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Abstract 
In boreal conditions, the annual precipitation exceeds the annual evapotranspiration, 
which creates a need for drainage of agricultural fields in order to mitigate waterlogging 
and ensure crop production. The need for drainage is most critical during spring prior to 
the growing season, as the agricultural soil needs to be adequately drained before any 
cultivation measured can be carried out. The majority of subsurface drainage systems in 
Finland were installed during the latter half of the 20th century, resulting presently in an 
increasing need for supplementary or renewed drainage installations. Improving the sub-
surface drainage system affects the hydrology of the agricultural fields by changing the 
water flow paths and relations between the outflow components of the water balance. In 
order to understand the hydrological and environmental effects of improved drainage in-
stallations on a larger scale, they must first be understood on field-scale. By combining 
hydrological observations with a mathematical model, the holistic water balance of an 
agricultural field can be studied, and the impacts of an improved drainage installation 
quantified. 
 
A 2D transect of a clayey agricultural field in Jokioinen, southern Finland, was modelled 
with the FLUSH-model in order to investigate the effects of a supplementary drainage 
installation on the water balance of the field. Subsurface drains were originally installed 
at the site in the 1950s and a supplementary drainage installation carried out in spring 
2014, changing the drain spacing from 32 m to 10.7 m. Two model applications were used, 
as the model was calibrated and validated against hourly outflow measurements and bi-
weekly groundwater level (GWL) observations carried out at the site before and after the 
supplementary drainage installation. In order to study the impact of the supplementary 
drainage installation on the hydrology of the field, the time period 1.6.2008 – 1.6.2016 
was simulated with both model applications. 
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The FLUSH-model was found to be able to recreate the long-term hydrological processes 
in the field, allowing the impacts of a supplementary drainage installation on the long-
term water balance to be studied. The ability of the model to recreate runoff events on an 
hourly temporal resolution was found to be less satisfactory. The largest errors between 
measured and simulated drain discharge was found to occur during the winter and early 
spring when the submodel simulating snowpack processes was active. 
 
This study found that the supplementary drainage installation had a significant impact on 
the water balance of a clayey, agricultural field in boreal conditions. The drain discharge 
was found to increase with a factor of 2.6, while the tillage layer runoff and groundwater 
outflow decreased with 54 % and 16 %, respectively. The evapotranspiration was found to 
be unaffected by the supplementary drainage installation. The supplementary drainage 
installation was found to have a considerable impact on the drainage efficiency during 
spring after the snowmelt period, allowing traffic of agricultural machinery up to 9 days 
earlier than before the supplementary drainage installation without risking soil compac-
tion.  
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Tiivistelmä 
 
Pohjoisissa olosuhteissa vuosittainen sadanta ylittää vuosittaisen haihdunnan, mikä edel-
lyttää peltojen kuivatusta liiallisen märkyyden välttämiseksi ja kasvituotannon varmista-
miseksi. Kuivatustarve on kriittisin keväällä ennen kasvukautta, jolloin pellon tulee olla 
riittävän kuiva kantaakseen raskaita peltokoneita kevätkylvön yhteydessä. Suuri osa Suo-
men peltosalaojituksista on tehty 1900-luvun jälkipuoliskon aikana, aiheuttaen tänä päi-
vänä kasvavaa täydennys- ja uudisojituksen tarvetta. Salaojituksen tehokkuuden paran-
taminen vaikuttaa pellon hydrologiaan muuttamalla veden virtausreittejä sekä vesitaseen 
valuntakomponenttien suhteita. Täydennys- tai uudisojituksen hydrologisten ja ympäris-
töllisten seurauksien ymmärtäminen suuremmassa mittakaavassa edellyttää niiden ym-
märtämistä peltomittakaavassa. Pellon kokonaisvaltaista vesitasetta voidaan tutkia yh-
distämällä hydrologisia havaintoja ja matemaattista mallintamista, minkä avulla voidaan 
kvantifioida täydennysojituksen vaikutuksia vesitaseeseen. 

 
Täydennysojituksen vaikutusta pellon vesitaseeseen tutkittiin mallintamalla eteläsuoma-
laisen savisen viljapeltolohkon läpileikkausta (2D) FLUSH-mallilla. Pelto on salaojitettu 
alun perin 1950-luvulla ja täydennysojittettu keväällä 2014, jolloin ojaväli tihentyi 32 
metristä 10,7 metriin. Tutkimuksessa toteutettiin kaksi eri mallisovellusta, joilla kuvattiin 
pellon tilaa ennen ja jälkeen täydennysojituksen. FLUSH-malli kalibroitiin ja validoitiin 
käyttämällä tunnittaisia valuntamittauksia (salaoja- ja pintakerrosvalunta) sekä pohjave-
denpinnan havaintoja salaojien puolivälistä kerättynä noin kahdesti viikossa. Täydenny-
sojituksen vaikutusta pellon vesitaseeseen tutkittiin simuloimalla ajanjaksoa 1.6.2008 – 
1.6.2016 molemmilla mallisovelluksilla. 
 
FLUSH-malli pystyi jäljentämään pellon hydrologisia prosesseja pitkällä aikavälillä, 
minkä avulla oli mahdollista tutkia täydennysojituksen vaikutukset pellon vesitaseeseen. 
Mallisovelluksissa lyhytaikaisten valuntatapahtumien simuloiminen mittauksia vastaan 
osoittautui olevan heikompi. Mitatun ja simuloidun valunnan välinen virhe oli suurim-
millaan talvisin ja keväisin kun lumipeitettä simuloiva osamalli oli aktiivinen. 
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Täydennysojituksen vaikutus savisen pellon vesitaseeseen pohjoisissa olosuhteissa osoit-
tautui olevan huomattava. Ojavälin tihentyessä 32 metristä 10,7 metriin salaojavalunta 
kasvoi 2,6 kertaiseksi, kun taas pintakerrosvalunta ja pohjavesivalunta vähenivät vastaa-
vasti 54 % ja 16 %. Täydennysojitus ei vaikuttanut simuloituun haihduntaan. Täydenny-
sojitus nopeutti pellon kuivumista keväisin lumensulannan jälkeen, kun tiheämmällä oja-
välillä riittävä kuivatustila saavutettiin jopa 9 päivää aikaisemmin verrattuna harvan oja-
välin skenaarioon. 
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1 Introduction  
In boreal conditions the annual precipitation well exceeds the annual evapotranspiration 

and they are also unequally distributed over the year. The main part of the evapotranspi-

ration occurs between May and September mainly due to increased net radiation. The 

boreal climate is commonly characterized by a cold winter with a snowpack, a decreased 

evapotranspiration during winter, and a snowmelt period in spring (e.g. Jin and Sands, 

2003). Additionally, the agricultural growing season in boreal climate on the northern 

hemisphere is relatively short (typically late May to September). The start of the growing 

season depends heavily on the timing of the snowmelt period and the efficiency of the 

drainage system. There is a need to remove excess water from agricultural fields, espe-

cially in spring after the snowmelt period and during autumn rains when precipitation is 

greater compared to evapotranspiration (e.g. Turtola and Paajanen, 1995).  

 

Proper drainage practices are needed in order to mitigate waterlogging, ensure crop pro-

duction and avoid soil compaction, which in the worst cases can cause irreparable damage 

to the soil structure (e.g. Alakukku et al., 2003). Subsurface drainage is typically preferred 

over drainage by open ditches, as it increases the area of arable land as well as decreases 

the weed and pest pressure (Salaojayhdistys, 2015). An efficient subsurface drainage re-

sults in a longer growing season due to a faster drainage in spring, which typically results 

in larger crop yields (Salaojayhdistys, 2015). Solute transport in an agricultural field is 

strongly dependent on the water flow pathways and affected by field drainage practices. 

Subsurface drainage has been found to improve the workability and structure of the soil 

(e.g. Alakukku et al., 2010) and can reduce the losses of suspended solids and particulate 

phosphorus from agricultural fields (Turtola and Paajanen, 1995). However, subsurface 

drainage has also been linked to increased losses of dissolved nutrients, such as nitrogen, 

from the soil (e.g. Skaggs et al., 2005; Turtola and Paajanen, 1995). Subsurface drainage 

has been seen to decrease the biodiversity of agricultural fields (Pajula and Järvenpää, 

2007). The pathways through which a field is drained might greatly impact the quality 

and size of the nutrient loading, which is why the optimization of drainage intensity plays 

a key role when it comes to maximizing the yield and minimizing nutrient losses. In order 

to understand the impacts of improved subsurface drainage on the hydrology and envi-

ronment on a larger scale, they must first be understood on a field-scale.   

 



10 

 

Drainage of agricultural fields in Finland is mainly carried out with a combination of 

subsurface drains (tile-drainage) and open ditches. The agricultural fields in Finland are 

concentrated to the south and southwestern parts of the country. In this region 70 – 88 % 

of the agricultural field area is drained via subsurface drains (Tike, 2014). In clayey soils, 

the recommended subsurface drain spacing in Finland is 10 – 14 m, while the recom-

mended drainage depth is at least 1 m (Peltomaa, 2009). Most subsurface drain pipes 

installed in the Baltic region today, are perforated plastic pipes installed either with the 

trenchless (plow) or trench method (Ritzema, 2006). In the trench method, a trench is first 

excavated and then the drain pipe is installed at the bottom of the trench along with en-

velope material before being covered again (e.g. Stuyt et al., 2005).  In the trenchless (or 

plow) method, the soil is lifted and split by a plow blade as the drain pipe is fed behind 

the blade and the soil falls back around the (Kanwar et al., 1986). In order to improve 

functionality and longevity, subsurface drains are usually installed with an envelope ma-

terial such as gravel, a thin fabric sheet, or both (Peltomaa, 2009; Sikkilä, 2014). The 

majority of subsurface drainage systems in Finnish agricultural soils were installed during 

the latter half of the 20th century (Saavalainen, 2001), resulting presently in an increasing 

need for supplementary or renewed drainage installations (Puustinen et al., 1994). The 

effect of supplementary drainage installation on nutrient leaching and runoff amount has 

previously been studied empirically by Turtola and Paajanen (1995).  

 

In southern Finland agricultural soils are typically fine-textured clay soils (e.g. Aura, 

1995; Puustinen et al., 1994) characterized by low hydraulic conductivities and an occur-

rence of preferential flow in macropores, such as plant root channels and earth-worm 

burrows (e.g. Gärdenäs et al., 2006; Turtola et al., 2007). Macropores have been found to 

have a large impact on the hydrology of agricultural fields. Frey et al. (2016) and Warsta 

et al. (2013a) found that over 98 % of the drain discharge originated from the macropore 

system. Warsta et al. (2013a) reports that drain discharge occurred within the hour after 

a rain event, indicating a fast preferential flow. Jarvis (2007) concluded that significant 

macropore flow is activated in agricultural soils when the pressure potential exceeds -10 

cm. This pressure corresponds to pores larger than, 0.3 mm (cylindrical diameter equiva-

lent), which is often used as a definition for macropores (e.g. Aura et al., 1990). 

 

To optimize the drainage systems and assess the effects of drainage practices on a water-

shed scale, it is imperative to understand how subsurface drainage affects the hydrology 
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on a field-scale. The water balance of an agricultural field mainly consists of six (6) com-

ponents: precipitation, drain discharge, seepage to open ditches, surface/tillage layer run-

off, groundwater outflow, evapotranspiration and change in water storage. From the out-

flow components (tillage layer runoff, drain discharge and groundwater outflow), tillage 

layer runoff and drain discharge have been extensively analyzed in previous studies (e.g. 

Vakkilainen et al., 2010; Äijö et al., 2014). The effects that subsurface drainage has on 

surface runoff and drain discharge are relatively well known (e.g. Seuna and Kauppi, 

1981; Turtola and Paajanen, 1995), while previous studies have not provided a compre-

hensive knowledge for the effects on the field water balance. The groundwater outflow 

component has been shown to form a significant component of the water balance and an 

important solute leaching pathway (Rozemeijer et al., 2010; Rozemeijer and Broers, 

2007; Turunen et al., 2013). However, the groundwater outflow has proven difficult to 

quantify, using direct on site flow route measurements. Rozemeijer et al. (2010) is among 

few, who have succeeded in directly measuring the groundwater outflow from an inten-

sively drained agricultural field. Only few field experiments have been conducted where 

the role of horizontal preferential flow paths has been investigated (Weiler and McDon-

nell, 2007). There is evidence of the presence of higher hydraulic conductivity soil layers 

in till and clay soils (e.g. Yli-Halla et al., 2009; Kessler et al., 2012). Bengtson et al. 

(1988) and Turtola and Paajanen (1995) both noticed that the measured total runoff (til-

lage layer runoff and drain discharge) increased significantly when the drainage of an 

agricultural field was improved. This indicates that there is an additional outflow compo-

nent, which remains unknown when only measuring drain discharge and tillage layer run-

off. Also evapotranspiration is affected by the drainage practice, and can change the mag-

nitude of these measured outflow components. This study aims to answer the question of 

where the increased amount of total runoff might originate, and what role deep soil layer 

outflow might play in field drainage. 

 

Process-based hydrological models can be used to quantify the groundwater outflow by 

simulating the main hydrological processes in an agricultural field. Several hydrological 

models with different complexity (1D, 2D and 3D) and the ability to simulate water flow 

in fine-textured soils with preferential flow pathways have been applied in boreal condi-

tions (Gärdenäs et al., 2006; Hintikka et al., 2008; Koivusalo et al., 1999; Warsta et al., 

2013b). Even if 1D models typically are computationally lighter than 2D and 3D models, 

many studies show, that 2D or 3D models are needed in order to comprehensively model 
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water balances in sloping or undulating areas, respectively (Gärdenäs et al., 2006; Hin-

tikka et al., 2008; Turunen et al., 2013; Warsta et al., 2013b). In order to calibrate and 

validate the hydrological models, hydrological measurements and observations are often 

used as reference. Combining hydrological measurements and observations with a hydro-

logical model has proven to be an efficient approach in understanding the effects water 

management measures has on the hydrology of agricultural fields as a whole (e.g. 

Turunen et al., 2013). The simulation of the water balance in agricultural soils needs long 

data series of measurements and observations in order to be reliable. The water balance 

of agricultural fields has been simulated before in boreal conditions (e.g. Gärdenäs et al., 

2006), but long-term simulations with multidimensional models are rare.  

 

In this study the effects of a supplementary drainage installation on the holistic water 

balance of a poorly drained agricultural field section was studied. In order to provide a 

comprehensive view of the field section water balance, a 2D transect of the field section 

was simulated with the process-based, 3D hydrological FLUSH-model (Warsta et al., 

2013b) together with the intensive empirical data of Äijö et al. (2014). The long-term 

effect of the supplementary drainage was studied by simulating two drainage setup sce-

narios with different drain spacing for a period of 8 years, describing the drainage setup 

before and after supplementary drainage installation. The FLUSH-model was selected 

because it has the ability to simulate preferential flow in macropores and has been tested 

in model applications in several subsurface drained clay field sites (e.g. Turunen et al., 

2013; Warsta et al., 2013; Nousiainen et al., 2015; Salo et al., 2015; Turunen et al., 

2015a;b), supporting the comparison of results against earlier studies.  

 

The specific objectives of this study were: 

1. To calibrate and validate a 2D application of the FLUSH-model against observed 

hydrological data before and after a supplementary drainage installation. 

2. To provide a comprehensive view on the water balance of a clayey agricultural 

field in boreal conditions and assess how the water balance components change, 

on an annual and a monthly basis, due to a supplementary drainage installation.  

3. To quantify how the supplementary drainage installation affects the GWL in 

spring after snowmelt. 

4. To test the model performance in a 2D FLUSH-model application. 
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2 Site description and data 

2.1 Research site 

The studied agricultural field site is located in Jokioinen, southwestern Finland (WGS-

84: 60°51´59´´N, 23°25´50´´E, see Figure 1). The research site is located within the re-

gion of Tavastia Proper, where the annual average temperature varies between +3.5°C 

and +4.5°C. The annual precipitation amounts to approximately 650 mm. The rainiest 

month of the year is typically July or August with a precipitation of 75 - 85 mm. The 

number of rainy days in one year is usually between 180 and 200. The ground is typically 

covered with snow between mid-December and mid-April. More information about the 

climate in the region can be found in Kersalo and Pirinen (2009). The evapotranspiration 

in southern Finland is on average approximately 60% of the precipitation (Vakkilainen, 

1986). 

 

 
Figure 1 - The location of Jokioinen within Finland. 

 

The field is administrated by the Natural Resources Institute Finland (Luke) (Previously 

named MTT Agrifood Research Finland). The current research in the field started in 2006 

and focuses on different drainage installation practices. The field has been intensively 

monitored since the start. 
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The area of the whole monitored field is approximately 9 ha, and it consists of four mon-

itored field sections with different subsurface drainage systems (see Figure 2). The area 

of the field section studied in this thesis (D-section) is 3.4 ha. The studied section has a 

gentle (~0.5%) slope towards the Raiskinoja creek, located along the northeast border of 

the field. Closer to the creek (outside the monitored area), the slope increases to approx-

imately 12%. The field section is delimited by open ditches along the north and west 

border of the section. The open ditches are approximately 0.4 m deep. The field has been 

used for crop production for decades (Turunen et al., 2015b), and during the monitoring 

period (2007 – 2016) the cultivated crops were oats (Avena Sativa) and barley (Hordeum 

Vulgare). The field was typically tilled with drag harrow in the spring before sowing, and 

with disc harrow in the autumn after harvest (Vakkilainen et al., 2010).  

 

The original subsurface tile drains in the studied field section (Figure 2) were installed in 

the early 1950s with a drain spacing of 32 m and an average depth of 1 m. The original 

drains likely had no envelope material, but small amounts of gravel may have been de-

posited around the gaps between the drain tiles. New corrugated plastic drains were in-

stalled in spring 2014 with the trench excavation method. Two supplementary drain lines 

were installed between each two original drain lines, which resulted in a drain spacing of 

10.7 m. The new drains were installed at an average depth of 1 m. Gravel was used in the 

trench approximately 0.5 m on top of the pipe as an envelope and trench backfill material. 

Furthermore, vertical gravel deposits reaching the tillage layer were installed every 10 m 

along the supplementary drain lines. More details about the research site can be found in 

Vakkilainen et al. (2008, 2010), Äijö et al. (2014), Turunen et al. (2013), and Salo et al. 

(2014).  
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Figure 2 – D-section of the agricultural field in Nummela, Jokioinen. Original drains in black, and 

supplementary drains in red. Tillage layer runoff collector marked with green dashed line. 

 

2.2 Experimental setup and data 

2.2.1 Hydrological observations 

The field has been intensively monitored since June 2007. There is continuous measure-

ments of precipitation, drain discharge and tillage layer runoff. Weekly ground water 

level (GWL) and bi-weekly soil moisture content in the tillage layer observations were 

recorded at 5 different locations at the midpoint between the drain lines  (D1-D5 in Figure 

2) during the period June 2007 – May 2014, and at 4 different locations (D2-D5 in Figure 

2) during the period June 2014 – May 2016. The GWL monitoring wells were 1.6 m deep, 

lined with perforated plastic pipes. The tillage layer runoff collector (green line in Figure 

2) was placed at 0.4 m depth and gravel was used at the top of the pipe.  The outflow from 

the subsurface and tillage layer monitoring drains was led to the monitoring hut, where 

the outflow components were separately measured automatically with Datawater WS ver-

tical helix water meters (Maddalena, Povoletto, Italy) with 15 minute time intervals. The 

area of the monitored subsurface drainage was 3.4 ha, while the tillage layer runoff was 
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collected from an area of 2.7 ha. Precipitation was measured on-site with a Rainew 111 

tipping bucket precipitation gauge (RainWise Inc., Bar Harbor, ME, USA) with the time 

resolution of 15 min. The measured precipitation was corrected with a factor of 1.05 for 

rain and 1.3 for snow according to Førland et al. (1996) (Vakkilainen et al. 2010). Refer-

ence precipitation data as well as hourly air temperature, relative humidity, wind speed 

and global radiation observations were obtained from the FMI (Finnish Meteorological 

Institute) weather station in Jokioinen, and the FMI weather station located at the Hel-

sinki-Vantaa Airport. The Jokioinen station is located approximately 7 km southeast of 

the studied site, while the Helsinki-Vantaa Airport station is located approximately 100 

km southeast of the studied site. 

2.2.2 Soil properties 

Undisturbed soil samples were taken from 5 different randomly selected locations within 

the field section. Each soil sample was divided into three layers representing the soil 

properties of tilled topsoil (0 – 0.2 m), plow pan (0.2 – 0.4 m) and subsoil (0.4 – 0.6 m). 

The bulk density of the soil was measured according to Blake and Hartge (1986), and was 

found to be 1100 kg/m3 in the tillage layer (0 – 0.2 m), and for plow pan and subsoil 

layers (0.2 – 0.6 m) 1300 kg/m3. The total porosity, the water retention characteristics and 

the macroporosity was measured with the desorption method according to Danielson and 

Sutherland (1986) and the osmotic method according to Williams and Shaykewich 

(1969). The mean saturated hydraulic conductivity (Ksat) of the soil sample layers was 

measured according to Darcy’s law (Youngs, 1991) and were found to be 4 cm/h for the 

tillage layer (0 – 0.2 m), while the plow pan and subsoil layers (0.2 – 0.6 m) had a mean 

saturated conductivity of 0.001 cm/h.  

 

Particle-size analysis was carried out mechanically according to Elonen (1971) to a dif-

ferent set of soil samples (disturbed). The soil was classified as Vertic Luvic Stagnasols 

(IUSS Working Group WRB, 2015). The soil had an average clay content of 67 % in the 

topsoil layer (0 – 0.35 m) and 72 – 86 % in the subsoil layer (0.35 – 1.0 m), with the clay 

content increasing along with depth. The average amount of organic material in the top-

soil (0 – 0.35 m) was 6.5 %. The amount of organic material decreased with depth to 1.1% 

(0.35 – 0.6 m) and 0.5% (0.65 – 1.0 m). More information about the soil properties can 

be found in Vakkilainen et al. (2010). 
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3 Methods 

3.1 FLUSH-model 

The FLUSH model is an open source 3D hydrological model developed to simulate hy-

drological processes in clayey subsurface drained agricultural fields (Warsta 2011; 

Warsta et al., 2013a). The model also simulates soil freezing and snow processes 

(Turunen et al., 2015b; Warsta et al., 2012), open ditch processes (Haahti et al., 2016), 

soil erosion (Warsta et al., 2014, 2013b) and solute transport (Salo et al., 2015). A more 

detailed description of the model can be found in Warsta (2011) and Warsta et al. (2013).  

 

3.1.1 Conceptual model 

The model divides the simulated system into 2D overland and 3D subsurface domains. 

The subsurface domain is further divided into soil matrix and macropore systems follow-

ing dual-permeability approach (e.g. Simunek and van Genuhten, 2008). This enables 

simulation of fast bypass flow and transport of water and solutes in the macropore system 

from the field surface to the deeper soil layers. Conceptual descriptions of water and en-

ergy submodels together with the main simulated processes are presented in Figure 3 

(Koivusalo et al., 2001; Warsta, 2011; Warsta et al., 2012). 

 

Precipitation, which is the key driver for the hydrological processes, is initially placed at 

the overland domain and stored in the soil depressions from which the water can infiltrate 

into the soil matrix or macropore system in the subsurface domain. Exfiltration back to 

the surface is prevented. Surface runoff is initiated if the water volume in the overland 

domain exceeds the depression storage capacity. Water can also be removed from the 

overland domain by evaporation or flow into open ditches. In the subsurface domain wa-

ter movement is simulated in soil matrix and macropores and water exchange between 

the two pore systems. Water from the subsurface domains can be removed by evapotran-

spiration (in the root zone), seepage into open ditches, subsurface drains and groundwater 

outflow. (Warsta, 2011; Warsta et al., 2013a). 
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The bottom of the modelled area is assumed to be impermeable, and is treated as a no-

flow boundary in the model. The FLUSH model currently calculates the temperature of 

the soil and the energy fluxes within the soil, but it does not take into account the impact 

of soil freezing on the hydraulic conductivities (Turunen et al., 2015b).  

 

The energy and snowpack submodels in FLUSH simulate wintertime processes, such as 

snowpack accumulation and snowmelt. The snow processes are simulated in the overland 

2D domain with a two-layer energy balance model originally presented by Koivusalo et 

al. (2001). The model is divided into two layers in order to cope with the highly non-

linear energy fluxes in the vicinity of the snowpack surface. The upper layer of the snow-

pack exchanges heat more rapidly with the atmosphere than the lower layers of the snow-

pack due to the insulating capabilities of the snow. The snow model takes into account 

both the downward and outward components of the short- and longwave radiation as well 

as the sensible heat flux, the latent heat flux, advective heat from precipitation, as well as 

the heat conduction between the snowpack and the soil. During freezing conditions, the 

precipitation is accumulating in the snowpack, and the snow surface temperature is cal-

culated iteratively by balancing the energy fluxes at the surface. When the snow surface 

Figure 3 - Conceptual illustrations over two submodels. The submodel calculating water flow (a) and the energy 

and snowpack submodel (b) (Koivusalo et al., 2001).  
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temperature reaches 0 °C, all excess energy is used to melt the snow. The snow processes 

in the FLUSH-model have previously been assessed and applied in field-scale by Turunen 

et al. (2015a).  

 

The FLUSH-model also includes a scheme derived from the SWAP model (van Dam et 

al. 2008) for modelling dynamic macropores due to the shrinkage and swelling of the clay 

soil (Rasa et al., 2009; Warsta et al., 2012). However, dynamic macropores were not con-

sidered in this study.  

 

3.1.2 Mathematical model 

The water flow in the overland domain is calculated using the diffuse wave simplification 

of the Saint Venant equations (Warsta et al., 2013a): 
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(2) 

 

 

where ℎ𝑤𝑤 is the effective overland water depth [m] 

 𝑡𝑡 is the time [h] 

 𝑣𝑣 is the overland flow velocity [m/s] 

 𝑠𝑠𝑤𝑤 is the sink/source term in the surface domain [m/s] 

 𝑛𝑛 is the Manning’s coefficient [-] 

 𝑧𝑧𝑠𝑠 is the elevation of the soil surface [m] 

 

The effective overland water depth, ℎ𝑤𝑤, is calculated as the difference between the total 

overland water depth and the overland depression storage capacity. If the difference ex-

ceeds zero, surface flow is initiated. If the difference is negative, the effective overland 

water depth is zero (i.e. no surface water flow). (Warsta, 2011).  
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The ground water flow in both subsurface pore systems is mathematically modelled ac-

cording to the Richards equation (Richards, 1931) combined with water exchange and 

sink and source terms for the subsurface drained clay fields (Warsta, 2011; Warsta et al., 

2013a): 
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where  𝜃𝜃 is the volumetric water content [m3/m3] 

 𝐾𝐾 is the unsaturated hydraulic conductivity [m/h] 

 𝐻𝐻 is the hydraulic head [m] 

 𝑤𝑤 is the macroporosity [m3/m3] 

 Γ is the water exchange rate between the two subsurface domains [1/h]  

 𝑆𝑆𝑊𝑊 is the sink/source term in the subsurface domain [1/h] 

 

The subscripts 𝑀𝑀 and 𝐹𝐹 refer to the matrix and macropore systems, respectively. The 

Richards equation is used to calculate the water flow in both the saturated zone and the 

unsaturated zone. FLUSH calculates unsaturated conductivities and water retention prop-

erties in both pore systems according to van Genuchten (1980): 

 

𝐾𝐾 = 𝐾𝐾𝑠𝑠𝑎𝑎𝑠𝑠𝑆𝑆1/2�1 − �1 − 𝑆𝑆1/𝛾𝛾𝑔𝑔�
𝛾𝛾𝑔𝑔�

2
 (5) 

 

where  𝐾𝐾𝑠𝑠𝑎𝑎𝑠𝑠 is the saturated hydraulic conductivity [m/h] 

 𝛾𝛾𝑔𝑔 is the van Genuchten fitting parameter [-] 

 

The variable 𝑆𝑆 is calculated as: 

  

𝑆𝑆 = (𝜃𝜃 − 𝜃𝜃𝑅𝑅)/(𝜃𝜃𝑆𝑆 − 𝜃𝜃𝑅𝑅)    (6) 

 

where  𝜃𝜃𝑅𝑅 is the residual water content [m3/m3] 

 𝜃𝜃𝑆𝑆 is the saturated water content (i.e. porosity) [m3/m3] 
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Water exchange between the pore system is based on pressure differences between matrix 

and macropore systems following Gerke and van Genuchten (1993). The first order water 

exchange coefficient depends on soil structure parameters and hydraulic conductivity of 

the matrix-macropore interface, 𝐾𝐾𝑎𝑎. 𝐾𝐾𝑎𝑎 is computed using the upwind method, e.g. the 

conductivity of the system, which has the higher pressure head (Warsta et al., 2013).  

 

The simulated ditches and subsurface drains are treated by the model as cell internal sinks. 

The water flow into the ditches and drains is based on Darcy’s equation (Darcy, 1856) 

and calculated according to the following equation (Warsta, 2011): 

 

𝑞𝑞 = 𝐾𝐾𝑠𝑠𝑎𝑎𝑠𝑠𝐴𝐴𝑠𝑠
𝐻𝐻𝑐𝑐−𝐻𝐻𝑠𝑠
𝜆𝜆

  (7) 

 

where  𝑞𝑞 is the volumetric flux into the sink [m3/h] 

 𝐴𝐴𝑠𝑠 is the surface area of the sink [m2] 

 𝐻𝐻𝑐𝑐 is the hydraulic head in the cell [m] 

 𝐻𝐻𝑠𝑠 is the hydraulic head in the sink [m] 

 𝜆𝜆 is the entrance resistance parameter [m] 

  

The model calculates evapotranspiration from the subsurface domain based on the pre-

computed PET, which is given to the model. The evapotranspiration is distributed in the 

uppermost soil layers according to the root mass distribution, which varies over time de-

pending on the root depth (Warsta, 2011). PET is reduced to actual ET according to a 

model by Feddes et al. (1978) in very dry soil moisture conditions when the crop water 

uptake decreases.  

 

Implicit finite volume methods are used to discretize the spatial derivatives of the gov-

erning partial differential equations (PDE) (Warsta et al., 2013a). The overland domain 

is divided into rectangular cells and the subsurface domain is divided into hexahedric 

cells. The computational grid is built to follow the topography of the simulated area ac-

cording to a Digital Elevation Model (DEM), which is fed to the model. Backward dif-

ference method is used to solve the time derivatives in PDEs. The simulations are distrib-

uted to processor cores with the MPI (Message Passing Interface) parallelization (Mes-

sage P Forum, 1994). The subsurface water flow solver applies the pentadiagonal matrix 
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algorithm to solve hydraulic heads in columns of cells in 3D grids in both pore systems 

at the same time and iterates to solve the horizontal water fluxes between the columns 

(Warsta et al., 2013a).   
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3.2 Estimating the potential evapotranspiration 

The hourly potential evapotranspiration was calculated based on hydrological observa-

tions according to Allen et al. (1998). Allen et al. (1998) estimates the PET by calculating 

a reference PET (ET0) for a hypothetical vegetated surface with a crop height of 0.12 m, 

a surface resistance of 70 s/m, and an albedo of 0.23. The hypothetical ET0 is then multi-

plied with a crop coefficient, which takes into account the differences between crop char-

acteristics. No crop coefficients for the conditions in Finland are available, so the value 

for the crop coefficient multiplier was set to a value of 0.7 and kept static throughout the 

studied period (Turunen et al., 2013).  

 

The hourly reference ET0 was calculated with the Penman-Monteith equation (Allen et 

al., 1998): 

𝐸𝐸𝑇𝑇0 =
0.408∆(𝑅𝑅𝑚𝑚 − 𝐺𝐺) + 𝛾𝛾 37

𝑇𝑇ℎ𝑟𝑟+273
𝑢𝑢2(𝑒𝑒° − 𝑒𝑒𝑎𝑎)

∆ + 𝛾𝛾(1 + 0.34𝑢𝑢2)
 

 

(8) 

 

where 𝐸𝐸𝑇𝑇0 is the hourly reference PET [mm/h] 

  𝑅𝑅𝑚𝑚 is the hourly net radiation [MJ/m2/h] 

 𝐺𝐺 is the soil heat flux density [MJ/m2/h] 

 𝑇𝑇ℎ𝑟𝑟 is the hourly average temperature [C°] 

 ∆ is the slope of the saturation vapor pressure curve at 𝑇𝑇ℎ𝑟𝑟 [kPa/C°] 

 𝛾𝛾 is the psychrometric constant [kPa/C°] 

 𝑒𝑒° is the saturation vapour pressure at 𝑇𝑇ℎ𝑟𝑟 [kPa] 

 𝑒𝑒𝑎𝑎 is the average hourly actual vapor pressure [kPa] 

 𝑢𝑢2 is the average hourly wind speed at a height of 2 m [m/s] 

 

The saturation vapour pressure as a function of the temperature 𝑇𝑇ℎ𝑟𝑟 can be calculated 

according to the following equation: 

 

𝑒𝑒° = 0.6108𝑒𝑒𝑒𝑒𝑒𝑒 �
17.27𝑇𝑇ℎ𝑟𝑟
𝑇𝑇ℎ𝑟𝑟 + 237.3

� (9) 

 

where  𝑒𝑒𝑒𝑒𝑒𝑒[…] is the natural logarithm (2.7183) raised to the power of […] 

 

The slope of the saturation vapour pressure curve, Δ, can be calculated as following: 
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∆=
4098 ∗ [𝑒𝑒°(𝑇𝑇ℎ𝑟𝑟)]
(𝑇𝑇ℎ𝑟𝑟 + 273.3)2

 
(10) 

 

The actual hourly vapour pressure can be calculated from the saturation vapour pressure 

𝑒𝑒° and the measured relative humidity according to following equation: 

 

𝑒𝑒𝑎𝑎 =
𝑅𝑅𝐻𝐻𝑒𝑒°
100

 (11) 

 

where  𝑅𝑅𝐻𝐻 is the measured relative humidity [%] 

 

The hourly net radiation 𝑅𝑅𝑚𝑚 was obtained from both observed values as well as estima-

tions based on other observed of weather variables. The net radiation 𝑅𝑅𝑚𝑚 was obtained in 

the same way as presented by Turunen (2011). The total net radiation was calculated 

according to the following equation: 

 

𝑅𝑅𝑚𝑚 = 𝑅𝑅𝑐𝑐,𝑑𝑑𝑑𝑑𝑤𝑤𝑚𝑚 − 𝑅𝑅𝑐𝑐,𝑢𝑢𝑢𝑢 + 𝑅𝑅𝑠𝑠,𝑑𝑑𝑑𝑑𝑤𝑤𝑚𝑚 − 𝑅𝑅𝑠𝑠,𝑢𝑢𝑢𝑢 (12) 

 

where 𝑅𝑅𝑐𝑐,𝑑𝑑𝑑𝑑𝑤𝑤𝑚𝑚 is the downward longwave radiation [MJ/m2/h] 

 𝑅𝑅𝑐𝑐,𝑢𝑢𝑢𝑢 is the upward longwave radiation [MJ/m2/h] 

 𝑅𝑅𝑠𝑠,𝑑𝑑𝑑𝑑𝑤𝑤𝑚𝑚 is the downward shortwave radiation [MJ/m2/h] 

 𝑅𝑅𝑠𝑠,𝑢𝑢𝑢𝑢 is the upward shortwave radiation [MJ/m2/h] 

 

The downward shortwave radiation 𝑅𝑅𝑠𝑠,𝑑𝑑𝑑𝑑𝑤𝑤𝑚𝑚 was obtained from observed values (global 

radiation) and by taking into account albedo (percentage of shortwave radiation that the 

earth’s surface reflects back to the atmosphere) according to the following equation: 

 

𝑅𝑅𝑠𝑠,𝑑𝑑𝑑𝑑𝑤𝑤𝑚𝑚 = 𝑅𝑅𝑑𝑑𝑜𝑜𝑠𝑠(1 − 𝛼𝛼) (13) 

 

where 𝑅𝑅𝑑𝑑𝑜𝑜𝑠𝑠 is the observed global radiation [MJ/m2/h] 

 𝛼𝛼 is the albedo [-] 

 



25 

 

In this work, the albedo for the reference crop has a value of 0.23, following Allen et al. 

(1998). The radiation component 𝑅𝑅𝑠𝑠,𝑢𝑢𝑢𝑢 is equal to the reflected part of the observed radi-

ation 𝑅𝑅𝑑𝑑𝑜𝑜𝑠𝑠, and can thus be described as: 

 

𝑅𝑅𝑠𝑠,𝑢𝑢𝑢𝑢 = 𝑅𝑅𝑑𝑑𝑜𝑜𝑠𝑠 𝛼𝛼 (14) 

 

When the snow model is active the evaporation is calculated by the snow model, which 

takes into account the higher albedo of the snow.  

 

The downward component of longwave radiation is a result of atmospheric gasses 

(mainly water vapour) emitting radiation towards the earth’s surface. Because of this, in 

order to determine 𝑅𝑅𝑐𝑐,𝑑𝑑𝑑𝑑𝑤𝑤𝑚𝑚 an estimation of the atmospheric emissivity is needed. And in 

order to obtain an estimate of the emissivity, an estimation of cloudiness is needed. The 

estimation of cloudiness was calculated hourly as a function of the maximum theoretical 

downward shortwave radiation and the measured downward shortwave radiation. The 

cloudiness is described by a value ranging from 0 to 1, where 1 equals completely cloudy 

and 0 completely clear.  

 

The emissivity of a clear, cloudless, sky can be determine as (Hidalgo et al., 2005): 

 

𝜀𝜀𝑐𝑐𝑐𝑐𝑟𝑟 = 1.08�1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �−�
𝑒𝑒𝑎𝑎

100
�
�𝑇𝑇ℎ𝑟𝑟+273.15�

2016 �� 
(15) 

 

where  𝜀𝜀𝑐𝑐𝑐𝑐𝑟𝑟 is the emissivity of a clear sky as value between 0 and 1 [-] 

 

By taking into account the cloudiness, the actual hourly emissivity of the atmosphere (𝜀𝜀𝑎𝑎) 

can be calculated as: 

 

𝜀𝜀𝑎𝑎 = 𝐶𝐶 + (1 − 𝐶𝐶)𝜀𝜀𝑐𝑐𝑐𝑐𝑟𝑟 (16) 

  

where  𝐶𝐶 is the cloudiness (a value between 0 and 1, where 1 equals completely 

cloudy) [-] 
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Now 𝑅𝑅𝑐𝑐,𝑑𝑑𝑑𝑑𝑤𝑤𝑚𝑚 can be calculated according to the Stefan-Boltzmann’s law as follows: 

 

𝑅𝑅𝑐𝑐,𝑑𝑑𝑑𝑑𝑤𝑤𝑚𝑚 = 𝜀𝜀𝑎𝑎𝜎𝜎(𝑇𝑇ℎ𝑟𝑟 + 273.15)4 (17) 

 

where  𝜎𝜎 is the Stefan-Boltzmann constant, 2.043·10-10  [MJ/m2/h/K4] 

 

The final component of the radiation balance, 𝑅𝑅𝑐𝑐,𝑢𝑢𝑢𝑢 can also be calculated with the Stefan-

Boltzmann equation as follows: 

 

 𝑅𝑅𝑐𝑐,𝑢𝑢𝑢𝑢 = 𝜎𝜎(𝑇𝑇ℎ𝑟𝑟 + 273.15)4 (18) 

 

When the net radiation was calculated, the hourly soil heat flux 𝐺𝐺 was calculated as fol-

lows: 

 

𝐺𝐺 = 𝑏𝑏𝑅𝑅𝑚𝑚 (19) 

 

where 𝐺𝐺 is the soil heat flux [MJ/m2/h] 

 𝑏𝑏 is a constant, which during daytime is 0.1 and nighttime 0.5 [-] 

 

Night- and daytime was determined based on observed downward shortwave radiation.  

The psychrometric constant was determined with the following equation: 

 

𝛾𝛾 = 0.665 ∙ 10−3𝑃𝑃 (20) 

 

where 𝛾𝛾 is the psychrometric constant [kPa/°C] 

 𝑃𝑃 is the atmospheric pressure [kPa] 

 

The atmospheric pressure 𝑃𝑃 at the research area was estimated with the following equa-

tion: 

 

𝑃𝑃 = 101.3 �
293 − 0.0065𝑧𝑧

293
�
5.26

 
(21) 

 

where 𝑧𝑧 is the altitude of the research area (in this case 96 m) [m] 
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The wind speed was observed at a height of 30 meters. In order to obtain the wind speed 

at 2 meters above the ground’s surface, the observed wind speed was corrected according 

to the following equation: 

 

𝑢𝑢2 = 𝑢𝑢𝑧𝑧
4.87

ln(67.8𝑧𝑧𝑤𝑤 − 5.42)
 (22) 

 

where 𝑢𝑢𝑧𝑧 is the wind speed at 𝑧𝑧𝑤𝑤 [m/s] 

 𝑧𝑧𝑤𝑤 is the height of the wind speed gauge (in this case 30 m) [m] 
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3.3 Model application 

3.3.1 Work process 

The modelling was done in 2D in order to be able to take into account the topography of 

the field. The FLUSH-model was used for simulating water balance before and after a 

supplementary drain installation. The model was calibrated and validated against field 

data for the original and supplementary drainage with 32 m and 10.7 m drain spacing, 

respectively. A flow chart for the work process is presented in Figure 4. 

 
Figure 4 - The work process and data sources. Orange boxes indicate sources for empirical data, grey 

boxes indicate parameters used as input data for the FLUSH model. Red boxes indicate estimated/ap-

proximated data, while green boxes indicate observed values/conditions. The process was similar to 

that of Nousiainen (2012). 

 

 

3.3.2 Setup  

A 2D transect of the soil profile was used to simulate the water balance of the field sec-

tion. The computational grid was placed on the field section to follow the line of the GWL 

observation wells and the slope (see Figure 5). The modelled cross section extended from 

the open ditch along the western border of the field all the way to the creek that runs along 
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the eastern border of the field. The modelled area had a total length of 304 m, and a 

constant width. 

 

 
Figure 5 – The boundaries of the model application in section D of the Nummela site marked in black. 

The simulated area is placed in line with the GWL observation wells, perpendicular to the subsurface 

drains. 

 

The horizontal size of the computational grid was 4 × 4 m2. Grid cell depths in the vertical 

direction were 0.02 m, 0.03 m, 0.05 m, 0.1 m, 0.25 m and 0.5 m (Figure 6). The depths 

of the cells increased with depth in the column. The total depth of the computational grid 

was 6 m and was further divided into 4 different soil layers. The topsoil layer at 0 – 0.25 

m, the tillage pan at 0.25 – 0.45 m, the subsoil layer at 0.45 – 1.0 m, and the bottom soil 

layer at 1.0 – 6.0 m. The bottom soil was divided into two separate layers with (1.0 – 2.0 

m) and without (2.0 – 6.0 m) macropores.  
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Figure 6 - The modelling grid seen from the southeast (a), and a close-up of one column of the grid 

(b). The colors represent different soil layers. The computational grid in (a) is abbreviated to 20 % 

of the original length in order to emphasize the topography. The creek can be clearly seen in the right 

end of the computational grid. 

 

The structural and hydraulic parameters (saturated and residual water contents, 

macroporosity, the saturated hydraulic conductivity and the van Genuchten water reten-

tion curve parameters) required for the model simulations were derived from the undis-

turbed soil cores, taken from five different locations in the field section, and partly from 

previous modelling studies (Vakkilainen et al., 2010; Turunen et al., 2013). 

 

The water retention curve (WRC) for the soil matrix was obtained by fitting Eq. 23 to the 

observed water content values from the soil sample analysis. The van Genuchten model 

for the WRC is described as (van Genuchten, 1980): 

 

𝜃𝜃(Ψ) = 𝜃𝜃𝑅𝑅 +
𝜃𝜃𝑆𝑆 − 𝜃𝜃𝑅𝑅

[1 + (𝛼𝛼𝑔𝑔|𝜓𝜓|)𝛽𝛽]1−
1
𝛽𝛽

 (23) 

 

where  𝜃𝜃(Ψ) is the soil moisture content at 𝜓𝜓 [m3/m3] 

 𝜓𝜓 is the hydraulic head [cm] 

a) 

b) 
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 𝛼𝛼𝑔𝑔 is the van Genuchten model parameter [1/m] 

 𝛽𝛽 is the van Genuchten model parameter [-] 

 

 

The volumetric moisture contents of the undisturbed soil samples were measured at the 

negative hydraulic head pressures of 0, 0.1, 1, and 150 m. Eq. 23 was fitted to the observed 

values of each soil sample. The fitting was done by minimizing the sum of squared errors 

between the continuous WRC according to van Genuchten (1980) and the observed val-

ues. The sum of squared errors was minimized iteratively by optimizing the van Genuch-

ten parameters α and β. The WRCs used in the modelling were calibrated within the range 

of the optimized parameters of each soil layer. The 𝜃𝜃𝑅𝑅 parameter was set to a value of 

0.01 m3/m3 for the matrix domain. The parameters for the deeper soil layers (1.0 – 6.0 m) 

were calibrated, as WRC measurements were not available. Measurements were also not 

available for the soil layer at the depth of 0.6 – 1.0 m, but this soil layer was assumed to 

have equal characteristics as the deepest analysed soil layer (0.4 – 0.6 m). The observed 

water contents and the fitted WRCs for the soil matrix of the four soil layers used in the 

model simulations are presented in Figure 7.  

 

The WRC for the macropore domain was adopted from Warsta (2011) and Warsta et al. 

(2013) (see also: Nousiainen, 2012; Ray et al., 1997; Turunen, 2011; Turunen et al., 2013, 

2015b), with the parameter values 𝛼𝛼 = 7 1/m and 𝛽𝛽 = 2. The 𝜃𝜃𝑅𝑅 parameter was set to a 

value of 0.001 m3/m3 for the macropore domain. The parameters were kept the same for 

the macropores in all soil layers. The WRC for the macropores is presented in Figure 7. 

 

Macropores were defined as pores, which empty at a negative pressure of 0.1 m (i.e. Jar-

vis, 2007). The macroporosities of the topmost soil layers (0.0 – 1.0 m) were derived from 

the fitted WRCs and then calibrated within the range of the derived values. The 

macroporosity of the deeper soil layers (1.0 – 6.0 m) were calibrated with macroporosities 

from previous model applications from the same field site (Turunen et al., 2013; Turunen 

et al., 2015b; Salo et al., 2015) as reference. The conductivity of the macropores in the 

soil profile at the depth of 2.0 – 6.0 m was assumed to be negligible. Thus, the soil 

macroporosity in this depth was set to a small value of 0.00001, to avoid numerical insta-

bilities in the model simulations with the value 0. 
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Figure 7 – The van Genuchten WRCs used in the model, and the observed maximum and mini-

mums. The van Genuchten parameters of the topmost layers (a, b and c) were calibrated within the 

range of observed parameter values. The two subsoil layers have the same WRCs (d) even though 

the macroporosity values differ. The x-axis for the macropore WRC (e) goes from 0 – 1, as the 

macroporosity varies depending on the soil layer.  

a) b) 

c) d) 

e) 



33 

 

The saturated hydraulic conductivities of the soil matrix (Ksat) used in the modelling were 

firstly derived from previous studies carried out on the same area (e.g. Turunen et al., 

2015b, 2013), and were then calibrated with the observed values as reference. The ob-

served saturated hydraulic conductivity values were not possible to use directly in 

FLUSH, as the observed values describe the combination of conductivity in both the soil 

matrix and the macropores (Warsta et al., 2013a). The Ksat of the matrix was set according 

to Turunen et al. (2013) to 0.0032 m/h in the topsoil layer (0.00 – 0.25 m), and to 0.0001 

m/h for the deeper soil layers (0.25 – 2.00 m). These hydraulic conductivities for the 

matrix are also close to other values from literature (Jauhiainen, 2004; Salo et al., 2015; 

Turunen et al., 2015a; Warsta et al., 2013a). The hydraulic conductivity for the matrix in 

the deepest soil layer (2.00 – 6.00 m) was calibrated to a value of 0.00034 m/h. 

 

The FLUSH model calculates the saturated hydraulic conductivity of the macropore do-

main by multiplying the macroporosity with a Ksat multiplier. The value of the Ksat mul-

tiplier was set to 90 m/h following Turunen et al. (2013)(also in line with Warsta et al., 

2013). The horizontal conductivity of the macropore system in the two topmost soil layers 

(0.00 – 0.25 and 0.25 – 0.45 m) was multiplied with a value of 0.02, and the horizontal 

conductivity in the drainage layer (0.45 – 1.00 m) was multiplied with a value of 0.83, 

following Berisso et al. (2013).  

 

The depression storage capacity of the overland domain was set to a constant of 0.01 m 

for the whole modelling period (Turtola et al., 2007) and was same for original drainage 

setup and supplementary drainage setup. The open ditch at the southwest end of the mod-

elling grid was set to a depth of 0.4 m, while the open ditch at the northeast end of the 

modelling grid (describing the Raskinoja creek at the bottom of the steep slope in the 

border of the simulated field section) was set to a depth of 0.95 m. The tillage layer runoff 

collector was treated as an open ditch, and was set to a depth of 0.4 m, which corresponds 

with the depth of the tillage layer runoff collector in the field. The depth of the drain pipes 

was set to 0.98 m, corresponding with the mean measured depth of approximately 1 m.  

 

The bottom of the computational grid was considered impermeable. The soil temperature 

at the bottom of the modelling grid was set to a constant temperature of 5.9 °C, which is 

in line with the observations of Lemmelä et al. (1981). The bottom soil temperature works 

as a boundary condition for the heat balance submodel.  
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Outside the growing season the root depth of the crops was set to a minimum value of 

0.05 m (Warsta et al., 2013a), which represents the evapotranspiration from the soil sur-

face outside the growth season. From the day of sowing the root depth was set to grow 

linearly until the June 3rd  (Turunen et al., 2015b, 2013), when the maximum root depth 

of 0.75 m was reached. The root depth was set back to minimum value at the day of 

harvest. 0.75 m was the maximum root depth in Finnish clay soils as reported by Ilola et 

al. (1988). 

 
The groundwater outflow component of the water balance was described as the simulated 

outflow into the lower ditch (Raiskinoja creek) in the northeast end of the computational 

grid from the subsurface 3D domain.  

3.3.3 Calibration and validation of the model 

The model setup was created by using field data and calibrating the parameters to fit the 

measured drain discharge and tillage layer runoff and observed GWL at the midpoint of 

two adjacent drain lines. Haws et al. (2005) stated that model calibration should be done 

with caution when using only outflow route. In this study the model was calibrated and 

validated against measured outflow values (drain discharge and tillage layer runoff), ob-

served GWLs, and visually against observed moisture conditions in the tillage layer. The 

setup describing the original subsurface drainage system was calibrated against outflow 

measurements and GWL observations from the period 1.9.2008 – 31.12.2008 (Figure 8) 

and validated against the period 1.6.2009 – 31.5.2014, while the supplementary subsur-

face drainage system was calibrated against runoff measurements and GWL observations 

from the period 1.6.2014 – 30.4.2015 and validated against hydrological observations and 

GWL observations from the period 1.6.2015 – 31.5.2016. The calibrated parameters were 

the entrance resistance parameter 𝜆𝜆 and the sink internal pressure 𝐻𝐻𝑠𝑠 from Eq. 7, the 

macroporosity, the saturated hydraulic conductivity in the soil matrix, and the residual 

moisture content in the macropore system. Also most of the parameters for the deeper soil 

layers (1.00 – 6.00 m) were calibrated. All the calibrated soil parameters are listed in 

Table 1 and 2. All calibrated parameters were the same in both model setups, except the 

sink internal pressure parameter 𝐻𝐻𝑠𝑠 from Eq. 7, which was the only parameter varying 

depending on the model setup. The parameter 𝜆𝜆 was calibrated to a value of 12 m for both 
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the original and the supplementary drains. The sink internal pressure, 𝐻𝐻𝑠𝑠, was calibrated 

to a value of 0.65 m for the original drains, and 0.4 m for the supplementary drains. 

 
Figure 8 – The timeline of the calibration and validation of both model setups. 

 

During the calibration and validation of the model, only the simulated drain discharge 

from the subsurface drains located within the monitored area (Figure 2) was taken into 

account. Correspondingly, only the simulated tillage layer runoff into the tillage layer 

runoff collector was taken into account. Observed GWLs at the starting dates for the sim-

ulations were used as initial conditions. The initial overland water depth was set to 0.0 m. 

The simulated and observed moisture conditions of the soil were only compared visually 

in the calibration and validation.  
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Table 1 - Hydrological soil parameters used in the model setup. Estimated and calibrated values 

marked with asterisk. Values taken from literature are marked with double asterisk. 

Macropores 
θs 

 [m3/m3] 
θr  

[m3/m3] 
α 

 [1/m] 
β  
[-] 

Ksat *** 
[1/h] 

Macro- 
porosity 

[%] 
Con. mult. 

[-] 
Khmult. 

[-] 

Depth [m]                 

0.00 - 0.25 0.5598 0.001* 7** 2** 3.6 4.00* 90** 0.02** 

0.25 - 0.45 0.5554 0.001* 7** 2** 0.131 0.15* 90** 0.02** 

0.45 - 1.00 0.579 0.001* 7** 2** 0.423 0.47* 90** 0.83** 

1.00 - 2.00 0.579* 0.001* 7** 2** 0.225 0.25* 90** 1 

2.00 - 6.00 0.579* 0.001* 7** 2** 0 0* 0 1 

Soil matrix 
θs 

 [m3/m3] 
θr 

 [m3/m3] 
α  

[1/m] 
Β 

 [-] 
Ksat  

[1/h]     
Khmult. 

[-] 

Depth [m]                 

0.00 - 0.25 0.5598 0.01** 1.574 1.101 0.0032*     1 

0.25 - 0.45 0.5554 0.01** 0.205 1.113 0.0001*     1 

0.45 - 1.00 0.579 0.01** 0.448 1.09 0.0001*     1 

1.00 - 2.00 0.579* 0.01** 0.0078* 1.09* 0.0001*     1 

2.00 - 6.00 0.579* 0.01** 0.0078* 1.09* 0.00034*     1 
* = Calibrated value 
** = Value taken from literature 
*** = The macropore Ksat is calculated by the model as the macroporosity multiplied with the conductivity multiplier 

 
 

Table 2 – Drain parameters used in the model setup. Calibrated values are marked with an asterisk. 

The parameter Hs describes the internal pressure of the subsurface drains, while λ describes the drain 

entrance resistance (Eq. 7).   

Drain parameters 
λ  

[m] 
Hs  

[m] 
Original drains 12* 0.65* 

Supplementary drains 12* 0.4* 
* = Calibrated value 
  

 

3.3.4 Simulation scenarios 

Two different drainage simulation scenarios were conducted after the calibration and val-

idation of the model: 1) The original drainage system with a 32 m drain spacing 2) The 

supplementary drainage system with a 10.7 m drain spacing, where the original drains 

also are included. The modelling period was 1.6.2008 – 31.5.2016. The period 1.6.2007 

– 31.5.2008 was used as a warm-up period for the model, in order to minimize the effect 

of the initial GWL and moisture conditions. The aim of the scenarios was to investigate 

the effects of improved subsurface drainage on the field section water balance and GWL. 
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When assessing the whole water balance of the field section, also the simulated drain 

discharge from the subsurface drain located outside the monitored area (see Figure 2) was 

taken into account. Also the tillage layer runoff into the upper open ditch (located in the 

southwest end of the computational grid) and the surface flow from the 2D overland do-

main into the Raiskinoja creek (located in the northeast end of the computational grid) 

was taken into account. The water flow from the subsurface 3D domain into the Raiski-

noja creek was seen as the groundwater outflow. 

3.4 Model performance assessment 

The match between the modelled and measured drain discharge and tillage layer runoff 

was assessed with the Nash-Sutcliffe efficiency (NSE, Nash and Sutcliffe, 1970) and the 

mass error between the simulated and observed drain discharge and tillage layer runoff. 

Due to the study objective to simulate field section water balance, the evaluation of the 

model performance focused first on minimizing the difference between the simulated and 

observed accumulated drain discharge and tillage layer runoff (i.e. mass error) and sec-

ondly on the dynamics of the simulated hourly drain discharge and tillage layer runoff 

(i.e. NSE). 

 

The NSE was calculated as: 

 

𝑁𝑁𝑆𝑆𝐸𝐸 = 1 −
∑ (�̂�𝑟𝑖𝑖 − 𝑟𝑟𝑖𝑖)2𝑘𝑘
𝑖𝑖=1

∑ (𝑟𝑟𝑖𝑖 − 𝑟𝑟𝑚𝑚𝑚𝑚𝑎𝑎𝑚𝑚)2𝑘𝑘
𝑖𝑖=1

   
(24) 

 

where �̂�𝑟𝑖𝑖 is the simulated discharge/runoff [mm/h] 

 𝑟𝑟𝑖𝑖 is the measured discharge/runoff [mm/h] 

 𝑟𝑟𝑚𝑚𝑚𝑚𝑎𝑎𝑚𝑚 is the mean value of the measured discharge/runoff [mm/h] 

𝑘𝑘 is the total number of time steps of the period studied [-] 

 

The mass error was calculated as the difference in cumulative measured and cumulative 

simulated discharge/runoff of the period examined, divided by the cumulative measured 

discharge/runoff from the same period.  
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The reliability of the scenarios was tested by calculating the model bias (according to 

Bennett et al. 2013) for drain discharge and tillage layer runoff and comparing them with 

the bias between the two scenarios (scenario bias). The model bias was calculated as: 

 

𝑀𝑀𝑀𝑀𝑀𝑀𝑒𝑒𝑙𝑙 𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠 =
1
𝑘𝑘
�(𝑟𝑟𝑖𝑖 − �̂�𝑟𝑖𝑖

𝑘𝑘

𝑖𝑖=1

) 
(25) 

 

The scenario bias was calculated similarly, except that no observed values were used. 

Instead, the 𝑟𝑟𝑖𝑖-term described the simulated hourly discharge/runoff from the 32 m drain 

spacing scenario, while the �̂�𝑟𝑖𝑖-term described the simulated hourly discharge/runoff from 

the 10.7 m drain spacing scenario. 

 

The modelled GWL was assessed by calculating the mean absolute error (MAE) between 

the average of the observed values at the same locations D1-D5 and the modelled average 

values at the same locations (D1-D5 in Figure 2). The average was used in the assessment 

in order to mitigate the effect of errors individual observations (Bouma et al., 1980). The 

MAE was calculated separately for each calibration and validation period. The MAE was 

calculated as: 

 

𝑀𝑀𝐴𝐴𝐸𝐸 =
1
𝑘𝑘
��𝑙𝑙𝑖𝑖 − 𝑙𝑙𝚤𝚤��
𝑘𝑘

𝑖𝑖=1

 
(26) 

 

where 𝑙𝑙𝑖𝑖 is the observed GWL [m] 

 𝑙𝑙𝑖𝑖 is the simulated GWL [m] 

 

The average absolute deviation of the GWL observations was calculated as a reference 

value for the simulated GWL. The average absolute deviation was calculated as: 

 

𝐴𝐴𝐴𝐴𝐴𝐴 =
1
𝑘𝑘
�|𝑙𝑙𝑖𝑖 − 𝑙𝑙𝑚𝑚𝑚𝑚𝑎𝑎𝑚𝑚|
𝑘𝑘

𝑖𝑖=1

 
(27) 

 

where 𝑙𝑙𝑚𝑚𝑚𝑚𝑎𝑎𝑚𝑚 is the mean observed GWL [m] 
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4 Results 
In Section 4.1 the calibration and validation results for the original drainage system are 

presented and in Section 4.2 the calibration and validation results from the supplementary 

drainage system are presented. Results from both modelling scenarios are presented in 

Section 4.3. 

 

As mentioned in Section 3.3.3, during the calibration and validation of the model, only 

the drain discharge from the subsurface drains located within the monitored area was 

taken into account when comparing measured and simulated drain discharge. Corre-

spondingly, only tillage layer runoff into the tillage layer runoff collector was taken into 

account when comparing simulated and measured tillage layer runoff. 

4.1 Original drainage system calibration and validation 

The model setup describing the original drainage system with 32 m drain spacing was 

calibrated against the observed hourly drain discharge and tillage layer runoff and GWL 

observations during 1.9.2008 – 1.1.2009. The corrected observed precipitation during this 

period was 292 mm (amounts to a mean monthly corrected precipitation of 73 

mm/month). The Nash-Sutcliffe efficiency (NSE) calculated for the hourly drain dis-

charge during the calibration period was 0.38, and for the tillage layer runoff < 0. The 

error between the simulated and measured drain discharge was 9.4 % and for the tillage 

layer runoff 19.5 %.  

 

The model setup was validated against hourly measured drain discharge and tillage layer 

runoff, and GWL observations, during the period 1.6.2009 – 31.5.2014. The mean annual 

corrected precipitation during the validation period was 597 mm/a, ranging from 694 

mm/a to 527 mm/a. The NSE calculated for the drain discharge during the whole valida-

tion period was 0.34 (ranging annually from 0.12 to 0.41) and for the tillage layer runoff 

<0. The mass error between simulated and measured outflow over the entire validation 

period was -12.6 % (ranging annually from -20 % to 10 %) for the drain discharge and -

22.0 % (ranging annually from -71 % to 28 %) for the tillage layer runoff. Simulated and 

measured cumulative drain discharge and tillage layer runoff during the original drainage 

setup calibration and validation period are presented in Figures 9 and 10, respectively. 
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During the validation of the original drainage setup the amount of tillage layer runoff was 

found to be larger than the drain discharge (both simulated and measured). Also during 

the calibration period, the two runoff components were found to be almost equal in size. 

The largest error between the simulated and observed drain discharge was found to occur 

during times of snowmelt. This was assessed by calculating a two-month moving NSE-

values for the calibration and validation periods. The model was found to perform best 

during summer and autumn. 

 

 
Figure 9 – Measured and simulated cumulative drain discharge and tillage layer runoffs during the 

calibration period for the 32 m drain spacing setup. 

 
Figure 10 – Measured and simulated cumulative drain discharge and tillage layer runoffs during the 

validation period for the 32 m drain spacing setup. 
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The MAE between modelled and observed GWLs during the calibration and validation 

period of the original drainage setup are presented in Table 3. The simulated GWL in the 

soil matrix was found to correspond better to the observed GWL than the GWL in the 

macropore system. During both periods, the MAE between the observed GWL and the 

GWL in the soil matrix was found to be smaller than the AAD. The GWL observations 

were calculated as the mean GWL observed in locations D1 – D5 (Figure 2). The obser-

vations were carried out roughly bi-weekly. 

 
Table 3 – The mean absolute error (MAE) between observed and simulated GWLs during the cali-

bration and validation period for the original drainage setup, and the average absolute deviation 

(AAD, from the mean) of measurements. The number of observations are shown in parentheses. 

  MAE [m] AAD [m] 
  Matrix Macro   
Calibration period, 1.9.2008 - 31.12.2008 0.086 0.218 0.324 (16) 
Validation period, 1.6.2009 - 31.5.2014 0.346 0.512 0.441 (218) 

 

4.2 Supplementary drainage system calibration and validation 

The model setup describing the drainage system after the supplementary drainage instal-

lation (conducted in late May - early June 2014) with a 10.7 m spacing was calibrated 

against hourly drainage discharge measurements and tillage runoff measurements, and 

GWL observations during the period 1.6.2014 – 30.4.2015. The corrected precipitation 

during this period was 589 mm. The NSE calculated for the hourly drain discharge during 

the calibration period was 0.26, and for the tillage layer runoff <0. The error between 

simulated and measured runoff at the end of the calibration period was -4.6 % for the 

drain discharge and -64.3 % for the tillage layer runoff. The calibration period was char-

acterized by a clearly distinguishable snowmelt period in spring (February – March), and 

a large drain discharge in late autumn, which is typical for the boreal climate. Almost no 

observed or simulated drain discharge occurred during summer or early autumn. 

 

The validation was done against hourly measured drain discharge and tillage layer runoff, 

and GWL observations during the period 1.6.2015 – 31.5.2016. The corrected precipita-

tion during the validation period was 567 mm. The NSE for the hourly drain discharge 

during the validation period was 0.22 and for the tillage layer runoff <0. The error be-

tween simulated and measured runoff at the end of the validation period was 14.1 % for 
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the drain discharge and 56.0 % for the tillage layer runoff. Even if the relative error be-

tween simulated and measured tillage layer runoff is large, the absolute error is still 

smaller than the absolute error between simulated and measured drain discharge. The 

validation period was characterized by a rainy June (with a corrected precipitation of 79 

mm), and a warm and rainy December (with an average temperature of 1.7 °C and a 

corrected precipitation of 85 mm), which both can be clearly seen from the cumulative 

drain discharge. Simulated and measured cumulative drain discharge and tillage layer 

runoff from the supplementary drainage setup calibration and validation periods are pre-

sented in Figures 11 and 12, respectively. 

 

 

 
Figure 11 - Measured and simulated cumulative drain discharge and tillage layer runoff during cal-

ibration period for the 10.7 m drain spacing. 
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Figure 12 - Measured and simulated cumulative drain discharge and tillage layer runoff during val-

idation period for the 10.7 m drain spacing. 

 

The MAE between modelled and observed GWLs during the calibration and validation 

period of the supplementary drainage setup are presented in Table 4. The simulated GWL 

in the soil matrix was found to correspond better to the observed GWL than the GWL in 

the macropore system. During the calibration period, the MAE between the observed 

GWL and the GWL in the soil matrix was found to be smaller than the AAD. During the 

validation period, the MAE between simulated GWL in the soil matrix and observed 

GWL was found to be larger than the AAD, indicating a simulation error larger than the 

variance of the observations. The GWL observations were calculated as the mean GWL 

observed in locations D2 – D5 (Figure 2). The observations were carried out roughly bi-

weekly. The GWL monitoring well D1 was not used in the calibration and validation of 

the supplementary drainage setup, as it was not in use after the supplementary drainage 

installation. Simulated and observed GWLs from the whole modelling period are pre-

sented in Appendix 1. Simulated and observed moisture conditions in the tillage layer are 

presented in Appendix 2.  
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Table 4 - The mean absolute error (MAE) between observed and simulated GWLs during the cali-

bration and validation period for the supplementary drainage setup, and the average absolute devi-

ation (AAD, from the mean) of measurements. The number of observations are shown in parentheses. 

  MAE [m] AAD [m] 
  Matrix Macro   
Calibration period, 1.6.2014 - 30.4.2015 0.262 0.734 0.457 (41) 
Validation period, 1.6.2015 - 31.5.2016 0.486 0.752 0.389 (33) 

 

4.3 Scenarios 

In order to quantify the impact that a supplementary drainage installation can have on the 

field water balance and on the drainage efficiency, an 8 year period (1.6.2008 - 31.5.2016) 

was simulated with two different model applications, describing the 32 m and 10.7 m 

drainage setups. The period 1.6.2007 – 31.5.2008 was used as a warmup period during 

both simulations. Drainage efficiency was assessed by comparing simulated GWLs at the 

observation locations (D1 – D5, see Figure 2) between the two drainage setup scenarios. 

According to the measurements carried out on the field, during the years before the sup-

plementary drainage installation (1.6.2007 – 1.6.2008) the drain discharge and tillage 

layer runoff each constituted 11 % of the precipitation. The years following the supple-

mentary drainage installation, the drain discharge and tillage layer runoff amounted to 27 

% and 5 % of the precipitation, respectively.  

 

When assessing the water balance of the field section, simulated drain discharge from the 

subsurface drains from the whole field section area (Figure 2) was taken into account. 

The tillage layer runoff component was seen to comprise of the water flow into the ditch 

in the southwest corner of the field, the water flow into the tillage layer runoff collector, 

and the flow from the overland 1D domain into the Raiskinoja creek at the northeast end 

of the computational grid. The groundwater outflow was defined as the simulated water 

outflow from the 2D subsurface domain into Raiskinoja creek. 

 

The annual (June – May) water balance for both drainage scenarios is shown in Figure 

13. The dominating component of the water balance was the evapotranspiration, which 

occurs during the growing season (May – September). In the simulations, the evapotran-

spiration was not affected by excess soil moisture content. The main difference between 

the two drainage scenarios was the ratio of the outflow components (drain discharge, till-

age layer runoff and groundwater outflow). In the original drainage setup scenario, 99.96 
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% of the discharge originated from the macropore system, while the remaining 0.04 % 

originated from the soil matrix. In the supplementary drainage scenario, 99.90 % of the 

drainage discharge was found to originate from the macropores, while the remaining 0.10 

% originated from the soil matrix. 

 
Figure 13 - The simulated annual water balance from both drainage scenarios. The corrected total 

precipitation of each period is shown on the far right. ORIG. stands for original drainage setup sce-

nario, while SUPP. stands for supplementary drainage setup scenario. The average water balance for 

both scenarios is presented at the bottom. The percentages are calculated as share of corrected pre-

cipitation. 

 

On average the transition from sparse drainage (32 m spacing) to denser drainage (10.7 

m) increased the simulated drain discharge by a factor of 2.6 (66 mm), while the simulated 

tillage layer runoff and groundwater outflow decreased with 54 % (36 mm) and 16 % (29 

mm), respectively. The simulated annual evapotranspiration varied between 44 % and 63 

% of the total water balance, but varied only 0.6 percentage points for the same year 

between the two scenarios. The simulated annual change in storage varied between -3.4 

% and 5.7 % for the different study periods. The negative and positive change in storage 

is in Figure 13 presented on the left and right hand side, respectively. There was no major 

difference in the change in storage between the two scenarios (< 0.5 percentage points). 
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Figure 14 – The mean monthly simulated drain discharge, tillage layer runoff and groundwater out-

flow. ORIG. stands for original drainage setup, while SUPP. stands for supplementary drainage 

setup. The mean for each month is calculated based on the 8 simulated years. The average corrected 

precipitation for each month is shown beneath the name of the month. 

 

The three outflow components of the water balance – drain discharge, tillage layer runoff 

and groundwater outflow – were also studied on a monthly basis. The mean monthly 

amount of each outflow component was calculated from the 8 simulated years (1.6.2008 

– 31.6.2016). The mean monthly drain discharge, tillage layer runoff and groundwater 

outflow are presented in Figure 14. The groundwater outflow was found to be the domi-

nating outflow component, especially during summer (June, July, August), when the 

groundwater outflow constituted 88 % and 93 % of the total outflow (drain discharge, 

tillage layer runoff and groundwater outflow), in the dense and sparse drainage setup, 

respectively. However, the total outflow only constituted 8 % of the total corrected pre-

cipitation during the summer in both scenarios. The drain discharge and tillage layer run-

off was found to be negligible during the summer. The largest total runoff was found to 

occur during spring (March, April, May) and winter (December, January, February), 

when the total outflow constituted 69 % and 87 % of the corrected precipitation in the 

sparse drainage setup, respectively, and 67 % and 85 % of the corrected precipitation in 

the dense drainage setup, respectively. The impact of the supplementary drainage instal-

lation was seen clearly during all seasons except summer. During autumn, winter and 
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spring, the drain discharge increased on average by a factor of 2.4, while the tillage layer 

runoff and groundwater outflow decreased with 55 % and 17 %, respectively. The largest 

seasonal changes was found to occur during autumn (September, October, November), 

when the drain discharge increased by a factor of 2.6, while the tillage layer runoff and 

groundwater outflow decreased with 71 % and 15 %, respectively. During April, which 

was found to be the month with the highest total outflow in both scenarios, the transition 

to a denser drainage setup increased the drain discharge with a factor of 3.2, while the 

tillage layer runoff and the groundwater outflow decreased with 37 % and 15 %, respec-

tively. The mean annual corrected precipitation during the modelling period was 603 mm. 

The total annual sum of the three outflow components was same for both scenarios (290 

mm). The mean monthly precipitation ranged between different months from 29.5 

mm/month to 65.2 mm/month. The monthly precipitation was highest in December (65.2 

mm) and lowest in March (29.5 mm). 

 

The average simulated GWL in the matrix (in location D1 – D5, see Figure 2) from both 

scenarios were used to assess how the supplementary drainage installation affects the 

GWL during spring. The average simulated GWL in the locations D1 – D5 was consid-

ered a representative value for the flat part of the field section. The soil matrix can retain 

considerably higher amount of water than the macropore system, and thus the analysis of 

the drainage procedure impacts on the state of the soil water storage was conducted on 

the basis of the simulated GWL in the soil matrix. The differences in the drainage capacity 

between the two drainage scenarios was assessed by calculating the probability that the 

average spring time GWL is closer to the soil surface than 0.6 m. The probability was 

obtained by calculating the share of a moving two-week period the simulated average 

GWL is closer to the soil surface than 0.6 m (Figure 15). A threshold value of 0.6 m was 

used as an indicator for when the field is dry enough to support heavy agricultural ma-

chinery without soil compaction. 
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Figure 15 – In the lower panel (b) the average GWL during spring (April 15 – May 15) for both 

scenarios, based on 8 years of simulation. In the upper panel (a) the share of a two-week moving 

period that the average GWL is closer to the soil surface than 0.6 m from both scenarios.  

 

The average GWL time series was found to be approximately 5 cm lower in the 10.7 m 

drain spacing scenario than in the 32 m drain spacing scenario during the time period 

April 15 – May 15. The GWL dropped below the threshold value of 0.6 m the first time 

in the 10.7 m drain spacing scenario approximately 9 days before the 32 m drain spacing 

scenario. This means that the supplementary drainage installation on average may prolong 

the growing season with over a week in spring. The probability that the GWL is closer to 

the soil surface than 0.6 m starts to decrease in the 10.7 m drain spacing scenario approx-

imately 8 days before than in the 32 m drain spacing scenario. Simulated and observed 

GWLs from the whole period (1.6.2008 – 31.5.2016) are shown in Appendix 1. 

 

The scenario reliability assessment proved that the calculated bias (Eq. 25, Bennett et al., 

2013) between the scenarios was larger than the model bias of both model setups. The 

model and scenario bias is presented in Table 5. The model bias being closer to zero than 

the scenario bias indicates that the impact of the supplementary drainage installation on 

the water balance components is larger than the modelling error of these components. 

 

a) 

b) 
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Table 5 – Model and scenario bias.  

  
Model bias  

[mm/h] 
Scenario bias  

[mm/h] 
Drainage discharge 0.0003 -0.0108 
Tillage layer runoff 0.0011 0.0036 
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5 Discussion  

5.1 Water balance 

It was possible to some extent recreate the hydrological processes of the field using an 

hourly time step in terms of outflow amount and GWL over a long period of time (8 

years). The NSE values for the drain discharge from the calibration and validation periods 

in this study (ranging between 0.22 and 0.38) were smaller than corresponding values 

from other studies conducted under similar conditions, indicating that the recreation of 

the hydrological processes on an hourly scale were only satisfactory. Turunen et al. 

(2013), who applied the FLUSH-model on the whole Nummela research field using 

hourly data, were able to simulate the D-section drain discharge with NSE values between 

0.54 and 0.77 for the drain discharge from the D-section of the field. However, these 

values were calculated for approximately 2-month long modelling periods during late 

autumn (October – November), and did not include any wintertime processes. Salo et al. 

(2015), who also applied the FLUSH-model on the Nummela field in order to couple a 

scheme for nitrogen processes to the model, obtained NSE values of 0.45 and 0.50 for 

hourly drain discharge from the D-section during the periods 1.9.2008 – 31.12.2008 and 

1.9.2011 – 31.12.2011, respectively. Salo et al. (2017) obtained NSE values ranging from 

0.28 – 0.78 when applying the FLUSH-model on a Nummela field section adjacent to the 

D-section during the modelling period 16.10.2008 – 7.11.2008.  

 

A possible explanation for why the NSE values were smaller in this study than other 

studies conducted under similar conditions, is that the other studies investigated shorter 

modelling periods, which mainly excluded winter periods with snowpack processes, 

whereas this study investigated the long-term (8 years) whole-year water balance and 

outflow. In order to assess when the performance of the FLUSH-model was highest and 

lowest, a two-month moving NSE-value was calculated for the whole modelling period 

(with the original drainage setup during 1.6.2008 – 31.5.2014, and the supplementary 

drainage setup during 1.6.2014 – 1.6.2016). The lowest NSE values were found to occur 

mainly during times when the snowpack processes were active (i.e. winter and snowmelt 

period). Turunen et al. (2015b) also reported that the NSE values for the hourly drain 

discharge were improved when the discharge during snowmelt was excluded. Addition-

ally, this study focused on recreating the long-term outflow amounts, while the hourly 
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dynamic was seen as a secondary goal. The NSE values for the drain discharge and tillage 

layer runoff were found to be larger when calculated on a daily temporal scale.  

 

Turunen et al. (2013) obtained a relative mass error for the drain discharge from the Num-

mela field D-section of 19 % and -51 %, while Turunen (2011) reported a relative mass 

error of -9.8 % in the D-section drain discharge when modelling the whole Nummela 

field. The relative mass error for the drain discharge in this study lay between -4.6 % and 

14.1 %. This indicates that the amounts of drain discharge were reproduced adequately, 

despite the low NSE values.  

 

The tillage layer runoff proved more challenging to reproduce than the drain discharge. 

The NSE values for the tillage layer runoff were negative in all modelling periods, and 

the mass error ranged between -64.3 % and 56.0 %. The relative mass error is further 

amplified by the small amounts of total tillage layer runoff. During the validation period 

of the 10.7 m drain spacing scenario, the relative mass error of the tillage layer runoff was 

56.0 %, but the total measured tillage layer runoff only amounted to 15.2 mm. Thus, the 

absolute simulation error only amounted to 8.5 mm. Turunen (2011) encountered similar 

problems concerning the tillage layer runoff when modelling the Nummela D-section 

with the FLUSH-model. The FLUSH-model has been proven to reproduce tillage layer 

runoff adequately in previous studies, for example in Warsta et al. (2013a) who reported 

NSE values for the tillage layer runoff of 0.84 and 0.81 when applying the FLUSH-model 

on a similar agricultural field in Kirkkonummi, approximately 90 km from the Nummela 

field. 

 

The relative size of the water balance components obtained in the simulated scenarios are 

in line with other studies carried out under similar conditions. The average evapotranspi-

ration over a time period of 8 years was in this study found to be approximately 52.5 % 

of the precipitation, with a very small variance between the two drainage scenarios. 

Turunen et al. (2015b) concluded that the evapotranspiration comprised between 53 – 65 

% of the precipitation when investigating difference methods for calculating the PET 

when modelling hydrological processes. Turunen et al. (2015b) applied the FLUSH-

model on the Nummela research field during the time period 6.5.2008 – 31.12.2009. The 

time period can explain why the evapotranspiration share of the precipitation is slightly 

larger than values obtained in this study, as most of the evapotranspiration occurs between 
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May and August. Similar values were reported by Turunen et al. (2013), who found that 

the evapotranspiration comprised 57 – 80 % of the precipitation. The slightly larger values 

can also here be explained by the modelling period, which spanned from 6th May to late 

autumn during three consecutive years (2007 – 2009). In this study, the modelled evapo-

transpiration was only restricted during very dry soil conditions. A larger difference in 

the amount of evapotranspiration between the two drainage setup scenarios might have 

been obtained if also a near saturated moisture content in the root layer would have re-

stricted the modelled transpiration of the plant (Feddes et al., 1978). This could have re-

sulted in a smaller evapotranspiration during the growing season in the original drainage 

scenario due to excessive moisture content, thus leading to a lower annual evapotranspi-

ration. The D-section of the Nummela field clearly suffered from excessive soil moisture 

prior to the supplementary drainage installation, which also was found to negatively affect 

the quality and quantity of the crop yield (Vakkilainen et al., 2010). 

 

The relative size of the drain discharge runoff component was in this study found to be 

on average 7 % and 18 % of the precipitation in the sparse drainage scenario and the dense 

drainage scenario, respectively. Turunen et al. (2013) reported that the drain discharge 

amounted to 5 – 16 % of the precipitation when modelling the whole Nummela field from 

the beginning of May to late autumn during three consecutive years, which is well in line 

with the findings of this study. During the modelling periods of Turunen et al. (2013) the 

drain spacing in the different field sections varied from 6 – 32 m. Salo et al. (2015) re-

ported that the relative size of the drain discharge components from the Nummela field 

D-section was 28 % in 2008 and 19 % in 2011 of the precipitation when simulating two 

autumns from 1 September  to the end of the year, which are slightly larger values than 

obtained in this study. The larger values can be explained by the small evapotranspiration 

during the studied autumn periods, which increased the drain discharge both absolutely 

and relatively. The drain spacing at the Nummela field D-section was 32 m at the time of 

the modelling. Turtola and Paajanen (1995), who empirically studied the effects of im-

proved subsurface (new drains were installed, but the drain spacing was kept the same) 

on the hydrology of an agricultural field, found that before the improvement, the drain 

discharge amounted to 9.8 % and 19.4 % of the total runoff (surface runoff + drain dis-

charge) during winter times, depending on cultivation measures. After the improved sub-

surface drainage installation, the corresponding values were found to be 83.7 % and 46 

%. 
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The groundwater outflow component of the water balance was in this study found to be 

24 % and 29 % in the sparse drainage scenario and the dense drainage scenario, respec-

tively. These values are slightly smaller than the values of Salo et al. (2015), who reported 

that the groundwater outflow was 34 % and 36 % of the precipitation when simulating 

two autumns from 1.9.- 31.12. (2008 and 2011). The reason for this might be that the 

evapotranspiration is smaller during the autumn, thus increasing the relative size of the 

groundwater outflow component. Nousiainen et al. (2015) found that the groundwater 

outflow from a flat agricultural field site with heavy clay soil in southern Finland 

amounted to 5 % of the precipitation when simulating three consecutive years (2010 – 

2012). Warsta et al. (2013a) found the groundwater outflow to be 11 % and 14 % of the 

precipitation during two modelling periods (May – October 1996 and May – October 

1998) at Sjökulla experimental field, which is a heavy clay cultivated field with a varying 

slope located in Kirkkonummi in southern Finland. The reason for the higher groundwater 

outflow obtained in this study and in Salo et al. (2015), as opposed to Nousiainen et al. 

(2015) and Warsta et al. (2013a) is explained by the steeper slope situated at the northeast 

border of the Nummela field, which activates the groundwater outflow from the field. 

Similar interpretations were made by Turunen et al. (2013). An indication of an active 

groundwater outflow is also that the observation wells D1 – D5 occasionally were com-

pletely empty during winter, which indicates a GWL below 1.6 m from the soil surface. 

As the subsurface drains are situated at the depth of 1 m, groundwater outflow could 

function as a secondary drainage mechanism and could explain the GWL decrease to this 

depth. 

 

The tillage layer runoff component was found to be 11 % and 5 % of the precipitation in 

the sparse and dense drain spacing scenario, respectively. This was well in line with val-

ues obtained by Turunen et al. (2013), who reported tillage layer runoff components be-

tween 2 % and 16 % of the precipitation from the whole Nummela field. Salo et al. (2015) 

obtained slightly higher values reporting tillage layer runoffs of 21 % and 22 % of the 

precipitation on the D-section of the Nummela field. The higher values of Salo et al. 

(2015) can be explained partly by the modelling period (September – December during 

2008 and 2011), when the tillage layer runoff typically is larger than during the summer 

months. The modelling period of Salo et al. (2015) was also before the supplementary 

drainage installation, which, according to the results of this study, induces a higher 
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amount of tillage layer runoff. Nousiainen et al. (2015) and Turunen et al. (2015a) re-

ported tillage layer runoff values ranging from 4 % to 9 % of the precipitation from clayey 

agricultural fields in southern Finland, which are also in line with the results of this study. 

 

Turtola and Paajanen (1995) found that the drain discharge increased during winter time 

with factors of 6.0 and 3.6 after the improved drainage installation, depending on culti-

vation measure. These factors, reported by Turtola and Paajanen (1995), are slightly 

larger than those obtained in this study, which suggests that the drain discharge grew by 

a factor of 2.6. Turtola and Paajanen (1995) also found that the efficiency of the improved 

drainage decreased slightly already two years after the installation. Turunen et al. (2013) 

reported that the drain discharge increased by 51 % on an adjacent field section at the 

Nummela field, when the drain spacing was changed from 16 m to 8 m through a supple-

mentary drainage installation. 

 

The main part of the total outflow (drain discharge, tillage layer runoff and groundwater 

outflow) annually on average was found to occur in late autumn and winter (between 

October and January) and in April. The large total outflow in October – January can be 

explained by the low evapotranspiration of that time of the year due to lower temperatures 

and smaller intensity of net radiation. The large amount of total outflow in April can be 

explained by the snowmelt, which typically occurs in March – April in southern Finland. 

The sum of the tillage layer runoff and drain discharge was found to be typically larger 

in the denser drainage scenario (see Figure 14), except during the month of May, when 

the opposite occurred. The reason for this might be that the denser drainage network 

drains the field more efficiently after the snowmelt, making the outflow event shorter but 

more intense. The sparser drainage, on the other hand, prolongs the drainage event after 

the snowmelt, leaving larger volumes of water to be drained in May. 

 

As presented in Section 2.1, the cultivation measures over the years have varied slightly 

on an annual basis, which might also have an effect on the hydrological behaviour of the 

field and thus alter the runoff components and the water balance. The changes on culti-

vation practices and their effects on water flow pathways were not taken into account in 

the modelling, as all parameters, except the ones linked to the supplementary drainage, 

were kept constant throughout both modelling scenarios and each simulation period. Cer-
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tain cultivation measures may affect the relative size of the outflow components, increas-

ing the surface runoff (Turtola et al., 2007; Uusitalo et al., 2007). Turunen et al. (2013) 

states that the cultivation operations at the Nummela field caused uncertainties to the till-

age layer runoff measurements, as the cultivation operations occasionally levelled the 

embankments that prevented surface flow past the shallow tillage layer runoff collector. 

Measures with a drastic effect on the hydrological behaviour (such as installation of sup-

plementary drainage and subsoiling) may also affect areas adjacent to the treated area, 

which was found to be the case on this particular agricultural field in a previous study 

(Turunen et al., 2013). Cultivation measures carried out in the adjacent field sections to 

the Nummela field D-section during the time of the modelling were not taken into account 

in this study. 

 

As the field was modelled with a 2D cross section, the lateral flow components of the 

groundwater perpendicular to the computational grid were not taken into account. A 2D 

modelling approach gave a satisfactory representation of the hydrological behaviour of 

the field, but a 3D modelling approach might have provided a more detailed description, 

as it more accurately takes into account the topography-induced impacts more accurately. 

 

5.2 Subsurface drains 

The condition of the original tile drain installed in the 1950s is not well known. Due to 

their age, some of the drains may even be completely clogged, which could partly explain 

the difficulty to model the hourly drain discharge dynamic. Light could be shed on the 

condition of the original drains by, at least partly, digging up them for inspection. Sikkilä 

(2014) found that many drain pipes in fine-textured soils were clogged in relatively young 

drainage systems (i.e. < 10 yr). The deterioration of the drainage efficiency of the drains 

was not taken into account in this study. The efficiency of subsurface drains have been 

proved to decline with time (e.g. Nousiainen et al., 2015; Puustinen, 1986). Also Vakki-

lainen (1980) found that the efficiency of subsurface drains decreased rapidly during the 

first four to five years after the installation due to compacting of the soil. This implies 

that the supplementary drainage scenario, which was calibrated and validated during a 2-

year period, possibly overestimates the effect of the supplementary drainage installation, 

as they might lose some of their efficiency over the 8-year simulation period. 
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5.3 Soil characteristics and parameters 

The low NSE values in the modelled drainage discharge might partly be a result of the 

lack of trenches in the model application. As the supplementary drains were installed, 

coarse gravel was used as envelope material in order to increase the hydraulic conductiv-

ity around the drains and thereby increase the drainage efficiency. These were assumed 

to be taken into account by the drain parameters presented in Section 3.1.2. However, 

they might not lead to the same discharge behaviour as a trench would. Trenches were 

left out from the model application, as the resolution was too coarse in order to take them 

into account in more detail. Salo et al. (2017) demonstrated that trenches can have an 

important role for the water flow pathways and formation of drain discharge in subsurface 

drained fields with clay soil. The resolution of the computational grid was 4 x 4 m, while 

the trenches are only approximately 0.3 m wide (Äijö et al., 2014).   

 

The exact thickness and conductivity of the soil layers on the research site is unknown. 

However, according to GTK (Geological Survey of Finland, 2016) the soil layer thickness 

in the region is estimated to be between 10 – 30 meters. This causes some uncertainties 

concerning the groundwater outflow component of the water balance of the field. The 

transmissivity of the aquifer might be largely affected by thick soil layers, resulting in a 

significant groundwater outflow, even though the conductivity is low. Additional soil 

analyses would be needed in order to provide more detailed information on the soil char-

acteristics of the deeper soil layers. Deeper test drillings would help in answering the 

question, whether there are highly-conductive soil layers beneath the drainage layer 

(Kessler et al., 2012; Yli-Halla et al., 2009) and in determining the total thickness of the 

soil layers in the area (i.e. at what depth the bedrock is located). In turn, this could help 

in quantifying and giving a deeper understanding of the groundwater outflow component 

of the water balance. 

 

Alakukku et al. (2010) reported that soil properties may vary depending on their location 

in relation to the subsurface drainage network. The drains might indirectly affect the soil 

properties (through the roots of the crops), thus causing a higher amount of macropores 

in the vicinity of the drains. This, in turn, leads to a higher hydraulic conductivity. The 

soil samples taken in 2006 for the purpose of soil analysis were taken between existing 

subsurface drains, meaning that they might be biased, as they do not take into account the 

soil properties directly above the subsurface drains. In the model application of this study, 
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the soil layers were assumed to be homogeneous, which is seldom the case in clayey soil 

in reality. One way to take into account the heterogeneity that might exist in agricultural 

fields might be to randomly distribute the observed soil parameters in the computational 

grid, as presented by Salo et al. (2017).  

 

The FLUSH model does not presently take into account how the freezing of the soil affect 

the hydraulic conductivities. This might partly explain the low NSE values during the 

snowmelt in spring, when the frozen soil might cause the hydraulic conductivity to de-

crease. In order to reliably recreate snowmelt events with the FLUSH-model, a scheme 

for how the hydraulic conductivity is affected by the freezing of the soil would need to 

be developed and implemented in the model (e.g. Warsta et al., 2013a). 

 

The swelling and cracking of clayey soil, which result in dynamic macropores and affects 

the hydraulic conductivity of the soil, was not taken into account in this study. The crack-

ing of clayey soil, which has been proven to have a significant impact on the hydraulic 

conductivity of the soil profile (e.g. Warsta et al., 2013a), mainly occurs during summer 

when the evapotranspiration is large, and the surface runoff and drain discharge are al-

most completely inactive. Therefore, it was assumed that the lack of the swelling and 

cracking-processes did not significantly affect the annual water balance. 

 

The macroporosity of the soil was found to play a significant role in the formation of 

drain discharge, as 99.90 - 99.96 % of the total drain discharge was found to originate 

from the macropore system in both scenarios. Frey et al. (2016) and Warsta et al. (2013a) 

both came to similar conclusions, as they reported corresponding values of over 98 % and 

over 99 %, respectively. Larsson et al. (2007) reported that approximately 40 % of the 

drain discharge originated from the macropore system when applying the ICECREAM-

model on an agricultural field in south western Sweden. However, Larsson et al. (2007) 

also reported lower clay content in the agricultural soil, which might indicate a less dis-

tinguished macropore system than at the Nummela field. 

 

5.4 Groundwater level 

The MAE (Mean Absolute Error) between the observed GWL and average simulated 

GWL in the soil matrix was found to range from 0.09 m to 0.49 m in this study depending 



58 

 

on the modelling period, while the AAD (Average Absolute Deviation) from the mean of 

the observations ranged from 0.32 m to 0.46 m depending on the modelling period. In 

three out of four modelling periods, the MAE was smaller than the AAD, which can be 

seen as a satisfactory recreation of the average GWL (i.e. the variation in the observations 

is larger than the error between simulation and observation). Turunen et al. (2015a) as-

sessed the simulated GWL in a similar way, and had a MAE between the observed median 

GWL and simulated median GWL in the soil matrix that ranged from 0.26 m to 0.42 m. 

The AAD to the median ranged from 0.13 m to 0.42 m. 

 

This study found that, after the supplementary drainage installation, the GWL dropped 

more rapidly during the spring, resulting in the GWL being on average 5 cm lower than 

before the supplementary drainage installation. This study also aimed to assess how much 

the supplementary drainage installation can prolong the possibilities to cultivate poorly 

drained fields in the short growing season in the boreal climate by more efficiently drain-

ing the field in springtime, thus allowing heavy agricultural machinery to be used earlier 

without the risk of soil compaction. A GWL in the soil matrix below 0.6 m from the soil 

surface was in this study seen as a dry enough condition in order to use agricultural ma-

chinery without soil compaction. A depth of 0.6 m is in line with the maximum crop root 

depth, as reported by Ilola et al. (1988). The GWL was found to drop beneath the thresh-

old of 0.6 m from the soil surface 9 days earlier after the supplementary drainage instal-

lation. The GWL in the supplementary drainage scenario also preceded the GWL in the 

original drainage scenario with 3 – 9 days in terms of probability that the GWL is lower 

than 0.6 m from the soil surface. There is no clear threshold value defined in literature for 

the GWL when the soil is dry enough to support agricultural machinery. Alakukku (2017) 

stated that the drainage depth (~1 m) can be seen as a good threshold value, while Saava-

lainen (1983) stated that, in clayey soil, a GWL 0.2 – 0.3 m from the soil surface can be 

considered dry enough.  

 

Bouma et al. (1980) concluded that individual GWL observations in heavy clay soil with 

preferential flow paths in shallow unlined observation boreholes might be difficult to pre-

dict, as depending on how the monitoring well is situated in relation to the macropore 

system, it can represent either the pressure conditions in the macropores or in the sur-

rounding soil matrix, which might differ greatly from each other. The GWL monitoring 

wells in this study were approximately 1.6 m deep and lined with perforated plastic pipes, 
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and were considered to represent the pressure conditions of the soil matrix. The average 

observed GWL in locations (D1 – D5) from each time step was considered to represent 

the GWL in the flat part of the field section at that time step. Also Aura (1995) states that 

it is only possible to model the average GWL in heavy clay soil, and that it may be im-

possible to calculate the GWL at any given point in an agricultural field due to the heter-

ogeneity of the soil. The largest error between observed GWL and simulated GWL in the 

soil matrix was found to occur in winter and spring periods, when the snow processes 

were active (Appendix 1). 
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6 Conclusions 
A 2D application of the FLUSH-model was calibrated and validated against hydrological 

observations before and after a supplementary drainage installation in a poorly drained 

field section. The aim was to investigate the impacts of a supplementary drainage instal-

lation on the water balance of an agricultural, clayey field in boreal conditions. The model 

performance was found to be slightly weaker than in previous studies carried out in sim-

ilar conditions in terms of the simulated drain discharge dynamics, but was still found to 

be satisfactory in terms of the long-term water balance of the field. Thus, a 2D application 

of the FLUSH-model can be seen to adequately produce the hydrological processes of an 

agricultural field, and to take into account nearby topography which affects the hydrology 

of the field.  

 

The simulation scenarios showed that the supplementary drainage installation altered the 

outflow components of the agricultural field, by increasing the drain discharge by a factor 

of 2.6. The tillage layer runoff and the groundwater outflow was found to decrease with 

54 % and 16 %, respectively, as a result of the supplementary drainage installation. The 

drainage setup had no significant effect on the modelled evapotranspiration. The more 

efficient drainage due to the supplementary drainage installation was also clearly seen in 

the total runoff amounts of April and May. The total runoff in May was smaller after the 

supplementary drainage installation, indicating that the drainage is more efficient, as the 

major part of the total runoff occurs already in April. This study also aimed to quantify 

how much more efficient the subsurface drainage system was after the supplementary 

drainage installation, by studying the GWL in the soil matrix during spring after the snow-

melt period.  

 

This study found that by installing supplementary drains, thus decreasing the drain spac-

ing from 32 m to 10.7 m, the GWL in the matrix stayed approximately 5 – 10 cm lower 

during spring. A GWL in the soil matrix lower than 0.6 m from the soil surface was seen 

as an indicator for the field being dry enough for cultivation measures without risking soil 

compaction. The supplementary drainage installation was thus found to expedite the 

drainage in springtime with up to 9 days, which provides a valuable extension to the pos-

sibilities to cultivate poorly drained fields in the short growing season in the boreal cli-

mate. 
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Appendix 1 - Simulated and observed GWL during the time 1.6.2008 – 1.6.2016 

Appendix 2 - Simulated and observed topsoil moisture conditions during the time  

1.6.2008 – 1.6.2016  
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Appendix 1. 

 
Appendix 1 – Simulated and observed GWL during the time 1.6.2008 – 1.6.2016.  
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Appendix 2. 

 
Appendix 2 – Average simulated (in the soil matrix) and observed soil moisture conditions in the topsoil at the locations D1-D5 (during 1.6.2008 – 1.6.2014) and D2-D5 

(during 1.6.2014 – 1.6.2016).   


	Impacts of improved subsurface drainage on the water balance of a poorly drained clayey agricultural field
	Table of Contents
	List of figures
	List of tables
	List of abbreviations and symbols
	1 Introduction
	2 Site description and data
	2.1 Research site
	2.2 Experimental setup and data
	2.2.1 Hydrological observations
	2.2.2 Soil properties


	3  Methods
	3.1 FLUSH-model
	3.1.1 Conceptual model
	3.1.2 Mathematical model

	3.2 Estimating the potential evapotranspiration
	3.3 Model application
	3.3.1 Work process
	3.3.2 Setup
	3.3.3 Calibration and validation of the model
	3.3.4 Simulation scenarios

	3.4 Model performance assessment

	4 Results
	4.1 Original drainage system calibration and validation
	4.2 Supplementary drainage system calibration and validation
	4.3 Scenarios

	5 Discussion
	5.1 Water balance
	5.2 Subsurface drains
	5.3 Soil characteristics and parameters
	5.4 Groundwater level

	6 Conclusions
	References
	Appendices

