarkastella padotuksen spatio-temporaalisia vaikutuksia 

simulointituloksiin perustuen. Mallinnus toteutettiin FLUSH-mallilla, joka 

on prosessipohjainen hydrologinen malli, jossa on mukana avouomavir-

tausta kuvaava komponentti. 

Mallilla toteutetut simulointitulokset havainnollistivat, kuinka uoman 

kaltevuus, padotuskorkeus ja uomakasvillisuus vaikuttivat vedenpinnansää-

töön uomaverkostossa. Tutkitussa uomaverkostossa korkein padotuksella 

saavutettu vedenpinta oli 0.72 m korkeampi verrattuna padottomaan tilan-

teeseen. Laajimmillaan padotusvaikutus ulottui 800–900 m padosta ylävir-

taan suurimman vaikutuksen rajoittuessa 600 m päähän padosta. Virtaus-

vastus nosti vedenpintaan 0.03–0.10 m mutta vähensi padotusvaikutusta 

0.06–0.15 m riippuen virtaustilanteesta.  

Tutkimus näytti, kuinka mallilla voidaan tutkia padotusvaikutusta ja ve-

denpinnan muutoksia uomaverkostossa. Tulokset antoivat näyttöä siitä, että 

valtaojan padotus maatalousalueella on tapa lisätä vesienhallinnan jousta-

vuutta. 

Avainsanat  maatalouden vesienhallinta, vedenpinnan säätö, padotus, 

avouomaverkosto, FLUSH, mallintaminen  
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Symbols and abbreviations- 
Symbols 
 

A cross-sectional area of flow [m2] 

Afields total field area within the catchment [m2] 

Afield,i area of one field with the index i [m2] 

Aforest forest area [m2] 

Atotal total catchment area [m2] 

g gravitation acceleration [m/s2] 

h flow depth [m] 

hb water depth at junction [m] 

hweir weir height [m] 

hweir,v height between ditch bed and bottom of a V-notch of a weir 

n Manning’s roughness coefficient [-] 

P wetter perimeter [m] 

Q discharge [m3/s] 

Qdrain discharge subsurface drainage discharge into the ditch [m3/s] 

Qgroundwater outflow groundwater outflow into the ditch [m3/s] 

q lateral inflow per unit length [m2/s] 

R hydraulic radius of the channel 

𝑆𝑓 friction slope [-] 

𝑆0 bottom slope [-] 

t time [s] 

x longitudinal distance [m] 
α Weighting coefficient for Preissmann scheme [-] 

 

 

Abbreviations 
 

DEM Digital elevation model 

FMI Finnish Meteorological Institute 

NLS National Land Survey of Finland 
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1 Introduction 
Climate conditions in Finland create a challenging environment for agricul-

ture. Varying hydrological conditions and short growing season demand ef-

ficient agricultural practices and water management in order to ensure crop 

production in high latitudes (e.g., Järvenpää & Savolainen, 2015; Paasonen- 

Kivekäs et al., 2016). Due to unequal seasonal distribution of precipitation 

and evapotranspiration, water content in soil increases outside of growing 

season but during growing season occasional water shortages may occur, es-

pecially during early summer. Excess soil moisture has been the primary con-

cern because it complicates agricultural practises and hinders crop produc-

tion. Therefore, majority of Finnish food production areas have efficient ar-

tificial drainage. 

Drainage has mainly relied on conventional systems, which have a constant 

drainage capacity (Järvenpää & Savolainen, 2015). Due to climate change, 

the hydrological conditions are expected to change and affect crop produc-

tion (e.g., Ylhäisi et al., 2010; Peltonen-Sainio et al., 2009; Rötter et al., 

2012). The wintertime temperatures are expected to become milder, and the 

number of snow-covered days decreases while wintertime precipitation in-

creases (e.g., Ruosteenoja et al., 2016). Springtime runoff peak due to snow-

melt recedes and during summertime dry periods are expected to become 

more frequent, although heavy rainfalls may occur. These changes can be 

harmful for the environment and crop production. Wintertime runoff, which 

is estimated to increase, contains high amounts of nutrients and sediments 

(Puustinen et al., 2007), which causes eutrophication and clouding of receiv-

ing waterbodies. Dry periods can increase the acidification of soil in regions 

with acid sulphate soils leading to acid agricultural runoff (Österholm et al., 

2015), which causes concerns in the receiving waterbodies downstream of the 

catchment (e.g., Manninen, 1972; Åström et al., 2005). These challenges have 

raised a high interest in adaptive water management, which would provide 

adjustable drainage capacity to mitigate the effects of climate change on wa-

ter bodies in current, and future conditions. 

Adaptive water management aims to increase flexibility in agricultural water 

management systems to adapt to varying hydrological conditions and water 

demand by the crop (Paasonen-Kivekäs et al., 2016). The concept is that wa-

ter could be detained in the soil and in the main ditch during dry conditions 

while during wet conditions the drainage capacity could be increased to lead 

excess water away from the fields. With flexible water management, the en-

vironmental strain of agriculture could be mitigated. 

One proposal to increase flexibility in the management of agricultural waters 

is to regulate water level in the ditch network with an adjustable weir (e.g., 
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Järvenpää & Savolainen, 2015; Äijö et al., 2021; Salo et al., 2021, Salla et al., 

2021; Virtanen et al., 2019). The aim of damming the main ditch is to peri-

odically detain water in the ditch network according to the hydrological con-

ditions and drainage needs. During dry conditions, when there is low drain-

age need or deficiency of water, water could be detained in the ditch by rais-

ing the weir height, which increases the water levels in the network and 

hence, water storage. During wet conditions, lowering the weir enables full 

drainage capacity and decreased water level in the ditch. Nevertheless, there 

is still limited amount of research on the potential of damming a main ditch 

of an agricultural site. Bonde et al. (2022) and Kröger et al. (2008, 2011) 

showed results indicating positive effects of the main ditch damming in terms 

of environmental protection and crop production. The potential effects and 

extent of damming a main ditch in agricultural site for wider use are still un-

clear and require further research.  

 

The objective of the current study is to develop a computational tool to test 

and qualify the prospects of regulating water level in an agricultural main 

ditch with a weir in a low-lying agricultural site in high latitude conditions. 

The tool facilitates the analysis of spatio-temporal extent of damming in ag-

ricultural ditch network. The targets were: (1) to set up a theoretical model-

ling tool to simulate the effects of damming on ditch hydraulic processes, (2) 

to demonstrate how damming affects the ditch network water levels and be-

haviour in varying ditch vegetation states during varying inflow conditions 

and, (3) to study how far the damming effect reaches upstream in a ditch 

network. 

The modelling in this study was conducted with FLUSH, which is an open-

source, three-dimensional, process-based hydrological model developed for 

clayey subsurface drained fields in high latitude conditions (Warsta, 2011). 

Haahti et al. (2016) embedded an open channel flow component into the 

model, which was selected as the simulation tool for this study. This study 

focused on setting up a parameterisation of the open channel component to 

describe hydraulics in an agricultural ditch network. FLUSH was applied for 

this research due to open access, compatibility, and modifiable properties. 

The model has been previously used in various research projects (e.g., Äijö et 

al., 2017; Äijö et al., 2021) and applications (e.g., Warsta et al., 2013; Haahti 

et al., 2016, Häggblom et al., 2019). The study was conducted as a part of 

VesiHave 2 -project (The Field Drainage Research Association, n.d., retrieved 

11.12.2022), which focused on studying the role of agricultural water re-

sources management in crop production and water protection. 
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2 Background 
2.1 Agricultural water management in high latitude condi-tions 
In Finland, 85 % of field area requires sufficient drainage. This translates to 

almost 2.0 million hectares of drained field area (Häggblom et al., 2020). 

Agricultural water management can be divided into two main components: 

areal main ditch drainage and local field drainage (e.g., Paasonen-Kivekäs et 

al. 2016; Järvenpää & Savolainen, 2015). According to them drainage was 

originally conducted with open ditches, but subsurface drainage became in-

creasingly common in the 1950’s. Most of agricultural water management 

methods in Finland focus on conventional drainage systems which have a 

high constant drainage capacity. Constant and uncontrolled drainage capac-

ity in the field can be too effective and drain water from the fields more than 

is necessary. They additionally lack adjustability, which is a recent concern 

due to varying hydrological conditions and changing climate. 

 

Primary objectives in agricultural water management in high latitude condi-

tions have been to drain excess water from agricultural production areas and 

to ensure water sufficiency for crop production (e.g., Evans et al., 1992; Jä-

rvenpää & Savolainen, 2015). Proper water management guarantees suitable 

conditions for profitable agriculture. 

 

Excess water in fields can negatively impact crop production in various ways 

(Paasonen-Kivekäs et al., 2016). Too high soil moisture causes shortage of air 

and oxygen in the root zone as water prevents air intrusion into soil, which 

hinders plant growth. Roots suffer from lack of oxygen and plant nutrient 

supply is decreased as bacterial activity of soil is weakened. Wet soil warms 

up slower than drier soil, which can delay sprouting in spring Soil wetness 

additionally reduces soil bearing capacity. Alakukku et al. (2003) stated that 

if heavy machinery is used in fields when the soil is too wet, there is a high 

risk of soil solidification, which weakens the growing conditions. These afore-

mentioned factors combined with short growing season, low-lying terrain 

and poorly permeable soils create challenges in food production (Paasonen-

Kivekäs et al., 2016). Shortage of water, especially early summer droughts, 

are harmful for crop production as the plant development becomes disturbed 

(Peltonen-Sainio et al., 2016a; Paasonen-Kivekäs et al., 2016). Therefore, ag-

ricultural water management and its benefits rely on suitable and functioning 

drainage, which is needed to create suitable conditions for cultivation and 

crop production (e.g., Evans et al., 1992; Järvenpää & Savolainen, 2015). 

 

Climate change is expected to increase the seasonal variability and frequency 

wheatear extremes (e.g., Jylhä et al. 2004). According to the predictions, the 
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aur temperatures rises, and annual precipitation increases, although the 

changes have spatial and temporal differences (e.g., Ylhäisi et al., 2010). The 

effects of climate change are more prominent during wintertime than sum-

mertime. Wintertime temperatures have been predicted to become milder. 

The snow-covered period shortens, and wintertime precipitation increases 

(Höglind et al., 2013), which results in increased winter-time runoff from ag-

ricultural areas. The wintertime runoff holds nutrients, solutes, and sedi-

ments, which increase harmful environmental impacts on receiving water-

bodies and hinders water protection (Huttunen et al., 2015). Additionally ex-

treme weather events, rainstorms and droughts, have been estimated to be-

come more frequent (e.g., Ruosteenoja et al., 2018; Jylhä et al., 2004; 

Veijalainen et al., 2010). Dry periods during summertime are predicted to 

lengthen, which may cause water shortages and groundwater levels decrease, 

which can lead to acidification in areas where acid sulphate soils are present 

(Yli-Halla, 2022). The dry periods are expected to strengthen and become 

more frequent, which increases the need for irrigation in certain regions in 

Finland (Häggblom et al., 2020). Preparing for droughts and setting up irri-

gation systems should be done in advance to increase resilience in water 

management and crop production (Peltonen-Sainio et al., 2015: Peltonen-

Sainio et al., 2016b).  

 

Drainage will remain as one main factor in agricultural water management 

as climate change is expected to affect the hydrological conditions in high 

latitudes (Järvenpää & Savolainen, 2015). There has been a rapidly growing 

interest in flexible agricultural water management methods as the predic-

tions of increased seasonal variability call for adjustable water management 

systems, which have to function properly during both dry and wet conditions 

(Häggblom et al. 2020). Therefore, it is necessary to study how to modify and 

implement water management systems with adjustable features that adapt 

water management to the increased hydrological variability (e.g., Äijö et al., 

2021; The Field Drainage Research Association, n.d.). 

 

Until recently, agricultural water management has mostly focused on effec-

tive drainage systems and their two components: main drainage and field 

drainage, which are both essential for water management (e.g., Häggblom et 

al., 2020; Järvenpää & Savolainen, 2015). In Finland, agricultural drainage 

systems are beginning to reach the end of their life cycle in increasing num-

bers (Häggblom et al., 2020; Jormola et al., 2003). As they are renovated and 

renewed, knowledge on flexible water management systems, their regional 

applicability and their effects on both drainage ditch networks, and sur-

rounding fields are needed. This helps to evaluate the renovation and modi-

fication costs and the added value of adjustable water management methods 

in relation to investments costs. Both local field drainage and areal main 

drainage are needed for functioning drainage systems, and both are needed 
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to increase the flexibility of agricultural water management in their own pro-

spective ways (e.g., Äijö et al., 2021, Salo et al., 2021, Salla et al., 2022; 

Chapagain, 2019). Flexible management methods increase the adjustability 

of agricultural water management. 

 2.1.1 Field drainage 
Field drainage, often referred to as subsurface drainage, although open 

ditches are still used to some extent, is a water management method which 

provides efficient drainage of excess water on a field scale (Peltomaa, 2016). 

Field drainage is based on main drainage, which routes the water from the 

field drainage outlets further downstream into receiving waterbodies. 60 % 

of Finnish agricultural areas had subsurface drainage, which translates to 1.4 

million hectares of subsurface drained field area (Häggblom et al., 2020).  

 

In subsurface drainage a subterranean perforated pipe system drains water 

from the soil and leads it to open ditches (Peltomaa, 2016). Convectional sub-

surface drainage has a constant drainage capacity, which cannot be adjusted 

according to the drainage need (Figure 1a). As excess water is drained from 

the field, high groundwater table lowers to the drainage elevation. Ground-

water level can fall below the drainage elevation during dry conditions due to 

evapotranspiration loss and regional groundwater flow, and in these condi-

tions conventional subsurface drainage does not drain water from the fields.  

 

While conventional subsurface drainage enables a certain fixed drainage ca-

pacity, controlled subsurface drainage can be used to adjust the drainage 

height between the drainage depth and soil surface (Paasonen-Kivekäs, 

2016). The controlled drainage aims to cope with the challenges of seasonal 

hydrological variation in agricultural water management. In the controlled 

drainage the groundwater level and hence drainage efficient can be adjusted 

by controlling the amount of drainage discharge with control wells (Figure 

1b), where water can be dammed. When the groundwater level is below the 

damming height in the control well, the generation of drainage discharge is 

prevented. When the groundwater level is higher than the damming height, 

the damming slows down the groundwater flow into the subsurface drains. 

During dry conditions, water can be dammed in the control wells, which can 

raise the groundwater level and detain water in the soil by regulating the 

drainage discharge. Additionally, the controlled drainage method can in-

crease water retention in the soil and keep the groundwater level more even 

in the fields compared to the conventional subsurface. During wet condi-

tions, when drainage is needed, full drainage capacity is enabled by decreas-

ing the damming height in the control well. If the damming height is not low-

ered during wet conditions, there is a risk of high moisture in the soil profile. 
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Without damming, the system functions as conventional subsurface drain-

age.  

 

Controlled subsurface drainage can be used for subirrigation (Paasonen-Ki-

vekäs, 2016). In subirrigation water is pumped into the drainage system dur-

ing dry periods, when there is a shortage of water (Figure 1c). Water seeps 

into soil, which raises the groundwater level in the fields. (Järvenpää & Sav-

olainen, 2015; Paasonen-Kivekäs, 2016). Irrigation water can be extracted 

from a nearby waterbody or a river, which acts as a water storage (Linnér, 

2016). Main ditch can also store water, but its storage capacity is limited (Ev-

ans et al., 1992).  

 

Field drainage affects the water balance of a field (Paasonen-Kivekäs et al. 

2016). The field water balance can be divided into five dominant compo-

nents: precipitation, evapotranspiration, surface runoff, subsurface drainage 

discharge, groundwater outflow, and change of water storage (e.g., Hägg-

blom et al. 2019). Total runoff from the fields consists of surface runoff, sub-

surface drainage discharge, groundwater outflow (e.g., Häggblom et al. 

2019). Implementation of subsurface drainage or improvement of the exist-

ing subsurface drainage system have effects on the share of the field water 

balance components as flow pathways from agricultural fields and their tem-

poral distribution over a year change (e.g., Paasonen-Kivekäs et al., 2016; 

Salo et al. 2021; Häggblom et al. 2019; Isomäki, 2022). According to simula-

tions by Salla (2020) and Isomäki (2022) approximately 75 % of total runoff 

from fields originates from subsurface drainage discharge, while the rest 25 

% is groundwater outflow, the former being the majority. The proportions 

present the simulations results for the studied experimental field in Sievi, 

North Ostrobothnia, Finland. Turunen et al. (2015) modelled the effects of 

terrain slope on long-term and seasonal water balances agricultural fields 

and concluded that groundwater outflow was an important component in the 

field water balance in a study site in Siuntio, Southern Finland. They studied 

two field sections and estimated the share of groundwater outflow to be 14 % 

of the total runoff in one field and 34 % in the other. Total runoff consists of 

drainage discharge, surface flow to ditches and groundwater outflow. The re-

sults by Rozmeijer et al. (2010) concurred with the results of Siuntio and rec-

ognized groundwater seepage to be an important factor in field water bal-

ance. Groundwater flow often remains unobserved due to measurement dif-

ficulties, but its role can be estimated with hydrological modelling. 

 

With controlled subsurface drainage, the drainage discharge can be regulated 

and when water is detained in the soil, proportion of groundwater outflow 

and evapotranspiration increase along with decreasing drainage discharge 

(e.g., Paasonen-Kivekäs, 2016). Wesström et al. (2014) noticed that con-

trolled subsurface drainage reduced drain discharge 40–60 % compared to 
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conventional drainage in Sweden. In Indiana, USA, reduction ranging be-

tween 27 – 85 % of drainage discharge have been measured (Saadat et al., 

2018). In North-Carolina, USA, controlled subsurface drainage decreased the 

yearly runoff approximately 30 % compared to conventional subsurface 

drainage (Evans et al, 1995). In Ohio, approximately 40 % reductions of 

drainage discharge have been measured (Fausey et al. 2004). In simulations 

by Isomäki (2022) controlled subsurface decreased drain discharge 17–25 % 

and yearly runoff 3–11 % when compared to conventional drainage in a field 

located in Sievi, Finland. 

 Figure 1: Conceptualisations of three field drainage management methods: conven-

tional subsurface drainage, controlled subsurface drainage and subsurface irriga-

tion (modified from Paasonen-Kivekäs, 2016). 
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2.1.2 Main drainage 
The main drainage with open ditches and channels has been the primary 

form of drainage in agriculture (e.g., Paasonen-Kivekäs et al., 2016). It sets 

the boundary conditions for agricultural drainage systems and enables effi-

cient field drainage systems. Approximately 25 % of Finnish fields have open 

ditches as a functioning drainage system, while the rest 60 % of the fields 

need subsurface drainage alongside open ditches to ensure sufficient drain-

age (Häggblom et al., 2020). Main drainage in open channels and ditches, 

receive water from the surrounding field areas leading it downstream into 

receiving water bodies, away from the agricultural site (see Figure 1) (Nis-

sinen, 2016; Järvenpää & Savolainen, 2015). Main ditches have a high drain-

age capacity and its effect on groundwater table in the surrounding fields is 

still observable 100–200 m away from the ditch according to simulations by 

Salla (2020) and Isomäki (2022). 

 

Flow conditions in the ditch network vary over time and space depending on 

following factors: the most prominent factors are bed slope, ditch cross-sec-

tion and geometry, surface roughness and ditch vegetation (e.g., Chanson, 

2004; Cowan, 1956; Järvenpää & Savolainen; 2015). These factors affect the 

flow rate and processes, water level, and drainage capacity. The channel cross 

section and geometry affect the ditch flow conditions and drainage capacity 

(e.g., Nissinen, 2016). Most drainage ditches have been straightened from 

natural winding streams, which have followed terrain and flow patterns 

(Näreaho et al., 2006). The commonly used conventional ditch cross-section 

has a higher water conveyance efficiency than that of nature based two-

staged channel (Figure 2a). According to Nissinen (2016), the slope of the 

side banks for a conventional ditch depends on the soil type and ditch depth. 

For a ditch of two metre depth, the recommended height-width proportion 

of the slope varies between 1:1.5 and 1:2.25 depending on the soil type. For 

water protection reasons, the slope scan be even gentler. The ditch bottom 

width during excavation should be between 0.5—0.8 m in minimum dimen-

sioning and in deeper channels the bottom width should be at least 30 % of 

the channel depth. Depending on the flow and vegetation conditions, the 

slopes and bottom of the ditches and channels can become rounder over time 

as sediment transport rounds the cross-section boundaries. 

 Figure 2: Example on two different channel types. On the left side is a conventional 

cross-section and on the right side is a novel channel type with a flood embankment.  
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A common way to express the flow resistance in hydraulic models is to use 

Manning’s roughness coefficient n (e.g., Hosia, 1980; French, 1986; Järvelä, 

1998). The coefficient describes the channel’s ability to resist flow. As the co-

efficient is affected by various factors and is connected to empirical measure-

ments, its value is difficult to determine for prescribed channel conditions 

(Järvelä, 1998). Table 1 contains Manning’s coefficients and their value range 

in different channel conditions determined by literature sources. Even 

though, there are similarities regarding the ranges of the values, the values 

differ due to the empirical characteristics of the coefficient and interpretation 

on the channel type and condition. 

 

According to earlier studies (e.g., Chow, 1959; Cowan; 1956, Hosia, 1980; 

Helmiö & Järvelä, 2004) Manning’s roughness coefficient in natural and ag-

ricultural small-scale channels typically varies between 0.02—0.15. Even 

larger values than 0.15 are possible, if the channel is not maintained and has 

heavy vegetation and other obstructions restricting flow (Järvenpää & Savo-

lainen, 2015). The smallest values represent ditch conditions with low flow 

resistance and higher values represent ditches with high flow resistance. 

 Table 1: Manning's coefficients for channels in varying conditions 

 
Manning’s coefficient Publication 

0.028—0.12 Järvenpää & Savolainen (2015) 

0.035—0.154 Västilä (2015) 

0.025—0.15  Chow (1959) 

0.03—0.15 Helmiö & Järvelä (2004) 

0.025—0.15 Cowan (1956) 

0.028—0.15 Hosia (1980) 

 

The capacity of the main drainage can be regulated with control structures 

such as weirs or other management methods relying on natural processes.  

As most of field areas have main drainage systems with open ditches and 

channels, the majority of the latest main drainage projects focus on dredging, 

renovation, and rewilding of the existing ditch networks (e.g., Jormola, 2003; 

Järvenpää & Savolainen, 2015; Häggblom et al., 2020).  

 

There has been a growing interest in nature-based solutions in the main 

drainage to utilise natural processes in water management and water protec-

tion (e.g., Järvenpää & Savolainen, 2015; Järvelä, 2016). Nature-based solu-

tions are designed to increase flexibility of water management in the main 

ditches and to decrease biodiversity losses. They include solutions such as, 

vegetation buffer zones, wetlands, floodplains, sedimentation ponds, low-

grade weirs as well as altering ditch cross-section and form (e.g., Näreaho et 

al., 2006; Järvelä, 2016). Recent research regarding these nature-based 
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solutions has focused on the effects of vegetation and two-stage channels 

(Figure 2b) on flow, sediment and nutrient processes (e.g., Västilä, 2015; Väs-

tilä et al., 2021). Vegetated channels provide flood control, enhance biodiver-

sity, and affect the nutrient and sedimentation processes improving the water 

quality of agricultural runoff (e.g., Jormola et al., 2003).  

 2.1.3 Adjustable control of main drainage by damming 
 

Weirs in ditch networks are one proposed method to control ditch water level 

and increase the adjustability of agricultural drainage systems. Weirs (i.e. 

dams) detain water in ditch network as they decrease the flow velocity and 

increase the water level in the ditch network (e.g., Nissinen, 2016; Järvelä, 

2016; Järvenpää & Savolainen, 2015). As water level in the ditch rises, it can 

raise the groundwater level in the surrounding fields, which affects the field 

water balance (Väisänen, 2014; Bonde et al. 2022).  

  

The purpose of an adjustable weir is to periodically detain water in the ditch 

network according to the hydrological conditions and drainage needs. During 

wet conditions, the weir height is lowered to enable full drainage capacity 

(Figure 3a). During dry conditions, the higher damming levels detains water 

in the ditch network, which then can raise the groundwater table in the sur-

rounding fields (Figure 3b).  
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 Figure 3: Conceptualisation of controlling the main ditch with an adjustable weir 

and its effect on both ditch water level and field groundwater level (modified from 

Bohne et al., 2012). (a) presents the conditions without the weir and (b) with the 

weir. 

 

While damming can be considered as a traditional rather than a new agricul-

tural water management method, there is still a limited number of studies, 

which have focused on the main ditch and its potential in increasing the flex-

ibility of agricultural drainage systems. Recent studies have mostly focused 

on the effects of weirs on nutrient and sediment transport in agricultural and 

natural channels and ditches (Baker et al. 2016; Littlejohn et al. 2014; Kröger 

et al. 2008). 

 

In Finland the main ditch damming has been rarely implemented in an agri-

cultural ditch network and there are few studies which have focused on the 

damming effect in an agricultural ditch network. Väisänen (2014) studied the 

effects of a submerged weir on the water balance of an agricultural field in 

Söderfjärden. The modelling study implicated that increasing water level in 

the main ditch had a strong connection to field groundwater level and poten-

tial to raise the groundwater table in the surrounding fields. Salla et al. 

(2022) and Isomäki (2023) reported that the drainage effect of the main 

ditch was still observable on the field groundwater table over 150 m away 

from the main ditch in the surrounding fields according to the computation 

results. This implies that damming the main ditch is a plausible method to 

detain water in the fields by raising the ditch water level at the subsurface 

drainage outlet locations. 
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Recent studies at Söderfjärden site (Bonde et al., 2022) have focused on dif-

ferent drainage systems and their effect on field water balance. In the setup, 

an adjustable weir was installed downstream of the main ditch with the pur-

pose of detaining water for irrigation purposes and decrease the risk of acid-

ification due to the acid sulphate soils in the region. The irrigation and higher 

water level in the ditch network raised the groundwater level in the surround-

ing fields mitigating the nutrient runoff and acidification soil and runoff. The 

results imply that adjustable damming has benefits on agricultural water 

management as it increases the flexibility of drainage systems.  

 

Field experiments are a transparent way to demonstrate the effects of the 

studied methods in practice, but modelling is needed to expand the studied 

conditions and to investigate the effects outside the field experiment area. 

There is still limited amount of modelling research on the potential of adjust-

able weirs in water level control in agricultural areas. Many studies have in-

dicated a further need to research the effects of damming in an agricultural 

dich network (Virtanen et al., 2019; Äijö et al., 2021, Salo et al., 2021; Salla 

et al., 2022; Väisänen, 2014). 

 2.1.4 Environmental aspects of agricultural water management 
 

Agriculture and its water management can cause both positive and negative 

environmental impacts (e.g., Paasonen-Kivekäs et al. 2016). Field and main 

drainage affect the water balance of fields and alter the flow routes and their 

proportions, thus changing the natural conditions and processes. Agricul-

tural runoff contains nutrients, sediments and solutes, such as residues of 

plant protection chemicals, which affect the water quality and habitats in the 

receiving waterbodies downstream of the catchment. Agriculture has de-

creased biodiversity as its land use has intensified. With proper water man-

agement, the harmful impacts can be mitigated. Suitably dimensioned drain-

age systems and capacity improve water management and water protection.  

 

Agricultural runoff contains nutrients, sediments and solutes. Nutrients, es-

pecially nitrogen and phosphorus, cause eutrophication of waterbodies 

(Paasonen-Kivekäs et al., 2016). Sediment loads and leaching solutes in-

crease clouding of water bodies, which also degrades water quality and causes 

changes in the aquatic habitats and in the original ecosystems. Subsurface 

drainage increases drain discharge from surrounding fields, which can in-

crease sediment and nitrogen loads in the agricultural runoff (e.g., Peltomaa, 

2016; Vakkilainen et al. 2010; Warsta et al., 2013). 

 

Subsurface drainage reduces the amount of surface runoff through increased 

infiltration, which decreases phosphorus and sediment loads (Peltomaa, 

2016). Lowering the groundwater level improves soil aeration, which 
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enhances soil microbiological activity and creates suitable growing condition 

for crop production. Lower groundwater level can increase nitrogen content 

of subsurface drainage discharge and increase the oxidation risk of acid sul-

phate soils (Österholm et al., 2015; Virtanen et al., 2016; Peltomaa, 2016). 

This can lead to acidic agricultural runoff, which is harmful for aquatic eco-

systems (e.g., Peltomaa, 2016).  

 

Agricultural land use has intensified during the past decades, and subsurface 

drainage has maximised the cultivated field area (Paasonen-Kivekäs et al. 

2016). This has reduced the number of open ditches and ditch embankments. 

Vegetated ditches and embankments increase biodiversity in the area and 

sustain ecosystem services (Paasonen-Kivekäs et al., 2016; Herzon & Hele-

nius, 2008). Vegetation in a main ditch network reduces the nutrient and 

sediment loads as vegetation reduced water flow velocity and controls nutri-

ent and sediment processes in the ditch (e.g., Kröger et al., 2009; Herzon & 

Helenius, 2008). Vegetation is a natural method to reduce nutrient, sediment 

and solute loads into receiving waterbodies (Herzon & Helenius, 2008). 

Other nature-based solutions, i.e. two-stage channels, vegetation buffer 

zones and sedimentation ponds, are becoming more common solutions in 

agricultural water management (e.g., Jormola, 2003; Järvelä, 2016). 

 

Nutrient, sediment and solute loads can be decreased by regulating the water 

level and flow velocity with a weir (e.g., Littlejohn et al. 2014; Kröger et al. 

2008; Baker et al., 2016). Damming water with weirs decreases the flow ve-

locity and detain water in a ditch network. Weirs can also decrease the acid-

ification risk of agricultural runoff by raising the groundwater level in the 

surrounding fields and enhance the functioning of controlled subsurface 

drainage (e.g., Väisänen, 2014).  

 2.2 Hydrological models for computing open channel flow  
The number of hydrological models simulating surface and subsurface flow 

have increased over the recent years (Paniconi & Putti, 2015). In their study, 

it was explained how vast amount numerical models of varying complexity 

have been developed to increase the understanding of hydrological cycle, the 

processes and changes happening within studied systems in different con-

texts. For example, models can be used to facilitate demonstration and as-

sessment of different water management practices (Maringanti et al., 2009).  

 

The range and scope of hydrological models is vast Paniconi & Putti, 2015). 

They range from simplified lumped-parameter models to distributed, pro-

cess-based models. The simulated systems can range from a section of a 

stream or a field scale to large catchment scale modelling. The details of the 

models in describing land-surface and stream processes vary and not all 
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models include both domains. For example, Bohne et al. (2012) created a 

simplified modelling software component to simulate interactions between 

field groundwater table, soil water content and water level in a ditch con-

trolled by a weir in unsteady flow conditions. HEC-RAS is a commonly used 

model to simulate open channel flow processes, sediment transport and wa-

ter quality (Brunner, 2016). It has been used in multiple studies, also focus-

ing on agricultural areas (e.g., Littejohn et al., 2014; Xue et al., 2021). 

 

Process-based models can be adjusted according to available data by activat-

ing or deactivating processes, which makes them modifiable and flexible for 

different applications (Paniconi & Putti, 2015). Distributed and semi-distrib-

uted models having open channel flow description include e.g., GSFLOW 

(Markström et al., 2008), HEC-RAS (Brunner, 2016), MIKE+ (DHI, 2021), 

MODHMS (Panday & Huyakorn, 2004; Hydrogeologic Inc., 201) and FLUSH 

(Warsta, 2011; Haahti et al., 2016). Open channel flow is commonly com-

puted using the full Saint-Venant equations or their kinematic, diffusion or 

gravity wave approximations (Vieria, 1983; Roohi et al., 2020) 

 

FLUSH is a hydrological model developed for simulating water balance and 

sediment processes of a clayey subsurface drained fields in high latitude con-

ditions (Warsta, 2011). The model has been applied on field and small catch-

ment scales in experimental sites across Finland (e.g., Salla et al, 2022; 

Turunen et al., 2013; Nousiainen et al., 2015; Häggblom et al., 2019).  

 

Salo et al. (2015) included a solute transport component in FLUSH and 

Haahti et al., (2015) embedded an open channel flow component, making the 

model applicable to study ditch network hydraulic processes. The model was 

applied to simulate flow in open drainage ditches in drained peatland for-

estry site in Eastern Finland. The model was chosen for the current study due 

to its modifiable properties and characteristics as well as to test the parame-

terisation of the open channel component for an agricultural main ditch net-

work.  
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3 Study site and data description  
3.1 Study site 
The study site is located in Sievi, North Ostrobothnia, Finland (63°54'N, 

24°35' E; Figure 4). The region belongs to boreal climate zone, which is char-

acterised by long, snowy winters and relatively short and warm summers. 

Long-term mean annual air temperature was approximately 3.5 °C (Finnish 

Meteorological Institute [FMI], n.d.-a) and mean annual precipitation         

662 mm (FMI, n.d.-b) during 1991-2020. The regional terrain is flat, and the 

area is arable land characterised by agriculture. The elevation in the studied 

site ranges between 78—88 m above sea level. The study site is located in the 

region of acid sulphate soils (Äijö et al. 2021). 

In 2015, the ditch network was modified to its current state due to realloca-

tion of land (Figure 4) (Äijö et al., 2021). The preceding ditch network is pre-

sented in Appendix A. The field experiment was established in 2019 with the 

objective of analysing the water level control possibilities by damming the 

main ditch (Äijö et al., 2021). The area has been monitored with groundwater 

level measurements and in 2021, monitoring of the ditch water level at the 

weir began. Finnish Field Drainage Association conducts the monitoring and 

the field measurements.  

The simulated site consists of three main components: ditch network, catch-

ment area and adjustable weir (Figure 4). The network has a total length of 

3.2 km and a catchment area of 113 ha. 67 % of the catchment area is subsur-

face drained field area while the rest is forest. Slopes in the surrounding field 

areas vary between 0.09–3.9 %. The ditch slope in the ditch network varies 

between 0.06-0.48 %, and the average value is estimated to be 0.18 %. The 

ditch network discharges into Korvenoja stream, which flows into River 

Vääräjoki in the northern part of the network. 

The adjustable weir (Figure 4) was implemented in 2019 as a water protec-

tion measure to control the groundwater levels in the surrounding fields (Äijö 

et al., 2021). The height of the weir crest can be adjusted with wooden planks 

set parallel to the flow direction. The height adjustment is manually con-

ducted according to the hydrological conditions and drainage need (Figure 

5). The weir is connected to a ditch culvert, which discharges into the ditch 

five metres downstream of the weir (Äijö et al., 2021). 
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 Figure 4: Location and concept image of the modelled study site. The adjustable 

weir (black dot) can be found in the northern part of the network. The field plots 

(light yellow area) and forest site (green area) discharge to the ditch network. Or-

thophoto is from National Land Survey of Finland [NLS] (2019, retrieved 11.1.2022). 
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 Figure 5: Adjustable weir at the study site in June 2022. 

 

 3.2 Materials 
The modelling platform is FLUSH (Warsta et al., 2013; Haahti et al. 2016), 

which is an open-source model developed for simulating field hydrology in 

clayey subsurface drained fields. The model parameterisation constructs on 

geospatial information sources and data, which are the base for the network 

geospatial locations and geometries. Data was acquired from open sources 

and from actors involved in the VesiHave 2 -project (The Drainage Research 

Foundation, n.d.). The project data consist of land allocation, subsurface 

drainage, and ditch excavation plans, according to which the ditch network 

and cross-sections were modified. The land allocation and drainage design 

include the geospatial locations and geometry of the ditch network as well as 

the connected field plots and drainage discharge locations (Sikkilä, 2022). 

Digital elevation model (DEM) and orthophoto of the study site were down-

loaded from the NLS file service of open data The DEM is from 201o and has 

a resolution of 2 x 2 meters (NLS, 2010, retrieved 11.1.2022). The orthophoto 

is from 2019 (NLS, 2019, retrieved 11.1.2022). The water level at the weir was 

monitored from end of May until early December in 2o21 (Figure 6), covering 

the ice–free period. During the monitoring period, the weir height stayed at 

a constant level of 95 cm above the ditch bottom. 

Computed timeseries for total inflow into the ditch network were obtained 

from Isomäki (2022), who simulated runoff and discharge from a subsurface 

drained field. The simulated total discharge included surface runoff, drain 

discharge and groundwater outflow from surrounding subsurface drained 

fields for years 2010–2021. The model study by Isomäki (2022) is conducted 
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in the same Sievi region approximately 12 kilometres west of the study site of 

this current study. The simulated total discharge was assumed to be applica-

ble to describe the inflow into the ditch network in this study. Isomäki (2022) 

computed the discharge on the basis of meteorological variables compiled for 

years 2010–2021. The current study focuses on year 2021 because there are 

measurements for comparison from the study site (Figure 6). 

 

 Figure 6: Computed total runoff from surrounding fields by Isomäki (2022) and 

measured water level in 2021. Water level was monitored between 30.5.2021–
1.12.2021. The weir height stayed constant at 0.95 m during the measurement pe-

riod. 
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4 Methods 
 4.1 FLUSH 
FLUSH (Warsta et al., 2013) is a hydrological process-based three-dimen-

sional (3D) model combining field hydrological and open channel hydraulic 

processes. It was originally developed to simulate hydrological processes in 

clayey, subsurface drained fields in northern conditions. The model is dis-

tributed into two-dimensional (2D) surface and three-dimensional (3D) sub-

surface domains. Open channel flow is simulated as one-dimensional (1D) 

flow.  

 

In the field hydrology model, water flow in soil is divided into 2D overland 

flow and 3D subsurface flow. The simulated subsurface flow with a dual pore 

system, which divided into soil matrix and macropores. The field model in-

cludes particle transport processes, wintertime processes and soil shrinking 

(Warsta, 2011). The open channel model component of FLUSH was devel-

oped by (Haahti et al., 2016) and it can be used separately from the soil hy-

drology model. The open channel flow component can be coupled with the 

2D surface and 3D subsurface flow model components.  

 

FLUSH calculates open channel flow components based on full Saint-Venant 

equations for one-dimensional unsteady flow in an open channel (Haahti et 

al. 2016). The unsteady flow properties are described with two equations 

based on principle of mass continuity (1) and conservation of momentum (2). 

Haahti (2014) discretised the Equations 1 and 2 with the four-point implicit 

Preissman scheme and solved the resulting equations with the Newton–

Raphson method (e.g., Cunge et al., 1980) Saint-Venant equation for conti-

nuity can be expressed as 

 

𝜕𝐴

𝜕𝑡
+

𝜕𝑄

𝜕𝑥
− 𝑞 = 0 (1) 

 

and the momentum equation as 

 

𝜕𝑄

𝜕𝑡
+

𝜕

𝜕𝑥
(

𝑄2

𝐴
) + 𝑔𝐴

𝜕ℎ

𝜕𝑥
+ 𝑔𝐴(𝑆𝑓 − 𝑆0) = 0 (2) 

 

where A [m2] is the cross-sectional flow area, t [s] is time, Q [m3/s] is the 

discharge, x [m] is the distance along the channel, q [m2/s] is the lateral in-

flow per unit length, g [m/s2] is the gravitational acceleration, h [m] is the 

flow depth, 𝑆𝑓 [-] is the friction slope, and 𝑆0 [-] is the channel bed slope.  
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The friction slope in the momentum equation (Equation 2) is estimated with 

the Manning’s equation for flow resistance as 

 

𝑆𝑓 =
𝑛2𝑄|𝑄|

𝐴2𝑅
4
3

 (3) 

 

where n [-] is the Manning’s coefficient and R [m] is the hydraulic radius of 

the channel. The water depths at the network junctions are corrected in order 

to fulfil the principle of mass conservation (Chen et al., 2011) 

 

ℎ𝑏𝑘+1
= ℎ𝑏𝑘

+ 𝛼
∑ 𝑄𝑖𝑛 − ∑ 𝑄𝑜𝑢𝑡

∑ 𝐴𝑖𝑛√𝑔/ℎ𝑖𝑛 − ∑ 𝐴𝑜𝑢𝑡√𝑔/ℎ𝑜𝑢𝑡

 (4) 

 

where hb [m] is the water depth at junction, k is the iteration index, in and 

out refer to the incoming and outgoing flows, and 𝛼 is the factor in ensuring 

numerical stability. 

 

These aforementioned equations are based on various assumptions: flow is 

one-dimensional (1), pressure distribution is hydrostatic (2), flow resistance 

and turbulence losses are estimated the same as for steady uniform equilib-

rium flow (3), channel has a small bed slope (4), fluid is of constant density 

(5), and the channel cross-section is fixed boundary with no changes with 

time, neglecting sediment motion at the ditch boundaries (6) (e.g., Chanson, 

2004; Cunge et al., 1980). 

 

In the model, the ditch network is divided into branches according to the net-

work junctions where two or more branches connect. The branches are dis-

cretised into individual nodes for the numerical solution (Haahti 2014). 

Haahti (2014) applied an algorithm by Zhu et al. (2011), which constructs on 

an iterative procedure of solving the governing Saint-Venant equations in 

each flow in each channel in the network separately. The iterative process is 

presented in Figure 7.  

 

The model requires an initial steady-state solution for solving unsteady flow 

in the network. For the initial condition, the model is given constant values 

for flow depth and discharge for all nodes. After initiating the iterative pro-

cess, the computation starts with an initial guess for the unknown variables. 

With each iteration cycle, the flow depths at the channel junctions are cor-

rected until the equivalence between incoming and outgoing flows reaches a 

certain, specified tolerance given in for the computation. After reaching the 

state of equivalence at network junctions, the algorithm proceeds to the next 

time-step and the iteration continues. 
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 Figure 7: Concept figure of the iteration process on which FLUSH calculates flow 

depths 

 4.2 Model application 
The current study focuses on the open channel flow in an agricultural ditch 

network and therefore field hydrology processes were inactivated for the 

model application. The outline of the model application process is presented 

in Figure 8. The first stage was parameterisation of the ditch network and 

defining input data for the computations. Geospatial input data for the model 

was created with QGIS. QGIS is an open geographic information system soft-

ware, which supports creating, editing, visualising, analysing, and printing 

geospatial information (QGIS Development Team, 2022). The software was 

applied in creating the geospatial input for the model parameterisation. The 

QGIS data was converted into FLUSH input files with a python script. The 

obtained computation outputs were then further processed to study the spa-

tio-temporal effect of damming and factors affecting it. 

 Figure 8: Concept figure of the modelling process. The model is parameterised ac-

cording to the study site characteristics. The model application receives input data 

for computing different scenarios. Numerical computation outputs are processed 

further to analyse the spatio-temporal effect of damming 
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4.2.1 Defining ditch network geometry 
The simulated ditch network geometry consists of channel geospatial loca-

tions and cross-section geometries. The channel cross-section was estimated 

on the basis of channel excavation plans (Sikkilä, 2022) and official guide-

lines for agricultural drainage channels (Järvenpää & Savolainen, 2015). 

Figure 9 represents how the ditch network was divided into seven branches 

and included three junctions. The average bottom slope of the network is 0.18 

% and length of the branches varies between 77 and 1 293 m. Each branch 

was further divided into nodes with a maximum distance of 5-meter interval 

to keep the model stabilised during computations. The branch-specific char-

acteristics are presented in  

Table 2.  

 Figure 9: Concept figure of the network containing branch numberings, junctions 

(in blue), flow directions (arrows), upstream boundary conditions (in orange cir-

cles), and downstream boundary condition (orange triangle). Weir location is 

marked with a grey triangle. 
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Table 2: Main characteristics of each network branch 

 

Figure 10 shows the cross-sections used in the network. Both cross-sections 

are symmetrical trapezoids, with different dimensioning. Cross-section 1 rep-

resents a conventional agricultural drainage ditch (Järvenpää & Savolainen, 

2015; Västilä et al. 2015) and cross-section 2 is a narrower estimation for the 

cross-section at the weir and connected culvert location.  Cross-section 1 was 

applied elsewhere in the network. 

The cross-section of the ditch network was estimated based on the ditch ren-

ovation plans and official recommendations (Sikkilä, 2022; Järvenpää & Sav-

olainen, 2015). The applied height-width proportion of the side banks was 

estimated to be 1:1.5 and the bottom width was 1.0 m (Figure 10). 

Cross section 2 is narrow and resembles the square-shaped weir cross-sec-

tion, although it widens slightly upwards (Figure 10). The weir dimensions 

were estimated based on pictures from the site and the bottom width was 

estimated to be 1.0 m. The culvert downstream of the weir, may dam water 

during higher inflows and it has a limited flow capacity to lead water down-

stream. The effect of the culvert and its pipe flow conditions cannot be di-

rectly described in the simulations because the model only calculates open 

channel flow. Therefore, the cross-section at the weir was modified to be a 

narrow in order to increase the water level and mimic the phenomenon.  

 Figure 10: Applied channel cross-sections for the ditch network. Flow depth is 

marked with h [m], cross-sectional flow area with A [m2] and P [m] is for wetted 

perimeter. 

 

Branch number Length (m) Nodes Average slope (%) 
0 1 293 268 0.48 

1 556 117 0.09 

2 250 53 0.06 

3 116 26 0.24 

4 73 17 0.08 

5 102 22 0.18 

6 795 176 0.14 
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4.2.2 Boundary conditions and lateral inflow 
Boundary conditions were needed to describe the exchange of flows at the 

interface between the model and an external system. In FLUSH, the open 

channel model has two required boundary conditions and one optional. The 

required conditions are upstream boundary condition and downstream 

boundary condition, which define the flow at the ends of network. Lateral 

inflow is an optional boundary condition, which can be used to describe the 

inflow into the ditch depending on the location. 

In the model, downstream boundary condition describes the discharge over 

a V-notch weir at the ditch network outlet (Haahti, 2014). The outlet dis-

charge is determined by the relationship between discharge and water depth 

at a V-notch weir: 

𝑄 = 1.381(ℎ − ℎ𝑤𝑒𝑖𝑟,𝑣)
5/2

 (5) 

where 𝑄 [m3/s] is the discharge, ℎ [m] is the water depth at the weir, and 

ℎ𝑤𝑒𝑖𝑟,𝑣 [m] is the distance between ditch bed and bottom of the V-notch of the 

weir.  

Due to the damming effect of a V-notch weir, water depths in close proximity 

to the boundary are affected by it. In order to minimize the impact of bound-

ary condition on the water levels and discharge at the weir, the downstream 

boundary was set approximately 500 metres downstream of the weir (Figure 

9).  

The upstream boundary describes how much inflow the end nodes upstream 

are receiving. The condition was set to each upstream end node, which the 

network has a total of four as shown in Figure 9 The inflow of upstream 

boundary conditions was set to 0.003 m3/s. The upstream boundaries feed 

inflow into the model, which describes small background inflow into the net-

work from the areas upstream of the network to keep the model simulations 

running.  

 

Lateral inflow describes the water coming from the surrounding areas into 

the ditch network. Its distribution in the network was defined according to 

the catchments sub-areas. The catchment area of the simulated ditch net-

work consisted of 29 field plots and one forest site (Figure 4), which all to-

gether are the water source into the network. The geometry and areas of the 

field plots were estimated based on the land allocation and subsurface drain-

age layout, containing the drainage discharge locations. The forest area was 

calculated from the DEM with watershed calculation tool in QGIS, which de-

termined the catchment area based on digital elevation model. The whole 
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catchment area, lateral inflow distributions and drainage discharge points 

are presented in Appendices B and C. 

The lateral inflow into the ditch network was divided into three components: 

discharge from the forest, subsurface drainage discharge and groundwater 

seepage from the fields. Each component was estimated separately. Figure 11 

presents the concept of defining lateral inflow distribution in in the network. 

Inflow originating from forest and subsurface drainage was further divided 

between two nodes to even out local inflow spikes in the model. Each com-

putation node in the network had a value, which described a fraction of in-

flow the node received. 

 Figure 11: Concept figure of distributing lateral inflow into the ditch network’s 

computation nodes. Inflow from subsurface drainage discharge (in blue) and forest 

(in green) is divided between two nodes to even out local inflow spikes, while 

groundwater outflow is divided equally to empty nodes in the network (in yellow). 

Figure and its discharge distributions are not in scale. 

 

Inflow from the forest area was determined based on its proportional area of 

the whole catchment as follows 

 

𝑄𝑓𝑜𝑟𝑒𝑠𝑡 =
𝐴𝑓𝑜𝑟𝑒𝑠𝑡

𝐴𝑡𝑜𝑡𝑎𝑙
𝑄𝑖𝑛,𝑡𝑜𝑡𝑎𝑙 (5) 

where 𝐴𝑓𝑜𝑟𝑒𝑠𝑡 [m2] is the area of one field, 𝐴𝑡𝑜𝑡𝑎𝑙 [m2] is the total field area of 

the catchment and 𝑄𝑖𝑛,𝑡𝑜𝑡𝑎𝑙 [m3/s] is the total inflow into the ditch network. 

Based on Equation 5, 33.1 % of the inflow originates from the forest. The rest 

66.9 % of the inflow originates from the fields. According to earlier FLUSH 

case studies, approximately 75 % of the field discharge can be estimated to 

result from drainage discharge and the rest 25 % from seepage and surface 

runoff according to modelling results (e.g., Salla et al. 2022; Isomäki; 2022; 

Turunen et al., 2015). Groundwater outflow from the surrounding fields into 

the ditch network was assumed not to originate from drainage discharge lo-

cations. The subsurface drainage discharge from each field plot was 
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estimated based on its proportional area from the total field area within the 

catchment. Therefore, drain discharge from each field was defined according 

to Equation 6. The discharge values from each field area presented in Appen-

dix B. 

 

𝑄𝑑𝑟𝑎𝑖𝑛 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒,𝑖 = 0.75
𝐴𝑓𝑖𝑒𝑙𝑑,𝑖

𝐴𝑡𝑜𝑡𝑎𝑙
𝑄𝑖𝑛,𝑡𝑜𝑡𝑎𝑙 (6) 

where 0.75 is the drain discharge coefficient and 𝐴𝑓𝑖𝑒𝑙𝑑,𝑖 [m2] is the area of 

one field. 

The groundwater outflow from the fields formed rest of the lateral inflow into 

the ditch network. Unlike subsurface drain and forest discharge, groundwa-

ter outflow was equally distributed into the ditch network simplifying the 

model. The inflow into the ditch network resulting from groundwater outflow 

was determined by the proportion of total field area within the catchment 

and the number of nodes not having any inflow proportion value. The total 

number of nodes was 672 and 60 nodes had designated values representing 

inflow from the fields and forest. Therefore, groundwater outflow was di-

vided equally to the 612 nodes. Groundwater outflow (i.e., 25 % of the total 

inflow) originating from fields and was estimated as 

 

𝑄𝑔𝑟𝑜𝑢𝑛𝑑𝑤𝑎𝑡𝑒𝑟 𝑜𝑢𝑡𝑓𝑙𝑜𝑤,𝑖 = 0.25
𝐴𝑓𝑖𝑒𝑙𝑑𝑠

𝐴𝑡𝑜𝑡𝑎𝑙

1

612
𝑄𝑖𝑛,𝑡𝑜𝑡𝑎𝑙 (7) 

where 0.25 is the estimated groundwater outflow coefficient and 𝐴𝑓𝑖𝑒𝑙𝑑𝑠 [m2] 

is the total field area within the catchment. 

 4.2.3 Elevation model 
FLUSH creates the ditch bed profile according to the elevation at the compu-

tation nodes. Manual measurements of the ditch bed elevation from 2015 

were used to create the elevation model representing the ditch bed elevation 

as the open DEM from National Land Survey of Finland [NLS] (2010) repre-

sented the outdated situation before the land reallocation in 2014. Appendix 

A represents both the DEM from 2010 and the manual point measurements. 

The point measurements were from branches 1 and 6 (Figure 9), which were 

modified during reallocation. The elevation model for the ditch bed profile 

was created by combining the DEM and point measurements.  

Figure 12 shows the concept of interpolating the point measurements based 

on the available DEM. The available point measurements were compared to 

the corresponding points in the DEM. The difference between the elevations 

formed the elevation change factor (∆ℎ𝑖), which represents how much the 
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values of DEM are to be lowered to match the measurements. Three elevation 

change factors were calculated according to the point measurements and net-

work geometry. Reference points were set along the network branches, which 

were given values representing the corrected channel bed elevation as a point 

dataset. 

 Figure 12: Concept figure of creating the ditch bed elevation model. The elevation 

change factor is marked with ∆ℎ𝑖, elevation of DEM as 𝐸𝐷𝐸𝑀 and the corrected chan-

nel bed elevation as 𝐸𝐷𝐸𝑀 − ∆ℎ𝑖. 

 

The point dataset was further processes into a raster data by using triangu-

lated irregular network (TIN) interpolation with 3-meter resolution. The cre-

ated elevation raster presented only channel bed elevation profile. The raster 

was smoothed with an installed simple filter tool in QGIS to further in order 

to reduce local unevenness and sudden elevation changes (Conrad, 2003). 

 4.2.4 Weir implementation 
Water level at the site is controlled by a weir construction, where the dam-

ming height can be adjusted according to the drainage need (Figure 5). In the 

model, the weir was described as a submerged weir to create the damming 

effect in the simulations. The submerged weir was assumed to be the most 

applicable model-based solution with the data available to describe the ef-

fects of damming the site.  

The submerged weir was created by raising the ditch bed elevation to the level 

of the weir crest (Figure 13). The weir cross-section was modified to resemble 
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the dimensions of the weir at the site by using the narrower cross-section (see 

Figure 10). 

 Figure 13: Model discretisation of the weir. Left side presents the side profile and 

the right side the profile along the ditch. The ditch bed is raised and lowered between 

three adjacent nodes (circles), which creates a structure similar to a submerged weir. 

The weir height is marked with ℎ𝑤𝑒𝑖𝑟. 

 4.2.5 Flow resistance 
FLUSH uses Manning’s coefficient to describe flow resistance of the channel. 

The selected coefficients for the model application represented different flow 

conditions in the ditch network. The range for Manning’s coefficient in this 

study was approximately 0.030—0.15 (e.g., Hosia, 1980; Järvenpää & Savo-

lainen, 2015; Helmiö & Järvelä, 2004). Lower coefficient values were for 

ditches with little to no vegetation and low surface friction, while higher val-

ues represented channels with heavy vegetation and high surface friction. 

Four Manning’s roughness coefficients were selected for the simulations. The 

selected coefficients and the corresponding ditch condition are presented in 

Table 3. 

 Table 3: Manning's coefficients and description on the ditch conditions 

 

Manning’s coefficient n Ditch condition description 
0.03 

New or recently dredged ditch with low flow            

resistance, little to no vegetation 

0.07 
Ditch in good condition with moderate flow            

resistance, moderate vegetation 

0.11 
Ditch with considerable flow resistance,             

dense vegetation 

0.15 

Aged or unmaintained ditch with high flow re-

sistance: thick vegetation with bushes and other 

flow obstructions 
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4.2.6 Computed scenarios and computation 
The spatio-temporal effect of damming was analysed with 16 scenarios of se-

lected parameter combinations (Table 4). The adjustable parameters were 

weir height and flow resistance. Even though flow resistance can change over 

time and space, and the weir height can be adjusted, the model had constant 

values for these two parameters throughout one simulation. The damming 

effect was tested with three weir heights with equal intervals and one baseline 

scenario with no weir. The used weir heights were 0.50 m, 0.75 m, and 1.00 

m. Each weir height was combined with the four selected Manning’s rough-

ness coefficients presented in Table 3. 

For all simulations, initial discharge was set to 0.005 m3/s and minimum in-

flow was given a value 0.0006 m3/s. The minimum inflow assured the model 

operation should the inflow drop close to zero and cause numerical instability 

(Haahti, 2014). The maximum number of iterations was set to 200 and the 

tolerance of |𝛥𝑄/𝑄|, |𝛥ℎ/ℎ| and | 𝛥ℎ𝑏/ℎ𝑏| to 0.0001 in every simulation. 

Table 4: Parameter combinations of the 16 computed scenarios 

 Scenario Weir height (m) Manning’s coefficient n 
0 0.00 0.03 

1 0.50 0.03 

2 0.75 0.03 

3 1.00 0.03 

4 0.00 0.07 

5 0.50 0.07 

6 0.75 0.07 

7 1.00 0.07 

8 0.00 0.11 

9 0.50 0.11 

10 0.75 0.11 

11 1.00 0.11 

12 0.00 0.15 

13 0.50 0.15 

14 0.75 0.15 

15 1.00 0.15 

The computations were run on CSC (IT Center for Science) Puhti-supercom-

puter. All the 16 scenarios were run simultaneously in a parallel array. The 

computation time for a year of hourly data varied from 30 minutes to an hour 

depending on the scenario.  
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4.3 Computation outputs and visualisation 
Computation outputs were numerical datasets, which were further processed 

for visual analysis. The outputs were visualised as a function of time, total 

inflow into the ditch network, location. The visualisations functioned as a 

method for studying the spatio-temporal effects of damming in the ditch net-

work from multiple perspectives.  

 

The water levels were visualised in relation to the distance when moving up-

stream of the weir along ditch network. The graphs show how damming in-

creases the water levels along the ditch network branches and how the dam-

ming changes the water level distributions. The effect flow resistance is also 

considered in certain graphs. The water levels and damming effect were il-

lustrated in relation to time, which demonstrated the water level at the weir 

over the simulation period. These graphs showed the dynamic behaviour of 

simulated water levels and damming effect over a certain time period. The 

water levels were also studied in relation to total inflow into the ditch net-

work, which demonstrated how the inflow conditions affected the water lev-

els and damming effect. Water levels were conceptualised in a figure illus-

trating ditch cross-section, which demonstrated the main ditch damming ef-

fect in relation to drainage depth. 
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Results 
 4.4 Overview on the damming effect on ditch network water levels 
The results of computed scenarios showed (Figure 14) how the ditch water 

level behaved with varying weir heights (0.50, 0.75, 1.00 m) and flow re-

sistances (0.03, 0.07, 0.11, 0.15) over the simulated time period (o1/2021–

12/2021). The depicted water levels begin at the location of the weir and move 

upstream with equal intervals (200 m) in the network along branches 1 and 

6 (see Figure 9).  

The model facilitated demonstration of damming impacts on water level up-

stream of the weir. It was apparent that the highest changes in median water 

levels occurred at close proximities to the weir correlating with the weir 

height, i.e, higher damming resulted in higher water level. When moving up-

stream of the network, the damming effect, meaning water level increase by 

damming, decreased along the ditch network but was seen hundreds of me-

ters upstream due to small slope of the channel bed. In scenarios 3, 7, 11 and 

15, which had 1.0 damming level (triangle shaped markers in Figure 14), the 

spatial extent of damming was still visible 800 metres upstream of the weir, 

where median water levels were approximately 0.10 m higher compared to 

other scenarios. With lower damming, the effects on the ditch water levels 

were not as far-reaching. For instance, with damming height of 0.50 m (plus 

shaped markers in Figure 14), the damming effect disappeared before 600 m 

upstream of the weir. 

The effect of Manning’s roughness coefficient was visible in the simulated 

median water levels in the network, but the impact was smaller with the 

higher water level compared to lower the levels. The median water levels 

computed with Manning’s coefficient of 0.15 had the highest water levels 

throughout the network in all scenarios (dark green markers in Figure 14). 

Conversely, with the lowest applied flow resistance of 0.03, the water levels 

were the lowest in the ditch network (orange markers in Figure 14). The 

higher value the coefficient had, the higher were the computed water levels 

in the network. 

The highest damming effect occurred with the lowest selected Manning’s co-

efficient (n=0.03). The results in Figure 14 showed that when comparing the 

computed median water levels at a certain location, the ones with lowest flow 

resistance (i.e. Manning’s roughness coefficient) were more dependent on 

the damming level as they experienced the highest change between scenarios 

with damming and without damming. At weir location, the highest difference 

between 1.0 damming and no damming was 0.72 m and it occurred with 
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Manning’s coefficient of 0.03. In comparison, the lowest increase was 0.67 

m (n=0.15), which was 0.05 m smaller than that computed with higher flow 

resistance. 

 

 Figure 14: Median water levels over the simulation period of all 16 computed sce-

narios at different distances upstream of the weir in branches 6 and 1 in Figure 9. 

The colours represent different Manning’s coefficients. The shape of the markers 

indicates the weir height used in the scenario: triangle represents scenario with 1.00 

m weir, cross is for 0.75 m weir, plus-sign is for 0.50 m weir and dot is for scenarios 

with no weir.  

 

While damming raised the water levels in the ditch network, it additionally 

evened water level fluctuation. Figure 15a presents the simulated hourly water 

level timeseries at the weir in scenarios 0—3 (in blue) and 12—15 (in brown). 

Scenarios 0—3 have low flow resistance (0.03) and 12—15 have high flow re-

sistance (n=0.15). Similar to the results in Figure 14, the water level increase 

by damming was highest when comparing scenarios 0–3 (n=0.03). Addition-

ally, between these scenarios the water level fluctuation decreased noticea-

bly. Without damming in scenario 0, the difference over the simulation pe-

riod between lowest and highest water level was 0.27 m, while in scenario 3 

the difference was 0.09 m. The maximum variation between the highest and 

lowest water levels decreased to one-third due to damming. The effect was 

not as visible with scenarios 12—15. 

Comparison of water levels between scenarios without damming (0 and 12) 

and with damming (1, 2, 3 and 13, 14, 15) in Figure 15b revealed that the high-

est changes between damming and no damming occurred with the lowest 
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Manning’s coefficient (n=0.03) with low flow resistance of 0.03 (blue lines in 

Figure 15b) had higher difference in all of the compared scenarios than those 

computed with flow resistance of 0.15 (Figure 15b). On average, water level 

differences computed with Manning’s coefficient of 0.15 experienced higher 

fluctuations than those compute with resistance of 0.03 (Figure 15b). Addi-

tionally, a high inflow peak in early April 2021 indicated that a high inflow 

event combined with low damming level can cause the damming effect to be 

close to zero (water level difference between 0–1 in Figure 15b).  

 

 Figure 15: Computed water levels and the differences caused by damming at the 

weir over the studied time period (1/2021–12/2021) in eight scenarios. Scenarios 

0–3 have a low flow resistance (0.03) and 12–15 have a high resistance (0.15) (see 

Table 4). (a) shows the computed water levels at the weir. Applied weir heights are 
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marked in brackets. In (b) the damming scenarios are compared to the scenarios 

without damming demonstrating the effect of damming at the weir. For instance, 

0–1 shows the difference between scenarios 0 and 1, 12–13 between scenarios 12 

and 13 (first extracted from latter). The weir height difference between the com-

pared scenarios is told in brackets. 

 4.5 Water levels in relation to total inflow 
The relationship between water level and inflow was studied with scenarios 

0–3 (Manning’s coefficient n=0.03) as they had the highest damming effect 

in the ditch network (see Figure 14, Figure 15). Figure 16a shows the relation 

between computed water levels in relation to inflow at the weir and Figure 

16b shows how much damming increased the water levels in relation to in-

flow. 

Water levels rose in accordance with the increasing inflow depending on the 

damming height (Figure 16a). Water levels computed with damming had less 

fluctuation and were not affected by the increase of inflow as much as that 

computed without the weir. During low inflow (0.001 m3/s), the water level 

in scenario 0 (no damming) was 0.31 m and during high inflow of 0.19 m3/s 

it was 0.53 m. Similarly, in scenario 3 (damming of 1.00 m) the water level 

during low inflow was 1.04 m and 1.10 m during high inflow. 

Majority of the total inflow results settled between 0.001–0.19 m3/s, higher 

values being fewer in numbers. Additionally, there was noticeable dispersion 

in the result, especially in scenarios 0 and 1, although it did not affect the 

overall trend of results. As the inflow increased from 0.001 m3/s to 0.19 m3/s, 

the water level increased 0.22 m without weir and 0.06 m with 1.00 m weir. 

The increase of the water level between low and high inflow in the damming 

scenario was only 27 % of the increase that was observed in scenario 0 with 

no damming at the weir. 

Figure 16b shows how much the water level changed due to damming during 

different inflow conditions. The highest damming effect occurred during dry 

conditions when the inflow was low. Additionally, the damming effect de-

creased the most between scenarios 0 and 3. When the inflow rose from 

0.001 m3/s to 0.19 m3/s, the difference lowered by approximately 0.16 m. 

Between scenarios 0 and 2, the comparable value was 0.13 m and between 

scenarios 0 and 1, it was approximately 0.10 m if the aberrant values deviat-

ing from the overall trend were not considered. The deviating values found 

in scenario 1, and which are visible in the comparison between scenarios 0 

and 1, likely indicate that during high inflow, the water levels without dam-

ming and with a 0.5 m weir approximately the same and that during high 

inflow, the low weirs have almost effect on water levels. 
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 Figure 16: Computed water levels at the weir (a) and the damming effect (b) as a 

function of total inflow in flow conditions with Manning’s coefficient of 0.03. The 

two figures contain all the hourly data for the observed year 2021, showing the main 

characteristics of the relation between water level and inflow at the weir. In (b) sce-

narios 1, 2 and 3 are compared to scenario 0. 0–1 shows the difference between sce-

narios 0 and 1, 0–2 between scenarios 0 and 2, and 0–3 between scenarios 0 and 3. 

The weir height in question is expressed inside brackets. 

 

There was visible dispersion in the results (see Figure 16). Figure 17 shows 

that water level behaved differently during increasing and decreasing inflow. 

The depicted inflow peak which occurred during 8.9.2022–24.9.2022. The 
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water level behaviour depended on flow conditions in all scenarios. Water 

depths rose to their highest values at a rapid rate during a time span of nine 

hours between 19.00–4.00. The water level decreased first with a rapid rate 

during the first 24 hours after rate was much slower taking almost a total five 

days to reach the water level before the inflow peak. For instance, without 

damming in scenario 0, the water depth rose from 0.32 m to 0.45 m as inflow 

increased from 0.0057 m3/s to 0.137 m3/s over seven hours (seven 

timesteps). The water level decreased from 0.45 m to 0.36 m over the follow-

ing 24 hours. In scenarios 1, 2, 3 with damming, the trend was the same alt-

hough there were less differences between water levels. 

 

A hysteresis phenomenon was seen in Figure 17 as during decreasing inflow, 

the water levels maintained higher values than those of increasing inflow de-

spite equal inflows. For instance, during inflow of 0.083 m3/s, the water level 

during rising inflow in scenario 0 was 0.36 m and 0.44 m during decreasing 

inflow, meaning there was difference of 0.08 m. The same phenomenon was 

visible in each scenario (0–3) with the lowest Manning’s coefficient: in sce-

nario 1 the difference was 0.04 m, in scenario 2 it was 0.03 and in scenario 

3, it was 0.02 m. Additionally, the highest water levels occurred two 

timesteps later compared to the highest inflow, which indicated a time-lag 

between inflow and computed water levels at the weir. 

 Figure 17: Figure shows water levels as a function of total inflow during one inflow 

peak with low flow resistance in scenarios with weir heights of 0.00, 0.50, 0.75 and 

1.00 m. The computed water levels are divided according to increasing (marked with 

crosses) and descending (marked with black dots) inflow conditions to show the dif-

ference in water level behaviour related to flow conditions. 
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4.6 Spatial extent of damming 
Figure 18 presents the distributions of simulated water levels with the lowest 

Manning’s coefficient (n=0.03) with 1.0 m weir and without damming in the 

ditch network at equal intervals (100 m) along branches 1 and 6 (see Figure 

9) during year 2021. The graphs illustrate how the damming changes the wa-

ter level behaviour in the network. At 100 m downstream from the weir (lo-

cation -100 m in Figure 18), there was no difference between the water levels 

and distributions. The highest difference occurred predictably at the weir lo-

cation after which it started to gradually decrease. The damming effect was 

still observable at 900 m upstream of the weir, although distributions were 

almost identical. 

Without weir, the water depths were overall lower and had more variation 

compared to those with 1.0 m weir. The water levels with weir were higher 

and experienced less deviation. For instance, at the weir location the fre-

quently occurring water level without weir was 0.32 m and the values fol-

lowed normal distribution. Comparably with 1.0 m weir, the most frequent 

water level was 1.03 m, and distribution curve skewed to the right side. Mov-

ing upstream of the weir, the distribution gradually began to resemble nor-

mal distribution. 

 Figure 18: Water level distributions at equal intervals (100 m) along branches 1 and 

6 (see Figure 9) with and without 1.0 m weir. The figure represents the results over 
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the simulation period (1/2021–12/2021) of scenarios 0 and 3, which has a flow re-

sistance of 0.03. The highest point of distribution curve indicates the most common 

value. 

 

Figure 19 shows the ditch side profile and water elevation along branches 1 

and 6 (see Figure 9) during two different inflow conditions in scenarios 0–3. 

As majority of inflows settled between 0.001–0.18 m3/s (Figure 16), the stud-

ied conditions were selected among that range. The lower inflow of 0.005 

m3/s presents dry conditions (Figure 19a) and higher inflow of 0.15 m3/s 

(Figure 19b) presents inflow peak after a rain event. In both conditions, the 

effect of damming and its extent along the studied ditch branches was notice-

able.  

 

The varying inflow conditions had a minor effect on the damming extent in 

the simulated network water levels. In both inflow conditions, the most far-

reaching damming extent was over 800 m upstream of the weir with 1.0 m 

damming level (scenario 3). The damming effect was not visually noticeable 

anymore at distance 850 m. With 0.50 m weir (scenario 1 with the lowest 

Manning’s coefficient), the damming effect disappeared at approximately 

400 m upstream of the weir in both inflow conditions. With 0.75 m weir (sce-

nario 2), the damming extent was approximately 600 m upstream of the weir 

in both inflow conditions.  

Figure 19 demonstrates how the inflow conditions affected the computed wa-

ter levels in the ditch network. During low inflow (Figure 19a), the water lev-

els without damming had overall lower values than the those computed dur-

ing high inflow (Figure 19b) This effect was most visible without damming 

(scenario 0) as the water levels computed during high inflow were higher 

than those computed during low inflow. Figure 18a–b show that the dam-

ming increased the absolute water levels more during low inflow more than 

during high inflow when the water level was naturally higher. 

The ditch bed slope and unevenness affect the damming extent in the ditch 

network. Figure 19 shows how the ditch profile and its elevation changes af-

fected the damming extent. Between 700–800 m upstream of the weir, the 

ditch bed had an unevenness, where the upward slope was high enough to 

make the damming effect disappear and affect the damming extent. Minor 

elevation changes between distances 0–650 m had no noteworthy effect on 

the water depths.  
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 Figure 19: Ditch profile and water elevation along branches 1 and 6 in two different 

flow conditions. (a) presents low inflow of 0.005 m3/s and (b) presents higher inflow 

state of 0.15 m3/s. Weir is located at distance 0 m. 

The water level increase by damming (i.e., damming effect) related to dis-

tance along the ditch network is shown in Figure 20. During low inflow the 

damming effect halved further away upstream of the weir than during high 

inflow, while the damming extent was approximately the same. During low 

inflow (Figure 20a), the maximum difference between scenarios 0 and 3 was 

0.72 m. The damming effect reduced to half approximately 500 metres up-

stream of the weir and became negligible around 820 m upstream of the weir.  

During high inflow (Figure 20b), the highest difference between scenarios 0 

and 3 was 0.61 m, which halved around 420 m upstream of weir and became 

unnoticeable at approximately the same distance upstream at around 850 m, 

which is approximately the same as during low inflow. The same pattern con-

tinued with 0.50 m and 0.75 m damming levels. For instance, with the lowest 

applied weir height (0.50 m in scenario 1), the damming effect at the weir 
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during low inflow was 0.23 m, which halved when moving 200 m upstream 

of the weir (Figure 20a). During high inflow, the damming effect was 0.16 m, 

which reduced to half 150 m upstream of the weir (Figure 20b). Damming 

effect in both inflow conditions disappeared around 420 m upstream of the 

weir. 

 

 Figure 20: Damming effect, the difference in water depths between scenarios with 

and without damming in branches 1 and 6 with different weir heights in two differ-

ent flow conditions. (a) presents difference during dry conditions when the inflow is 

0.005 m3/s and (b) presents wet conditions with a higher inflow of 0.15 m3/s. Sce-

narios 1, 2 and 3 are compared to scenario 0. 0–1 shows the difference between sce-

narios 0 and 1, 0–2 between scenarios 0 and 2, and 0–3 between scenarios 0 and 3. 

Weir is located at distance 0 m. 
Figure 21 shows how much damming increased water levels in the whole net-

work during low inflow (0.005 m3/s) with two different Manning’s coefficient 
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(0.03 and 0.15) using the 1.0 m weir scenario. The highest changes in water 

level due to damming occurred with low flow resistance (0–0.72 m in Figure 

21a). With high flow resistance, the changes in network water level were 

lower (0–67 m in Figure 21b). The comparison between low and high flow 

resistance revealed that the damming extent in the ditch network did not de-

pend on the value of Manning’s coefficient. The damming effect was still vis-

ible at 800 m upstream in both conditions regardless of the Manning’s coef-

ficient, (Figure 21a–b).  

The water level difference resulting from the flow resistances of the two com-

pared scenarios was 0.08 m at its highest and occurred within 400 m up-

stream of the weir. The difference was smaller when moving upstream along 

the ditch branches and disappearing around 800 m upstream of the weir 

(Figure 21c).While Manning’s factor affected the on network water levels and 

damming effect (Figure 14, Figure 15) , it did not have a noteworthy effect on 

the damming extent. 

 

 Figure 21: Two figures on the left (a and b) show the increase of water level caused 

by 1.0 m damming compared to no damming during low inflow of 0.005 m3. These 

two damming effects were compared to each other (water level with high flow re-

sistance extracted from water level with flow resistance) to study the effect of flow 

resistance, which is presented on the right (c). Weir location is marked with a black 

dot. 
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4.7 Connection of the main ditch damming to field section drainage 
Based on the model simulations, the water levels in the ditch network can be 

demonstrated in relation to the ditch cross-section and field drainage depths, 

which gives a theoretical indication on how the damming in the main ditch 

can affect field drainage in the catchment. Figure 22 shows water levels in the 

ditch profiles in relation to location, elevation level and subsurface drainage 

outlet depths. It illustrates the water levels with a 1.0 m weir with low Man-

ning’s coefficient (scenario 3) and without the weir (scenario 0) during two 

inflow conditions at two different locations: one at close proximity to the weir 

and the other one 600 m upstream of the weir. The locations have 600 m 

distance between them over which the ditch bed elevation increased 0.6 m, 

the average slope being approximately 0.1 %.  

At the location just before the weir, damming maintained the computed wa-

ter levels above the subsurface drainage level in both low and high inflow 

conditions (Figure 22a). During high inflow, damming increased the water 

level 0.59 m and during low inflow 0.72 m. The water level rose approxi-

mately 0.3 m above the field drainage elevation with 1.0 m damming level 

during low and high inflow conditions. At 600 m upstream of the weir, dam-

ming raised the water level 0.17 m during high inflow and 0.27 m during low 

inflow. Water level rose to the drainage depth level only during higher inflows 

(Figure 22b). Without damming the water levels at both locations stayed be-

low drainage elevation regardless of the inflow value. 

Figure 22 demonstrates how the water level with 1.0 damming level during 

high inflow stayed the same over the distance of 600 m when moving up-

stream of the weir while the water depth decreased as the dich bed elevation 

rose 0.6 m. For instance, the highest studied water depth nearby the weir 

(Figure 22a) was approximately 1.10 m and at upstream (Figure 22b) it was 

0.50 m, which was less than half (45 %) of the value nearby the weir. Alt-

hough the water depths differed, water elevation stayed the same at 78.9 m 

at both locations with 1.0 m damming level. 

Figure 22 shows how the ditch cross-section influenced the water level fluc-

tuation as it widened upwards increasing the water surface area. Nearby the 

weir, the water level difference between low and high inflow with 1.0 m dam-

ming, was 0.05 m (solid lines in Figure 22). The comparison value 600 m 

upstream of the weir, where the water depths were lower, was 0.08 m (Figure 

22b). This resulted from the ditch cross section and surface area on which 

the water volume spread. The same phenomenon is visible in the water levels 

without weir (dashed lines in Figure 22). 
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 Figure 22: Water levels in the ditch profile with two different damming levels (0.00 

m and 1.00 m) and inflow conditions (low inflow of 0.005 m3/s and high inflow of 

0.15 m3/s). Ditch cross-sections are presented at two locations: (a) at the weir and 

(b) 600 m upstream of the weir. The differences in water elevation between high 

and low inflows are marked on the right side of cross-section. The differences be-

tween inflow conditions with same weir height are marked in the left side of cross-

section. 
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5 Discussion 
 5.1 Performance of the model 
This study focused on setting up the open channel model component of 

FLUSH and creating a parameterisation for an agricultural ditch network. 

The model component had not been applied to an agricultural site before. 

The open channel model application in Sievi was created based on FLUSH 

version tailored to a drained peatland forest area in Eastern Finland (Haahti 

et al., 2016). The model setup by Haahti (2014) had an area of 5.2 ha, and the 

total length of the ditch network was 1.6 km. In this current study, the model 

was applied to an agricultural catchment area of 113 ha, where the length of 

the ditch network, 3.2 km, was twice as long that than in Haahti (2014).  

The model setup and the simulation results indicated that the model is tech-

nically applicable to describe agricultural open channel ditch networks. The 

model application focused solely on simulating the ditch water flow processes 

and water levels in different flow resistance and inflow conditions. The model 

application was a theoretical setup, where physical properties of the ditch 

network were extracted from real data of the experimental site in Sievi.  

The mass balance error of the numerical solution over the simulation year 

2021 was 0.01 %, which indicated that the model works properly. The water 

volume that entered the system from upstream boundaries and calculation 

nodes as lateral inflow were equal to the amount leaving the system at the 

ditch outlet. The ditch network was assumed to have no sinks, meaning the 

model did not account for losses such as seepage into the soil of surrounding 

fields, evapotranspiration, or flooding. No direct precipitation was allowed 

into the ditch network and the wintertime processes, such as water freezing, 

were disregarded in the applied model setup. 

Despite the limitations listed above, the theoretical results can be reflected 

against the measurements (Figure 23). Comparison between the measured 

and modelled water levels shows striking differences in their variability. 

While there were similarities in the timing of peak water levels, the measured 

water level varied much more, and the level dropped far below the crest 

height of the weir and stayed there for most of the time. The simulated water 

level did not drop below the weir height, which was due to neglecting losses 

or leakage through the weir construction. In fact, the measured water level 

experience fluctuation from a completely dry ditch to near flooding, with wa-

ter level ranging between 0.0–1.60 m. The computed water levels had varia-

tion ranging between 1.04–1.25 m. The fluctuation of the measured water 

level below the weir crest is an indication of leakage through the weir 
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structure or soils. In addition, malfunctioning of the measurement system 

cannot be ruled out. 

 Figure 23: Measured and computed water levels between 6/2021 - 12/2021. The 

computed water levels present scenarios with 1.0 m damming level with lowest and 

highest flow resistances (Manning’s coefficient n) 
In the model setup, the downstream boundary condition was set farther 

downstream of the weir to ensure it did not affect the simulation results at 

the weir. With this setting, the weir was described as a submerged weir. It 

was assumed to be watertight meaning there was no leakage through the 

weir, which obviously does not represent the real conditions at the site.  

An alternative downstream boundary condition would have been to use a dis-

charge curve for the weir. In this setup, the boundary condition would have 

been located at the weir. The discharge curve for the weir assumes a free fall 

of water over the weir head. The curve could be derived from successful water 

level and discharge measurements. However, it was not applied in the model 

setup due to the uncertain to water level measurements, missing discharge 

data, and complex weir structure description, in which the weir is connected 

to the culvert. While the water level measurements suggested occasional 

flooding at the weir, complete submergence of the weir structure was not con-

firmed by the site visits. Due to the issues listed above, the discharge curve 

was not considered in the modelling. 

The leakage through the weir could have been described with a boundary 

condition based on discharge curve for peak runoff control (PRC) structure  

(Haahti et al., 2018). The PRC curve can be applied the describe the weir’s 
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ability to detain water in the network while allowing limited inflow through 

the weir structure. However, there were not enough measurements on water 

level and flow over the weir to fit parameters of the discharge curve to data. 

The model was sensitive to changes in the parameter values deviated in the 

study scenarios. The values for the weir heights, Manning’s roughness coef-

ficients, boundary conditions and initial conditions for water depth and dis-

charge were tested in wide ranges and some parameter combinations lead to 

numerical instability in the simulations. No clear explanation for the numer-

ical problems was found, but with the selected range of parameter values in 

the studied scenarios, stable model performance was achieved.  

The results outlined an example how the model can be applied to depict the 

spatial and temporal variation of ditch network water levels in detail in dif-

ferent conditions. FLUSH open channel component was applicable to simu-

late hydraulics of an agricultural ditch network with spatially varied inflow 

from the surrounding field and forest areas. The created setup worked with 

the computed scenarios and gave insight on the effects of weir height, flow 

resistance and ditch bed slope on ditch network water levels. 

FLUSH was selected to the current study due to various reasons. The model 

is versatile, and it can be parameterised to different agricultural and forested 

catchments. It has been benchmarked in several earlier research projects 

(e.g., Äijö et al. 2017; Äijö et al. 2021) and applications (e.g.,Warsta et al., 

2013; Haahti et al., 2018, Häggblom et al. 2019; Salo et al. 2021; Salla et al. 

2022). The open channel flow component, previously applied for a forest 

catchments site, was tested in an agricultural site for the first in this study. 

The created parameterisation of the open channel flow component provides 

a detailed spatial description of the ditch network hydraulics. The model has 

future research and application possibilities. The field hydrology model can 

be activated to simulate ditch network hydraulics and soil hydrology dynam-

ically with one model application, which would be a step towards catchment-

based water management planning. 

 5.2 Practical implications of damming the main ditch 
The results give insights on the practical implications of damming a main 

drainage ditch in agricultural area. The spatial effect of damming is highly 

related to ditch bed slope and weir height. Therefore, the damming effect is 

more extensive in low lying regions, where the ditch bed slope is small (e.g., 

Evans et al., 1992). Damming extent in the studied network was as far-reach-

ing as 800–900 m upstream of the weir. In this ditch section, the average 

ditch bed slope was 0.09–0.13 %. This damming effect occurred with the 

highest weir during dry conditions when the total inflow into the ditch was 
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low. The damming effect decreased when moving upstream of the weir, and 

at 600 m the damming effect was already relatively small. With lower weir 

heights, the damming extent did not reach as far. 

Main ditch in an agricultural area is designed to ensure suitable drainage ca-

pacity of local field drainage systems (e.g., Evans et al. 1992; Järvenpää & 

Savolainen, 2015). By raising the water levels in the main ditch, it is possible 

to affect the field hydrology and increase soil moisture (e.g., Väisänen, 2014). 

According to Salla (2020) and Isomäki (2022), the effect of main ditch on 

field groundwater table is observable 100–200 m in the fields away from the 

ditch. Figure 24 shows an approximation of the damming effect’s extent in 

the fields in the studied agricultural area. As expected, the damming effect is 

most prominent closest to the ditch. The effect of the ditch damming on the 

fields gradually decreases when moving away from ditch further into the field 

plots (Salla et al., 2022; Isomäki, 2022). This may result in ununiform soil 

moisture content within field plots, which may cause uneven growing condi-

tions for cultivation and affect crop production (e.g., Isomäki, 2022). Com-

bining the ditch damming with other water management methods, such as 

controlled subsurface drainage, provides the means to control groundwater 

level throughout the field (Isomäki, 2022; Mäkelä et al., 2022).  

 Figure 24: Conceptualisation of the damming effect’s area of extent (marked with 

blue) in the studied site. Weir location is marked with black circle. 
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Main drainage ditches have a central part in field water balance as water 

flows from the fields through both subsurface drainage discharge and 

groundwater outflow into open drainage ditches. Drainage discharge has 

been estimated to be approximately 40–60 % of the precipitation in effi-

ciently drained fields (e.g., Turunen et al. 2015; Uusitalo et al. 2001). Outside 

growing season, the drainage discharge can form 50–90 % of the precipita-

tion and is the main water outflow route. Turunen et al. (2015), estimated the 

share of groundwater outflow to be 14–34 % of the total runoff.  Salla et al. 

(2022) and Isomäki (2022) estimated that approximately 75 % of the total 

field discharge originates from subsurface drainage and 25 % from ground-

water outflow when conventional subsurface drainage was simulated with no 

other water management methods such as damming the main ditch. 

  

Damming the main ditch of an agricultural ditch network alters the flow pat-

terns from the fields as the boundary condition in terms of water level at the 

field-ditch interface changes. According to Isomäki (2022), damming the 

main ditch combined with conventional subsurface drainage increased the 

share drainage discharge from 32.9 % to 40.1 % and decreased groundwater 

outflow from 11.3 % to 3.6 % compared to conditions without the main ditch 

damming in a median year. If damming the main ditch was combined with 

controlled subsurface drainage the combined effect decreased drainage dis-

charge by 11 % and groundwater outflow by 25 % when compared to conven-

tional drainage and unregulated main ditch. The combined effects of dam-

ming the main ditch combined and controlled subsurface drainage increased 

evapotranspiration from 49.2 % to 54.5 %. Main ditch damming combined 

with conventional drainage did not have a significant effect on the share 

evapotranspiration in field water balance (Isomäki, 2022). 

 

The ditch network has a water storage capacity, which is limited but can be 

increased by damming. The stored water can be used for irrigation purposes 

(Järvenpää & Savolanen, 2015; Bonde et al., 2022). For example, the stored 

water can be pumped into the fields to the subsurface drainpipes as subirri-

gation. The water can also be used for surface irrigation, in which water is 

distributed on the soil surface.  

 

In practise the main ditch networks have a limited water storage capacity to 

be used for irrigation. The model facilitates the estimation of how much wa-

ter can be stored in the ditch network. The studied network had a total vol-

ume of approximately 47 450 m3. The estimate was based on ditch cross-sec-

tion and network length upstream of the weir and hence it is a theoretical 

value. In the studied network, the water storage increase gained by damming 

was estimated to be roughly 2 000 m3. It translates to 2.5 litres of water per 

field square meter (2.5 l/m2), which may be adequate for only a small-scale 
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and short-term irrigation based on irrigation in Söderfjärden (Bonde et al., 

2022) and Sievi (Mäkelä et al. 2022).  

The water stored in a main ditch was used to irrigate field areas in Söder-

fjärden (Bonde et al., 2022). The site has three fields and one or two of them 

have been under subirrigation. During growing season in 2021, water volume 

used to irrigate a field of 7.09 ha with controlled subsurface drainage was 

4 550 m3 in total, which translates to 64 l/m2. The field was irrigated for 54 

days, and the average daily irrigation was 1.2 mm/d (Bonde et al., 2022). In 

Sievi, the field of 1.04 ha was subirrigated for 137 days during the growing 

season in 2021. The water volume pumped to the controlled subsurface 

drainage system was 1 445 m3, which means 136 l/m2 or on the average 1.0 

mm/d (Mäkelä et al., 2022).  

 

The irrigation demand varies depending on the characteristics of cultivated 

field area and crop. Linnér (2016) estimated that adequate irrigation capacity 

for grass is 3–4 mm/d in Nordic conditions, which is higher than the irriga-

tion in Sievi (Mäkelä et al. 2022) and Söderfjärden (Bonde et al., 2022) men-

tioned above. For a field site of 7.39 ha (field 1 in Appendix B) this would 

mean a water volume of 1 550 – 2 070 m3 per week and 6 650–8 870 m3 per 

month. 

 

During dry conditions when irrigation is mostly needed, ditch networks com-

monly will run dry due to low precipitation and high evaporation, which was 

noted in the site of this study. Bonde et al. (2022) noted that the ditch may 

run out of irrigation water. Factors affecting the irrigation water available are 

i.e., evaporation, extraction rate of irrigation water and lack of runoff into the 

ditch. It has been noticed that hydrological conditions, affect field water 

management more than drainage systems (Bonde et al., 2022; Isomäki, 

2022). 

 5.3 Environmental benefits of damming 
 

Main ditch damming has been positive effects on water quality and environ-

ment. Damming can decrease nutrient and sediment removal from the agri-

cultural catchments (e.g., Littlejohn et al. 2014; Kröger et al. 2011) as dam-

ming alters flow patterns and flow velocities in the ditch network.  Water level 

fluctuation decreases due to damming and higher water levels can increase 

soil water content in the surround fields near the ditch. Fluctuation of 

groundwater depth in the surrounding fields can decrease with damming 

(e.g., Väisänen, 2014; Bonde et al. 2022), which can lead to decreased oxida-

tion risk of acid sulphate soils. In long term, its decreases the formation of 

acidic runoff originating from agriculture and hence, improve the water qual-

ity of receiving water bodies (Österholm et al., 2015; Virtanen et al., 2016). 

While using solely main ditch damming the environmental benefits may be 
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limited to the field area close to the ditch (e.g., Salla et al., 2022; Isomäki, 

2022) and to the weir location (Figure 24).  

 

Ditch vegetation, which was studied with different Manning’s roughness co-

efficients, decreased the damming effect in the network. High amount of veg-

etation in the ditch network decreased the damming effect approximately 

0.06–0.15 m compared to ditch conditions with little to no vegetation. While 

the absolute damming effect decreased, the water levels in the ditch network 

rose. Vegetation increases water retention time as it increases flow resistance 

and creates a natural damming effect along the ditch network (e.g., Kröger et 

al., 2009). The effect of vegetation on water levels was an increase of 0.03–

0.10 m depending on the weir height and inflow conditions. In the scale of 

whole the ditch network, the effect could be regarded as minor effect. 

 

Damming and ditch vegetation increase the water retention time in the ditch, 

affects flow, nutrient and sediment processes. Nutrient and sediment 

transport to receiving water bodies decreases in vegetated ditches (e.g., Cui 

et al., 2020; Rowiński & Västilä, 2018; Kröger et al., 2009) and in ditches 

with weirs (e.g., Littlejohn et al., 2014; Kröger et al., 2011). Vegetation in-

creases biodiversity as it provides habitat for species and provides ecosystem 

services, which are beneficial for agricultural practises (Herzon & Helenius). 

Combining weirs with ditch vegetation in agricultural drainage ditches has 

multiple benefits for agriculture and environment (e,g., Flora & Kröger, 

2014; Kröger et al., 2008). 

 5.4 Future development and research 
The model provided a theoretical description of main ditch flow dynamics 

but lacked accurate description of the study site hydrology. The model did 

not take evaporation, leakage, seepage or precipitation into account. Inclu-

sion of those factors in the model would provide a more complete estimation 

of the extent of damming effect and potential water storage. In addition, 

more detailed data on the channel cross-section and elevation throughout the 

network would improve the description of the study area. 

The model application revealed measurement needs. For instance, water 

level on both upstream and downstream of the weir, as well as the discharge 

over the weir head could be measured during different flow events. Based on 

these measurements, a discharge curve for the weir could be identified and 

applied as a boundary condition in the model. The model setup could be cal-

ibrated according to the measurements, which would provide a more practi-

cal model setup for the Sievi site.  
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The modelling could be extended from the main ditch to the entire Sievi 

catchment by activating FLUSH field hydrology component. Currently, the 

model uses water entering from the surrounding areas into the ditch network 

as an input, and thus there is no water flow from the ditch back to the fields 

(Haahti, 2018). Developing the water movement description to allow inter-

action between the ditch network and surrounding field would give insights 

on the processes happening at the interface between fields and main ditch. 

In addition, it would shed light on the spatio-temporal effect of the whole 

drainage system and help to understand how much a change in water level, 

e.g. a 20 % increase in water level in the main ditch, can affect the field hy-

drology and how far outside of the main ditch the effect reaches.  

Recent interest in nature-based solutions regarding open channels is calling 

for models to describe of two-staged channels and their flow and nutrient 

processes in agricultural ditch networks. Västilä et al. (2015) and Davis et al. 

(2015) have studied flow and nutrient transport processes of two-stage chan-

nels and e.g., Gunawan, (2010), Rameshwaran & Shiono (2003), 

Rameshwaran & Naden, (2004) and Christopher et al. (2017) have modelled 

them. Coupling two-stage channel process model with field hydrology model 

would improve understanding on the functioning of two-staged channels in 

agricultural context and help in assessing the plausible water management 

systems for a catchment (Maringanti et al., 2009). 



60 

 

Conclusions 
 

A model setup was developed for an agricultural ditch network by using the 

open channel component of FLUSH. The model application was used to 

demonstrate how water level control by damming affects the ditch network 

water levels and how selected site physical factors affect the water level in an 

agricultural ditch network. 

 

The open channel component was parameterisable for an agricultural ditch 

network and it formed a transparent tool to quantify the effects of damming 

in an agricultural ditch network. The model results demonstrated the dam-

ming extent in relation to ditch bed slope and the effect of weir height and 

vegetation on the water level changes in the ditch network. With weir crest 

height of 1.0 m, water level at the weir location increased a maximum of       

0.72 m compared to conditions without damming. The farthest damming ex-

tent was 800–900 m upstream of the weir as the ditch bed slope was approx-

imately 0.1 %, although already at 600 m upstream the damming effect had 

decreased notably. Flow resistance by vegetation decreased absolute dam-

ming effect but raised water levels in the ditch network. When the Manning’s 

coefficient varied from 0.03 to 0.15, the resistance increased water levels 

0.03–0.10 m and decreased damming effect 0.06–0.15 m depending on the 

total inflow into the ditch network. 

 

Water storage potential for irrigation in a traditional agricultural ditch net-

work is limited and the water storage capacity is related to the characteristics 

of each site. Traditional agricultural ditch networks may have water storage 

potential only for small-scale and short-term irrigation, unless sufficiently 

high flow in the ditch is sustained from a large upstream area. In the studied 

network, the damming increased the theoretical water volume in the ditch 

approximately 2 000 m3 at maximum. When the volume was divided over 

the total field area, it translated to 2.5 l/m2. 

 

Water level control by damming furthers water protection and enhances wa-

ter quality. When combined with ditch vegetation, the effects are even more 

prominent as both management practices decrease flow peaks and increase 

water level in the ditch network. These changes in water level behaviour af-

fect nutrient and sediment transport processes in the ditch network and de-

creases the loads on receiving water bodies downstream in the catchment. 

 

In agricultural water management individual weir structures have limited 

spatial extent in controlling the water level. To control the whole ditch net-

work water levels, multiple weirs are needed in the network. When planning 

regional water management and placements of weirs in a ditch network, the 

surrounding fields and drainage depths must be taken into account as 
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increased water levels due to damming can affect them. The model applied 

in this study can be used to demonstrate the effects of multiple weirs on ditch 

network water levels and study potential weir locations for ditch networks. 

Water level control by damming is a promising method to increase flexibility 

in agricultural water management systems and the effects in the surrounding 

fields should be further simulated together with the ditch network dynamics.  
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Appendix A. Ditch bed elevation measurements and digi-tal elevation model  
 

 

 Figure A1: Figure shows how the ditch network was modified during land realloca-

tion. It shows the DEM from 2010 before ditch modification (NLS, 2010) and the 

manual elevation point measurements of the new ditch bed (Sikkilä, 2022). 
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Appendix B. Lateral inflow distributions for sub-catch-ments and groundwater outflow  
 
 Table B1: Sub-catchments, their field areas, groundwater outflow and          lateral 

inflow proportion and distributions per node 

 

Sub-catchment Field area [ha] Lateral inflow proportion Lateral inflow pro-portion per node 
0 3.92 0.0260 0.0130 

1 2.61 0.0173 0.0086 

2 1.49 0.0099 0.0049 

3 8.99 0.0597 0.0298 

4 1.31 0.0087 0.0043 

5 1.35 0.0090 0.0045 

6 2.04 0.0136 0.0068 

7 3.52 0.0234 0.0117 

8 5.11 0.0339 0.0169 

9 3.17 0.0210 0.0105 

10 2.94 0.0195 0.0097 

11 1.05 0.0070 0.0035 

12 2.01 0.0133 0.0067 

13 2.73 0.0181 0.0090 

14 0.33 0.0022 0.0011 

15 7.29 0.0484 0.0242 

16 4.30 0.0285 0.0143 

17 2.17 0.0144 0.0072 

18 1.63 0.0108 0.0054 

19 1.00 0.0066 0.0033 

20 0.78 0.0051 0.0026 

21 1.99 0.0132 0.0066 

22 2.71 0.0180 0.0090 

23 4.24 0.0281 0.0141 

24 0.90 0.0060 0.0030 

25 2.21 0.0147 0.0073 

26 1.89 0.0126 0.0063 

27 0.94 0.0063 0.0031 

28 1.01 0.0067 0.0033 

29 37.39 0.331 0.1654 

Groundwater outflow 612 nodes 0.167 0.00027 
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Appendix C. Sub-catchment numberings and subsurface drainage discharge locations 
 

 Figure C1: Conceptualisation of the study site containing ditch network, field and 

their numberings (0–28), forest area (number 29) and drainage discharge locations 

(blue dots). 
 


