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1. Introduction 

1.1 Background, motivation and focus 

Population growth is increasing the demand for food production and water re-
sources while agricultural activities are causing environmental impacts, including 
the eutrophication of water bodies (Tilman et al. 2011). A comprehensive under-
standing of the hydrological processes that control water flow, erosion and the 
transport of substances in agricultural fields is a prerequisite for the management 
of water for sustainable crop production. These soil-water-atmosphere systems 
are complex due to the interconnections between different processes such as wa-
ter flow, plant growth, soil erosion and transport of substances. Furthermore, the 
processes are subject to temporally and spatially varying hydrometeorological 
conditions, farming operations, soil properties and catchment features. Due to the 
complex and dynamic nature of the systems, their management and comprehen-
sion have proven to be challenging (e.g. Jarvis 2007; Skaggs et al. 2006; Skaggs 
et al. 2005). Moreover, changing climate conditions are expected to further com-
plicate water management in agricultural areas (Iglesias and Garrote 2015). 

Local climatic conditions are one dominant factor that sets requirements for ag-
ricultural water management methods. In high-latitude agricultural fields, the hy-
drological conditions are characterized by snow-covered winter periods, rapid 
snowmelt events, and high soil moisture conditions during spring, relatively short 
growing seasons, and wet autumn periods with lower evapotranspiration demand 
than precipitation (e.g. Jin and Sands 2003). In these conditions, annual precip-
itation amount exceeds the evapotranspiration demand (e.g. Hintikka et al. 2008; 
Jin and Sands 2003; Johnsson and Jansson 1991). During growing seasons, the 
amount of evapotranspiration is typically higher than the amount of precipitation 
and thus water outflow and environmental loads from agricultural fields occur 
mostly during the dormant season (Vagstad et al. 2004; Jin and Sands 2003).  

Due to the hydrometeorological conditions of the high-latitude areas, proper 
drainage practices are essentially needed during the wet spring and autumn sea-
sons to facilitate optimal soil moisture conditions for crop growth, as well as to 
ensure trafficability and workability of the soil with a minimal risk of soil compac-
tion. Drainage is particularly needed in fine-textured soils (e.g. Wright and Sands 
2001) due to their relatively low hydraulic conductivity and ability to retain a high 
amount of water (Kätterer et al. 2006; Rawls et al. 1982; van Genucthen 1980). 
Fine-textured clayey agricultural soils are abundant, e.g., in northern Europe 
(Panagos et al. 2012; Eriksson et al. 1999; Puustinen et al. 1994).  

Hydrological processes function differently in fine-textured soils than in homo-
geneous frictional soils (Jarvis 2007). Fine-textured soils with clay content of 
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≥15% tend to form an aggregate structure (Oades, 1993) which facilitates the for-
mation of preferential flow paths called macropores. These flow paths are nor-
mally composed of biopores, structural cracks, and layers of coarse soil materials; 
and the macropores facilitate fast water flow compared to the surrounding soil 
matrix, which consists of smaller micropores (e.g. Jarvis 2007). Rapid bypass flow 
via preferential flow paths in structured soils can have a major impact on water 
flow and the transport of substances in the soil (Frey et al. 2016; Warsta et al. 
2013a; Koestel et al. 2012; Jarvis 2007). In addition to solutes, preferential flow 
paths have also been noted to convey suspended solids (Warsta et al. 2013b; Tur-
tola et al. 2007; Øygarden et al. 1997), which highlights their importance in the 
context of environmental loads. Numerous studies have assessed the vertical pref-
erential flow, whereas lateral preferential flow paths have been studied much less 
(e.g. Beven and Germann 2013; Allaire et al. 2009; Jarvis 2007). 

Even though previous studies have assessed hydrological processes in clayey 
high-latitude fields (e.g. Hintikka et al. 2008; Johnsson and Jansson 1991), com-
prehensive knowledge of water flow and transport of substances remains incom-
plete (King et al. 2015; Sharpley et al. 2015; Beven and German 2013; Jarvis 
2007). Some water balance components, such as precipitation, drain discharge 
and tillage layer runoff (TLR), are routinely monitored at experimental sites (e.g. 
Turtola et al. 2007), but groundwater outflow and evapotranspiration are chal-
lenging to estimate accurately (Widmoser 2009; Weiler and McDonnell 2007). 
All water balance components are interlinked, and thus the design of water man-
agement methods in high-latitude clayey fields could benefit from a more com-
prehensive understanding of the role of the different water balance components 
and the impacts of different factors on their temporal and spatial distribution. 
Regarding environmental loads, the transport pathways are also not known in de-
tail (e.g. Sharpley et al. 2015). Since water flow controls the transport of sub-
stances in agricultural fields (Zhang et al. 2007; Vagstad et al. 2004), water man-
agement and the transport of substances need to be studied in an integrated man-
ner (van den Eertwegh et al. 2006). Due to the potential for soil particles to sorb 
substances, the load generation processes are also linked to soil erosion and sed-
iment transport, and erosion is further driven by the hydrological processes 
(Warsta et al. 2013b; Quinton and Katt 2007; McDowell et al. 2001). As erosion 
and transport of suspended solids largely contribute to the generation of environ-
mental loads, assessing water balances, soil erosion and sediment loads in an in-
tegrated manner is a worthwhile research focus and basis for future studies re-
garding the transport of substances. 
 

1.2 Water flow and drainage 

The water balance of subdrained fields can be divided into the following major 
components: (1) precipitation, (2) evapotranspiration, (3) accumulation and melt 
of snow, (4) surface runoff, (5) soil water storage, (6) seepage to open ditches, (7) 
subsurface drain discharge and (8) groundwater outflow (water seepage across 
the field boundaries below the artificial drainage networks) (e.g. van der Velde et 
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al. 2010; Jin and Sands 2003). Different drainage methods, mainly open ditches 
and subsurface drains, are commonly applied to modify the water balance of ag-
ricultural fields to facilitate optimal soil moisture conditions for crop growth and 
cultivation operations by conveying excess water from the field.  

Nowadays subsurface drains are the standard method to convey excess water 
from fields in high-latitude regions (Deelstra 2015; Deelstra et al. 2014; Sands et 
al. 2015; Puustinen et al. 1994). Subsurface drains are a profitable means for 
drainage because they provide a larger cultivation area and improved trafficability 
compared to drainage with open ditches. They have also been noted to have a pos-
itive impact on soil structure (e.g. Nuutinen et al. 2001) and crop yields (e.g. 
Kladivko et al. 2005).  

Drainage efficiency is controlled by several design parameters. Drain spacing 
and drain depth are among the most important parameters, and subsurface 
drains are typically installed with a drain spacing of 10–30 m and a depth of 0.6–
1.2 m (Deelstra et al. 2014; Blann et al. 2009; Paasonen-Kivekäs et al. 2009; Saa-
valainen 1984). Other drainage parameters include drain inner diameter, enve-
lope material and trench backfill materials. Typical envelope materials can be 
classified as mineral, organic and synthetic envelopes, which have different im-
pacts on water conductivity and filtration of suspended solids (Stuyt et al. 2005). 
Different trench backfill materials are occasionally applied together with the orig-
inal soil material to facilitate better water conductivity above the drains (e.g. Tur-
tola and Paajanen 1995; Aura 1990). In addition to the drainage materials and 
parameters, the drain installation method can also have an impact on drainage 
efficiency (Spoor and Fry 1983; Vakkilainen and Suortti-Suominen 1982; Boels 
1978). Trench and trenchless installation methods are the most common installa-
tion methods, and they have mostly replaced manual installation (Ritzema et al. 
2006). With the trench method, a trench with a certain depth and grade is exca-
vated, and the drain pipe is placed at the bottom of the trench. The trench is then 
backfilled. The trenchless method does not excavate a trench, but a plough blade 
temporarily displaces the soil column upwards, sideways and forwards while the 
drain pipe is laid in its place. The soil thereafter falls back around the drain pipe 
when the installation machine moves forward. In structured soils, a trenchless 
drain installation has been observed to have a higher impact on the soil physical 
properties than the trench installation method (Boels 1978). The trenchless in-
stallation has been noted to decrease soil hydraulic conductivity (Boels 1978; 
Olesen 1978; Naarding 1978) and to induce a decrease in macroporosity and soil 
loosening in structured soils (Spoor and Fry 1983).  

Before the 1960s, ongoing research concerning drainage concentrated on devel-
oping efficient and economic methods to convey excess water from the fields 
(Stuyt et al. 2005; Wilson 2000). In the 1960s, the environmental impacts of the 
ongoing agricultural intensification were recognized (e.g. Matson 1997), and re-
search on the environmental impacts of drainage systems were initiated (Wilson 
2000).  

Numerous studies have assessed environmental loads from subdrained fields 
(e.g. Øygarden et al. 1997; Gustafson 1988; Seuna and Kauppi 1981) and further 
studies have demonstrated how drainage procedures impact both water outflow 
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pathways and load generation processes (e.g. Dalzell et al. 2011; Skaggs et al. 
2005; Mendez et al. 2004). These findings have further generated attempts to op-
timize drainage design parameters to minimize environmental loads and to max-
imize yields at the same time. The topic has been studied especially in the US (e.g. 
Sands et al. 2015; Skaggs et al. 2006; Mendez et al. 2004). One of the primary 
problems of drainage optimization in clayey high-latitude fields, where preferen-
tial flow processes dominate the water flow in the soil, is insufficient knowledge 
of the relevant water balance components and hydrological processes.  

The preferential flow processes have clear implications for the water balance of 
subdrained clayey soils, discerning them from frictional soils. A rapid vertical flow 
of water and the transport of particles and dissolved substances via soil 
macropores have been demonstrated in numerous studies (Beven and German 
2013; Koestel et al. 2012; Jarvis 2007). Furthermore, the impact of the preferen-
tial flow on drainage and transport of substances to subsurface drains has been 
recognized to be substantial. Many empirical and modelling studies (e.g. Warsta 
et al. 2013b; Ulén et al. 2014; Uusitalo et al. 2001; Villholth and Jensen 1998; 
Øygarden et al. 1997) have demonstrated that water, suspended sediment and dis-
solved substances can bypass the soil matrix (having relatively low hydraulic con-
ductivity) and flow directly to the subsurface drains via preferential flow paths. 
Moreover, many previous studies have indicated that preferential flow paths can 
dominate the water flow to subsurface drains in clayey fields (Frey et al. 2016; 
Warsta et al. 2013a; Hintikka et al. 2008; Gärdenäs et al. 2006; Koivusalo et al. 
1999), which demonstrates the importance of macropores on the water balance of 
subdrained fields.  

Compared to vertical preferential flow, the impact of lateral preferential flow on 
field water balances has been studied less (e.g. Allaire et al. 2009), and field-scale 
studies typically neglect the groundwater outflow component (e.g. Weiler and 
McDonnell 2007). Field-scale studies can be particularly important from the 
point of view of determining the outflow components, since catchment-scale stud-
ies are practically unable to quantify outflow pathways without internal catch-
ment data (Gallart et al. 2007). Overall, the lateral preferential flow is a complex 
process, and Weiler and McDonnell (2007) even claimed the conceptualization 
and parameterization of lateral preferential flow to be one of the greatest chal-
lenges of hillslope hydrology. Despite the complexity of the issues, some studies 
(Hintikka et al. 2008; Gärdenäs et al. 2006; Larsson and Jarvis 1999) have indi-
cated that lateral flow processes have an impact on the hydrology of high-latitude 
clayey fields. Even though empirical evidence about hydraulic properties of deep 
soil layers is scarce, observations support the assumption that lateral preferential 
flow can occur in structured soils. For example, Kessler et al. (2012), Yli-Halla et 
al. (2009), and Klint and Gravesen (1999) have noticed that preferential flow 
paths, such as permeable sand lenses and structural cracks prevail in the deep soil 
layers below the subsurface drain networks. Nielsen et al. (2010), who studied 
water flow paths in a structured soil with dye tracers, also noted that vertical 
macropores can be directly connected to horizontal preferential flow paths below 
subsurface drains. Moreover, a recent simulation study by Nieber and Sidle 
(2010) demonstrated that discontinuous soil macropores (e.g. Kessler et al. 2012) 
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can also facilitate preferential flow in structured soils. Sidle et al. (2001) also 
claimed that preferential flow paths may tend to self-propagate in the downslope 
direction. Thus, lateral preferential flow can hypothetically contribute to the wa-
ter balance of clayey high-latitude fields, but a quantification of groundwater out-
flow has not been conducted in previous studies. If topography impacts the mag-
nitude of lateral flow, it likely also has an impact on drain discharge (Gärdenäs et 
al. 2006; Fipps and Skaggs 1989) due to the interconnection of the water balance 
components. Field areas might also be hydrologically connected (e.g. Bracken et 
al. 2013) to adjacent regions via groundwater flow, which could further compli-
cate the optimization of drainage design parameters and link field hydrology to 
nonlocal processes (Vereecken et al. 2016). In empirical hydrological studies in 
agricultural fields, observations are often conducted in adjacent field plots (e.g. 
Äijö et al. 2014; Turtola et al. 2007), and the impacts of the potential groundwater 
flow connection on the observations are difficult to decipher and are often ne-
glected. Moreover, groundwater outflow in clayey soils may also contribute to nu-
trient leaching, much like in sandy soils (Rozemeijer et al. 2010a). Thus, studying 
lateral flow processes has the potential to benefit the design of water management 
and protection measures.  

A comprehensive understanding of field water balances would require 
knowledge of surface runoff generation processes in different topographic and hy-
drological conditions during different seasons. Surface runoff tends to occur from 
variable source areas within the fields (e.g. Needelman et al. 2004; Srinivasan et 
al. 2002) and the location and occurrence of the source areas are likely linked to 
drainage conditions and groundwater outflow processes. Water flow on field sur-
face is further controlled by both terrain topography and microtopography (in-
cluding small channels and depressions) (Appels et al. 2011). Field microtopogra-
phy is, however, typically spatially and temporally variable, and it is challenging 
to identify the factors influencing the surface flow directions on the field surface 
(Antoine et al. 2009). In high-latitude conditions, soil freezing and melt further 
impact runoff generation processes (Stähli et al. 1996; Lundin 1990), and it is not 
known how surface runoff is controlled by different hydrometeorological and 
topographic conditions in clayey soils.  

Evapotranspiration is typically the dominating water balance component dur-
ing the growing season in high-latitude agricultural fields (e.g. Jin and Sands 
2003). Therefore, to comprehensively assess field water balance components, it 
is essential to estimate evapotranspiration relatively accurately. The method of 
Allen et al. (1998) (also called the FAO-56 method) is among the most widely 
adopted means to estimate evapotranspiration from cropped surfaces (e.g. Pe-
reira et al. 2015), and it provides a standard method to estimate evapotranspira-
tion from cropped surfaces in a wide range of climatic and agricultural conditions. 
The FAO-56 method is based on the Penman-Monteith function (Monteith 1965), 
and it has been recommended as a standard method to estimate evapotranspira-
tion in different climatic conditions by an expert panel in the Food and Agricul-
ture Organization of the United Nations (Allen et al. 1998). Although the method 
is widely adopted, it has not been comprehensively evaluated in the northern con-
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ditions. The evaluation of the method would be essential since the Penman-Mon-
teith method has been reported to be inaccurate under specific weather condi-
tions, such as cold air temperature (Widmoser 2009). Alternative methods to es-
timate evapotranspiration, such as eddy flux measurements (e.g. Gustafson et al. 
2004) and water balance simulation studies (e.g. Knisel and Turtola 2000; 
Johnsson and Jansson 1991) have been applied in high-latitude agricultural fields. 
However, these methods have also been reported to include uncertainties (e.g. 
Gustaffson et al. 2004) or to require calibration against discharge data (e.g. Jons-
son and Jansson 1991). Moreover, as shown by Farkas et al. (2016), different sim-
ulation methods can lead to different estimates of evapotranspiration; and it is 
hypothesized here that exclusion of lateral preferential flow processes (e.g. Knisel 
and Turtola 2000) may lead to biased estimates of evapotranspiration. Conduct-
ing water balance studies that simultaneously assess all the major water balance 
components in an integrated manner would potentially improve the knowledge of 
the evapotranspiration process as well as of the other water balance components.  

 

1.3 Erosion and sediment transport 

Detachment and mobilization of particulate soil material from agricultural land 
areas has harmful impacts, including eutrophication of surface waters and loss of 
topsoil (Quinton et al. 2010). The processes and factors causing erosion and 
transport of sediment are wide-ranging and complex (Vereecken et al. 2016). 
While local climatic conditions are one key controlling factor for erosion and sed-
iment load generation (Vanmaercke et al. 2011), the processes are also impacted 
by other factors, such as land-use, catchment characteristics and agricultural 
management practices (e.g. García-Ruiz et al. 2015; Bechmann et al. 2008; 
Puustinen et al. 2007). Although the loads and load generation processes have 
been assessed in several previous studies in high-latitude clayey fields (e.g. Tur-
tola et al. 2007; Puustinen et al. 2007; Jarvis et al. 1999; Øygarden et al. 1997), 
the understanding of erosion processes and transport pathways of particulate soil 
material remains incomplete (King et al. 2015; Sharpley et al. 2015; Ulén et al. 
2012; Jarvis et al. 1999).  

Field-scale assessments can be particularly important when assessing loads and 
transport pathways, since plot-scale studies often result in biased estimates of 
sediment loads (García-Ruiz et al. 2015) and catchment outlet data provide ag-
gregated information on the catchment processes (Wellen et al. 2014). Previous 
long-term monitoring studies in high-latitude clayey fields have quantified sedi-
ment loads in different conditions (e.g. Bechmann 2012; Ulén et al. 2012; 
Puustinen et al. 2010; Turtola et al. 2007; Øygarden et al. 1997). Even though 
some studies assumed sediment load to occur mainly via surface runoff (e.g. 
Rankinen et al. 2010), field- and plot-scale studies demonstrated that a major part 
of the loads can occur via subsurface drains (e.g. Warsta et al. 2014; Warsta et al. 
2013b; Bechmann 2012; Turtola et al. 2007; Øygarden et al. 1997). Based on these 
studies, sediment load via subsurface drains appears to be a distinct feature of 
structured soils, even though subsurface drainage is considered to decrease total 
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sediment loads when compared to poor drainage conditions (Istok et al. 1985; 
Skaggs et al. 1982). Previous studies (e.g. Ulén et al. 2012) also showed a high 
variability of transport pathways and sediment loads with time and between ex-
perimental sites. Sharpley et al. (2015) and Ulén et al. (2012) pointed out that 
knowledge of the impacts of different factors on transport pathways of sediment 
and other substances are not well known. King et al. (2015) reviewed studies con-
cerning phosphorus transport to subsurface drains and claimed that year-round 
studies which concern hydrology and transport of substances are lacking, partic-
ularly in cold conditions. Furthermore, as pointed out by Allaire et al. (2009), lat-
eral transport of suspended solids has been little studied compared to the vertical 
transport processes, and it is not known if lateral preferential flow pathways con-
tribute to the sediment loads from fields to surface waters. These previous studies 
highlight the need to distinguish the main pathways that transport suspended 
sediment from the fields in varying conditions.  

Knowledge of the processes that influence detachment of soil particles and 
transport of suspended particles could also benefit water protection measures. 
Many empirical studies indicate the majority of the eroded soil material originates 
from the soil surfaces (Uusitalo et al. 2001; Laubel et al. 1999), even though oc-
currence of subsurface erosion in soil macropores may also be possible (Nieber 
and Sidle 2010). The particle detachment on the field surfaces is likely mainly in-
duced by the erosive forces of raindrops and surface runoff (e.g. Warsta et al. 
2013b; Wicks and Bathurst 1996; Bissonnais and Singer 1992). The eroded parti-
cles are laterally transported on the soil surface by overland flow (e.g. Taskinen 
and Bruen 2007), deposited on the field surface (e.g. Warsta 2011) or transported 
to the soil profile or subsurface drains by water flow via continuous macropore 
pathways (e.g. Nielsen et al. 2015; Nielsen et al. 2010; Øygarden et al. 1997). The 
transport of sediment in soil profiles is further affected by processes such as siev-
ing (Turtola et al. 2007; Jarvis et al. 1999). However, the contribution of these 
different processes to the sediment balance of clayey fields is not well understood.  

Previous research has demonstrated that erodibility of structured soils is a com-
plex and dynamic property which is influenced by factors such as soil water con-
tent, soil frost action, microbiological activity, land-use and tillage practices 
(Soinne et al. 2016; Kuhn and Bryan 2004; Bryan 2000; Muukkonen et al. 2009; 
Pietola et al. 2005). In clayey soils raindrop erosion may not be solely induced by 
the kinetic force of raindrops, but the raindrops may cause other erosive processes 
related to aggregate breakdown (Bissonnais and Singer 1992), such as slaking and 
dispersion (Aura et al. 2006; Amézketa 1999). However, since hydraulic erosion, 
erosion by the kinetic force of raindrops and aggregate breakdown by slaking and 
dispersion can occur simultaneously, separating the impact of each of the pro-
cesses is challenging, and the contribution of each process in different conditions 
remains unknown. It can be hypothesized that, for example, the kinetic force of 
raindrops and rainfall-induced slaking have different impacts on particle detach-
ment under cover crops (which are common means to mitigate erosion). Thus, in 
order to design effective water protection measures, it would be potentially bene-
ficial to identify the dominating erosion processes and the major sediment bal-
ance components. 
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1.4 Modelling water flow, erosion and sediment transport 

Hydrological models are simplified mathematical representations of physical re-
ality (e.g. Refsgaard and Henriksen 2004). The models can include descriptions 
of the dominant processes of the studied systems, and thus they are useful in de-
ciphering and quantifying the behaviour of the systems, although they fundamen-
tally require empirical data for parameterization, calibration and validation pur-
poses (Silberstein 2006). Different types of models have been developed; the 
models are typically classified as empirical, conceptual and process-based models 
(Devia et al. 2015). Empirical and conceptual models apply mostly empirically 
based functions and are also called black or grey box models. Process-based mod-
els aim to include physically based equations of the dominating processes, and 
therefore they provide the most detailed computational method to describe the 
studied hydrological processes and systems. Moreover, distributed and dynamic 
process-based models are essentially needed when the hydrological processes and 
impacts of spatially as well as temporally varying features are of interest. The 
drawback of process-based models is the involved complexity and high number of 
parameters, which can lead to a non-uniqueness problem where different param-
eter combinations and model structures lead to a similar correspondence between 
the simulations and the data (e.g. Schoups et al. 2008; Refsgaard and Henriksen 
2004). However, when the amount of available data increases, the number of ac-
ceptable model setups typically decreases (e.g. Rozemeijer et al. 2010b), which 
potentially leads to an improved representation of the studied system. Since pro-
cess-based models can simultaneously describe numerous processes and combine 
different types of data (e.g. soil, hydrometeorological and outflow data), combin-
ing data with the computational models provides the best method to analyse water 
flow, erosion and sediment transport processes in an integrated manner. 

Numerous process-based modelling techniques have been developed to de-
scribe preferential water flow in structured soils (Gerke 2006; Simunek et al. 
2003). Typically computational models divide the soil domain into micropores 
and macropores, which facilitate fast flow in preferential flow paths compared to 
slow or stagnant flow in the soil matrix (Beven and German 2013; Gerke 2006). 
Many studies have shown that such a division can satisfactorily describe the dom-
inant processes of water flow and transport of substances (e.g. Warsta et al. 2013a; 
Warsta et al. 2013b; Gärdenäs et al. 2006; Gerke and Köhne 2004), even though 
complete process description and parameter estimation still remain a challenge 
(Beven and German 2013; Gerke 2006; Simunek et al. 2003). Most hydrological 
modelling studies in structured soils have been conducted with one-dimensional 
(1D) models that exclude or simplify the lateral flow processes (e.g. Hintikka et al. 
2008; Larsson and Jarvis 1999). Only a few studies have investigated the topo-
graphic controls on macropore flow (Jarvis 2007). Gärdenäs et al. (2006) demon-
strated that simulating hydrological processes satisfactorily requires two-dimen-
sional (2D) models in sloping clayey field areas, and Warsta et al. (2013a) and 
Mohtanty et al. (1998) suggested that three-dimensional (3D) models are re-
quired in undulating regions. 3D models have the most advanced capability to 
describe the spatially varying features (such as drainage systems and soil proper-
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ties) in the studied fields. In addition to the multidimensional models, a compre-
hensive assessment of hydrological processes in high-latitude conditions further 
requires descriptions of the snow and frost processes (e.g. Deelstra et al. 2009). 
However, only rare model codes include descriptions of the lateral preferential 
flow as well as the wintertime processes.  

Since hydrological processes control erosion and transport of substances, pro-
cess-based erosion and sediment transport models are built on top of water flow 
models (e.g. Warsta 2011; Taskinen and Bruen 2007; Wicks and Bathurst 1996). 
Typically models describe particle detachment as a result of the erosive forces of 
raindrops and overland flow (Merritt et al. 2003) and soil erodibility is often 
treated as a constant value in model applications and also in clayey soils (e.g. 
Rankinen et al. 2010; Jarritt and Lawrence 2007; Lundekvam 2007; Tattari et al. 
2001; Wicks and Bathurst 1996). Such modelling approaches have been reported 
to satisfactorily reproduce measured sediment loads in clayey areas on different 
scales (e.g. Rankinen et al. 2010; Lundekvam 2007; Tattari et al. 2001) although 
the studies rarely assess the capability of the models to reproduce observed con-
centration dynamics. However, Rankinen et al. (2010), who simulated erosion 
and sediment transport in four small Finnish catchments with the INCA-Sed 
model, noted that their model was able to reproduce the measured concentration 
dynamics in other catchments except in a catchment dominated by clayey soils. 
This suggests that models need to take into account some distinct features of 
structured soils when applied to clayey areas. Based on the previous empirical 
studies (e.g. Turtola et al. 2007; Bryan 2000), describing erosion and sediment 
transport comprehensively in structured soils may also require computational 
schemes for the aggregate stability processes and preferential transport of sus-
pended solids from soil surface to the subsurface drains. However, only rare mod-
els include descriptions of these processes.  

The recently developed FLUSH model (Warsta et al. 2013a; Warsta et al. 2012; 
Warsta 2011) is among the few models that include descriptions of 3D water flow 
in soil micropores and macropores. It also includes descriptions of erosion pro-
cesses and sediment transport in the preferential flow paths. The model has been 
recently benchmarked against short-term field-scale monitoring data recorded 
during summer and autumn periods (Warsta et al. 2013a; Warsta et al. 2013b; 
Warsta et al. 2014). However, 3D models with erosion, sediment transport and 
preferential flow path descriptions have not been comprehensively evaluated 
against long-term concentration, load, and water flow data from various outflow 
pathways during different seasons. Such analysis could reveal development needs 
in the models and in the underlying theories of erosion and sediment transport 
processes in clayey subdrained soils.  

Assessing water and sediment balances as well as erosion processes critically 
with increasingly detailed process descriptions and data is hypothesized to be 
beneficial for the development of hydrological models. Simple models may in-
clude a considerable amount of structural uncertainty (assumptions due to the 
incomplete knowledge of the studied processes and choice of processes included 
in the model, e.g. Rersgaard et al. 2006) if they exclude some of the dominating 
processes. For example, an incomplete model structure (a model which excludes 
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some of the major processes) can occasionally be compensated by biased param-
eter values, and due to the model complexity it can thus be difficult to discern 
whether the model gives the right answers for the right reasons (Kirchner 2006; 
Refsgaard and Henriksen 2004). In addition to the inadequate process represen-
tations, structural uncertainty can also impact model predictions (Refsgaard et al. 
2006). As pointed out by Refsgaard et al. (2006), sensitivity analyses are often 
applied to assess parametric uncertainty, but structural uncertainties are rarely 
evaluated. The importance of assessing structural uncertainty has been exempli-
fied for example by Butts et al. (2004), who demonstrated that model structure 
choice can have as high impact on the simulation results as parametric uncer-
tainty. Structural uncertainties have been rarely assessed in process-based ero-
sion and sediment transport studies, even though such analysis would be benefi-
cial in reducing uncertainty in the models. 

1.5 Objectives and hypotheses 

The literature review in Sections 1.2–1.4 indicated gaps in the current knowledge 
of water and sediment balances as well as erosion processes in clayey high-lati-
tude agricultural fields. The gaps concerned the magnitude and distribution of 
water and sediment balance components in different topographic, drainage, soil 
property, agricultural land use and hydrometeorological conditions in high-lati-
tude regions. Especially the role of groundwater outflow and associated lateral 
transport of suspended solids has been understudied in clayey soils. The contri-
bution of different erosion processes also remains unknown. Furthermore, the 
ability of the 3D dual-permeability models to quantify the water balance and sed-
iment load components and contribution of different erosion processes has been 
rarely assessed against intensive long-term data. Structural uncertainties in ero-
sion and sediment transport models have been rarely studied. The research gaps 
in the literature led to the following specific objectives: 

 
1) to produce a closure of the water balance in subdrained clayey fields and 

to quantify their annual and seasonal major water balance components 
(Papers I–III), 

2) to quantify the impacts of different subdrainage design parameters (in-
stallation methods, drain spacing, drain depth and envelope material), 
terrain topography and hydrometeorological conditions on the water 
balance components (Papers I–III), 

3) to assess the role of groundwater outflow and its impact on water bal-
ances in clayey fields (Papers I–III), 

4) to evaluate the capability of standard methods to estimate evapotranspi-
ration in cropped high-latitude clayey soils (Paper II), 

5) to quantify sediment transport pathways and sediment balance compo-
nents in different topographic conditions (Paper IV), 

6) to identify the dominant erosion processes (Paper IV), and 
7) to evaluate the capability of an advanced 3D distributed computational 

model to assess the preceding problems and to describe the spatially var-
ying drainage and hydrological features of the fields (Papers I–IV). 

 
This thesis approached these objectives by applying the recent 3D FLUSH model 
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of Äijö et al. (2014) to produce comprehensive field-scale analyses. The datasets 
included intensive hydrological and water quality measurements from three ex-
perimental fields in southern Finland. The combination of field-scale data and 3D 
simulations provided a method to study the processes in an integrated manner. 

Based on the literature review, it was hypothesized that lateral preferential flow 
was active on the fields, and that the application of the 3D model approach with 
the field-scale data could produce a closure of the water and sediment balance, 
quantify the amount of lateral flow, and discern the impacts of the different fac-
tors on the water balance components and sediment loads. Since the literature 
review suggested that structural uncertainties have previously been relatively lit-
tle studied, regarding uncertainty analyses, this thesis focused on assessing the 
impact of different model structures on simulation results.  

(Warsta et al. 2013a; Warsta et al. 2013b; Warsta 2011) with long-term datasets 
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2. Methodology 

The research approach of this thesis is based on mathematical model applications 
with empirical field-scale hydrological data. More specifically the adopted ap-
proach can be considered to follow the earth science directed method where re-
search does not focus on verifying hypotheses but on deriving general theories 
based on new evidence in open systems (Refsgaard and Henriksen 2004). The 
study is composed of four process-based model applications in two different ex-
perimental sites, and the results are presented in four distinct publications (Pa-
pers I–IV) (Figure 1). The data, the model, the simulation strategy and model set-
ups are introduced in more detail in the following sections (2.1-2.4).  
 

 

Figure 1. Main steps and methods adopted in the thesis to assess water and sediment balances 
as well as erosion processes in clayey subdrained high-latitude agricultural fields. 
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2.1 Experimental sites and measurements 

Two intensively monitored experimental sites were chosen for the study to cover 
a range of experimental conditions regarding terrain topographies, drainage de-
sign methods, soil properties and other catchment features (Figure 2). The Num-
mela experimental site consisted of four monitored field sections with heavy 
clayey soils and relatively flat topographies (Papers I-II, Table 1). Different sub-
surface drainage methods were tested experimentally in the field. The Gårdskulla 
Gård experimental site consisted of two clayey fields that which had similar sub-
surface drainage systems but different terrain slopes (Papers III-IV, Table 1). The 
slopes of the studied fields (Table 1) can be considered to be representative of typ-
ical agricultural fields in Finland, which have a mean slope of approximately 1.3% 
and only rarely exceed a slope of 5% (Rekolainen 1993). The studied drainage sys-
tems (drain spacing 6–32 m and depth 0.9–1m) cover the range of typical Finnish 
drainage system design parameters (drain spacing 10–16 m and depth 1 m (Saa-
valainen 1984; Paasonen-Kivekäs et al. 2009)) as well as relatively intensively and 
poorly drained conditions. The closely located sites have similar climatic condi-
tions prevalent in the climatic conditions of southern Finland (Figure 2).  
 

Table 1. Key features of the Nummela and Gårdskulla Gård experimental sites.  

Nummela  
experimental site  Gårdskulla Gård  

experimental site 
Four adjacent monitored  

field sections.  
 Two monitored fields separated by 

a stream. 

Different experimentally tested  
subdrainage methods. 

 Similar subdrainage systems  
in both fields. 

The sections have slightly different 
terrain topographies. 

 The fields have different terrain  
slopes (1 and 5%). 

Flat field (slope <1%) with a steep 
slope adjacent to the monitored area. 

 Steep sloping hill located adjacent  
to one of the monitored fields. 

Heavy clay soils  
(average clay content 73%). 

 Clay soils  
(average clay content 52%). 

  
 

 

Figure 2. Location of the Nummela and Gårdskulla Gård experimental sites as well as the other 
sites, weather stations and observatories from which data were adopted. 
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2.1.1 Nummela experimental site 

The Nummela experimental site is located in Jokioinen (Figure 2), southern Fin-
land, and it is administrated by the Natural Resources Institute Finland. The soil 
is classified as a Vertic Cambisol (FAO 2007). It had the mean clay (particle size 
≤0.002 mm) content of 67% in the topsoil layer of 0–0.35 m and 75% in the sub-
soil layer of 0.35–1 m (Vakkilainen et al. 2010). Crops were cultivated in the field 
over decades, and spring barley (Hordeum vulgare) and oats (Avena sativa) were 
cultivated in the field during the studied periods (2007–2011).  

The area of the monitored field was 9.3 ha and it consisted of four field sections 
(A–D, Figure 3) which had an average slope of <1%. Initially, Sections A (2.9 ha), 
B (1.3 ha) and C (1.7 ha) had a drain spacing of 16 m. Section D (3.4 ha) had a 
drain spacing of 32 m. The drain tiles were installed in 1952 with an average depth 
of 1 m and an inner diameter of 0.05 m. No envelope material was used, but small 
amounts of coarse gravel may have been deposited around the gaps between the 
drain tiles. An unmonitored area (4.8 ha) between the monitored field sections 
with a steep northward facing slope (Section E in Figure 3) was included in the 
simulation to facilitate the modelling of the entire field area. The nearby areas 
outside the studied field area consisted mainly of flat arable lands. In addition to 
the subsurface drainage systems, open ditches surrounded the field at the field 
boundaries (Figure 3).  

 
 

 

Figure 3. The layout of the experimental setup of the Nummela experimental site after the drain-
age installations in 2008. A: drain spacing 6 m (trenchless installation method, Fibrella fibre as 
envelope material), B: drain spacing 16 m (control section, no envelope material), C: drain spacing 
8 m (trench installation method, gravel as envelope material), D: drain spacing 32 m (control sec-
tion, no envelope material); E: unmonitored area (included in the simulations). (Paper I)  
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Precipitation, snow water equivalent (SWE), TLR, drain discharge, soil water 
content and level of the groundwater table (LGT) were continuously measured on 
site from May 2007 onwards. Hydrometeorological data were available from the 
nearby weather stations, and data of soil hydraulic properties were available from 
each of the monitored field sections. The mean long-term precipitation in the area 
was 627 mm a-1 (Pirinen et al. 2012).  

Hydrology of the field sections was monitored from May 2007 to May 2008 un-
der the initial drainage design. New drains were installed in Sections A and C on 
Jun 9, 2008 (Figure 3). In Section A, the new drains were installed with the 
trenchless installation method and a spacing of 6 m. “Fibrella 2160” fibre (60% 
polyester and 40% rayon) was used as the envelope material. The installation ma-
chinery was used to break the old tile drains before the installation of the new 
drains. In Section C, supplementary drains were installed between the old tile 
drains with the trench installation method (trench width 0.24 m). Thus, the new 
and old drains formed a drain spacing of 8 m in Section C. Coarse gravel was used 
as an envelope material, and gravel deposits were installed every 7 m along the 
drain trench. On 28 Sep – 1 Oct 2009, Section A was subsoiled to a depth of 0.45 
m with the tine space of 0.6 m. While drainage installations were conducted in 
Section A and C, Sections B and D functioned as control sections.  

Precipitation was measured on site with a RAINEW 111 tipping bucket rain 
gauge (RainWise Inc., Bar Harbor, ME, USA) with a time resolution of 15 min. 
The observed rainfall and snowfall values were corrected with coefficients of 1.05 
and 1.3, respectively (Førland et al. 1996). Snowfall was manually measured 
weekly or bi-weekly and the daily observations were disaggregated to hourly data 
based on the snowfall observations by the Finnish Meteorological Institute at the 
Jokioinen Observatory (located approximately 7 km from the experimental site). 
Other meteorological data adopted from the Jokioinen Observatory are listed in 
Table 2. Daily Class A evaporation pan (e.g. McMahon et al. 2013) measurements 
were conducted at the Jokioinen observatory by the Natural Resources Institute 
Finland. 

SWE was measured weekly or bi-weekly during field visits. In 2008–2009 only 
snow depth was measured, but during the other time periods SWE observations 
were based on weighed snow samples. In 2008–2009 SWE was estimated as a 
function of snow depth and long-term average snow density.   

TLR was measured with shallow subsurface drains (depth 0.4 m) which had 
coarse gravel as trench backfill. In addition to the subsurface flow in the topsoil 
layer of 0–0.4 m, embankments on the soil surface beside the drains and the 
highly permeable backfill material also directed surface runoff to the drains. Due 
to the farming operations the embankments were occasionally levelled, which 
caused uncertainty in the TLR measurements. In Section B, a malfunction af-
flicted the TLR measurements during the autumn 2008, and thus TLR was not 
measured during that autumn in the field section. Furthermore, field observations 
suggested that during spring snowmelt periods, the TLR measurement devices in 
Section B received an influx of water outside the section. Therefore, TLR was over-
estimated in Section B during spring snowmelt periods. Also, it is possible that 
overland flow occasionally bypassed the TLR measurement devices in Sections A–
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D due to occurrence of soil frost and an ice layer on top of the trench of the meas-
urement devices during the winter and spring seasons.  

 

Table 2. Summary of the applied empirical data from the Nummela experimental site, nearby ex-
perimental fields and meteorological observatory of the Finnish Meteorological Institute. (Modified 
from Paper I)  

  Measurement  
frequency Measurement location  

Precipitation 15 min Nummela field 

Subsurface drain  
15 min Nummela field 

discharge 

Tillage layer runoff 15 min Nummela field 

Incoming solar radiation Hourly Jokioinen Observatory 

Reflected solar radiation Hourly Jokioinen Observatory 

Relative humidity of air Hourly Jokioinen Observatory 

Sun hours Hourly Jokioinen Observatory 

Air temperature Hourly Jokioinen Observatory 

Wind-speed Hourly Jokioinen Observatory 

Evaporation (Class A) Daily Jokioinen Observatory 

Precipitation Daily Jokioinen Observatory 
Level of the groundwater 
table Weekly or biweekly Nummela field 

Snow depth Weekly or biweekly Nummela field 

Snow water equivalent Weekly or biweekly Nummela field 

Soil water content Weekly or biweekly Nummela field 

Macropores  Once Nummela field 

Water retention curves Once Nummela and Hovi fields 

Saturated hydraulic  
Once Nummela field 

conductivity 

Soil shrinkage  
Once Sjökulla field 

characteristic curve 

Terrain topography  
Once Nummela field 

(manual leveling) 

Terrain topography  Once Nummela field 
(airborne laser scanning) 

 
Drain discharge and TLR were measured with an automated Datawater WS ver-

tical helix water meter (Maddalena, Povoletto, Italy) with a time resolution of 15 
min. Cumulative volumes were also manually checked from the mechanical water 
flow meters. The measurement range of the devices was 0.2–50 m3 h-1 and the 
data were aggregated to hourly values. From 27 Jul to 3 Aug 2007, a malfunction 
afflicted the drain discharge data loggers in Sections B and D, and only the total 
amount of drain discharge was recorded during this time period. The data were 
evenly disaggregated for the time period.  
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The soil water content was measured with the TRASE system I moisture meter 
using time domain reflectometry (TDR) (Soil Moisture Equipment Corp., Goleta, 
CA, USA) at the depth of 0.0–0.3 m. LGT was observed with observation tubes 
(plastic, bottom close, perforated) with a depth of 1.6 m. Similar tubes, but with a 
depth of 2.6 m, were installed on 5 Nov 2009 to monitor deeper groundwater lev-
els. LGTs were manually measured weekly or bi-weekly during field visits. Though 
it is not clear whether the LGT observations with the tubes in heavy clay soils de-
scribe the water table level in soil macropores or matrix (Bouma 1980), it was 
hypothesized that that the observations describe either one of them, or their com-
bination, depending on the location of the tube in relation to the macropore sys-
tem.  

Soil hydraulic properties were measured on site to the depth of 0.6 m in autumn 
2006. Thus, the measurements represent the soil properties prior to the installa-
tion of the new drains. Undisturbed soil samples with the diameter of 0.15 m and 
length 0.6 m were taken with a tractor auger from five different locations in each 
of the four field sections (see Figure 3). These samples were cut into three layers 
(0.0–0.2 m, 0.2–0.4 m, and 0.4–0.6 m) for laboratory analysis. From these sam-
ples, water retention curves (WRC) were measured up to the suction pressure of 
1 m as a drying curve (Aura 1990). Later, soil water content at the wilting point 
(pressure -150 m) was measured. However, water contents at the wilting points 
were not available for the parameterization in Paper I, and the measurements 
from -1 m to -150 m pressure were adopted from the data of the Hovi experimental 
field (Warsta 2011), which is another subdrained clayey agricultural experimental 
site in southern Finland. Soil macropores were defined as pores that release water 
at the suction 0.1 m (e.g. Jarvis 2007). 

Saturated hydraulic conductivities (Ksat) were measured with the method of 
Youngs (1991). The soil shrinkage characteristic curve (SSCC) was adopted from 
Kankaanranta (1996), who measured soil shrinkage characteristics in a clayey 
Sjökulla experimental field in southern Finland, and fitted the parametric SSCC 
of Kim et al. (1992) to the data.   

Terrain topography was measured on site by levelling, with the average distance 
of 19 m between the measurement points (Paper I, Table 2). Later, digital eleva-
tion data with a resolution of 2×2 m2 were derived from the laser scanning data 
of the National Land Survey of Finland (Paper II, Table 2). The data and the site 
are described in more detail in Äijö et al. (2014) and Vakkilainen et al. (2008; 
2010). 

 

2.1.2 Gårdskulla Gård experimental site 

The Gårdskulla Gård experimental site was located in the Kirkkojoki stream 
catchment area in southern Finland (Figure 2). The site consisted of two inten-
sively monitored and subsurface drained experimental fields. The Kirkkojoki 
stream was located between the studied fields (Figure 4). The north facing Section 
1 and south-facing Section 2 had mean slopes of 1% and 5%, respectively. The 
drain tiles were installed in the 1940s at both sections with a drain spacing of 16 
m, an average depth of 1 m and an inner diameter of 0.05 m. Bedrock reached the 
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soil surface in the vicinity of the sections, which indicated that the bedrock was 
likely close to the soil surface in the monitored areas. Clayey soils were dominant 
in the region. A forested hill was located at the south side of Section 1 (Figure 4), 
and it was hypothesized that the upslope area may contribute to the water balance 
of the monitored area. This hypothesis was further studied in a simulation sce-
nario (see Section 2.4.2.1 for details).  

 
 

 

Figure 4. Layout of the two monitored fields of the Gårdskulla Gård experimental site. (Paper III) 

 
The fields were under conventional agricultural land-use during the studied pe-

riod (2008–2012), and the land-use varied among the years as listed in Table 3. 
Winter wheat and spring barley were sown until land-use changed to perennial 
grassland in 2012 in Section 1 and to pastureland in 2011 in Section 2. In Section 
1, grass was harvested in July and October each year, except in 2012 when it was 
harvested only in July. The annual crops were harvested during the autumns (11-
21 Aug).  

Precipitation, SWE, TLR, drain discharge, and LGT were continuously moni-
tored on site similarly as at the Nummela experimental site (see Section 2.1.1), 
with the following exceptions. Firstly, the data were available from Jan 2008 on-
wards. The depth of the LGT monitoring tubes was 2 m and the SWE observations 
were based on weighed snow samples during each of the studied years. During the 
autumn 2009, impermeable plastic sheets were installed at the downslope side of 
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the trenches of the TLR measurement devices (Figure 5). The installation was con-
ducted to prevent water flow through the trenches. The TLR devices collected run-
off from areas of 3.3 ha and 3.0 ha in Sections 1 and 2, respectively. Due to the 
frozen soil conditions, an unquantified share of surface runoff was observed to 
bypass the TLR measurement systems during spring snowmelt periods in 2009–
2011. However, in 2008 and 2012 the TLR measurement devices were observed 
to function adequately. The areas of the monitored subsurface drains were 5.7 ha 
in Section 1 and 4.7 ha in Section 2. Also, the soil frost depth and water level in 
the Kirkkojoki stream were manually measured on site weekly or bi-weekly. The 
location of the measurement devices is shown in Figure 4. 

 

Table 3. Land use and tillage methods in Sections 1 and 2 of the Gårdskulla Gård experimental 
site in 2008–2012. The depths of autumn mouldboard ploughing and harrowing were approxi-
mately 0.23 m and 0.05 m, respectively. (Modified from Paper III) 

Year Section 1 Section 2 

2008 
Winter wheat  

(Triticum  
aestivum) 

Autumn  
ploughing 

Winter wheat  
(Triticum  
aestivum) 

Autumn 
ploughing 

2009 
Spring barley 

(Hordeum  
vulgare) 

Spring  
harrowing,  

 autumn disc 
harrowing 

Winter wheat  
(Triticum  
aestivum) 

Autumn 
ploughing 

2010 
Winter wheat  

(Triticum  
aestivum) 

Autumn disc 
harrowing 

Spring barley  
(Hordeum  
vulgare)  
and grass 

Spring 
harrowing 

2011 
Spring wheat  

(Triticum aestivum) 
and grass 

No soil tillage 
Pasture  

(30 cows and a 
bull) 

No soil  
tillage 

2012 Grass No soil tillage 
Pasture  

(30 cows and a 
bull) 

No soil  
tillage 

 
 

 
Figure 5. Schematic illustration of the tillage layer runoff measurement system in Gårdskulla 
Gård. (Paper III) 

Meteorological data were available from the nearby weather stations of the 
Finnish Meteorological Institute. Hourly temperature and relative humidity were 
obtained from the Porla Station (10 km from the Gårdskulla Gård site), hourly 
wind speed from the Sepänkylä station (32 km from the Gårdskulla Gård site), 
and hourly shortwave radiation from the Helsinki-Vantaa airport station (47 km 
from the Gårdskulla Gård site).  
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Soil particle size distributions (sieve analysis) and organic carbon contents (dry 
combustion) were measured in the autumn 2007 from four soil layers and three 
different locations in both field sections. The particle size distributions and or-
ganic carbon contents are listed in Table 4. Section 1 had a higher average clay 
content in the topsoil layer (Table 4). However, the average clay content was 
higher in Section 2 than in Section 1 1 in the deepest measured layers (0.8–1.0 m).  

WRCs were measured from four parallel undisturbed soil samples at three dif-
ferent depths (0.10–0.15 m, 0.30–0.35 m and 0.50–0.55 m) in the autumn 2012. 
The samples had a size of 0.072 m and height 0.048 m. WRCs were determined 
in the suction pressures of 0 m, 0.1 m, 0.3 m, 1.0 m and 10.0 m as a drying curve.  

Total suspended sediment (TSS) concentrations were measured from drain dis-
charge and TLR in both field sections. A composite sampling strategy was 
adopted, where an automated system collected a subsample of approximately 1.5 
× 10-4 m3 per each 50 m3 (Section 1) or 20 m3 (Section 2) of water flowing through 
the system. Thus, the sampler produced more samples during time periods of in-
tense outflow. The water volume which triggered the collection of a subsample 
was higher in Section 1 (50 m3) than in Section 2 (20 m3) since more outflow oc-
curred in Section 1. Hypothetically, water outflow was higher in Section 1 than in 
Section 2 due to the flat terrain topography and an influx of water of water from 
the adjacent hill area (Figure 4). The composite samples were composed of the 
subsamples, and the composite samples were collected from the field weekly or 
bi-weekly during field visits. In the laboratory, the composite samples were ana-
lysed for TSS according to the standard SFS 3008: 1990 (evaporation residual 
weighing). The sediment load for the composite sampling intervals was calculated 
as the product of the TSS concentrations and the measured discharge.  

 

Table 4. Average content of organic carbon, clay (≤0.002 mm), silt (0.002−0.02 mm), fine sand 
(0.02−0.2 mm), coarse sand (0.2−2 mm) and gravel (2−20 mm) in Sections 1 and 2 of the 
Gårdskulla Gård experimental site. (Paper III) 

    Section 1, content [%] 
Depth 

[m] 
 Organic 

carbon Clay Silt Fine 
sand 

Coarse 
sand Gravel 

0-0.2  3.1 49.2 31.1 12.7 7.0 0.0 

0.2-0.4  2.3 51.1 33.6 13.2 2.1 0.0 

0.4-0.8  0.9 53.6 31.2 13.3 1.8 0.0 

0.8-1.0   0.7 56.7 33.1 13.2 0.3 0.0 

  Section 2, content [%] 
Depth 

[m]  
Organic 
carbon Clay Silt Fine 

sand 
Coarse 
sand Gravel 

0-0.2  2.3 41.1 35.6 19.6 3.7 0.0 

0.2-0.4  1.3 42.7 33.7 20.6 3.0 0.0 

0.4-0.8  0.5 56.4 29.5 13.2 0.9 0.0 

0.8-1.0  0.3 68.7 21.4 8.7 0.4 0.0 
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A digital elevation model with a spatial resolution of 2 × 2 m2 was derived from 
the laser scanning data of the National Land Survey of Finland. The applied meas-
urements from the Gårdskulla Gård experimental site are listed in Table 5. The 
data and the site are presented in more detail in Äijö et al. (2014) and Vakkilainen 
et al. (2008; 2010). 

 

Table 5. Summary of the applied empirical data from the Gårdskulla Gård experimental site and 
the nearby experimental fields and meteorological weather stations of the Finnish Meteorological 
Institute.  

 
  

Measurement 
frequency 

Measurement  
location  

Precipitation 15 min Gårdskulla Gård site 

Subsurface drain discharge 15 min Gårdskulla Gård site 

Tillage layer runoff 15 min Gårdskulla Gård site 

Incoming solar radiation Hourly Helsinki-Vantaa  
airport station 

Relative humidity of air Hourly Porla station 

Air temperature Hourly Porla station 

Wind speed Hourly Sepänkylä station 

Precipitation Daily Porla station 

Level of the groundwater table Weekly or 
biweekly Gårdskulla Gård site 

Snow water equivalent Weekly or 
biweekly Gårdskulla Gård site 

Total suspended sediment  
concentration 

Weekly or 
biweekly Gårdskulla Gård site 

Water level of the Kirkkojoki river Weekly or  
biweekly Gårdskulla Gård site 

Macropores Once Gårdskulla Gård site 

Water retention curves Once Gårdskulla Gård site 

Soil shrinkage characteristic 
curve Once Sjökulla field 

Terrain topography Once Gårdskulla Gård site 

 

2.2 FLUSH model 

FLUSH is a process-based, dynamic and spatially 3D distributed numerical hy-
drological model which is tailored for simulating water flow, erosion and 
transport of substances in structured soils (Warsta et al. 2013a; b; Warsta 2011). 
The model was chosen for the study due to its unique ability to simulate erosion 
as well as 3D preferential flow and transport with subdiurnal time steps in cold 
conditions.  The applied dual-permeability approach supports simulation of water 
flow in both micro- and macropores of the clayey soils. Warsta et al. (2012) added 
description of snow and frost processes (Koivusalo et al. 2001) to the model and 
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it is thus suitable for simulating hydrological processes in high-latitude condi-
tions. The model supports simulation with subdiurnal time steps which allows it 
to take into account the temporally varying hydrological processes within each 
day. Numerical solutions of flow and transport functions were derived with im-
plicit volume based methods (Warsta 2011). The governing equations and the 
main principles of the water flow and heat convection-diffusion models are pre-
sented in Section 2.2.1 and the erosion and sediment transport model in Section 
2.2.2.  

2.2.1 Water flow and heat convection-diffusion models 

FLUSH divides the simulated area into 2D overland and 3D subsurface domains 
(Warsta et al. 2013a; Warsta 2011). A conceptual representation of the dominat-
ing water flow and heat convection-diffusion processes is given in Figure 6. 

 
 

 
Figure 6. Schematic presentation of the main components of the water and heat flow processes 
in the FLUSH model.  

In the model, precipitation is deposited on the field surface and the water flow 
in the overland domain is calculated. Overland flow is generated in those locations 
on the field surface where the water level exceeds the soil surface depression stor-
age capacity. Typically, the soil surface storage capacity can be exceeded during 
high precipitation intensities or during saturated soil moisture conditions in the 
soil profile. The flow of water on the field surface is described by the diffuse wave 
approximation of the Saint-Venant equations (Warsta et al. 2013a). Infiltration of 
water to the micro- and macropores of the subsurface domain is explicitly calcu-
lated with Darcy’s law. Infiltration is treated as a cell internal source term in the 
uppermost grid cells of the subsurface domain. Total soil pore space is divided 
into soil matrix and macropore systems, following the dual-permeability ap-
proach (e.g. Beven and Germann 2013). Water can infiltrate from the overland 
domain to both pore systems. The movement of water in the pore systems of the 
subsurface domain is computed with the Richards’ equation, and water retention 
properties are calculated with the van Genuchten approach (van Genuchten 
1980):  
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  (1) 

where θ [m3 m-3] is the soil water content, θs [m3 m-3] is the saturated water 
content, θr [m3 m-3] is the residual water content, ψ [m] is the suction pressure, 
and α [m-1] and c [-] are empirical parameters estimated on the basis of the meas-
ured soil water retention properties.  

Unsaturated hydraulic conductivities are simulated with the Mualem-van 
Genuchten schemes (van Genuchten 1980). Saturated and unsaturated flow is 
supported in both pore systems and all macropores are considered continuous. In 
the macropore system, saturated hydraulic conductivity is calculated as the prod-
uct of the volumetric fraction of soil macropores and Ksat multiplier of the 
macropores (Warsta et al. 2013a; Jarvis 2008). Soil macropores are composed of 
static (permanent preferential flow paths) and dynamic (shrinkage cracks) por-
tions in the model. Soil shrinkage and swelling description were adopted from the 
SWAP model (van Dam et al. 2008) and SSCC from Kim et al. (1992). Soil shrink-
age increases the fraction of macropores from the total porosity whereas swelling 
decreases the dynamic macroporosity. Water exchange between the micro- and 
macropores is calculated as a function of hydraulic pressure difference between 
the pore systems (Gerke and van Genucthen 1993), as follows: 
 

  (2) 

where τ [h-1] is the water exchange rate between the pore systems, αw [m-1 h-1] is 
the water exchange coefficient, and hf and hm [m] are the hydraulic pressure heads 
in the soil macropore and matrix systems, respectively. αw is estimated with the 
following function: 
 

  (3) 

where β [-] is the geometry coefficient, d [m] is the half-width of the matrix 
structure or the characteristic radius, KA [m h-1] is the hydraulic conductivity of 
the interface between the matrix and macropore systems, and γ [-] is a scaling 
coefficient.  

In FLUSH, water can be removed from the simulated domain by cell internal 
sink terms. All of the sink terms can remove water from both macro- and mi-
cropores. Drainage networks in the simulated area are discretized into segments 
within the computational grid, and the parameterizations and lengths of the seg-
ments are embedded in the grid cells. Currently, water flow in the drain pipes and 
open ditch channels are not described separately in the model, but the sink terms 
remove water from the simulated domain. Flow to drains and seepage to ditches 
are calculated based on Darcy’s law as follows: 
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   (4) 

where q [m3 h-1] is the volumetric flux to the sink, As [m2] is the surface area of 
the sink, Hc [m] is the hydraulic head in the subsurface grid cell containing the 
sink, Hs [m] is the hydraulic head in the sink and λ [m] is the calibrated entrance 
parameter which can be interpreted as an equivalent length for flow path.  

Potential evapotranspiration (PET) is given as a precalculated time series for 
the model. PET is distributed into the soil profile according to the crop root mass 
distribution. The root mass distribution can vary temporally and the mass de-
creases linearly from the maximum close to the soil surface to the minimum at 
the maximum root depth. Actual evapotranspiration is calculated by reducing 
PET in dry and wet soil moisture conditions using the model of Feddes et al. 
(1978).  

Lateral groundwater outflow across the field boundaries is computed with 
Darcy’s law and it removes water from the horizontally outermost cells of the com-
putational domain. The hydraulic head gradient is calculated based on the surface 
slope between the middle point of each outermost grid cell and the corresponding 
cell outside the field boundary.  

The accumulation and melt of snow are computed with the energy balance ap-
proach of Koivusalo et al. (2001), where snowpack is subdivided into two layers. 
The energy exchange between the atmosphere and the snowpack is limited to the 
top snow layer. The surface temperature of the snowpack is calculated iteratively 
by balancing the surface energy fluxes (radiative and turbulent fluxes and heat 
advected with precipitation) with heat conduction into the snowpack. The bottom 
layer of the snowpack exchanges energy with the top snow layer and the underly-
ing soil profile through heat conduction. In the soil profile, heat flow as well as 
freezing and thawing processes are computed with a modified convection-diffu-
sion equation (Warsta et al. 2012; Karvonen 1988). Both convection and conduc-
tion transport heat in the model, and phase transitions of water release or con-
sume energy. Currently, soil freezing processes are not coupled with the water 
flow model.  
 

2.2.2 Erosion and sediment transport 

The erosion and sediment transport scheme of FLUSH (Figure 7) is composed of 
different processes related to particle detachment on the soil surface and 
transport of suspended solids in the surface and subsurface domains (Warsta 
2013b; Warsta 2011). In the subsurface domain, the transport of sediment is al-
lowed only in soil macropores and no transport occurs in the soil matrix; i.e., pore 
pathways in the soil matrix are assumed to be too small for the transport of sus-
pended solids. In FLUSH, particle detachment is described as raindrop splash 
erosion and hydraulic sheet erosion. Erosion processes occur solely in the surface 
domain of the model, and thus subsurface erosion is assumed to be negligible 
compared to the surface erosion. Eroded solids can be advectively transported in 
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the surface domain with overland flow and be removed from the domain by dep-
osition on the soil surface, by flow to open ditches, or infiltration to the subsurface 
soil macropore domain. Transport of sediment in the subsurface domain is calcu-
lated with the 3D advection-dispersion equation (Warsta et al. 2013b; Warsta 
2011). Sediment in the subsurface domain is transported forward by the advection 
and dispersion processes or removed from the domain by open ditches, subsur-
face drains or retention.  

 
 

 
Figure 7. Schematic presentation of the main components of the erosion and sediment transport 
processes of FLUSH model. (Paper IV) 

 
Raindrop splash erosion re [kg m-2 h-1] is calculated in the model with a simpli-

fied version of the raindrop splash scheme of the SHE model (Wicks and Bathurst 
1996), as follows: 

 
  (5) 

where kr [h2 kg-1 m-2] is the raindrop splash soil erodibility coefficient, Fw [-] is 
the overland water depth correction factor, Cc [-] is the proportion of soil covered 
by canopy cover, and Mr [kg2 h-3] is the momentum squared for rainfall. Mr is 
computed with the empirical approach of Wicks and Bathurst (1996) and Fw is 
computed with the following approach: 

 

 (6) 

where hw [m] is the overland water depth and Dr [m] is the median raindrop 
diameter. Dr is calculated as follows: 

 
           (7) 

where ki [-] is an empirical constant and I [mm h-1] is the rainfall intensity.  
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In the model, hydraulic erosion occurs during those overland flow events when 
the shear stress of the flow exceeds the critical shear stress value. Shear stress 
caused by the overland flow in a computational cell is calculated as a function of 
field surface slope and water depth in the cell (Warsta et al. 2013b; Taskinen and 
Bruen 2007). The critical shear stress value is computed with the modified Shields 
method for small soil particle sizes, following Yalin (1977). Soil erodibility coeffi-
cients for raindrop splash and hydraulic erosion are given as time series for the 
model, i.e., the erodibilities are not coupled with the state variables of the water 
flow model.  

When TSS concentration in the overland flow exceeds the transport capacity of 
the flow, the excess sediment mass deposits on the soil surface and is removed 
from the domain. The overland flow transport capacity is calculated with the ap-
proach of Yalin (1963). Sediment mass can deposit on the field surface also due to 
the settling of the suspended soil particles. The settling is computed with Stoke’s 
law.  

In previous FLUSH applications (Warsta et al. 2014; Warsta et al. 2013b), the 
transport of sediment was restricted to the soil domain from the soil surface to 
the subsurface drain depth (0–1.0 m), and sediment mass was allowed to deposit 
in a computational cell when the cell dried up due to evapotranspiration or infil-
tration of water in the surrounding soil matrix. In the current study, sediment 
mass transport was also allowed in the soil macropores below the subsurface 
drain depth. Furthermore, TSS concentrations were not allowed to exceed the 
threshold value CT [g m-3]. During those time periods when the concentration ex-
ceeded CT in a computational cell, the excess sediment mass was removed from 
the cell. It was assumed that soil pore sizes set restrictions on the transport and 
accumulation of a high amount of sediment mass in the macropores and the pro-
cess described the sediment retention in the model. The sink term describing the 
retention process was added to avoid long-term accumulation of sediment mass 
to the subsurface drain depth in the simulations. Even though the description is 
not physically as detailed as the other processes in the model, preliminary simu-
lations showed that it was necessary to add a retention process to the model to 
avoid accumulation of unrealistically high amount of TSS concentrations in the 
soil profile.  

 

2.3 Estimation of potential evapotranspiration and longwave    
radiation 

Three different methods were applied to simulate potential evapotranspiration at 
the experimental sites (Figure 8). Two of the methods were based on the FAO-56 
approach of Allen et al. (1998). Furthermore, the capability of a Class A evapora-
tion pan to estimate the potential evapotranspiration in cropped agricultural 
fields was evaluated (Paper II). Since the Penman-Monteith approach and the en-
ergy balance based snow model scheme require an estimate of the hourly 
longwave radiation, longwave radiation was also computationally approximated. 
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For reference, PET was computed with the MACRO model (e.g. Larsson and Jar-
vis 1999), with daily time step and model default values and sowing and harvest 
dates were used as the input values.   

Firstly (Paper I), hourly PET for reference surface (PET0) was computed with 
the Penman-Monteith function, following Allen et al. (1998). PET0 describes PET 
in a grass reference surface which has specific characteristics. Net incoming radi-
ation for the Penman-Monteith equation was derived from the observed solar ra-
diation and computed incoming and outgoing longwave radiation fluxes. Incom-
ing longwave radiation was calculated based on the Stefan-Boltzmann law, the 
observed air temperature and emissivity of the sky. To estimate the emissivity of 
the sky, the cloudiness index was estimated as a function of the observed daylight 
duration and a computed maximum possible daylight duration. The maximum 
daylight duration was computed with the method of Allen et al. (1998). Further-
more, the emissivity during maximum cloudiness was set to 1.0, and the emissiv-
ity of a cloudless sky was estimated with the method of Satterlund (1979). Out-
going longwave radiation was also calculated based on the Stefan-Boltzmann law. 
The emissivity of the soil surface was set to 1.0 and the soil surface temperature 
was assumed to be equivalent to the observed air temperature. In Paper I, the 
potential evapotranspiration of a cropped surface (PET07) was estimated by mul-
tiplying the hourly PET0 values with a constant crop coefficient. Since crop coef-
ficients have not been empirically estimated in the local conditions of the experi-
mental sites, the applied crop coefficient was calibrated and set constant through-
out the studied periods.  

 
 

 

Figure 8. Main steps and methods adopted in the thesis to estimate evapotranspiration in clayey 
subdrained high-latitude agricultural fields. Steps related to potential evapotranspiration calcula-
tion are denoted with a grey background.  
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In Paper II, the PET model was modified to include a description of temporally 
changing crop growth phases (PETCropc). The approach was similar as in Paper I, 
but the cloudiness index was calculated as a function of measured solar radiation 
and clear-sky solar radiation, which was estimated using the method of Allen et 
al. (1998). Since the estimate was conducted also for winter periods, PET0 was set 
to 0 mm h-1 when the air temperature was below the freezing point. Temporal 
variation in the growing phases of annual crops was estimated by first dividing 
the growing seasons into initial, development, mid-season and late-season phases 
with corresponding crop coefficients, following Allen et al. (1998). The growing 
phase durations were estimated on the basis of cumulative effective degree days 
(CDD), following Peltonen-Sainio and Rajala (2008), who presented estimates of 
CDD needed for different growing phases of spring crops. The initial phase was 
set from sowing to CDD of 150, the development phase from the end of the initial 
phase to CDD of 500, the mid-season phase from the end of the development 
phase to 950 CDD, and the late-season phase from the end of mid-season phase 
to the harvest date.  

Crop coefficients for the initial phases were computed as a function of daily me-
teorological data and soil properties, following Allen et al. (1998). Since Allen et 
al. (1998) also recommended the same method for bare soil conditions and since 
the method has been reported to perform well in bare soil conditions in different 
climates (Mutziger et al. 2005), one crop coefficient was calculated annually to 
describe the bare soil and initial phase conditions before the crop development 
phase. All parameters were set as recommended by Allen et al. (1998), but the 
maximum amount of water that can evaporate from bare soil with a potential 
evaporation rate was set to 6 mm, following the observations of Ritchie (1972). As 
recommended by Allen et al. (1998), the crop development phase coefficient was 
set to linearly increase from the crop coefficient of the initial phase to the mid-
season phase coefficient. Mid-season phase crop coefficients were first set to 1.15 
and then adjusted to local conditions as a function of crop height and meteorolog-
ical observations (Allen et al. 1998). Plant height was set to 0.8 m, based on the 
observations of Kangas et al. (2012). As recommended by Allen et al. (1998), the 
mid-season phase coefficient was set to decrease linearly to the end-phase stage. 
Furthermore, the end-phase crop coefficient was calculated with the same method 
as the initial phase coefficient but with the meteorological data of the autumn pe-
riod.  

Potential evapotranspiration (PETClassA) was estimated also based on the Class 
A pan observations and a local adjustment function of Vakkilainen (1982): 

 
  (8) 

where C [-] is the correction coefficient (from 1 May), J [-] is the Julian day and dl 
[-] is 121 in leap years and 120 in regular years. The function was derived by fitting 
Class A data against the evapotranspiration measurement from well-watered 
grassed lysimeters (Vakkilainen 1982) and it thus represents PET0. Vakkilainen 
(1982) also reported a bi-hourly distribution of energy consumed by evapotran-
spiration within a day during different growing season phases. In the current 
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study, the daily Class A evapotranspiration estimate was disaggregated to hourly 
values based on the energy distribution represented by Vakkilainen (1982) (Table 
6).  

 

Table 6. Bi-hourly distribution of the energy consumed by evapotranspiration within a day during 
different months of the growing season. Data adopted from Vakkilainen (1982).  

Time  Apr May Jun Jul Aug Sep Oct 

0:00–2:00  0.00 0.00 0.00 0.01 0.00 0.02 0.01 

2:00–4:00  0.00 0.00 0.00 0.01 0.00 0.00 0.01 

4:00–6:00  0.03 0.04 0.03 0.04 0.01 0.01 0.04 

6:00–8:00  0.10 0.11 0.16 0.08 0.07 0.05 0.05 

8:00–10:00  0.17 0.18 0.16 0.14 0.15 0.15 0.14 

10:00–12:00  0.18 0.19 0.20 0.19 0.21 0.23 0.21 

12:00–14:00  0.19 0.18 0.16 0.18 0.22 0.22 0.23 

14:00–16:00  0.16 0.15 0.13 0.15 0.17 0.18 0.15 

16:00–18:00  0.08 0.09 0.09 0.10 0.10 0.09 0.07 

18:00–20:00  0.08 0.05 0.05 0.06 0.05 0.02 0.05 

20:00–22:00  0.01 0.01 0.02 0.03 0.01 0.00 0.02 

22:00–24:00  0.00 0.00 0.00 0.01 0.00 0.02 0.01 
 

2.4 Simulation strategies and model setups 

The simulations in this thesis consist of four different model applications, of 
which two were conducted at the Nummela site (Papers I–II) and two at the 
Gårdskulla Gård site (Papers III–IV). The main simulation strategy was to cali-
brate FLUSH against the field-scale data by the manual inverse modelling ap-
proach and to validate the model against the data by the split sample approach. 
The calibrated and validated models were further applied to conduct simulation 
scenarios to decipher the impacts of different factors on the hydrology of the stud-
ied fields (Figure 9).  

In this thesis, a model is considered to be valid when it can reproduce the mag-
nitude and temporal variation of the site-specific hydrological observations dur-
ing calibration and validation periods (e.g. Refsgaard and Henriksen 2004). Due 
to the relatively large number of parameters and possible model structures, the 
models may be subject to non-uniqueness, i.e. several model parameterizations 
and structures can lead to similar results, and thus simulation scenarios can in-
clude predictive uncertainty (e.g. Højberg and Refsgaard 2005). In case the sim-
ulations did not result in an acceptable correspondence with the observation dur-
ing validation, the model structure was revisited and the calibration was con-
ducted again (Figure 9, e.g. Thacker et al. 2004). It is recognized that in agricul-
tural fields and other open systems, a model can be valid against the given data, 
but may not provide a comprehensive description of all hydrological processes 
within the field (Refsgaard and Henriksen 2004; Oreskes et al. 1994). However, 
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the available data are considered to contain information of the dominating water 
balance components; and thus a valid model is considered to describe the field 
water balance adequately. Thus, model scenarios conducted with a valid model 
are considered to conceptually provide an adequate description of the response of 
the system to the studied changes. Regarding erosion and sediment transport 
simulations, different model structures were tested and a sensitivity analysis was 
conducted to assess the impact of different factors on erosion processes and sed-
iment balances (see Section 2.4.2.2).  

 
 

 
Figure 9. Flowchart of the different steps of the applied modelling procedure.  

 

2.4.1 Nummela experimental site 

 
Two different model applications were conducted at the Nummela experimental 
site. In Paper I, the model was applied to the snow- and frost-free periods in the 
years 2007–2009 to assess the water balance of the field and to quantify the ef-
fects of the recent subsurface drain installations on the hydrology of the field sec-
tions. All field sections were simulated simultaneously to facilitate a comprehen-
sive assessment of the water balance and hydrological impacts of the drainage 
procedures. In Paper II, the model was extended with the winter-time processes 
and applied in 2008–2009 and 2011 to assess year-round water balances and to 
study different evapotranspiration estimation methods. The connection between 
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evapotranspiration and other components of the water balance was also studied 
in Paper II. The common parameters between the first and second application are 
presented in Section 2.4.1.1. Sections 2.4.1.2 and 2.4.1.3 present those parameters 
that are applied solely in Paper I or II, respectively. 

 

2.4.1.1 Field geometry, boundary conditions and common parameters 
 

In both Paper I and Paper II, the depth of the soil profile was set to 2.4 m and the 
profile was vertically divided into 16 layers, with the cell depth increasing gradu-
ally from 0.02 to 0.5 m from the soil surface. Horizontally, the area of each com-
putational cell was 5 x 5 m2. The topography of the grid bottom was set similar to 
the measured topography of the field surface. The LGT data suggested that the 
depth of the groundwater table fluctuated typically between 0–2 m. It was as-
sumed that the dominating hydrological processes below the subsurface drain 
depth occurred in the depth of 1.0–2.4 m and that the hydrological processes 
could be described with the chosen profile depth. The bottom of the computa-
tional grid was treated as an impermeable no-flow boundary in the simulations. 
Field borders were treated as open boundaries, where horizontal water outflux 
across the field borders could occur as groundwater outflow. Influx of water to the 
field across the field boundaries were neglected in the simulations, as the sur-
rounding upslope areas were relatively flat.  

The drain diameters were set to 0.05 m in all of the field sections, except in Sec-
tion C, where the diameter of the new drains (installed in 2008; see Section 2.1.1) 
was set to 0.07 m due to the envelope material (coarse gravel), which was assumed 
to increase the effective diameter of the drains, following Stuyt et al. (2005). The 
impacts of the vertical gravel deposits in Section C were neglected because Aura 
(1990), who empirically studied the hydrological impacts of gravel deposits, sug-
gested that the deposits have only a minor impact on field hydrology. The depths 
of the ditches that surrounded the field area were set to 0.8–1.0 m. The initial soil 
water content and hydraulic pressure head values were derived from the LGT 
data. The hydraulic pressure head values above the groundwater level were set 
corresponding to static steady state conditions.  

Ksat of the soil matrix was set to the measured minimum values of the soil sam-
ples (0.0032 m h-1 for the topsoil layer of 0–0.25 m and 1 × 10-4 m h-1 for the soil 
layers of 0.25–2.4 m). The volumetric fraction of soil macropores was set to the 
measured values in the soil layers from 0 to 0.6 m. Manning’s roughness coeffi-
cient for the soil surface was set to 0.1 (Warsta et al. 2013a). Soil surface depres-
sion storage was set to 1 mm (Warsta et al. 2013a).  

Maximum root depth was set to 0.8 m, following the observations of Ilola et al. 
(1988) in Finnish clay soils. Root depths were given as an input time series for the 
model. During the time periods from the sowing until 3 Jun, the root depth was 
set to linearly increase from the minimum (0.05 m) to the maximum depth. Be-
fore the sowing and after the harvest, the root depth was set to the minimum 
value, which described the evaporation from the soil surface during non-vegetated 
soil surface conditions. 
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2.4.1.2 Paper I: Water balance during snow- and frost-free periods and hydro-
logical impacts of drainage methods  

 
In the first application (Paper I), the model was calibrated against drain dis-
charge, TLR and soil moisture data. The calibrated parameters were the constant 
crop coefficient, the fraction of static macropores beneath the measurement depth 
of 0.6 m, dry ends of the WRCs (Eq. 1, parameters α and c), Ksat multiplier of the 
macropores, λ values (Eq. 4) of the drains and TLR measurement drains (in each 
field section) and annual water level in the surrounding ditches. The model was 
first calibrated in all field sections against the data from 6 May 2007 to 31 Dec 
2007 (Figure 10). Secondly, due to the drain installations in Sections A and C (Fig. 
3), the λ values of the new drains (Eq. 4) were recalibrated due to the changing 
drain properties against the data from 6 May 2008 to 28 Nov 2008. The simula-
tion results of Sections B and D were validated against the data of the periods 6 
May 2008 – 28 Nov 2008 and 6 May 2009 – 10 Dec 2009. The simulation results 
from Section A and C were validated against the data from 6 May 2009 – 10 Dec 
2009.  

 
 

 

Figure 10. Flowchart of the calibration and validation procedure in Paper I.  

 
WRCs for the soil matrix were initially derived by fitting Eq. 1 to the measured 

WRCs from the Nummela and Hovi sites. Because the dry end of the measured 
curves was adopted from the Hovi site, the parameters α and c (Eq. 1) were cali-
brated. For the soil macropore system, the parameters α, c, and θr of Eq. 1 were 
set to the values of 7.0, 2.0 and 0.01 m3 m-3, respectively, following Warsta et al. 
(2013a). The parameterization of Section E was set similar to Section A, except 
that the macroporosity beneath the measurement depth of 0.6 m was set to the 
lowest measured value in Section A. Other soil parameters were set as in Warsta 
et al. (2013a). The values of the calibrated parameters are presented in Paper I.  

Simulation scenarios were conducted with the calibrated and validated model 
to analyse the impacts of drain installations (Sections A and C), the terrain topog-
raphy (Section A–D) and the trenchless drain installation method (Section A) on 
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drain discharge generation. The impacts of the trenchless installation method 
were analysed by identifying plausible soil disturbance effects on soil hydraulic 
parameters from the literature and testing their hydrological impacts with the cal-
ibrated model. Based on the observations of Spoor and Fry (1983), it was assumed 
that the trenchless drain installation causes a decrease in soil macroporosity and 
loosening of the soil structure. These changes were described in the model by ad-
justing the macroporosity and γ above the drain depth. Also, the impacts of terrain 
topography on drain discharge were assessed by changing the topography of the 
simulated domain to a completely flat domain with a slope of zero.  

 

2.4.1.3 Paper II: Year-round water balances and evapotranspiration estima-
tion 

 
In Paper II, the parameterization of Paper I was revisited. For the second appli-
cation, the soil water content measurements at the wilting point (-150 m) were 
available from the Nummela site, and thus WRCs were recalculated with the com-
pleted WRC data. Furthermore, since Berisso et al. (2013) noticed that air perme-
ability appeared to be anisotropic in a clayey soil in Jokioinen, it was assumed 
that hydraulic conductivity was anisotropic in the studied site. Following Berisso 
et al. (2013), the ratio of lateral to vertical Ksat in the soil macropore system was 
set to 0.02, 0.83 and 1.0 in the soil layers at the depths of 0–0.425 m, 0.425–1.05 
m and 1.05–2.4 m, respectively. Ksat of the soil matrix was set to be isotropic in all 
soil layers. In the current application, a single value was calibrated to describe the 
volumetric fraction of macropores in the subsoil layers (depth >1.05 m) (wfs) in 
the entire field area. Due to the availability of the new information and the ex-
tended calibration period (Jan–Dec 2011), λ values (Eq. 4) of the subsurface 
drains were recalibrated. Model calibration was conducted against drain dis-
charge, TLR and LGT data.  

The bottom boundary condition of the heat flow model was set to a fixed value 
of 5.9 °C, which is within the range of observed values presented by Lemmelä et 
al. (1981) in southern Finland. Parameters for the heat and snow model were de-
rived from Warsta et al. (2012) and Koivusalo et al. (2001). 

PET was estimated using the three different approaches introduced in Section 
2.3, including the FAO-56 method with a constant crop coefficient (PET07), the 
FAO-56 method with the dynamic crop coefficients (PETCropc) and the Class A ap-
proach (PETClassA). The parameters of this model application are shown in more 
detail in Paper II.  
 

2.4.2 Gårdskulla Gård experimental site 

Two different model applications were conducted at the Gårdskulla Gård site. In 
Paper III, water balances in the two fields of the experimental site were simulated 
throughout five years to assess long-term and seasonal water balance components 
and to assess the impacts of terrain slope on the water balance of the fields. In 
Paper IV, the erosion and sediment transport model was applied in the fields on 



43 

top of a water flow model derived from Paper III. The aim of Paper IV was to 
assess sediment balances and erosion processes in the two fields with different 
slopes.  

 

2.4.2.1 Paper III: Effects of terrain slope on long-term and seasonal water bal-
ances 
 
In the Gårdskulla Gård applications, the depth of the soil profile was set to 2.4 m. 
In the model calibration and validation, the soil profile was divided into 21 soil 
layers, and the thicknesses of the layers were set to increase gradually from 0.025 
m to 0.25 m from the soil surface. The horizontal area of the computational cells 
was 4×4 m2. Similarly to the model applications in the Nummela field, the topog-
raphy of the grid bottom was set identical to the measured topography of the field 
surface. The impacts of this assumption on the simulation results were further 
tested with a simulation scenario (Scenario 1, Figure 11). Horizontal boundaries 
of the simulated fields were set to include the monitored subsurface drain net-
works, delineated downslope side by the Kirkkojoki stream and extended west in 
Section 1 and east in Section 2 to avoid angular boundary conditions in the slope 
direction (Figure 4). All of the horizontal borders of the simulated area, except the 
downslope side border delineated by the Kirkkojoki stream, were treated as no-
flux boundaries. A head- and state-dependent flux boundary was applied on the 
soil surface (e.g. Warsta et al. 2013a). On the downslope side of the fields, the 
simulated areas were delimited by the Kirkkojoki stream (Figure 4), which was 
described as a 1 m deep open ditch in the simulations. The measured water levels 
in the stream were linearly interpolated from the weekly/bi-weekly data to hourly 
levels, and used as a boundary condition in the downslope side of the grids. How-
ever, the water level in the stream was set to have the maximum depth of 1 m, as 
the model currently does not include description of water flooding to the stream 
banks. In this application, groundwater outflow was defined as the water seepage 
into the Kirkkojoki stream. It was hypothesized that the influx of groundwater 
across the field boundaries occurred especially in Section 1 (due to the adjacent 
hill area; see Fig. 4) and thus the impact of the upslope water inflow on the field 
water balance was assessed with an additional simulation scenario (Scenario 2, 
Figure 11). The simulation scenarios are presented in more detail below.  

 
Figure 11. Schematic illustration of the boundary conditions and hydrogeological model struc-
tures of the simulated area during model calibration and validation as well as in Scenarios 1 and 
2. (Modified from Paper III) 
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The hydraulic properties of the soil profiles were parameterized using the field 
measurements, pedotransfer functions and literature values. The parametric 
WRCs were derived from the measured WRCs. Since water content data at wilting 
point (θw) were not available, a pedotransfer function of Rawls et al. (2003) was 
applied to estimate θw in Section 1 (clay content 47–60%) and soil layers 0–0.224 
and 0.225–0.425 m (clay content 39–47%) in Section 2, following Kätterer et al. 
(2006). The authors evaluated the performance of different pedotransfer func-
tions against a large dataset in Sweden and recommended the function of Rawls 
et al. (2003) for soils with clay contents <60%. The subsoil of Section 2 had a 
higher clay content (55–86%) and therefore θw in this soil was estimated with 
Model 6 of Kätterer et al. (2006). WRC parameters for the soil macropore system 
were adopted from Gärdenäs et al. (2006). The parametric SSCC was derived 
from Kankaanranta (1996). Ksat of the soil matrix in the depth of 0–0.225 m was 
set to 10.0 mm h-1, following Warsta et al. (2013a). Ksat of the deep soil layers 
(0.225–2.4 m) in both sections was calibrated due to the clearly different subsoil 
particle size distribution at the Gårdskulla Gård site compared to the study of 
Warsta et al. (2013a). The ratio of horizontal to vertical Ksat of the macropore sys-
tem was set anisotropic, following the findings of Berisso et al. (2013) (see Section 
2.4.1.3 for details). The Manning’s roughness coefficient on the field surface was 
set to a value of 0.1 (Warsta et al. 2013a). During those time periods when high 
amounts of snowmelt occurred in the simulations (January 2008 and springs 
2010–2012), the roughness coefficient was increased to 20.o to describe the im-
pact of the snowpack on the overland flow. A similar approach has been previously 
applied by Bathurst and Cooley (1996), who simulated snowmelt runoff with the 
SHE model.  

The snow model and the water flow model were calibrated separately. First, the 
snow model was independently calibrated against SWE data from the year 2012 
by adjusting the surface roughness height in the range 3–7 mm. Secondly, the 
snow model was validated against the SWE data of the remaining years 2008–
2011.  

The water flow model was calibrated against drain discharge, TLR and LGT data 
from the years 2008–2010 and validated against the data from the years 2011–
2012. Parameters that had clear physical site-specific differences as well as an im-
pact on the field water balance (Warsta et al. 2013a; Nousiainen et al. 2015; Tur-
tola et al. 2007; Schulze-Makuch et al. 1999) were calibrated to the local condi-
tions. The calibrated parameters of the flow model were wfs, λ values of the sub-
surface and TLR measurement drains, Ksat of soil matrix at the depth 0.225–2.4 
m and the soil surface depression storage. The calibration procedure is presented 
in more detail in Paper III. 

The crop root depths were calculated based on the crop growing phases (see 
Section 2.3). The spring crop minimum root depth was set to 0.05 m (Warsta et 
al. 2013a) and maximum root depth to 0.75 m (Ilola et al. 1988). The root depth 
of spring crops was set to the minimum value before sowing in spring. Winter 
wheat and overwintering grasses were set to have a root depth of 0.5 m in the 
beginning of spring, and winter wheat was set to have a maximum root depth of 
1.1 m (Alakukku, personal communication, 4 Feb, 2014). For spring crops, the 
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root depth was set to increase linearly as a function of time from the initial value 
to the maximum depth. Winter wheat and grasses were set to start growing on 1 
May. Root depths of the annual crops were set to reach their maximum value at 
the beginning of the mid-season stage (Pietola and Alakukku 2005). Grasses were 
set to reach their maximum root depth on 1 Jun each year. Root depths were set 
back to the minimum value (0.05 m) after harvest. If the vegetation was not har-
vested, root depths were set back to the minimum value on 15 Sep. 

The hydrological impacts of soil profile depth and upslope boundary conditions 
were assessed with Scenarios 1 and 2 (Figure 11). In Scenario 1, the impermeable 
bottom boundary was set to gradually increase from 2.4 m at the uphill to 4 m at 
the stream location (Figure 11), and the hydrological effects of the depth changes 
were assessed against the calibration and validation results. In Scenario 2, it was 
presumed that the hill adjacent to Section 1 (Figure 4) induced an influx of water 
to the monitored field area, and the upslope boundary condition was extended 
south to the top of the forested hill area (Figure 11).  The extended area of the 
simulated domain was set to have the same soil and crop parameters as in the 
model calibration, and the extended domain was 60% larger than the domain dur-
ing calibration. The road structure between the forested hill and the monitored 
area (Figure 4 and Figure 11) was described as a ditch with a depth of 1 m in the 
simulations. Other parameters and boundary conditions in the simulation scenar-
ios were set similarly as in the model calibration.  

 

2.4.2.2 Paper IV: Sediment balances and structural uncertainties in sediment 
transport models 

 
The erosion and sediment transport application was built on top of the extended 
water model application (Koivusalo et al. 2015), which was based on Paper III. In 
the application, the simulated area of Section 1 was extended to include the uphill 
area (Scenario 2 in Figure 11) and the wfs was set to the same value (0.08) as in 
Section 2, since the results of Paper III suggested that the uphill area contributed 
to the water balance of Section 1 and the calibrated wfs value was likely too small 
in Section 1 due to the exclusion of the uphill contributing area. The main simu-
lation strategy was to form three model structures (Models A–C in Figure 12) 
which encompassed different assumptions of the capability of soil preferential 
flow pathways to transport sediment. It was assumed that lateral macropores may 
be partly discontinuous and may thus allow the preferential water flow but may 
prevent preferential transport of sediment. The different structures were cali-
brated and validated against sediment load and concentration data. In Model A, 
all soil layers in the subsurface domain were able to transport sediment in 3D. In 
Model B, transport was enabled in 3D, but only the soil layers above the subsur-
face drain depth (1 m) were allowed to transport suspended sediment. In Model 
C, solely vertical transport was allowed and transport was possible only above the 
subsurface drain depth.  
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Figure 12. Conceptual representation of the three different applied model structures (Models A–
C) of the erosion and sediment transport model of FLUSH. (Paper IV)  

 
The model was calibrated against the sediment load and concentration data col-

lected from drain discharge and TLR. Data from Jan–Dec 2008 and Jan–Dec 
2009 were used for calibration and validation, respectively. Warsta et al. (2013b) 
demonstrated that the key parameters of the erosion and sediment transport 
model in FLUSH were those that affected the erosion rates rather than those de-
scribing sediment transport. Furthermore, at the Gårdskulla Gård site, the 
amount of overland flow was small and overland flow events occurred sporadi-
cally. Thus, it was assumed that hydraulic erosion could only have an intermittent 
impact on erosion rates, and it was assumed that raindrop erosion was the major 
force causing erosion on the fields. Therefore, the empirical coefficient kr (Eq. 5) 
and ki (Eq. 7), which control raindrop erosion in the model, were chosen as the 
calibrated parameters. The calibrated parameters were set temporally constant 
and spatially uniform. Similar parametrization was applied for both of the field 
sections, since the sections had relatively similar soil properties (Table 4). During 
time periods when a vegetation cover prevailed on the soil surface, CC (Eq. 5) was 
set to 1. During the other time periods, Cc was set to 0. The threshold value CT was 
set to the maximum measured concentration value of 1 489 g m-3, which is in the 
range of the maximum concentrations measured by Turtola et al. (2007) and 
Warsta et al. (2014). The erodibility of the forest area adjacent to the monitored 
area of Section 1 was set to zero. Other parameter values were adopted from 
Warsta et al. (2013b). The calibrated values and the model setup are presented in 
more detail in Paper IV.  

The sensitivity of the model parameters was addressed with a sensitivity analy-
sis, where the calibrated parameter values were altered by ±20%. The sensitivity 
of the model to changes in soil hydraulic parameters was addressed by simulating 
Section 1 with the soil hydraulic parameters of Section 2 and vice versa. 

 
 



 

47 

2.4.3 Model evaluation criteria 

The goal of the model applications was to reproduce the timing and magnitude of 
the observed hydrological variables. In Paper I, the performance of the model was 
numerically evaluated with the Nash-Sutcliffe coefficient (N-S) (Nash and Sut-
cliffe 1970), the mean absolute error (MAE) and the difference between simulated 
and measured annual accumulations (D). The MAE values were compared against 
the standard deviation (SD) of the measured values. For TLR and drain discharge, 
the evaluation criteria were calculated for those periods when water outflow oc-
curred in the field.  

In Papers II-IV, the results were evaluated with the MAE, D, SD and the modi-
fied Nash-Sutcliffe coefficient (N-Sm), where the squared values of the original 
Nash-Sutcliffe equation are replaced with absolute values, following the sugges-
tions of Legates and McCabe (1999). 
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3. Results 

This section presents the main results in Papers I-IV. Sections 3.1 and 3.2 present 
the main findings in Paper I and II, respectively, from the Nummela experimental 
site. Section 3.3 presents the main findings in Paper III, and Section 3.4 in Paper 
IV from the Gårdskulla Gård experimental site. 

 

3.1 Paper I: Water balance during snow- and frost-free periods 
and hydrological impacts of drainage methods 

In this application, the water balances and hydrological impacts of drainage meth-
ods were analysed during the snow and frost-free periods of the years 2007–2009 
at the Nummela experimental site (Section 2.4.1.2). All field sections were simu-
lated simultaneously and model scenarios were conducted to quantify the impacts 
of terrain topography and drainage methods on the water balances of the field 
sections. 

3.1.1 Calibration period 2007 

During the calibration period 2007, the simulated hourly drain discharge results 
were comparable with the observations in terms of the model evaluation criteria 
(Table 7). The N-S values varied between 0.35 and 0.76 and the MAE values were 
low compared to the SD values. When the N-S values were computed for a daily 
time step, they showed better agreement with the observations (N-S values 0.72–
0.85 for daily time series). The D values in 2007 varied from -14 mm to 3 mm 
between the field sections, which demonstrated a correspondence between the 
simulated and measured drain discharge accumulations. The correspondence of 
simulated and measured hourly TLR values was clearly inferior compared to the 
drain discharge, which was demonstrated by the negative N-S values of TLR. 
However, the D values of TLR (1–19 mm) were in the same order of magnitude as 
for the drain discharge, which suggested a relatively small error in the context of 
water balance, as the amount of precipitation during the calibration period was 
486 mm. In addition to the outflow components, the model reproduced the ob-
served soil moisture values, with the MAE values ranging from 2% to 4% between 
field sections.  
 
 
 
 



 

49 

Table 7. Model evaluation criteria values for hourly drain discharge in 2007. (Paper I)  

                                                      From 1 Oct to 31 Dec 

 Section A Section B Section C Section D 

N-Sa  0.35 0.76 0.73 0.66 

MAEb  0.028 0.021 0.025 0.013 

SDc  0.069 0.083 0.081 0.034 

a Nash-Sutcliffe model efficiency coefficient [-]. 

b Mean absolute error [mm h-1]. 
c Standard deviation [mm h-1]. 

 
Drain discharge and TLR accumulations during the calibration period 2007 

(Figure 13) also demonstrated a correspondence between the simulated and ob-
served timing and magnitude of these water balance components. Furthermore, 
there were apparent differences in the drain discharge amounts between field sec-
tions A–D (Figure 13). The observed drain discharge was the lowest in Section D 
(61 mm), which had the sparsest drain spacing (32 m). All other sections (A–C) 
had a drain spacing of 16 m, but their discharge amounts differed. In Sections B 
and C, the observed drain discharge values were 123 mm and 121 mm, respec-
tively, whereas the observed drain discharge was lower in Section A (85 mm). As 
shown in Figure 13, the relatively low drain discharge in Section A was not ex-
plained by the differences in the amount of observed TLR. The location of Section 
A close to the steep slope (Figure 3) would likely explain the difference, and the 
impact of terrain topography on the field water balance was further assessed with 
an additional simulation scenario (see Section 3.1.3).  

 
 

 

Figure 13. Simulated and measured cumulative outflows in 2007 (from 6 May to 31 Dec) in field 
sections (a) A, (b) B, (c) C and (d) D of the Nummela experimental site. (Paper I)  
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The analysis of all of the main water balance components in the whole field area 
during the calibration period 2007 (Table 8) showed that the groundwater out-
flow comprised a relatively high outflow component (74 mm, or 15% of precipita-
tion). As listed in Table 8, drain discharge and groundwater outflow were the larg-
est outflow components, whereas flow to open ditches (surface runoff and seepage 
of water from the soil matrix and macropores into the ditches) was the lowest 
outflow component. Evapotranspiration dominated the field water balance as the 
growing season covered a large portion of the simulation period.  

 

Table 8. Components of the water balance in the whole field area in 2007 from 6 May to 31 Dec. 
(Paper I) 

 Amount [mm] Proportion of the precipitation 
[%] 

Precipitation 486 100 
Evapotranspiration 284 58 

Flow to ditches 40 8 

Drain discharge 75 16 

Groundwater outflow 74 15 
Change of storage 12 2 
Mass balance error 3 1 

 

3.1.2 Simulation periods 2008 and 2009 

The model was validated against the data from 2008 and 2009 from the reference 
Sections B and D. However, since the drain installations were conducted in Sec-
tion A and C in Jun 2008, the drainage parameters were recalibrated in these sec-
tions and then validated against the data from 2009 (see Section 2.4.1.2 and Fig-
ure 10).  

During the model validation in 2008 and 2009, the model evaluation criteria 
for the hourly drain discharge and TLR in Sections B and D were comparable to 
the calibration period 2007 (Table 9). In 2008–2009, also the D values of drain 
discharge (from -20 mm to 8 mm) and TLR (from -15 mm to 4 mm) in these sec-
tions were close to the ranges obtained during the calibration period.  

In the recalibration of the drainage parameters of Sections A and C in 2008 
(Figure 10), the D values of drain discharge (7 to 23 mm) and TLR (-35 to -14 mm) 
were comparable to the 2007 calibration period. During the validation period 
2009 the D values of drain discharge (-24 to -9 mm) and TLR (-4 to -2 mm) were 
relatively similar to the 2007 calibration period in these sections. However, the 
model evaluation criteria for the hourly drain discharge in these sections in 
2008–2009 were inferior compared to the results of the calibration period 2007 
(Table 9). The correspondence of the simulated and observed hourly drain dis-
charge values in 2008–2009 was particularly poor in Section A, which is demon-
strated by the negative N-S values in Table 9 and by the graphical comparison in 
Figure 14. The reason for the poor N-S values in Section A was likely the impact 
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of the trenchless installation method on soil hydraulic properties, and the impact 
could not be described by the drainage parameter recalibration in the model. The 
hydrological impacts of the drainage installations were further assessed with ad-
ditional simulation scenarios (see Section 3.1.3).  

 

Table 9. Results of the model evaluation criteria for hourly drain discharge in 2008 and 2009 with 
the new drain installation in Sections A and C. (Paper I) 

  2008 (1 Oct to 28 Nov) 

Section A B C D 

N-Sa  -1.29 0.8 0.46 0.77 

MAEb  0.061 0.02 0.05 0.011 

SDc  0.081 0.082 0.138 0.032 

 2009 (15 Nov to 10 Dec) 

Section A B C D 

N-Sa  -0.88 0.63 0.06 0.54 

MAEb  0.033 0.029 0.054 0.03 

SDc  0.05 0.102 0.115 0.072 

a Nash-Sutcliffe model efficiency coefficient [-]. 
b Mean absolute error [mm h-1].  
c Standard deviation [mm h-1].   

 

 

 

Figure 14. Simulated and measured hourly drain discharge in 2008 (6 May – 28 Nov) in field 
sections (a) A, (b) B, (c) C and (d) D of the Nummela experimental site. (Paper I) 
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As listed in Table 10, the distribution of the water balance components in 2008 
was qualitatively similar to the calibration period 2007 as drain discharge and 
groundwater outflow were the dominant outflow components, whereas flow to 
ditches was the lowest outflow component. Evapotranspiration was the highest 
water balance component during the simulation period in 2008 (57% of precipi-
tation) but formed even a higher share of the water balance in 2009 (80% of pre-
cipitation) due to the relatively low amount of precipitation. Due to the low 
amount of precipitation in 2009, the amount of water outflow in 2009 was also 
lower than in 2008 and 2007. Consequently, the amount of groundwater outflow 
exceeded drain discharge since groundwater outflow from the field occurred even 
when the LGT resided below the depth of the subsurface drains and open ditches.   

 

Table 10. Simulated water balance components of the whole field area of the Nummela experi-
mental site in 2008 (from 6 May to 28 Nov) and 2009 (6 May to 10 Dec) with the new drain instal-
lations. (Paper I) 

2008 (6 May to 28 Nov) 2009 (6 May to 10 Dec) 

Amount 
[mm] 

Proportion of 
precipitation 

[%] 

 Amount 
[mm] 

Proportion of 
precipitation 

[%] 
Precipitation 452 100  366 100 

Evapotranspiration 256 57  292 80 

Flow to ditches 52 11  6 2 

Subsurface drains 71 16  17 5 

Groundwater outflow 58 13  32 9 

Change of storage 16 3  20 5 

Mass balance error 2 <1  3 1 

 

3.1.3 Simulation scenarios 

Three simulation scenarios were conducted to analyse the hydrological impacts of 
the (1) new drain installations, (2) field topography and (3) trenchless installation 
method on drain discharge generation.  

In the first scenario, simulations with and without the new drain installations 
provided a method to decipher the impacts of drain installations on drain dis-
charge generation. As shown in Figure 15, the new drain installations did not in-
crease the total amount of drain discharge in Section A (Figure 15a and e) as much 
as in Section C (Figure 15c and g). In 2009, the drain installations had practically 
no impact on the drain discharge of Section A (Figure 15e). As shown in Figure 
15b and f, when the drain installation in Section C increased the drain discharge 
by 51%, the drain discharge in the control section B decreased by 11%. These sim-
ulation results indicate that the field sections shared a hydrological connection 



 

53 

and that the drain installation conducted in Section C also affected the hydrolog-
ical processes in Section B. The field slope likely induced the hydrological connec-
tion between Sections B and C. Section C declines gently toward Section B (Figure 
3) and in 2007 the LGT was higher in Section C than in Section B. Drain installa-
tions decreased the LGT in Section C and thus decreased the hydraulic gradient 
and also the groundwater flow from Section C to Section B. This further caused 
the decrease in the drain discharge in Section B. 

 
 

 

Figure 15. Simulated and measured accumulated drain discharges in 2008 (6 May – 28 Oct) in 
field sections (a) A, (b) B, (c) C, and (d) D and in 2009 (6 May – 10 Dec) in field sections (e) A, (f) 
B, (g) C and (h) D of the Nummela experimental site. The results of a simulation scenario where 
the model was run without the new drain installations in Section A and C are shown by a dashed 
line. (Paper I) 
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The drain discharge change appeared to be smaller in Section A than in Section 
C due to the steep slope in the vicinity of Section A (Figure 3). Additional simula-
tions (not shown) suggested that the envelope material of Section C (coarse 
gravel) and the 0.1 m shallower drain depth in Section A compared to Section C 
(0.9 m vs 1.0 m) did not explain the difference in the simulated drain discharges 
in Sections A and C. Overall, the differences in the envelope material and drain 
depth had a minor impact on the drain discharge generation in the simulations 
when compared to the hydrological impact of changing the drain spacing.  

In the second scenario, the impact of terrain topography was assessed by run-
ning the calibrated model during the simulation period 2008 with flat field topog-
raphy (slope zero). The results indicated that the presence of steep topography in 
the northeast side of the field decreased drain discharge the most in Sections A (-
40%) and D (-40%), which are located in the vicinity of the steep slope (Figure 3). 
The change had almost as high an impact in Section B (-37%), probably due to 
decreased groundwater flow from Section C and the relatively low calibrated vol-
umetric fraction of macropores in the subsoil layers (see Table 4 in Paper I). The 
change in terrain slope had the lowest impact in Section C (-18%), which was lo-
cated furthest from the steep slope. Also the LGT observations (Annex I) sup-
ported the simulation results of the occurrence of a relatively high amount of 
groundwater outflow in Sections A, B and D compared to Section C. During winter 
periods (Jan–Apr), when evapotranspiration was minimal and other outflow 
pathways remained inactive and LGT was lower than the depth of the subsurface 
drains and open ditches, groundwater depth was observed to decrease clearly be-
low the drain depth in other field sections except in Section C. LGT decreased 
most rapidly and to the greatest depth in Section A (Annex I), which suggests that 
there was spatial variability in the amount of groundwater outflow and that 
groundwater outflow was the highest in Section A. 

In the third simulation scenario, the impacts of the trenchless installation 
method on drain discharge generation were studied. Even though the drain in-
stallations had a higher impact on the accumulated drain discharge generation in 
Section C than in Section A, hourly drain discharges were affected more by the 
trenchless installation in Section A than by the trench installation method in Sec-
tion C (Figure 14). To reproduce the impacts of the trenchless installation method 
on drain discharge generation in the model, the volumetric fraction of soil 
macropores and the water exchange coefficient γ (Eq. 3) above the drain depth 
were recalibrated against the discharge data of the simulation period 2008. Re-
calibration of the γ value described the impact of soil loosening due to the plough 
blade of the trenchless installation machine. The macroporosity was decreased by 
25%, and γ was increased from 0.01 to 0.65. Due to the adjusted parameter values, 
the N-S value of drain discharge in 2008 increased from -1.29 to 0.21 and the 
MAE decreased from 0.061 mm h-1 to 0.037 mm h-1. In 2009, the N-S increased 
from -0.88 to 0.27 and the MAE decreased from 0.033 mm h-1 to 0.020 mm h-1. 
The impact of the parameter adjustment on hourly drain discharge is visualized 
in Figure 16 (see Figure 14a for reference). After the adjustment, the D value of 
drain discharge accumulations was 3 mm and -3 mm in 2008 and 2009, respec-
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tively, which was relatively close to the D values of the simulations with the unad-
justed soil parameters (7 mm in 2008 and -9 mm in 2009). The results suggested 
that soil disturbance had a clear impact on soil hydraulic properties and that these 
effects can be partly described by changes in the volumetric fraction of 
macropores and the water exchange coefficient γ (Eq. 3). 

 
 

 
Figure 16. Simulated and measured hourly drain discharge in 2008 (6 May to 28 Oct) in Section 
A of the Nummela experimental site with adjusted soil hydraulic parameters (macropore multiplier 
0.75 and water exchange coefficient multiplier 65.0 above the drain depth) after the trenchless 
drain installation. (Paper I) 

 

3.2 Paper II: Year-round water balances and evapotranspiration 
estimation  

In this application, the simulation at the Nummela experimental site was ex-
tended to also include winter and spring periods and the related hydrological pro-
cesses (Section 2.4.1.3). Different standard evapotranspiration estimation meth-
ods were applied to study the interlinks of evapotranspiration and other water 
balance components and the applicability of the standard evapotranspiration es-
timation methods in high-latitude conditions.   

3.2.1 Calibration and validation 

During the calibration period (1 Jan – 31 Dec 2011), the simulated hourly drain 
discharge values corresponded with the observed values with the N-Sm values of 
0.56 and 0.44 in Sections B and D, respectively. The N-Sm value of Section D was 
0.62 when the spring snowmelt period was excluded, which demonstrated the 
higher correspondence of simulated and measured values during the seasons 
other than the spring period. Also the D values of drain discharge (22 mm in Sec-
tion B and 24 mm in Section D) demonstrate a comparable magnitude of the sim-
ulated and measured drain discharge accumulations (Figure 17). For reference, 
the amount of cumulative precipitation during the calibration period was 676 
mm.  
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Figure 17. Simulated and measured snow water equivalent (SWE), and cumulative simulated and 
measured drain discharge and tillage layer runoff in field Sections (a) B and (b) D of the Nummela 
experimental site in the calibration period 1 Jan – 31 Dec 2011. (Paper II) 

 
The simulated TLR values compared to the observations similarly as in Paper I, 

i.e. the hourly N-Sm values were negative. During the spring snowmelt in 2011, 
surface runoff was observed to enter Section B from the surrounding field areas, 
likely due to the impact of local soil frost conditions on water flow in a topographic 
depression adjacent to Section B, which was not taken into account by the model. 
However, the D values of -15 mm in Section B (Jun–Dec) and 27 mm in Section 
D (Jan-Dec) showed a comparable fit of simulated and measured amounts of ac-
cumulated TLR (Figure 17). Note that the TLR results in Section B during the 
snowmelt events of 2011 are not shown in Figure 17. The model was able to simu-
late SWE with the MAE value of 6 mm, and the timing of the snowmelt events 
corresponded with the outflow measurements as shown in Figure 17. Most of the 
drain discharge and TLR occurred in the autumn periods and during the spring 
snowmelt (Figure 17). 

The simulated LGTs in the soil macropores or matrix resided between the ob-
served minimum and maximum values during most of the simulation period 
(60% in Section D and 50% in Section B), even though in August and the begin-
ning of September 2011 the simulated LGTs were high compared to the observa-
tions (Figure 18). Furthermore, in the autumn of 2011, the simulated LGTs rose 
more slowly to the field surface compared to the observed levels. 

 

 

Figure 18. Average simulated groundwater depths in soil macropores and matrix, and measured 
minimum and maximum depths in field Sections (a) B and (b) D of the Nummela experimental site 
in the calibration period 1 Jan – 31 Dec 2011. (Paper II) 
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As in Paper II, evapotranspiration was the dominant water balance component 
(48% of precipitation) in the whole field area (Sections A–E, Figure 3) during the 
calibration period (1 Jan 2011 – 31 Dec 2011). Drain discharge was 20% of precip-
itation, flow to ditches 18% of precipitation, groundwater outflow 15% of precipi-
tation, and storage change 7% of precipitation.  

 During the model validation period (6 May 2008 – 31 Dec 2009), the corre-
spondence of simulated and observed hourly drain discharges were comparable 
to calibration with the N-Sm values of 0.51 and 0.38 in Sections B and D, respec-
tively. The D values of drain discharge were in the same order of magnitude as 
during calibration in the autumn periods of 2008 (1 mm in Section B and 10 mm 
in Section D) and 2009 (-5 mm in Section B and 10 mm in Section D). The model 
overestimated most outflow events in the spring 2009, probably due to the inac-
curacies in the TLR measurements and the slightly inaccurate amount and timing 
of simulated maximum SWE during the winter period (Figure 19).  

During the validation period, the cumulative corrected precipitation was 1023 
mm. Compared to calibration, evapotranspiration increased to 55% of precipita-
tion, drain discharge decreased to 15% and flow to ditches to 10%, while ground-
water outflow (15%), and storage change (6%) compared to validation in the whole 
field area (Sections A–E). In Section D, during the validation period, the D values 
of TLR (22 mm in autumn 2008, 32 mm in spring 2009, and -15 mm in autumn 
2009) were comparable to calibration. In Section B, TLR measurement devices 
did not function in autumn 2008. During the spring 2009 the simulations under-
estimated the observed amount likely due to measurement problems similar to 
those during the spring 2011. In Section B in the autumn 2009, both simulated 
and observed amounts of TLR were 0 mm. During validation, the simulations re-
produced the observed LGT values qualitatively similarly as during the calibration 
period. Simulated LGT values resided between the observed minimum and max-
imum values 73% and 46% of the time in Section D and Section B, respectively. 

 

 

Figure 19. Simulated and measured snow water equivalent (SWE), and cumulative simulated and 
measured drain discharge and tillage layer runoff in field Sections (a) B and (b) D of the Nummela 
experimental site in the validation period 6 May 2008 – 31 Dec 2009. (Paper II) 
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3.2.2 Evapotranspiration scenarios 

The simulations were run with the three different PET estimates (see Section 2.3). 
PETClassA and PET0 estimates resembled each other with a difference of 3% (sums 
from May–Dec in 2008–2009 and 2011) (Figure 20). Since the Class A observa-
tions were available annually only from 1 May onwards, the measurements before 
the date were replaced with the PET0 estimate. Accumulations of the three differ-
ent PET estimates and PET0 in 2008–2009 are shown in Figure 20. PET calcu-
lated with the MACRO model is shown for reference. PETClassA resulted in the 
highest annual evapotranspiration of the tested approaches. PET07 (calibrated 
constant crop coefficient) gave the lowest estimate. PET calculated with the 
MACRO model was found to qualitatively resemble the PET0 estimate, except for 
the late autumn periods (Figure 20). The hourly and daily simulated and meas-
ured radiation components and PET0 values are shown in Annex II. 

 

 
Figure 20. Accumulated potential evapotranspiration estimated with different methods at the 
Nummela experimental site in 1 Jan 2008 – 31 Dec 2009. (Paper II) 

 
The magnitude of the PET had a direct impact on the simulated water outflow 

components of the studied field sections (Figure 21). When the model was run 
with PETCropc or PETClassA estimates, the simulated drain discharge events during 
early autumn periods occurred later than the measured events in 2008 and 2011 
and were low compared to the measured values in 2009 (Figure 21). Additional 
tests (not shown) suggested that recalibration of the model parameters (θs and 
macroporosity below the subsurface drain depth and root growth speed and de-
velopment stages) did not improve the correspondence of the simulated and ob-
served events in the autumn periods of 2008 and 2011 with the relatively high 
PET estimates. The different PET estimates had a lower impact on TLR than on 
drain discharge, but the lowest PET estimate (PET07) resulted in the highest TLR 
during all autumn periods (Figure 21). Overestimation of the simulated TLR in 
Section D during autumn periods of model calibration and validation were likely 
caused by underestimated PET during the late growing season or autumn periods. 
A comparison between simulated and observed LGTs revealed that during the 
growing seasons simulations with PETCropc and PETClassA produced a closer corre-
spondence with the observations than with PET07. However, simulations with 
PETCropc and PETClassA resulted in low simulated LGTs compared to the observa-
tions during the autumn periods.  
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Figure 21. Accumulated simulated drain discharge and tillage layer runoff results with different 
evapotranspiration estimation methods in field Sections (a) B and (b) D of the Nummela experi-
mental site in Jan – Dec 2011 as well as (c) B and (d) D in May – Dec 2009. (Paper II) 

 
Even though the range of tested PET estimates in the validation period (2008–

2009) was 595–818 mm and the range of actual evapotranspiration was 547–666 
mm, the amount of groundwater outflow with the different evapotranspiration 
rates varied only between 127 and 157 mm (Table 11). The results demonstrate 
that evapotranspiration and groundwater outflow are interlinked, but changes in 
the evapotranspiration estimate are only partly reflected in the estimate of the 
amount of groundwater outflow. The magnitude of PET had a higher relative im-
pact on all other water outflow components (from -31% to -23%) than on ground-
water outflow (-19%) in 2008–2009. Note also that evaporation from snow cover 
(13 mm) comprised only a relatively small fraction of the water balance (1% of 
precipitation). 
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Table 11. Components of the simulated water balance [mm] with different potential evapotranspi-
ration estimates at the Nummela experimental site during the validation period 6 May 2008 – 31 
Dec 2009. (Paper II)  

  PET07  PETCropc  PETClassA 
Precipitation  1023  1023  1023 
Potential evapotranspiration  595  741  818 
Actual evapotranspiration  547  647  666 
Evaporation from snow cover  13  13  13 
Flow to open ditches  105  83  81 
Drain discharge  157  117  108 
Groundwater outflow  157  137  127 
Change of storage  59  40  42 
Mass balance error  -13  -15  -13 
 

3.3 Paper III: Effects of terrain slope on long-term and seasonal 
water balances  

In this application, the model was applied in two field sections with the slope of 
1% and 5% at the Gårdskulla Gård experimental site (Section 2.4.2.1). Long-term 
simulations were conducted to assess the seasonal and annual differences in the 
water balances of the sections. A simulation scenario was conducted to assess the 
impacts of water influx to the monitored area from the upslope area of Section 1. 
A scenario was also conducted to assess the impacts of the chosen topography of 
the impermeable bottom boundary condition on the simulation results (Figure 
11).  

3.3.1 Calibration and validation 

The model calibration (2008–2010) resulted in the model evaluation criteria pre-
sented in Table 12, which indicated a correspondence between the dynamics of 
simulated and observed variables. In terms of the criteria (Table 12), model per-
formance during the validation period (2011–2012) was comparable to calibra-
tion. Regarding the magnitude of the components, in Section 2, the D value of 
drain discharge was -40 mm during calibration and 57 mm during validation. For 
reference, precipitation during the calibration and validation was 3662 mm. 

The higher D value during validation than during calibration in Section 2 was 
likely caused by underestimating TLR (-104 mm during validation) during the 
spring 2012 (Figure 22c). During the calibration period in Section 2, the D value 
of TLR was -21 mm. The difference between the simulated and measured accu-
mulated TLR during the spring of 2012 was likely caused by the soil frost impact 
on water infiltration, which was not taken into account in the model structure.  

In Section 1, where the adjacent hill area was presumed to induce an influx of 
water to the field area, the D values of drain discharge were low (-169 mm during 
calibration and -226 mm during validation) compared to Section 2, which demon-
strated the need to include the uphill contributing area to the simulations. The 
hydrological impact of the uphill boundary condition was further assessed in the 
simulation Scenario 2 (Section 3.3.2). The D value of TLR was -60 mm and -59 
mm during calibration and validation, respectively. As shown in Figure 22a, the 
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D value of TLR was particularly high during the spring snowmelt period 2010 in 
Section 1, which was assumed to be due to the frost-induced changes in the soil 
hydraulic properties. In contrast to Section 2, the difference between the simu-
lated and measured TLR during spring 2012 was comparable to the other spring 
periods (except for spring 2010).  

 

Table 12. Modified Nash-Sutcliffe coefficient (N-Sm) and mean absolute error (MAE) for the cali-
bration and validation periods. Average absolute deviation of measurement results are in paren-
theses. (Modified from Paper III) 

    Calibr. 
Section 1 

Calibr.  
Section 2 

Valid.  
Section 1 

Valid. 
Section 2 

N-Sm DD [-] 0.5 0.55 0.45 0.44 
 TLR [-] 0.45 0.43 0.5 0.54 

MAE DD [mm] 0.02 
(0.04) 

0.02 
(0.04) 

0.03  
(0.06) 

0.03 
(0.04) 

 TLR [mm] 0.003 
(0.005) 

0.003  
(0.005) 

0.004  
(0.008) 

0.007 
(0.015) 

 SWE [mm] 30.65 
(45.00) 

22.85  
(44.75) 

24.36  
(21.50) 

19.78 
(16.38) 

 GWmt [m] 0.27 
(0.17) 

0.42 
(0.42) 

0.26  
(0.13) 

0.35 
(0.36) 

  GWmc [m] 0.11  
(0.17) 

0.34 
(0.42) 

0.10  
(0.13) 

0.33 
(0.36) 

DD = Drain discharge. 
TLR = Tillage layer runoff. 
SWE = Snow water equivalent. 
GWmt = Level of the groundwater table in soil matrix (median of monitoring tubes 1–3). 
GWmc = Level of the groundwater table in soil macropores (median of monitoring tubes 
1–3).  

 
 

 
Figure 22. Annual dynamics of the accumulated water balance components in field sections (a–
b) 1 and (c–d) 2 during the model calibration (2008–2010) and validation periods (2011–2012) at 
the Gårdskulla Gård experimental site. (Paper III) 
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The simulated long-term water balance components are presented in Table 13. 
In this application, groundwater outflow was defined as the seepage of water into 
the Kirkkojoki stream below the other drainage systems (subsurface drains and 
open ditches). Drain discharge and groundwater outflow were the dominant out-
flow components in both field sections in 2008–2012 (Figure 22). The amount of 
groundwater outflow was 419 mm (178%) higher in Section 2 (slope 5%) than in 
Section 1 (slope 1%). Correspondingly, drain discharge was 181 mm lower in Sec-
tion 2 than in Section 1. Evapotranspiration dominated the water balance in both 
field sections (Figure 22, Table 13), and flow to open ditches comprised only 4–
6% of the water balance. The amount of actual evapotranspiration was higher in 
Section 1 (57% of precipitation), than in Section 2 (49% of precipitation) and the 
difference was explained by the low LGT and low root zone soil moisture in the 
upper parts of the steep Section 2, which limited the amount of evapotranspira-
tion in the area.  

Table 13. Simulated water balance components from 1 Jan 2008 to 31 Dec 2012 at the Gårdskulla 
Gård experimental site. (Paper III) 

 Proportion of        
precipitation [%]   Amount [mm] 

Year 2008−2012  2008−2012 
Field section 1 2   1 2 
Precipitation 100 100  3662 3662 

Evapotranspiration 56.9 48.6  2085 1780 

Flow to open ditches 4.3 5.5  156 201 

Drain discharge 34.1 29.2  1250 1069 

Groundwater outflow 6.4 17.9  235 654 

Change of storage -0.9 -1  -35 -37 

Mass balance error -0.8 -0.2   -29 -6 

 
Figure 23 presents the simulated water balance components during spring (1 

Mar – 31 May), summer (1 Jun – 31 Aug), autumn (1 Sep – 30 Nov) and winter (1 
Dec – 28/29 Feb) seasons in both of the field sections. Evapotranspiration domi-
nated the water balance during summer periods, but was relatively low during 
autumn and winter periods, and varied less than the other studied components. 
During the winter seasons, the dominating water balance components were drain 
discharge, SWE and groundwater outflow. During the spring and autumn seasons 
the water balance was more evenly distributed to different components (Figure 
23). The variation in the amount of drain discharge was higher than the variation 
of the other water balance components during all seasons except summer, when 
the amount of drain discharge was minimal. Moreover, as shown in Figure 22 and 
Figure 23, the subsurface flow components exceeded the amount of TLR during 
all studied seasons and years.  

 
 



 

63 

 
Figure 23. Simulated seasonal water balance components and their variation in 2008–2012 in (a) 
Section 1 (slope 1%) and (b) Section 2 (slope 5%) of the Gårdskulla Gård experimental site. SWE 
= snow water equivalent, ET = evapotranspiration, FD = flow to open ditches, DD = drain dis-
charge, GWO = groundwater outflow, SC = soil water storage. (Paper III) 

 
During the winter periods with a permanent snow cover on the ground and min-

imal evapotranspiration, LGT was often observed to decline below the drain depth 
in Section 2 (slope 5%) (Figure 24). This supports the simulation results of the 
occurrence of groundwater outflow in the deep soil layers, since during the time 
periods when LGT resided below the drain depth, other outflow pathways (sub-
surface drains and open ditches) remained inactive. In Section 1 (slope 1%), LGT 
stayed approximately at the drain depth during these time periods (Figure 24), 
which is in line with the simulation results showing a lower amount of groundwa-
ter outflow in Section 1 than in Section 2. Figure 24 presents also the simulated 
LGTs in the monitoring tubes 1–3 (see Figure 4). The observed LGT was con-
stantly the lowest in the monitoring tubes located closest to the Kirkkojoki stream 
(tube 1 in Sections 1 and 2, Figure 4). In these locations, the differences between 
the observed and simulated LGTs were higher than in the locations of tubes 1 and 
2 (Figure 23). This indicated that the hydrogeological assumptions related to the 
horizontal homogeneity of the soil properties and the topography of the imper-
meable bottom boundary were not valid in the vicinity of the stream. The hydro-
logical impacts of the topography of the impermeable bottom boundary condition 
were further assessed with a simulation scenario (Section 3.3.2).  

A correspondence was observed between the temporal variation of TLR and 
LGT, which suggested that near-saturated soil surface conditions triggered most 
TLR runoff events.  

The recession of both simulated and measured drain discharge peaks was longer 
in the flat Section 1 than in Section 2, which corresponded to the slower decline 
of LGT and lower amount of groundwater outflow in Section 1 than in Section 2. 
According to additional simulations tests, the differences in the soil hydraulic 
properties between the field sections did not explain the differences in the drain 
discharge recession. However, the influx of groundwater across the field borders 
might have also contributed to the slower recession in Section 1, and it was further 
assessed in a simulation scenario (Section 3.3.2).  
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Figure 24. The measured and simulated (soil matrix and macropores) groundwater table eleva-
tions in monitoring tubes 1–3 (Fig. 1b) as well as the measured water level in the Kirkkojoki stream 
in (a) Section 1 and (b) Section 2 of the Gårdskulla Gård experimental site. (Paper III) 

 

3.3.2 Simulation scenarios 

In Scenario 1, the soil profile depth was set to gradually increase downslope to-
wards the stream, as presented in Figure 11. The results of this simulation scenario 
showed that the water balance of Section 2 (slope 5%) was sensitive to the spatial 
difference in the depth of the conductive soil profile (Table 14). This change in the 
hydrogeological model structure decreased average LGTs, increased the amount 
of groundwater outflow, and decreased the amount of other outflow components 
(Table 14). In Section 1 (slope 1%), the profile depth change induced smaller 
changes to the LGTs and outflow components (Table 14) due to the lower terrain 
slope of the simulated field and lower macroporosity in the deep soil layers (see 
Table 3 in Turunen et al. 2015a). Scenario 1 did not provide an explicit explanation 
for the low LGTs observed in the monitoring tubes in the vicinity of the stream 
(tubes nr. 1, Figure 4), but the results from Section 2 (Table 14) indicated that the 
thicker depth of the conductive soil profile in the location of tube 1 would explain 
the phenomena. 

In Scenario 2, the simulated area of Section 1 was extended south to the top of 
the adjacent hill area (Figure 4), as shown in Figure 11. The simulation results of 
this scenario showed an increase in the water outflow components of the field sec-
tion due to the influx of water to the field area from the adjacent area (Table 14). 
The influx had the highest impact on flow to open ditches in the south border of 
the field and also a relatively high increase in the amount of drain discharge (Table 
14). As presented earlier, in the model calibration and validation the simulated 
annual amount of drain discharge was systematically lower than the observed 
amount in Section 1 (Figure 22a). The influx of water across the field borders also 
provided an explanation for the difference during spring 2012 when the model 
mismatch was highest. The inclusion of the water influx to the field also improved 
the correspondence of observed and simulated drain discharge values during re-
cession of the peak values. Due to the change in model structure, the N-Sm values 
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increased from 0.45–0.5 to 0.52 in 2008–2010 and also in 2011–2012. However, 
the accumulated amount of drain discharge increased even above the observed 
amount, which indicated that the calibrated macroporosity value in the soil layers 
beneath the subsurface drain depth (1 m) was too small. According to additional 
tests (not shown), a higher macroporosity value in the soil layers beneath the 
drain depth would decrease the amount of drain discharge and increase ground-
water outflow. 

 

Table 14. Change of water balance components (outflow volume) and level of the groundwater 
table in simulation Scenario 1 (soil profile depth increases gradually from upslope to downslope) 
and 2 (extended field area) compared to model calibration and validation (2008−2012) at the 
Gårdskulla Gård experimental site. (Paper III) 

  Scenario 1   Scenario 2 

 Change [%]  Change [%] 

Field section 1 2   1 

Flow to open ditches -1 -57  66 

Drain discharge -2 -27  37 

Groundwater outflow 11 68  1 
Average level of the groundwater 
table (matrix) -3 -58  0 

Average level of the groundwater 
table (macropores) -1 -46   0 

 
 

3.4 Paper IV: Sediment balances and structural uncertainties in 
sediment transport models 

In this application, the erosion and sediment transport model was applied on top 
of the hydrological model derived from Paper III (Section 2.4.2.2). Three different 
model structures (Models A–C) with different assumptions of subsurface sedi-
ment connectivity were applied to assess structural uncertainties in sediment 
transport models and to quantify erosion processes, sediment balances and 
transport pathways. 

3.4.1 Calibration and validation 

Models A–B (Figure 12) resulted in a comparable correspondence against the ob-
served values in terms of the evaluation criteria (Table 15). These models were 
also able to reproduce the distribution of sediment load to TLR and drain dis-
charge components (Figure 25). In both field section and models during calibra-
tion, the D values of load via drain discharge were from -7% to 3% of the observed 
drain discharge loads, which demonstrates a correspondence with the observed 
values. The D values of TLR loads were comparable to the drain discharge load D 
values during calibration (Table 15). 
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Table 15. Results of the model evaluation criteria during the model calibration and validation pe-
riod in Sections 1 (slope 1%) and 2 (slope 5%) with the Models A, B and C. (Paper IV) 

       
  

 Accumulated 
load 

Accumulated 
load Load 

       Model  D [kg ha-1 a-1] M [kg ha-1 a-1] N-Sm [-] 

C
al

ib
ra

ti
on

 

D
ra

in
 d

is
ch

ar
ge

 

S
ec

ti
on

 1
 

 A  21 1418 0.21 
 B  40 1418 0.21 
 C  -6 1418 0.29 

S
ec

ti
on

 2
 

 A  -61 2416 0.13 
 B  -181 2416 0.18 

 C  -923 2416 0.30 

T
il

la
ge

 la
ye

r 
ru

n
of

f 

S
ec

ti
on

 1
 

 A  -6 54 -0.26 
 B  -5 54 -0.27 

 C  238 54 -6.51 

S
ec

ti
on

 2
  A  -80 232 -0.42 

 B  -82 232 -0.40 
 C  -168 232 -0.47 

  

  

  

 
  

 Accumulated 
load 

Accumulated 
load Load 

       Model  D [kg ha-1 a-1] M [kg ha-1 a-1] N-Sm [-] 

V
al

id
at

io
n

 

D
ra

in
 d

is
ch

ar
ge

 

S
ec

ti
on

 1
 

 A  -25 382 -0.30 
 B  -13 382 -0.34 
 C  -119 382 -0.15 

S
ec

ti
on

 2
 

 A  100 469 0.63 
 B  76 469 0.68 

 C  -153 469 0.79 

T
il

la
ge

 la
ye

r 
ru

n
of

f 

S
ec

ti
on

 1
  A  -28 29 -0.26 

 B  -28 29 -0.26 
 C  -27 29 -0.24 

S
ec

ti
on

 2
  A  -48 74 0.15 

 B  -49 74 0.14 
 

C 
 

-51 74 0.12 

D = difference between the simulated and measured annual accumulations. 
M = measured annual accumulation. 
N-Sm = the modified Nash-Sutcliffe coefficient.  
 
In contrast to Models A–B, the simulated loads with Model C did not correspond 

to the magnitude of the observed loads (Table 15, Figure 25). Model C underesti-
mated the load via drain discharge by -923 kg ha-1 a-1 (-38%) in Section 2 (slope 
5%) and overestimated the load via TLR by 238 kg ha-1 a-1 (441%) in Section 1 
(slope 1%). Since the differences were high compared to Models A–B, Model C 
was not considered as a plausible representation of the transport processes. How-
ever, in Model C the simulated drain discharge load in Section 1 corresponded to 
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the observations qualitatively similarly as the results of Models A–B (Table 15). 
The results suggest that due to the differences in the hydraulic gradient and the 
higher amount of groundwater outflow, lateral fluxes had a bigger role in sedi-
ment transport in the steep field section compared to the flat field section.  

 
 

 
Figure 25. Measured and simulated accumulated annual sediment loads via drain discharge and 
tillage layer runoff during the calibration and validation periods of (a) Model A in Section 1, (b) 
Model A in Section 2, (c) Model B in Section 1, (d) Model B in Section 2, (e) Model C in Section 1 
and (f) Model C in Section 2 of the Gårdskulla Gård experimental site. (Paper IV) 

 
As shown in Table 15 and Figure 25, the D values of drain discharge and TLR 

during validation were comparable to those of calibration. During the entire stud-
ied period, most of the load occurred outside the growing season and most of the 
load occurred via drain discharge in both field sections (Figure 25). 

Regarding drain discharge load dynamics during calibration, the positive N-Sm 
values (0.13–0.21) in Models A–B indicate a correspondence between the simu-
lated and observed temporal variations in load generation. In Section 2, the model 
reproduced the load dynamics more accurately during the validation period (N-
Sm values 0.63–0.68) than during calibration (N-Sm values 0.13-0.18). In Section 
1, the N-Sm values for drain discharge load dynamics with Models A–B were neg-
ative during validation. However, the MAE between the simulated and measured 
values was lower during validation (18–19 kg ha-1) than during calibration (26 kg 
ha-1) in Section 1. Thus, the negative values were caused by low variability of the 
loads during the validation period (Figure 25). Furthermore, the model perfor-
mance was generally better during high loads than during low loads, as also 
demonstrated by the negative N-Sm values of TLR load dynamics (Table 15). 

Regarding TSS concentration, the N-Sm values of drain discharge and TLR dy-
namics were all negative. When those simulated concentrations which occurred 
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during the time periods that generated a minor share of the loads (concentration 
<20 g m-3 and <1% of the load) were neglected, the average measured TSS con-
centrations (228 g m-3 in Section 1 and 480 g m-3 in Section 2) in drain discharge 
were comparable to the simulated values (206–207 g m-3 in Section 1 and 506–
521 g m-3 in Section 2 with Models A–B) during the entire studied period. Also the 
simulated (338–341 g m-3 in Section 1 and 802–810 g m-3 in Section 2 with models 
A–B) and measured (456 g m-3 in Section 1 and 851 g m-3 in Section 2) mean TSS 
concentrations in TLR were on the same order of magnitude. The correspondence 
of the simulated and observed TSS concentration levels explains the capability of 
the model to reproduce the observed loads, since the simulated and measured 
drain discharge (D 6–37 mm or 1–5% of measured discharge ) and TLR (D -23 to 
-6 mm or -49 to -26% of measured TLR) were comparable during the studied time 
period.  

 

3.4.2 Sediment balances and sensitivity analyses 

The simulated sediment balance and load components with the three model struc-
tures (A–C) are shown in Table 16. As presented also in Figure 26, load via sub-
surface drains dominated the loads with all of the applied models and in both field 
sections. The simulation results from Model A and B also suggested that 8–9% of 
the load occurred via seepage to open ditches and 10–21% via groundwater out-
flow (seepage flux into the Kirkkojoki stream). Due to the higher amount of 
groundwater outflow in Section 2 (slope 5%) than in Section 1 (slope 1%), the load 
via groundwater outflow was higher in the steep field section. In the simulations, 
the majority of the detached particles at the soil surface infiltrated the subsurface 
domains (Table 16). Load via overland flow composed the lowest load component 
in the simulations and the majority (>80%) of the load via overland flow was col-
lected by the Kirkkojoki stream. Simulation results from Model C are shown for 
reference in Table 16 and Figure 26.  

The amount of eroded sediment with Models A and B (3104–3317 kg ha-1 a-1 in 
Section 1 and 3879–4171 kg ha-1 a-1 in Section 2) was higher than the simulated 
sum of the load components (1028–1077 kg ha-1 a-1 in Section 1 and 1756–2022 
kg ha-1 a-1 in Section 2) (Table 16). Sediment retention and deposition on the field 
surface removed 37–52% and 10–18%, respectively, of the eroded sediment in the 
simulations. With Model C the amount of retained sediment was even higher (Ta-
ble 16), since the sediment infiltrating the subsoil domain between the drain lines 
was not transported horizontally in the simulations, and thus it did not form load. 
Note also that the simulated load with the Model C were partly not consistent with 
the load data and thus the sediment balance simulation results with Model C may 
not be physically plausible. 
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Table 16. The simulated mean annual sediment balance components [kg ha-1 a-1] in Sections 1 
and 2 with Models A–C at the Gårdskulla Gård experimental site. (Paper IV) 

  Model A B C 

S
ec

ti
on

 1
 (

sl
op

e 
1%

) Erosion 3104 3317 11312 
Deposition (field surface) 560 561 1168 

Infiltration to the soil 2486 2698 9957 

Retention 1467 1729 9164 
Overland flow 58 58 187 

Seepage to open ditches 88 90 52 
Subsurface drains 770 773 737 

Groundwater outflow 161 107 5 
          
  Model A B C 

S
ec

ti
on

 2
 (

sl
op

e 
5%

) Erosion 3870 4171 12527 

Deposition (field surface) 410 433 695 

Infiltration to the soil 3327 3604 11595 
Retention 1439 1983 10715 

Overland flow 134 134 238 
Seepage to open ditches 167 147 74 

Subsurface drains 1288 1201 785 
Groundwater outflow 433 274 20 

 

In the simulations, the higher amount of erosion and load in Section 2 compared 
to Section 1 (Table 16) was explained by differences in soil hydraulic properties of 
the topsoil layers of the field sections. Particularly the difference in macroporosity 
of the topsoil promoted more rapid water infiltration to the subsurface domain in 
Section 2 than in Section 1, and thus in Section 1 the overland water had a higher 
protective impact against the erosive force of the raindrops (Eq. 6). 

The sensitivity analysis, where the calibrated parameter values were altered by 
+20% and -20%, demonstrated that the parameter changes had the highest im-
pact on load via subsurface drains (Figure 26). As shown in Figure 26, the model 
structure selection (Model A vs. Model B) had a higher impact on the groundwater 
outflow component than the parameter alterations.  
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Figure 26. The simulated mean annual sediment load components computed with Models A–C in 
(a) Section 1 and (b) Section 2 of the Gårdskulla Gård experimental site. The error bars denote 
the minimum and maximum loads from the parametric sensitivity analysis, where parameters val-
ues were increased and decreased by 20%. (Paper IV) 

 
The simulation scenario where Section 1 was simulated with the soil hydraulic 

parameters of Section 2, and vice versa, was conducted to study the sensitivity of 
the model to the soil parameters. The water flow model was found to be less sen-
sitive to the soil parameterization than the erosion and sediment transport model 
(Figure 27). The erosion and sediment transport model was the most sensitive to 
the changes in soil macroporosity. 

 
 

 

Figure 27. Simulated mean annual water outflow components (Model A) in (a) Section 1 and (b) 
Section 2 and simulated sediment load components in (c) Section 1 and (d) Section 2 with the 
measured soil hydraulic properties swapped between the field sections in the Gårdskulla Gård 
experimental site. (Paper IV) 
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4. Discussion 

4.1 Water flow and drainage 

The field-scale datasets and 3D simulations covered a range of experimental con-
ditions, including different drainage methods, terrain topographies and hydro-
meteorological circumstances. The results produced a rare computational closure 
and a quantification of the water balance in clayey high-latitude agricultural 
fields. During the growing seasons, evapotranspiration dominated the annual wa-
ter balance in all studied conditions, and clearly most of the water outflow oc-
curred outside the growing season. Drain discharge was the largest water balance 
component during the dormant seasons and also showed the highest interannual 
variation of the water balance components. Groundwater outflow in the deep soil 
layers beneath the drain depth stayed active also during the growing seasons and 
formed the largest outflow component during the studied summer periods. The 
magnitude of the subsurface outflow pathways exceeded the amount of TLR. As 
noted previously by Deelstra et al. (2009), a major share of annual water outflow 
can occur during winter seasons in high-latitude conditions. The results of this 
thesis also demonstrated how water balance components can be distributed dur-
ing winter periods and that drain discharge may typically form the highest outflow 
component during winter seasons.  

The water balance components of this study can be compared against previous 
studies, although such studies typically consider only drain discharge and TLR. 
Turtola et al. (2007) observed drain discharge to be on average 25% of precipita-
tion in a field with heavy clayey soil and a slope of 2% in southern Finland. Bech-
mann (2012) observed on average 27% of precipitation to form drain discharge in 
a silt soil in southern Norway. A monitoring study by Øygarden et al. (1997) 
showed that 24% of precipitation converted to drain discharge in a silty clay loam 
soil with a slope of 8–9% in southern Norway. Jin and Sands (2003) noted that 
drain discharge was 30–40% of precipitation in a field with a clay loam soil in 
southern Minnesota. In the conditions of the current study, the observed drain 
discharge component was 18–34% of precipitation, being the highest in the flat 
field section of Gårdskulla Gård and lowest at the Nummela site. The relatively 
low proportion of drain discharge in the Nummela field was due to the wide drain 
spacing (approximately 32 m) in Section D and groundwater outflow via the ad-
jacent steep slope. At the Nummela site, the magnitude of the drain discharge 
component was the lowest in the poorly drained Section D (10%) and highest in 
Section C (32%). As compared to the previous studies, the magnitude of the ob-
served drain discharge component in the studied fields of the current study can 
be considered typical for high-latitude conditions.  
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The amount of subsurface outflow exceeded the amount of TLR in the condi-
tions of the current study. The proportion of drain discharge to the sum of TLR 
and drain discharge (DD/TD) values was observed to be 0.85–0.93 in the field 
sections of Gårdskulla Gård and 0.53–0.87 in the sections of the Nummela site. 
Previously, Seuna and Kauppi (1981) observed DD/TD of 0.77 in a clayey field in 
southern Finland. Uusitalo et al. (2007) reported DD/TD values of 0.5–0.8 in 
subdrained field plots with heavy clayey soil. Bechmann (2012) reported a value 
of 0.77 and Øygarden et al. (1997) a value of 0.49 in an agricultural field in Nor-
way. Also Jin and Sands (2003) reported clearly higher drain discharge than TLR 
amounts in long-term simulations in Minnesota. Compared to these previous 
studies, the measured amount of drain discharge and DD/TD values appeared to 
be partly higher than in the previous studies but are likely representative for a 
range of well-drained high-latitude clay soils.  

The results of this thesis showed that groundwater outflow can form a major 
water balance component in clayey fields. Even though previous simulation stud-
ies (e.g. Hintikka et al. 2008; Gärdenäs et al. 2006; Larsson and Jarvis 1999; Mo-
hanty et al. 1998) suggested that groundwater outflow may impact the hydrology 
of clayey fields, the quantification of the seasonal and long-term amount of 
groundwater outflow has not been previously conducted. The results suggested 
that groundwater outflow can be active even in relatively flat fields with a slope of 
≥1%. The magnitude of groundwater outflow was shown to be controlled by the 
terrain slope and the topography of the underlying impermeable bottom bound-
ary. An increase in terrain slope was found to result in a decreased amount of 
drain discharge due to the increased amount of groundwater outflow. The results 
demonstrate that in this sense the hydrological impact of the terrain slope in 
structured soils can be analogous to the impact of the slope in frictional soils 
(Fipps and Skaggs 1989). Thus, as demonstrated in Paper I and III, steep field 
sections typically require less efficient subsurface drainage methods than flat sec-
tions or sections located adjacent to a slope. Furthermore, the studied fields were 
shown to share a hydrological connection with the surrounding areas through 
groundwater flow, and this connection was found to impact the water balances of 
the fields. In practice, the results indicate that field topography as well as the to-
pography of the surrounding field areas should be taken into account when de-
signing drainage systems for sustainable and productive crop production. Such 
connections should also be taken into account in empirical paired catchment 
studies (e.g. Äijö et al. 2014; Seuna and Kauppi 1981) and the hydrological impacts 
of connectivity via groundwater outflow have not been previously quantified on a 
field and field section scale in structured soils. Even though the studied range of 
terrain slopes was representative of the majority of Finnish agricultural fields, the 
studied range was partly limited when compared with the wide range of terrain 
slopes in the high-latitude areas. However, the results conceptualize the slope im-
pact on lateral preferential flow processes and can be considered to be applicable 
also in areas with a higher slope. 

As shown in previous studies (e.g. Appels et al. 2011), field areas can also share 
a lateral hydrological connection through overland flow. In the current study the 
amount of overland flow was smaller than the amount of groundwater outflow, 
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and thus the hydrological connection of groundwater flow was shown to have a 
higher impact on the water balance than surface runoff. Based on the results, this 
can be assumed to be a common feature in well-drained high-latitude clayey fields 
where subsurface outflow pathways dominate. Furthermore, open ditches are a 
common and relatively easy method to direct surface runoff, whereas groundwa-
ter outflow is more difficult to control and quantify.  

In order to improve the understanding of hydrological processes of clayey agri-
cultural fields, it would be beneficial to further study the soil hydraulic properties 
and preferential flow paths in the deep soil layers beneath the subsurface drains. 
A few empirical studies (Kessler et al. 2012; Yli-Halla et al. 2009; Knud and 
Gravesen 1999) have demonstrated that lateral preferential flow paths, such as 
layers of coarse material embedded in the soil matrix, can reside in the deep soil 
layers. As pointed out by Nielsen et al. (2010), vertical macropores can also be 
directly connected to lateral preferential flow paths, which allow a rapid flow of 
water from the field surface to the horizontal pathways. Lorente and Bejan (2006) 
and Sidle et al. (2001) also suggested that preferential flow paths can have a ten-
dency to self-propagate in the down-slope direction. Kessler et al. (2012) further 
noticed that sand lenses embedded in clayey soils can be discontinuous. However, 
Nieber and Sidle (2010), who simulated water flow in a soil with disconnected 
macropores in 3D, noticed that even disconnected preferential flow pathways can 
form preferential flow networks in saturated soils. Based on the literature, it can 
be assumed that the groundwater outflow in clayey fields is generated in lateral 
and partly discontinuous preferential flow paths. A comprehensive understanding 
of the groundwater outflow generation processes in high-latitude clayey fields 
would require detailed observations of the subsoil hydraulic properties. The re-
sults of this thesis demonstrate that understanding the role of the different subsoil 
hydraulic properties in water balances would further benefit of 3D hydrological 
model applications, which have rarely been conducted before in high-latitude 
clayey soils. Also, it would be worthwhile to consider the validity and importance 
of the fill and spill hypothesis (Tromp-van Meerveld and MacDonnell 2006), 
which suggests a threshold-like response to subsurface outflow generation.  

In addition to groundwater outflow, terrain topography is known to affect sur-
face runoff generation (Appels et al. 2011; Freer and Bay 1969), although soil frost 
and farming operations also have an impact on its generation (e.g. Turtola et al. 
2007; Stähli et al. 2001). Stähli et al. (1996), who simulated water flow in frozen 
structured soil, noted that if soil was not saturated during freezing, soil preferen-
tial flow paths stayed air-filled and conducted water effectively during snowmelt. 
This suggests that even though frost can have an impact on surface runoff gener-
ation in clayey fields (Seuna and Kauppi 1981), the potential may be lower in well-
drained fields. Hydrological processes during snowmelt, however, are highly com-
plex and infiltration of meltwater is also affected by preferential flow paths in the 
snowpack (Waldner et al. 2004). Infiltration into frozen soil can be also spatially 
highly variable and dependent on the soil micro-topography (French 1999). Soil 
frost can also have an impact on soil hydraulic properties and pore size distribu-
tion (e.g. Lundin 1990). Furthermore, formation of an ice layer on the soil surface 
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or topsoil layer can also affect infiltration of water to the soil profile during snow-
melt (Jones and Pomeroy 2001). In this thesis, the simulated TLR with the model 
that excluded the frost-induced impacts on water flow were compared to the TLR 
observations in order to assess the frost-induced impacts on water balance. The 
results suggested that even though the impact of frozen soil conditions occasion-
ally increased the amount of TLR, frozen soil conditions typically did not have a 
substantial effect on the distribution of the water balance component. However, 
the variation of observed TLR during those spring periods when frost affected 
TLR generation, was higher than the variation during other spring and autumn 
periods. The applied model without computational schemes of frost-induced im-
pacts on water flow was able to reproduce the measured magnitude of the drain 
discharge during spring periods. The results suggest that despite the complexity 
of outflow generation during snowmelt periods, soil frost may typically have only 
a minor effect on the distribution of water balance components in well-drained 
structured soils with a slope of ≤5%.  

It was also noted that annually TLR events were mostly triggered by the satura-
tion-excess mechanism in the studied conditions, which is in line with the find-
ings of Needelman et al. (2004), who studied surface runoff generation in Penn-
sylvania (USA). However, Needelman et al. (2004) were unable to study winter 
conditions due to equipment limitations. Even though there also were equipment 
limitations in the current study, the simulation and observations of this thesis 
suggested that TLR events were mostly triggered by a saturation-excess mecha-
nism also during spring periods. Furthermore, although the field slope increased 
the amount of TLR, the terrain slope had a higher impact on the amount of 
groundwater outflow than TLR. The results have novelty value because the field 
slope impact on both groundwater outflow and TLR has not been previously stud-
ied simultaneously in high-latitude structured soils.  

Although the effects of the changes in tillage operations were not included in the 
model, the model was able to reproduce the observed hydrological variables. This 
indicates that tillage operations may not have a high impact on the water balance 
components in well-drained soils, which is in line with the findings of the meta-
analysis of Sun et al. (2015), who claimed that tillage does not have a significant 
impact on runoff generation in fields with a gentle slope (<5%) and high clay con-
tent (≥33% clay). In contrast to the findings of this thesis, Turtola et al. (2007) 
noted that tillage had a high impact on the distribution of water balance compo-
nents in subsurface drained field plots with a heavy clay soil and a slope of 2%. It 
can be assumed that unknown site-specific features can cause differences in run-
off generation under the impacts of tillage operations. Furthermore, as pointed 
out by Sun et al. (2015), the effect of tillage on runoff generation can be higher in 
fields with a moderate slope (5–10%). Also other factors, such as rainfall intensi-
ties are likely to have an impact on how surface runoff is generated under the in-
fluence of different soil tillage conditions.  

The water balance simulations with different PET estimates suggested that the 
standard methods had limitations in describing evapotranspiration in the agricul-
tural fields with a temporally varying crop cover. Even though the methods were 
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able to take into account various hydrometeorological variables and their tem-
poral changes, the PET estimates had to be adjusted to adequately describe evap-
otranspiration in the applications. The crop coefficient approach (PETCropc) was 
capable of taking into account the temporal variations in crop cover, but led to an 
overestimation of the amount of evapotranspiration in the model. The calibrated 
constant crop coefficient approach (PET07) appeared to adequately describe the 
amount of evapotranspiration in the model, as the simulated and observed dis-
charges corresponded with each other after the growing seasons. However, the 
PET07 approach did not adequately describe the impact of the crop cover changes 
on PET. The results highlight the need to determine crop coefficients in high-lat-
itude conditions, e.g. with empirical lysimeter data. It would be further beneficial 
to study the impacts of different stress factors on transpiration (e.g. Lhomme et 
al. 1998) and compensatory root water uptake processes (Jarvis 2011) in the evap-
otranspiration simulations. The simulations also showed that the magnitude of 
the evapotranspiration estimate had a higher impact on drain discharge and TLR 
components than on groundwater outflow. The climate change is expected to in-
crease evapotranspiration rates in high-latitude conditions (e.g. Xu 2000). 
Johnsson and Jansson (1991) also noted that evapotranspiration in grass-covered 
fields can be clearly higher than in plots cultivated with barley. The results of this 
thesis can give an insight into how the increase in evapotranspiration due to cli-
matic or land-use change can affect field water balances. The effects of increasing 
evapotranspiration on different outflow components have not been quantified 
previously in subdrained clayey high-latitude fields. Moreover, the results high-
light the fact that outflow components during spring periods are practically unaf-
fected by the evapotranspiration estimate.  

The drain installation method was found to have an impact on drain discharge 
dynamics of the studied field sections. The trenchless installation method had a 
more pronounced impact on drain discharge dynamics than the trench installa-
tion method, which is line with the findings of previous studies in clayey soils (e.g. 
Boels 1978). However, the simulation results also suggested that, although the 
trenchless method lowered the peak drain discharge values, it also increased the 
length of drain discharge events. The impact of the drain installation method has 
been rarely studied in the context of field water balance. The results of this thesis 
suggest that the choice of drain installation method had a minor impact on the 
water balance of the clayey field. According to the simulations, drain spacing and 
terrain topography had a higher impact on drain discharge generation than the 
studied differences in the drain installation method, drain depth and envelope 
material. However, it should be noted that the installations in this study were con-
ducted in dry soil moisture conditions and that the hydrological impact of drain 
installation in clayey soils is dependent on prevailing soil moisture conditions at 
the time of the installations (e.g. Spoor and Fry 1983). Furthermore, the impact 
of trenchless drain installation on soil hydraulic properties may be highest ap-
proximately for one year after the drainage and may gradually diminish during 
the following years (Olesen 1978). 
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4.2 Erosion and sediment transport 

The results of this thesis underlined the fact that the largest portion of suspended 
sediment load in clayey agricultural fields can occur via subsurface drains. Also, 
many previous studies (Warsta et al. 2013b; Bechmann 2012; Turtola et al. 2007; 
Uusitalo et al. 2001; Øygarden et al. 1997) have observed subsurface drains to 
convey a major share of the loads from clayey fields in different hydrometeoro-
logical circumstances. Climate change is expected to reduce the amount of SWE 
(Räisänen et al. 2008) and to increase sediment loads in Finland (Puustinen et al. 
2007); and the results of this thesis demonstrate how the loads may be distributed 
in conditions with low snow cover. Distribution of the loads to different compo-
nents, including load via groundwater outflow, has not been previously quantified 
in subdrained high-latitude clay fields. Based on the results, it is suggested that 
sediment load studies and mitigation attempts should focus more on subsurface 
load pathways, even though methods to decrease subsurface loads may not cur-
rently exist. Previously, also Deasy et al. (2009) suggested that load mitigation 
should focus more on subsurface loads. While buffer strips at field boundaries can 
retain suspended sediment load from surface runoff (Uusikämppä and Jauhi-
ainen 2010), the strips cannot have a high impact on total load when the majority 
of the load bypasses them via subsurface pathways.  

In this thesis, three model structures (Models A–C, Figure 12) were applied to 
study sediment balances and suspended sediment transport pathways in the two 
field sections of the Gårdskulla Gård experimental site. The results demonstrated 
that lateral sediment transport was essential for describing subsurface sediment 
transport in the clayey soils. When lateral transport pathways were excluded in 
the subsurface domain in the model, the simulation results were inconsistent with 
the data. Previously Øygarden et al. (1997), who empirically studied erosion and 
sediment transport in a subdrained silty clay loam soil, also claimed that sus-
pended sediment can be transported in soil profile via lateral and vertical 
transport pathways. The results of this thesis suggest that the effect of lateral con-
nections on sediment transport was more pronounced in the steep field section 
(slope 5%) where the amount of groundwater flow was higher than in the flat field 
section. In the models where lateral transport was allowed (Models A and B), load 
via groundwater outflow formed 10–21% of the load in the field sections. The im-
pact of slope on the load via groundwater outflow has not been quantified previ-
ously in high-latitude subdrained clay fields. As the impacts of different drainage 
and management methods on loads are often evaluated by monitoring subsurface 
drain discharge and TLR (e.g. Turtola et al. 2007; Øygarden et al. 1997), such a 
monitoring approach may result in a biased estimate of the impacts of the man-
agement methods on total loads when part of the load occurs via groundwater 
outflow.  

Transport of suspended solids in soil is a complex process. In addition to con-
tinuous biopores (e.g. Nielsen et al. 2010) discontinuous macropores and the in-
terface between the plough layer and the underlying soil profile can allow a pref-
erential flow of water (Alberti and Cey 2011; Nieber and Sidle 2010; Haria et al. 
1994) and thus also enable preferential transport pathways for small particles. 
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Transport of particles in the soil domain can also be impacted by sieving and re-
tention processes (van den Bogaert et al. 2016; Burkhardt et al. 2008; Turtola et 
al. 2007; Jarvis et al. 1999), although the majority of TSS in drain discharge may 
be of colloid size and not sensitive to sieving (Ulén 2004). The computational ap-
proach of this thesis produced an estimate of the dominating components of the 
sediment balance, suggesting that the major share of detached particles stayed in 
the field and did not form load due to retention (Table 16). Even though the pro-
cesses affecting load generation have also been studied previously, the quantifica-
tion of the role of the different processes in sediment balances has been rarely 
conducted and therefore has novelty value. According to the simulations, a share 
(10–18% with Models A–B) of the eroded sediment also settled on the field sur-
face and thus did not form load. However, it also needs to be noted that the results 
of this thesis apply particularly to well-drained fields with a slope of ≤5%. In areas 
with a steeper slope some processes, for example surface runoff and hydraulic 
erosion, may be more dominant, and induce dissimilar distribution of sediment 
components as compared to the results of this thesis.  

The simulation results showed that the erosion and sediment transport model 
was highly sensitive to changes in soil hydraulic properties whereas the water 
model was clearly less sensitive to the changes (Figure 27). The sensitivity of the 
transport model to the changes in soil hydraulic properties was attributed partic-
ularly to the changes in soil macroporosity. In a previous empirical study Ulén et 
al. (2014) also noticed that the transport of substances in clayey soils can be highly 
sensitive to the characteristics of the soil structure.  

 

4.3 Modelling water flow, erosion and sediment transport 

FLUSH was found to be a useful tool in assessing the hydrological processes in 
clayey agricultural fields and it produced a closure of the water balance by de-
scribing the dominant water balance components.  Moreover, the model was able 
to reproduce the magnitude and temporal variation of the observed hydrological 
variables in the various studied conditions. One of the benefits of the 3D model-
ling approach was the possibility to integrate different hydrological, soil and hy-
drometeorological data into a single modelling framework in the water balance 
assessment and to describe spatially varying hydrological processes more com-
prehensively than with the 1D and 2D approaches. The findings underline the ne-
cessity of including lateral flow processes in the structure of hydrological models 
if a comprehensive description of the water balance components is of interest. 
Even though previous modelling studies have indicated that lateral flow processes 
can have an impact on field hydrology (e.g. Gärdenäs et al. 2006; Mohanty et al. 
1998), a computational estimate of lateral groundwater outflow in the water bal-
ance of clayey fields has not been previously conducted.  

One of the main findings of the thesis was that different field areas can be hy-
drologically connected through groundwater flow processes, and hydrological 
processes of the fields can be linked to nonlocal processes. Water balance models 
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likely include structural uncertainty if they do not take into account such connec-
tions. This finding further indicates that in order to improve the accuracy of the 
water balance estimates, it would be beneficial to move from field-scale to catch-
ment scale, as the regions surrounding the studied fields can impact the water 
balance of the fields. The finding has novelty value because previously the hydro-
logical impacts of lateral preferential flow from surrounding field areas have been 
rarely assessed. The recent development of computational schemes that allow to 
the simulation of water flow in open channels (Haahti et al. 2016) enables the 
possibility to apply FLUSH in small catchments in the future. 

Analysing field-scale water balances with long-term data and the 3D modelling 
approach provided a method to assess the dominating components in a way, that 
revealed such information of the lateral flow processes that would be challenging 
solely with empirical data. For example, even though dye tracers are commonly 
applied to visually assess the flow pathways in clayey soils, recent studies have 
found that the tracers possess sorptive properties, which highlights the fact that 
the visual tracer studies may not provide a complete understanding of the flow 
routes in structured soils (Morris et al. 2008; Ketelsen and Meyer-Winder 1999). 
Furthermore, TDR observations have been shown to include a high amount of 
uncertainty in clayey soils (Bittelli et al. 2008), and interpretating observations 
from groundwater monitoring tubes can be challenging in clayey soils (Bouma et 
al. 1980). Datasets can also include other kinds of uncertainties such as undocu-
mented drainage networks, as found by Nousiainen et al. (2015). These examples 
underline the benefit and necessity of model applications when assessing hydro-
logical processes and water balances in agricultural fields. Model scenarios also 
provided a method to quantify the hydrological impacts of different factors and 
interlinks of water balance components, which would not have been possible to 
assess with the data. Direct measurements of the amount of groundwater outflow 
using the method of Rozemeijer et al. (2010a) combined with a 3D modelling ap-
proach would likely provide an improved means to assess the groundwater out-
flow processes in clayey fields. Observations of within-field hydrological processes 
could further be beneficial in assessing the hydrological processes in more detail 
(Salo et al. 2017). Model applications could be further utilized to optimize the de-
sign of experiments for various tasks (e.g. Kikuchi et al. 2015). 

Modelling techniques inevitably include both parametric and structural uncer-
tainties (e.g. Refsgaard and Henriksen 2004) and the model had challenges in 
describing the TLR dynamics especially in the flat Nummela field. Though the 
amount of TLR was found to be small compared to the subsurface flow compo-
nents, the improvement in the description of TLR in the model could further im-
prove the model performance. As pointed out, e.g. by Appels et al. (2011), surface 
runoff models in relatively flat fields should include descriptions of the impacts of 
microtopography on the routing of surface runoff. However, incorporating these 
processes into computational models would be challenging because it may be dif-
ficult to interpret how the organization of microtopography is affected by different 
land-use conditions and farming operations. The inclusion of computational 
schemes to describe frost-induced impacts on soil hydraulic properties would fur-
ther enhance the description of TLR and other interlinked hydrological processes 
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in FLUSH. Furthermore, such a scheme may be a necessity when applying the 
model for example in poorly drained areas where a higher amount of surface run-
off can occur. The development task would likely require more detailed data on 
soil moisture, frost and overland flow dynamics.  

In addition to TLR, the relative difference between the simulations and obser-
vations was often found to be worse during low-flow than high-flow events in 
drain discharge simulations. As pointed out by Wagener (2003), it is a common 
feature of computational models to be unable to reproduce both low-flow and 
high-flow events with a single parameter set. It can be argued that in low-flow 
conditions, water flow is sensitive to dynamic changes, e.g. in soil properties, 
whereas a higher amount of water flow may move in a more predictable manner 
in organized patterns and shapes (Savenije 2001). Agricultural field surfaces and 
soil structure are subject to a wide range of farming and weather conditions, 
which may make it difficult to interpret the impact on the flow of small amounts 
of water. However, the high-flow events typically contribute more to the water 
and sediment balance than the low-flow events, and thus the model appeared to 
be a suitable tool for analysing the balances. Overall, the application of multiple 
model parameterizations, e.g. with GLUE method (Beven and Binley 2014), would 
further help to assess the model uncertainties in more detail. 

Further development of the subsurface water flow description would benefit of 
improved means to parameterize the soil preferential flow paths. As pointed out 
by Beven and Germann (2013) and Jarvis (2007), there are still challenges in pro-
cess understanding and parameterization of preferential flow processes in com-
putational models. The results of this study suggest that a 3D model could include 
spatially varying WRCs for soil preferential flow paths, since for example biopores 
above the subsurface drains likely have essentially different water retention prop-
erties than the layers of coarse material in the deeper soil layers (e.g. Kessler et al. 
2012; Yli-Halla et al. 2009). Moreover, as pointed out by Nieber and Sidle (2010), 
some of the water conducting preferential flow paths can be discontinuous and 
describing water flow in those pathways in more detail should likely include 
threshold-like responses to the build-up of hydraulic water pressure in the 
macropores. Moreover, as pointed out by Tromp-van Meerveld and Weiler (2008) 
the parameterization of the bottom boundary condition in the simulations of hy-
drology in agricultural fields is challenging and should be further studied to im-
prove the parameterization of the models. The results of this thesis point out the 
challenges related to setting up detailed hydrogeological model structures in wa-
ter balance models in clayey areas.  

Regarding sediment transport simulations, it was shown that different model 
structures (regarding subsurface connectivity, Figure 12) and parameterizations 
can results to qualitatively similar correspondence with the calibration variables, 
including load via TLR and drain discharge. However, it was shown that lateral 
transport in the subsurface domain is essential in describing sediment transport 
in structured soils. A computational assessment of the role of lateral preferential 
sediment transport in clayey high-latitude fields has not been conducted previ-
ously. According to the results, simulations with the different model structures 
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can expose uncertainties that parametric uncertainty analysis cannot reveal (Fig-
ure 26). Although structural uncertainties have been previously studied in hydro-
logical models (e.g. Højberg and Refsgaard 2005; Butts et al. 2004), the impacts 
of different model structures related to subsurface sediment connectivity have 
rarely been quantified previously. These findings demonstrated that care should 
be taken when choosing a model structure and that lateral transport of suspended 
sediment in the soil domain should be included in simulations when assessing 
transport pathways. The simulations provided a rare quantification of the sedi-
ment balance components, although a more comprehensive assessment would re-
quire erosion and transport observations within the field (in addition to the out-
flow data).  

It was also shown that, even though the model was able to reproduce the mag-
nitude and temporal variation of the observed loads, there was a mismatch be-
tween the simulated and observed TSS concentrations dynamics. Previously, 
Rankinen et al. (2010), who simulated erosion and sediment transport in Finnish 
catchments with the Inca-Sed model, also was not able to reproduce the observed 
concentration dynamics in a catchment dominated by clayey soils. Based on the 
study of Rankinen et al. (2010) and the findings of this thesis, it is claimed that 
the dynamic erodibilities and aggregate stability processes (e.g. Bryan 2000) 
should be taken into account to be able to produce a more comprehensive com-
putational description about the dominating erosion processes in structured soils. 
Furthermore, it would be beneficial to apply such models in fields with different 
characteristics to decipher the contribution of various erosion processes in differ-
ent circumstances. It is also claimed that concentration data may encompass 
more information about the erosion processes than just the load data because the 
correspondence between simulated and observed concentrations can be poor 
while the model reproduces the loads adequately. 
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5. Conclusions 

This thesis provided a rare computational quantification of the water and sedi-
ment balances in subdrained clayey agricultural fields with mean slopes of 1–5% 
in high-latitude conditions. Lateral preferential groundwater flow processes were 
shown to form a major water balance component in the studied conditions. The 
amount of groundwater outflow was shown to be controlled by the terrain slope 
and the topography of the underlying soil profile. An increase in the field slope 
resulted in a decreased amount of drain discharge due to the increased amount of 
groundwater outflow and its secondary drainage impact. Therefore drainage im-
provements were found to have a lower impact on field hydrology in sloping areas 
than in flat areas. Furthermore, the study demonstrates that field areas can be 
hydrologically connected to the surrounding field areas, which means that the 
nonlocal processes outside the fields can impact their water balance due to the 
groundwater flow processes. In practice, the results suggest that the slope of the 
arable fields and the surrounding areas should be taken into account when de-
signing drainage procedures. It is suggested that sloping field areas require less 
efficient artificial drainage procedures as compared to a similar field with a flat 
topography. Conceptually the results of this thesis can also be beneficial for the 
design of hydrological measurement campaigns and interpretation of empirical 
field-scale data. Lateral preferential flow processes should also be taken into ac-
count in hydrogeological model structures. The hydrological impacts of lateral 
preferential flow have not been previously quantified in high-latitude clayey 
fields.  

Evapotranspiration dominated the field water balances annually, and the larg-
est share of the evapotranspiration occurred during growing seasons. The results 
suggest that standard methods (FAO-56) need to be adjusted in order to accu-
rately describe evapotranspiration in the high-latitude conditions, where the crop 
coefficients have not been determined by intensive empirical studies. The magni-
tude of the PET was shown to have a major impact on water outflow components, 
although the impact was clearly the lowest on groundwater outflow. This suggests 
that an increase in evapotranspiration in a field area would have a higher impact 
on fast flow processes than on the slow flow processes via groundwater outflow. 
Quantification of the impacts of the changing amount of evapotranspiration sim-
ultaneously on all dominant water balance components has not been conducted 
in previous studies. During the growing seasons, groundwater outflow formed the 
highest outflow component. Drain discharge was the highest outflow component 
during the dormant season and had the highest interannual variation. Due to the 
effective percolation of water via soil macropores, tillage layer runoff occurred 
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mostly during the periods of high water table conditions (saturation excess) in the 
spring, autumn and winter periods. The results suggested that soil frost typically 
did not have a high impact on annual water balance, even though soil frost condi-
tions intermittently led to an increased amount of tillage layer runoff in the fields.  

Subsurface sediment transport pathways dominated the loads in the studied 
conditions, which suggested that water protection measures should focus more 
on subsurface load pathways. Load via subdrains formed the highest load compo-
nent, whereas load via groundwater outflow also contributed to the load genera-
tion, especially in a steep field section (slope 5%). Load via groundwater outflow 
has not been previously taken into account in field-scale studies in clayey fields; 
and the results of this thesis suggested that a quantification of total loads may 
result in biased estimates if the load component is not taken into account. Fur-
thermore, the simulations provided a rare quantification of the sediment balances 
and demonstrated that the majority of the detached particles may not form load 
due to the retention and settling processes. The erosion and sediment transport 
simulations also suggested that, in addition to hydraulic erosion and the kinetic 
force of raindrops, aggregate stability and breakdown processes should be taken 
into account in erosion models.  

The 3D dual-permeability approach of FLUSH was found to be a suitable tool 
for water balance analysis and drainage procedure impact assessment in clayey 
fields. The 3D approach had the capability to take into account the spatially vary-
ing drainage systems and field characteristics more comprehensively than the 
widely applied 1D and 2D models. The 3D FLUSH model was able to reproduce 
the magnitude and temporal variation of the observed hydrological variables, and 
the water balance quantification was constrained by the information content of 
the various observed outflow and state variables. More detailed information about 
the hydraulic properties of the deep soil layers, more detailed observations of wa-
ter flow processes within the field, and direct observations of the amount of 
groundwater outflow would be of benefit for further improved quantification of 
the water balances and determination of the model parameters. The 3D simula-
tion approach provided novel process-based descriptions of the sediment 
transport mechanisms and quantification of the lateral preferential load compo-
nent. More detailed sediment balance simulations would require data on erosion 
and sediment transport processes within the field, in addition to the outflow data. 
The sediment transport simulations further suggested that structural uncertain-
ties regarding sediment transport pathways in the subsoil domain can induce 
higher uncertainties in the load simulations than parametric uncertainty. It is rec-
ommended that simulation strategies should apply different model structures in 
addition to the widely applied parameter sensitivity analyses. 
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Annex I. Observed median groundwater depths in field sections A–D of the 
Nummela experimental site in (a) 2010, (b) 2011 and (c) 2012. Observations dur-
ing those time periods when groundwater depth was below the tube depth (1.6 m) 
were assigned a depth of 1.6 in the calculation of the median values. 
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Annex II. (a) Hourly and (b) daily simulated and observed radiation components 
and (c) hourly and (d) daily potential evapotranspiration of the reference surface 
in the model application at the Nummela experimental site. 
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