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Abstract 

The topic of this PhD study was modeling of spatially distributed nitrate transport and 
reduction at catchment scale in order to delineate so-called nitrate sensitive and nitrate robust 
areas with respectively low and high nitrate reduction potential. The research firstly focused on 
some of the main challenges in this topic: to estimate the depth of the redox interface and to 
accurately simulate local scale water flow patterns. These two issues are important since they 
control how much and where nitrate is reduced in the saturated zone. Finally, the study also 
looked into the uncertainty on the estimated nitrate reduction potentials and evaluated on the 
predictive capability of catchment scale models. The PhD research has resulted in three papers. 

In the first paper the objective was to evaluate whether the simulation of local scale water flow 
patterns in the tile drained Lillebæk catchment could be improved by including small-scale tile 
drain discharge observations in the calibration of a catchment-scale model. The study showed 
that including tile drain data did improve model performance on catchment scale. However, the 
model performance on tile discharge was poor whether or not tile drain observations were 
included. It is hypothesized that the poor representation of tile drain flow in the model is due to 
lack of geological heterogeneity in the model. 

In the second paper a concept for estimating depth of the redox interface was developed based 
on a process-based understanding of how the redox interface has developed to its current 
location. The concept was tested by applying it for the clayey till Norsminde catchment and 
comparing estimated and observed redox depths. The redox concept was found to be able to 
estimate the general location of the redox interface in Norsminde catchment. However; when 
comparing the estimated depths with observed redox depths at individual wells, the estimated 
depths did not fit well with observations. It is hypothesized that one of the main reasons for the 
lack of predictive capability on small scale for the application of the concept in Norsminde is the 
lack of spatial variation in sediment redox capacity within the till. 

In the third paper spatially distributed nitrate reduction potential in the saturated zone was 
estimated and the uncertainty on the estimate due to geological uncertainty was evaluated 
using multiple geological realizations. Uncertainty on the geology was found to give rise to large 
uncertainty on the predicted nitrate reduction at grid scale, but the uncertainty decreased with 
increasing scale. The study showed, that the decrease in uncertainty was largest in the 
beginning and then leveled off at a scale corresponding to the mean length of sand units in the 
till, indicating that the spatial resolution of the geology is constraining at what spatial scale a 
distributed model has predictive capabilities. Furthermore, the geological uncertainty and 
thereby also the uncertainty on predicted nitrate reduction was found to decrease when using 
geophysical data in combination with borehole data in the generation of geological realizations. 

The main outcome from this PhD research was that nitrate sensitive and nitrate robust areas 
can be predicted using a physically-based distributed model, but since catchment models most 
often lack predictive capabilities at grid scale the uncertainty on the estimated nitrate reduction 
potential at grid scale is large. It should therefore be evaluated at which spatial scale the 
predicted nitrate reduction potential can be used. The reason for the lack of predictive 
capability at grid scale is insufficient description of spatial patterns of parameters and input 
data in the models. In particular, it is important to describe the spatial variation in the location 
of the redox interface and the local scale geological heterogeneity, which control the local scale 
groundwater flow patterns, in the model. 
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Resumé (Danish) 

Emnet i dette PhD studie har været modellering af rumlig distribueret nitrat transport og 
reduktion på oplandsskala for dermed at kunne afgrænse såkaldte nitrat følsomme og nitrat 
robuste områder med henholdsvis lav og høj nitrat reduktion i grundvandszonen. Forskningen 
har dels fokuserede på nogle af hovedudfordringer indenfor dette emne: at estimere dybden af 
redoxgrænsen og at simulere lokale strømningsmønstre korrekt. Disse to emner er vigtige, da 
de styrer hvor meget og hvor nitrat reduceres i den mættede zone. Studiet har derudover også 
kigget på usikkerheden på de estimerede nitrat reduktion potentialer og evalueret på 
oplandsmodellers prædiktive evner. PhD studiet har resulteret i tre artikler. 

Formålet i den første artikel var at vurdere, om simuleringen af lokale strømningsmønstre i det 
drænede Lillebæk opland kunne forbedres ved at inkludere småskala observationer af 
drænafstrømning i kalibreringen af en oplandsmodel. Studiet viste, at brugen af dræn data var i 
stand til at forbedre modelens ydeevne på oplandsskala. Men modellens evne til at simulere 
drænafstrømning var dårlig både når dræn dataene ikke var inkluderede i kalibreringen og når 
de var. Det menes, at den dårlige repræsentation af drænafstrømning i modellen skyldes den 
manglende beskrivelse af geologisk heterogenitet i modellen. 

I den anden artikel blev et koncept til at estimere dybden til redoxgrænsen udviklet baseret på 
en procesbaseret forståelse af, hvordan redoxgrænsen har udviklet sig til sin nuværende 
placering. Konceptet blev testet ved at anvende det for det moræneler dominerede Norsminde 
opland og ved at sammenligne estimerede og observerede redoxdybder. Redoxkonceptet viste 
sig at være i stand til at estimere den generelle placering af redoxgrænsen i Norsminde 
oplandet. Men ved en sammenligning af de estimerede dybder med observerede redoxdybder 
for individuelle observationsboringer, stemte de estimerede dybder ikke særlig godt overens 
med observationerne. Det menes, at en af de vigtigste årsager til den manglende prædiktive 
evne på lokal skala ved anvendelsen af konceptet i Norsminde er den manglende beskrivelse af 
den rumlige variation i redoxkapacitet i moræneleren. 

I den tredje artikel blev rumlig distribueret nitratreduktionspotentiale i den mættede zone 
estimeret og usikkerheden på dette på grund af geologisk usikkerhed blev evalueret ved brug af 
et antal geologiske realisationer. Usikkerhed på geologien resulterede i stor usikkerhed på den 
estimered nitratreduktion på grid skala, men usikkerheden faldt med stigende skala. Studiet 
viste at faldet i usikkerheden var størst i starten, hvorefter kurven fladede ud. Den skala hvor 
kurven startede med flade ud stemmer overnes med den gennemsnitlige længde af sandlinser i 
moræneleren, hvilket indikerer, at den rumlige opløsning af geologien er begrænsende for på 
hvilken rumlig skala en distribueret model har prædiktive evner. Studiet viste desuden også at 
usikkerheden på geologien og dermed også usikkerhed på den estimerede nitratreduktion kan 
mindskes ved brug af geofysiske data i kombination med boringsdata ved generering af 
geologiske realisationer. 

Hovedresultatet fra dette PhD studie var, at nitrat følsomme og nitrat robuste områder kan 
afgrænses ved brug af en fysiskbaseret distribueret model, men da oplandsmodeller oftest 
mangler prædiktive evner på grid skala er usikkerheden på den estimerede nitratreduktion stor 
på grid skala. Det bør derfor vurderes på hvilken rumlig skala den estimerede nitratreduktion 
kan anvendes. Årsagen til den manglende prædiktive evne på grid skala er utilstrækkelig 
beskrivelse af rumlige mønstre af parametre og input data i modellerne. Det er især vigtigt at 
beskrive den rumlige variation i placeringen af redoxgrænsen og den lokale geologiske 
heterogenitet, som styrer de lokale strømningsmønstre i grundvandet, i modellen. 



PhD summary 

 



PhD summary 

 

Contents 

Preface .................................................................................................................................................................. i 

Abstract .............................................................................................................................................................. ii 

Resumé (Danish) ........................................................................................................................................... iii 

 

1 Introduction and objectives ............................................................................................................... 1 

1.1 Societal context .............................................................................................................................................. 1 

1.2 Background and state-of-the-art ............................................................................................................ 2 
1.2.1 Transport and fate of nitrate at catchment scale ........................................................................ 2 
1.2.2 Redox capacity and redox interface .................................................................................................. 4 
1.2.3 Nitrate modeling on catchment scale ............................................................................................... 7 
1.2.4 Geological heterogeneity and uncertainty ..................................................................................... 9 
1.2.5 Predictive capabilities of models ....................................................................................................... 9 

1.3 Objectives ...................................................................................................................................................... 10 

2 Study areas ............................................................................................................................................. 11 

3 Summary of PhD research ................................................................................................................ 13 

3.1 Paper I ............................................................................................................................................................. 13 
3.1.1 Objectives ................................................................................................................................................. 13 
3.1.2 Methodology ............................................................................................................................................ 13 
3.1.3 Main findings ........................................................................................................................................... 14 
3.1.4 Contribution to state-of-the-art ....................................................................................................... 14 

3.2 Paper II ........................................................................................................................................................... 15 
3.2.1 Objectives ................................................................................................................................................. 15 
3.2.2 Methodology ............................................................................................................................................ 15 
3.2.3 Main findings ........................................................................................................................................... 16 
3.2.4 Contribution to state-of-the-art ....................................................................................................... 17 

3.3 Paper III .......................................................................................................................................................... 19 
3.3.1 Objectives ................................................................................................................................................. 19 
3.3.2 Methodology ............................................................................................................................................ 19 
3.3.3 Main findings ........................................................................................................................................... 20 
3.3.4 Contribution to state-of-the art ....................................................................................................... 21 

4 Conclusions and perspectives ......................................................................................................... 22 

5 References .............................................................................................................................................. 24 

Appendices 

Paper I Importance of including small-scale tile drain discharge in the calibration of a 
coupled groundwater-surface water catchment model 

Paper II  A concept for estimating depth of the redox interface for catchment-scale nitrate 
modelling in a till area in Denmark 

Paper III Uncertainty assessment of spatially distributed nitrate reduction potential in 
groundwater using multiple geological realizations 



PhD summary 

1 

1 Introduction and objectives 

1.1 Societal context 

Eutrophication of the aquatic environment due to large anthropogenic inputs of nitrogen and 
phosphorous is one of the major environmental problems across Europe (EEA, 2005). 
Eutrophication can deteriorate the water quality for human consumption and also result in 
declining plant and animal diversity in lakes and marine environments (EEA, 2005). To address 
this problem the European Union (EU) has implemented the Water Framework Directive 
(European Union 2000), which states that good ecological status must be achieved for all water 
bodies by 2015. One of the major challenges in order to meet the requirements of the Water 
Framework Directive is to reduce nitrate leaching from agricultural areas, since agriculture is 
the principal source of nitrogen in most European countries (EEA, 2005). This is also the case in 
Denmark where 90% of the total nitrogen load to fjords and coastal waters on national level in 
2012 was from diffuse sources, predominately originating from agriculture (Wiberg-Larsen et 
al., 2013). 

Since 1985 several regulations on agricultural management have been introduced in Denmark 
to reduce nitrate leaching from agricultural areas (Kronvang et al., 2008). In order to follow the 
effects of the adopted regulations a national monitoring program was established and 
significant improvements have been seen. The nationwide application of fertilizer and manure 
has been reduced significantly, resulting in a decrease in yearly nitrogen surplus in the field N-
balance of 45% during the period 1990-2012 (Jensen et al., 2013). The nitrate leaching (model 
estimate) from the root zone has on average been reduced with 43% during the period 1991-
2003, where after it has reached a more or less constant level (Blicher-Mathiasen et al., 2013). 
Finally, the total nitrogen load to fjords and coastal waters has been reduced with 50% since 
1990, and the diffuse part of the load has been reduced with 43% (Wiberg-Larsen 2013). 
However; despite these reductions, the environmental targets for the majority of the Danish 
water bodies are still not reached. In consequence, the nitrogen load must be additionally 
reduced in order to meet the requirements of the Water Framework Directive (Danish Nature 
Agency, 2014). 

The present regulation on agriculture is performed on a national level and is applied uniformly 
for the whole of Denmark without taking natural removal of nitrate in the subsurface and the 
spatial variability of this into account. Several studies have shown that in many Danish 
catchments more than 50% of the nitrate leaching below the root zone is removed by nitrate 
reduction in the saturated zone (ALECTIA, 2010; Ernstsen et al., 2006; Hansen et al., 2009; 
Styczen and Storm, 1993a). However, heterogeneity in the subsurface conditions leads to large 
spatial variation in the amount of nitrate reduction within a catchment. Catchments therefore 
comprise both so-called nitrate robust areas, where most of the nitrate leaching is reduced in 
the saturated zone, and nitrate sensitive areas, where nitrate is transported directly to surface 
waters without significant reduction. Implementing a spatially differentiated regulation focused 
on reducing nitrate leaching on these nitrate sensitive areas would be a more effective approach 
than the present spatially uniform regulation (Refsgaard et al., 2014). In order to identify and 
delineate nitrate robust and nitrate sensitive areas in a catchment, an estimate of the spatially 
distributed nitrate reduction potential in the saturated zone within the catchment is required 
and this has been the topic of this PhD thesis. 
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1.2 Background and state-of-the-art 

In this section some background knowledge on the topic of nitrate transport and reduction at 
catchment scale is introduced together with an overview of existing literature on the field in 
order to evaluate current state-of-the-art and what challenges exist in relation to delineating 
nitrate sensitive and nitrate robust areas. 

1.2.1 Transport and fate of nitrate at catchment scale 

Application and transport of nitrate 

Nitrogen is an important plant nutrient and is applied to agricultural areas as fertilizer and 
animal manure. The necessary amount depends on soil type, crop type and nutrient state of the 
soil. Nitrogen is found in both organic and inorganic forms. Organic nitrogen is not available for 
plant uptake, whereas the inorganic compounds nitrate and ammonium are plant available N-
forms. Organic nitrogen is mineralized in the soil to nitrate and ammonium and is thereby made 
plant available (Berthelsen and Fenger, 2005). Ammonium (NH4+) is a cation and is therefore 
bound relatively strongly in the soil. Nitrate (NO3-) on the other hand is an anion and is 
therefore not bound in the soil (Berthelsen and Fenger, 2005). Nitrate is furthermore highly 
soluble in water and does not form insoluble minerals that can precipitate (Appelo and Postma, 
2005). Consequently, nitrate that has not been used by the plants will therefore be leached from 
the soil.  

The excess nitrate is transported out of the root zone with recharging water to the saturated 
zone, from where it is transported further on to surface and coastal waters. The water flow 
patterns and the associated nitrate transport in a catchment are illustrated in Figure 1. In 
Denmark tile drains are an important flow path since close to 50% of the agricultural land is tile 
drained. Especially the clayey till soils in the eastern part of Denmark (see Figure 4a) is heavily 
drained (Olesen, 2009). Tile drainage has a significant impact on the hydrology and flow 
patterns in a catchment, and thereby also on the transport of nitrate (Carluer and de Marsily, 
2004; Dayyani et al., 2010; Rozemeijer et al., 2010b; Singh et al., 2006; Stamm et al., 2002; van 
den Eertwegh et al., 2006). 

 

 

Figure 1 Conceptual model of water flow patterns and nitrate transport in a clayey till catchment. 
Modified from Hinsby et al. (2008) 
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Nitrate reduction 

Nitrate is not always transported as a conservative substance, but can be naturally transformed 
by reduction where nitrate acts as the electron acceptor. The reduction process goes through 
several intermediates (NO2-, NO and N2O), but N2 is the predominant reaction product (Appelo 
and Postma, 2005). The reaction can be described by the following half-reaction (Appelo and 
Postma, 2005): 

2NO3- + 12H+ + 10e- → N2 + 6H2O 

Reduction of oxygen has a higher energy yield than reduction of nitrate, why reduction of 
oxygen is thermodynamically preferred before nitrate. Nitrate reduction will therefore only 
occur under anaerobic conditions. Furthermore, for reduction of nitrate to happen, a reduced 
compound must be present to be the electron donor in the reaction (Appelo and Postma, 2005). 
Organic carbon is the most common electron donor but other reducing compounds may also be 
present (Korom, 1992). The reduction of nitrate by organic carbon is called denitrification 
(Appelo and Postma, 2005). 

Nitrate reduction can occur several places in a catchment; in the soil (Broadbent, 1951; Vilain et 
al., 2014), in the saturated zone (Korom, 1992; Pasten-Zapata et al., 2014; Postma et al., 1991; 
Smith et al., 2004; Vogel et al., 1981), in wetlands and riparian zones (Bartlett et al., 1979; 
Brusch and Nilsson, 1993; Hill, 1996; Schilling and Jacobson, 2014) and in stream bed sediments 
(Bohlke et al., 2004; Chatarpaul et al., 1980; Flewelling et al., 2012; Harvey et al., 2013). The 
focus in this PhD thesis has been on nitrate reduction in the saturated zone.   

Nitrate reduction in the saturated zone 

In Denmark nitrate reduction in the saturated zone is the dominating sink for nitrate between 
the root zone and surface waters. In many Danish catchments more than 50% of the nitrate 
leaching is removed by reduction in the saturated zone (ALECTIA, 2010; Ernstsen et al., 2006; 
Hansen et al., 2009; Styczen and Storm, 1993a). 

Several studies in Quaternary sediments in Denmark and North America have shown that in the 
saturated zone nitrate is removed due to nitrate reduction at the redox interface, which define 
the transition from aerobic to anaerobic conditions (Ernstsen, 1996; Fujikawa and Hendry, 
1991; Hansen et al., 2008; Hendry et al., 1984; Pedersen et al., 1991; Postma et al., 1991; 
Robertson et al., 1996). Nitrate must therefore be transported below this interface with the 
flowing water in order for reduction to occur. The amount of nitrate reduction in a catchment 
depends therefore both on the depth of the redox interface but also on the groundwater flow 
patterns. Most of Denmark is covered by young glacial sediments (see Figure 4a) and the redox 
interface is often found close to the surface. The high redox interface together with a 
groundwater dominated hydrology results in the high degree of nitrate reduction in the 
saturated zone in Denmark. 

In the saturated zone organic carbon also acts as an important reduced compound in the 
reduction of nitrate; however the subsurface sediments can also contain other compounds that 
will act as electron donors in the reduction of nitrate. In Quaternary glacial sediments the most 
important reduced compounds are organic carbon, pyrite (FeS2) and Fe+2 in minerals (Appelo 
and Postma, 2005; Korom, 1992; Pedersen et al., 1991; Postma et al., 1991; Rodvang and 
Simpkins, 2001).  
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Nitrate reduction by organic carbon is described by the following reaction (Appelo & Postma, 
2005): 

5CH2O + 4NO3- → 2N2 + 4HCO3- + H2CO3 + 2H2O 

Nitrate reduction in the saturated zone by organic carbon is well documented (Bradley et al., 
1992; Smith and Duff, 1988; Smith et al., 1996; Starr and Gillham, 1993). Oxidation of organic 
carbon is catalyzed by microorganisms (Korom, 1992) and the reactivity of the organic matter is 
often controlling the reaction rate (Appelo and Postma, 2005). 

Nitrate reduction by pyrite is described by the reaction (Appelo & Postma, 2005): 

5FeS2 + 14NO3- +4H+ → 7N2 + 5Fe
+2

 + 10SO4
-2

 + 2H2O 

Nitrate reduction by pyrite has also been reported in several studies (Jorgensen et al., 2009; 
Kolle et al., 1983; Pedersen et al., 1991; Postma et al., 1991; Robertson et al., 1996; Tesoriero et 
al., 2000) and is also mediated by microorganisms (Appelo and Postma, 2005; Jorgensen et al., 
2009). Nitrate reduction by organic carbon is thermodynamically favored over pyrite. However, 
the sequence of these two reactions is also determined by reaction kinetics. Studies have shown 
that the reaction with pyrite can be more important in the reduction of nitrate than organic 
carbon in cases where the reactivity of the organic matter is low (Boettcher et al., 1991; Kolle et 
al., 1983; Postma et al., 1991; Wriedt and Rode, 2006). 

Finally, the reaction with Fe+2 in minerals is described by the reaction (Appelo & Postma, 2005): 

10Fe+2 + 2NO3- + 14H2O → N2 + 10FeOOH + 18H
+ 

The reduction of nitrate by Fe+2 has been reported as both a microbial (Ernstsen et al., 1998b; 
Roden and Weber, 2002; Weber et al., 2001) and chemical process (Ernstsen, 1996; Ernstsen et 
al., 1998a; Postma, 1990). 

1.2.2 The redox interface 

Sediment redox capacity and redox interface 

The total potential available in the sediment for reducing nitrate (or oxygen) can be expressed 
by the term redox capacity, which is the total amount of reduced compounds in the sediment. 
The total amount of all reduced compounds in the sediments can be measured as a lumped total 
by shaking a soil sample with a strong oxidant (Ernstsen et al., 2005; Pedersen et al., 1991). This 
method does not give the amount of the individual reduced species (organic carbon, pyrite, 
Fe+2) and therefore cannot be used to estimate which specie is more important for nitrate 
reduction. The amount of reduced compounds is expressed in the unit milli-electron-
equivalents per kg sediment (meq e-/kg), which is the amount of electrons available for 
reduction. The total amount of reduced compounds can be converted to a total redox capacity 
per volume by multiplying with the sediment bulk density. In Figure 2 are shown measured 
amounts of reduced compounds at different depths in a borehole located in the clayey till 
Lillebæk catchment in Denmark (see Figure 4). The transition from low to high amounts of 
reduced compounds at approximately 7 m depth corresponds to the redox interface. 
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Figure 2 Total amount of reduced compounds (meq e-/kg) in the sediments at different depths in a 
borehole (N8) in the clayey till Lillebæk catchment. The redox interface is found at around 7 m and is 
indicated by the dashed line. The small amounts of reduced compounds present above the redox interface 
represent a non-reactive or very slowly accessible pool. The high value in the top of the profile is due to 
high content of organic matter in the Ap horizon. Data from Ernstsen (2013) 

Redox interface migration 

The pool of redox capacity in the sediment is being depleted when nitrate and also oxygen in the 
inflowing water is reduced. Due to the continuous redox processes the redox interface is 
therefore not static but is moving downwards with time (Bohlke et al., 2002; Engesgaard and 
Kipp, 1992; Postma et al., 1991; Robertson et al., 1996; Wriedt and Rode, 2006). Today both 
oxygen and nitrate act as oxidants, but the nitrate input has only been high for the last 60-70 
years. For pre-anthropogenic conditions, with only input of oxygen, Robertson et al. (1996) 
reported a vertical migration rate of the redox interface of 0.04 cm/yr in till sediments. In sandy 
aquifer materials Bohlke et al. (2002) reported a vertical rate of 0.26 cm/yr and Postma et al. 
(1991) reported a vertical rate of 0.34 cm/yr and a rate along a flow line of 23 cm/yr. The 
present high input of nitrate has accelerated the migration rate of the redox interface. For input 
of both oxygen and nitrate Robertson et al. (1996) reported a vertical rate of 0.1 cm/yr, Bohlke 
et al. (2002) reported a vertical rate of 2.2 cm/yr and Postma et al. (1991) reported a vertical 
rate of 1.8 cm/yr and a rate along a flow line of 120 cm/yr. Furthermore, Wriedt and Rode 
(2006) reported a significantly higher vertical rate of 10 cm/yr for input of both oxygen and 
nitrate in a till. The variations in migration rates are caused by differences in amount of redox 
capacity of the sediments, concentration of oxygen and nitrate and the flow velocity. 

There are few studies on redox interface migration over long time and how the interface has 
developed to its present location. Ernstsen et al. (1998b) stated that the development of the 
redox interface is due to post-depositional weathering processes, but they did not identify the 
governing processes. Robertson et al. (1996) and Bohlke et al. (2002) hypothesised that the 
present location of the redox interface is due to continuous downward migration of the redox 
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interface due to oxygen in the infiltrating water since the deposit of the sediments. While 
Robertson et al. (1996) did not provide any support of the hypothesis, Bohlke et al. (2002) 
found that the distribution of redox-sensitive compounds in a glacial outwash sand aquifer in 
Minnesota, USA were consistent with long-term migration of the redox interface due to 
oxidation of mainly pyrite by oxic recharging groundwater since the last glacial retreat from the 
area at the beginning of Holocene. Hendry et al. (1984), however, hypothesised that the location 
of the redox interface in a till in Alberta, Canada, was the result of a lower water table than 
present during a dry period earlier in Holocene which 
allowed for oxidation of the sediments. 

Depth of the redox interface 

The location of the redox interface can be estimated directly 
in the field from the sediment colors (Ernstsen and Morup, 
1992; Ernstsen, 1996; Hansen et al., 2008; Pedersen et al., 
1991; Robertson et al., 1996). The change from oxidized to 
reduced conditions at the redox interface leads to a change in 
the sediment color from red, yellow and brown colors to grey 
and black (Figure 3). A borehole drilling is needed for deter-
mination of the redox interface which makes it expensive to 
obtain field data to indentify the location of the interface. 
Field data on redox interface depths are therefore most often 
sparse and are only available as point mesurements. 

Depths of the redox interface are mainly reported in studies 
from Denmark and North America. For till sediments the 
reported depths vary from a few meters below ground 
surface (Ernstsen, 1996; Ernstsen et al., 1998a; Robertson et 
al., 1996) to 20 meters reported for a till in Alberta, Canada 
(Fujikawa and Hendry, 1991). For sandy sediments Postma 
et al. (1991) reported depths of the redox interface of 10-15 
m in a sandy aquifer in Denmark. The spatial variability of 
the redox interface can locally be large. Several studies have 
reported that the location of the redox interface in tills can 
vary several meters over short horizontal distances 
(Ernstsen, 1996; Fujikawa and Hendry, 1991; Hansen et al., 
2008; Keller et al., 1988). Hansen et al. (2008) and ALECTIA 
(2010) analysed the spatial correlation of redox depths in 
respectively a clay till and a sandy area in Denmark by 
variogram analysis. In neither of the studies it was possible 
to identify a spatial correlation structure from the field data. 

The combination of large spatial variablity of depths of the redox interface and the sparse data 
availability makes it difficult to estimate the location of the redox interface on catchment scale 
from field data. It is therefore of significant interest to find ways to infer the location of the 
redox interface from other more easily accessable variables. Attemps to do this is seldom 
reported in the litterature. Eidem et al. (1999) stated that the depth to the redox interface in a 
till in Iowa, USA, was related to the topography. They found large depths to the redox interface 
at topographic highs and shallow or no oxidized zones at topographic lows. Keller et al. (1988) 
found that the redox interface varied in a manner similar to the water table and inversely of the 
topography in two tills in Saskatchewan, Canada, i.e. similar to what Eidem et al. (1999) found. 
However, Eidem et al. (1999) and Keller et al. (1988) did not test whether the stated relations 
were statistically significant. Hansen et al. (2008) tested the correlation of redox depths to the 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 The change seen in 
sediment color from brown to 
grey indicates the location of the 
redox interface in a borehole 
drilling (N1) from the clayey till 
Lillebæk catchment. 
Picture from Ernstsen (2013) 
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surface elevation for a till on Funen island, Denmark, and found some correlation on field scale 
(R2=0.51), but no correlation was found at the catchment scale.  

1.2.3 Nitrate modeling on catchment scale 

Catchment-scale nitrate models 

Transport and fate of nitrate on catchment scale have over the years been simulated using 
various hydrological models. The hydrological models vary in complexity and process 
descriptions from semi-distributed conceptual models to fully distributed physically-based 
models. 

In the semi-distributed conceptual models the process descriptions are semi-empirical and 
water and nitrate are often transported by routing between a number of storages. The 
groundwater domain in these models is simplified and sometimes neglected. The models can 
account for some spatially variation of catchment characteristics by dividing the catchment into 
a number of sub-catchments or sub-units with uniform parameters. Examples of this type of 
model are INCA (Whitehead et al., 1998), SWAT (Arnold et al., 1998) and HBV-N (Arheimer and 
Brandt, 1998). The HBV-N model is a combination of the catchment model HBV and the root 
zone model SOIL-N. The HBV-N model has been further developed to the HYPE model 
(Lindstrom et al., 2010). 

The distributed physically-based models have complex physically-based process descriptions 
e.g. a three-dimensional (3D) representation of groundwater flow and transport. The catchment 
is divided into a computational grid and spatial variability of catchment characteristics can be 
accounted for by varying the parameters between grid cells. Examples of physically-based 
catchment models are MODFLOW (Harbaugh and McDonald, 1996), MIKE SHE (Refsgaard and 
Storm, 1995) and HydroGeoSphere (Brunner and Simmons, 2012; Therrien et al., 2010).  

In several nitrate modeling studies physically-based models have been used in combinations 
with root zone models for simulation of recharge and nitrate leaching from the root zone. 
Examples of such model combinations are: 

• The Daisy-MIKE SHE approach (Styczen and Storm, 1993a, b) which combines the MIKE 
SHE model with the physically-based root zone model Daisy (Hansen et al., 1991) 

• SWATMOD (Conan et al., 2003) where the root zone part of SWAT is combined with 
MODFLOW. The transport model MT3DMS (Zheng and Wang, 1999) is used for 
simulating nitrate transport in the saturated zone 

• The WNGM model (Bonton et al., 2012) which combines the conceptual root zone model 
Agriflux (Banton and Laroque, 1997; Larocque and Banton, 1996) and HydroGeoSphere 

• In the study by Lasserre et al. (1999) the Agriflux model was combined with MODLFOW 
and MT3DMS for transport 

• Wriedt and Rode (2006) used the root zone model mRISK-N (Wriedt, 2004) together 
with MODFLOW. The RT3D model (Clement, 1997) was used for simulating nitrate 
transport 

Delineating nitrate robust and nitrate sensitive areas using a hydrological model requires the 
model to be able to simulate 3D groundwater flow and nitrate reduction and furthermore that 
the model has predictive capabilities at small spatial scale. For this purpose a distributed 
physically-based model is therefore required. 
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Modeling flow patterns in tile drained catchments 

In order to accurately simulate groundwater flow patterns and nitrate transport in tile drained 
catchments, it is obviously very important to include the tile drains in the hydrological models 
(Kiesel et al., 2010). Rozemeijer et al. (2010a) found that in tile drained areas it is furthermore 
important to include tile drain discharge observations in the calibration process to ensure a 
correct simulation of water flow patterns. However, catchment scale models are usually only 
calibrated against hydraulic heads and/or stream discharge (Refsgaard, 1997). This implies that 
the flow patterns in catchment models are not calibrated and model performance is not 
evaluated at small scale.  

In the literature only two studies are found where observations of tile drain discharge have 
been included in the calibration of catchment scale models. In the study by Vrugt et al. (2004) a 
3D unsaturated zone model was calibrated against weekly tile drain discharge from a number of 
drainage areas of 64 to 256 ha in size. In the study by Schoups et al. (2005) a 3D variably-
saturated subsurface flow model was calibrated against total yearly tile drain discharge from a 
40 km2 area. 

Modeling nitrate reduction in the saturated zone 

Modeling of nitrate reduction in the saturated zone has been done with different degree of 
complexity varying from complex multi-species reaction models involving the interactions of 
several components to more simple single-species models only involving nitrate. Multi-species 
reaction simulations of nitrate have been performed mainly on small scale and in two 
dimensions (2D) (Chen and MacQuarrie, 2004; Frind et al., 1990; Hiscock et al., 2011; 
Kinzelbach et al., 1991; MacQuarrie and Sudicky, 2001; Miotlinski, 2008). However, in the study 
by Wriedt and Rode (2006) a 3D multi-species nitrate model was applied to the Schaugraben 
catchment in Germany.  

Other studies on nitrate transport and reduction at catchment scale have only considered 
nitrate and have applied either a first order decay reaction with a specified decay rate of nitrate 
(Conan et al., 2003; Hiscock et al., 2007; Lunn et al., 1996; Schilling et al., 2007; Wriedt et al., 
2007) or an instantaneous decay approach, where it is assumed that nitrate is fully and 
instantaneously degraded when it is transported below the redox interface (ALECTIA, 2010; 
Hansen et al., 2009; Refsgaard et al., 1999; Styczen and Storm, 1993a, b; Thorsen et al., 2001). 
Both approaches implicitly assume that the pool of reduced compounds is not being depleted 
within the simulation period. 

The studies applying first order decay defines either a uniform decay rate of nitrate in the whole 
model domain (Lunn et al., 1996; Wriedt et al., 2007) or different rates in different geological 
units (Conan et al., 2003; Hiscock et al., 2007; Schilling et al., 2007). There is no differentiation 
in decay rate with depth and thereby no specification of where conditions are suitable for 
nitrate reduction. Nitrate reduction in the saturated zone in these studies is thereby treated as a 
lumped unit either for the whole catchment or within a geological unit and the spatial variation 
in nitrate reduction cannot be described. 

In the studies using the instantanous approach, the redox interface is implemented in different 
ways. Refsgaard et al. (1999) and Thorsen et al. (2001) applied redox interfaces at a constant 
depth below ground surface in the sandy Karup catchment and clayey till Odense fjord 
catchment in Denmark. Hansen et al. (2009) applied four average redox depths, interpreted 
from borehole data, for different sediment types in Odense fjord catchment in Denmark. Styczen 
and Storm (1993a) distributed a redox interface by interpolating field data from 120 boreholes 
in the Karup catchment. ALECTIA (2010) tested two interfaces interpolated by kriging based on 
field data from around 85 boreholes in the sandy Bolbro cathment in Denmark. Since no spatial 
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correlation was found in the field data the kriging was based on assumed variograms. The 
existing studies found in litterature using redox interfaces in catchment scale nitrate modeling 
have thus defined the location of the redox interface solely based on field data without taking 
into account whether spatial variation of the redox interface is represented by the data. 

Assessment of spatially distributed nitrate reduction in the saturated zone has only been 
reported in the international literature by Hansen et al. (2009) and by Merz et al. (2009). 
However, the study by Merz et al. (2009) applied a simple 2D steady-state GIS model and thus 
did not consider a physically-based 3D representation of the saturated zone. In the study by 
Hansen et al. (2009) a physically based model was used, but as just mentioned the redox 
interface was represented in a rather simplified way including only 4 different redox depths. 

1.2.4 Geological heterogeneity and uncertainty 

The geology is controlling the water flow patterns in the subsurface and it is therefore of great 
importance to describe the geological heterogeneity in order to accurately simulate nitrate 
transport and reduction. In the study by Carle et al. (2006) a model with a high resolution of the 
heterogeneity was found to fit the observed nitrate contamination patterns much better than a 
homogeneous model for the Llagas catchment in California. This study did however not include 
nitrate reduction since the aquifer was oxidized. 

Geological models are often constructed based on borehole data. However, borehole data are in 
most catchments too few to be able to represent the geological heterogeneity on small 
horizontal scales. The description of the local scale geological heterogeneity can be improved by 
means of geophysical methods since many of these have better potential for areal coverage. 
Especially airborne methods based on transient airborne electromagnetic (AEM) systems are 
useful for large areas (Refsgaard et al., 2014). 

Lack of geological data as well as uncertainty on the geological data available will always give 
rise to uncertainty on the geology and will be a limiting factor in describing the geological 
heterogeneity deterministically. Even with an extensive geophysical data set geological 
uncertainty is important to consider since geophysical data are indirect measurements and the 
conversion of geophysical data to lithology is associated with considerable uncertainty.  

Geological uncertainty is caused by two factors; (1) uncertainty on the distribution of geological 
structures and (2) uncertainty on the hydraulic parameters within these structures (Refsgaard 
et al., 2012). Refsgaard et al. (2012) states that geological structure uncertainty may often be 
the most important source of uncertainty in cases where models are used for predictions 
beyond the calibration base of the model. This implies that geological structure uncertainty 
most likely will be most important in nitrate transport simulations. 

The geological uncertainty can be evaluated using a number of geological models that are 
equally plausible. In the literature studies have been reported where multiple models have been 
constructed either manually (Seifert et al., 2012; Troldborg et al., 2007; Troldborg et al., 2010) 
or stochastically using geostatistical approaches (Engdahl et al., 2010; He et al., 2013). However, 
no studies are reported in literature were multiple geological models have been used in 
simulation of nitrate transport and reduction. 

1.2.5 Predictive capabilities of models 

As stated above the model must have predictive capabilities at small spatial scale in order to be 
used to delineate nitrate sensitive and nitrate robust areas. Predictive capability of a model 
refers to the ability of the model to make predictions of state variables under conditions 
different from the calibration conditions within a given accuracy (Refsgaard et al., 2014). The 
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distributed hydrological models have the potential of making predictions at the grid scale 
defined for the model. However, it has not yet been proven that distributed models in fact have 
predictive capability at grid scale, but only at the scale for which they were calibrated (Hansen 
et al., 2008; Hansen et al., 2009). The reason for this lack of predictive capability at grid scale is 
that due to insufficient data it is in practice not possible to describe spatial variations of model 
parameters and input data at the grid scale. Refsgaard et al. (2014) state that the main reason 
for this probably is that local scale heterogeneity is not described in the models. 

It is therefore of large interest to evaluate at which spatial scale distributed hydrological models 
in fact have predictive capability and thereby at which scale the model results can be used. 
However, this is seldom considered in modeling studies. To assess the predictive capabilities of 
models Wood et al. (1988) and Beven (1995) introduced the concept of Representative 
Elementary Area (REA). REA is the minimum area at which local spatial patterns of parameters 
and input variables are sufficiently well integrated to produce a reliable response. At the area 
corresponding to the REA only the statistical properties (mean and variance) of the parameters 
and input variables are important and not a correct description of the actual spatial distribution 
of these. A model has predictive capabilities at a scale equal to or larger than the REA. Recently, 
Refsgaard et al. (2014) suggested a new more generalized form of the REA concept, the 
Representative Elementary Scale (RES). In the RES concept the uncertainty at grid scale is 
assessed by stochastic modelling of the variable or parameter that is considered to be the main 
source of uncertainty. The RES is the minimum scale at which a model, at best, has predictive 
capability corresponding to a given accuracy. 

1.3 Objectives  

The major challenges in relation to delineating nitrate sensitive and nitrate robust areas using a 
distributed hydrological model are to estimate the location of the redox interface at catchment 
scale and to accurately simulate the local scale water flow patterns in groundwater. The water 
flow patterns are dependent on local scale geological heterogeneity and it is therefore 
important to consider the geological uncertainty and evaluate the uncertainty on the predicted 
nitrate reduction and the predictive capability of the model due to this. The main objectives of 
this PhD thesis were: 

• To evaluate whether the simulation of local scale water flow patterns in a tile drained 
catchment can be improved by including small-scale tile drain discharge observations in 
the calibration (Paper I) 

• To develop and test a concept to estimate depth of the redox interface on catchment 
scale (Paper II) 

• To estimate spatially distributed nitrate reduction potential in the saturated zone using 
a distributed model and to evaluate the uncertainty on the prediction due to geological 
uncertainty (Paper III) 

• To analyze how the uncertainty on nitrate reduction changes with scale and evaluate on 
the predictive capability of the model (Paper III) 
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2 Study areas 

The research was carried out in two study areas in Denmark (Figure 4); the 4.7 km2 Lillebæk 
catchment (Paper I) located on the island of Funen and the 101 km2 Norsminde fjord catchment 
(Paper II and III) on the east coast of Jutland. Both Lillebæk and Norsminde fjord catchments are 
intensively farmed and as a result have problems with high nitrate loads to the coastal waters.  

The catchments are situated in young glacial landscapes and the upper geology is dominated by 
clayey till of Weichselian age (Figure 4a). The topography in the Lillebæk catchment is rather 
flat with elevations ranging from around 50-60 meters above sea level (m.a.s.l.) in the western 
part of the catchment to sea level at the coast (Figure 4c). In Norsminde the topography varies 
from around 100 m.a.s.l. to sea level. A glacial melt water valley from Weichsel divides the 
catchment into a western more elevated and fairly hilly part and an eastern part consisting of a 
flat low lying plain (Figure 4b). 

The climate in both Lillebæk and Norsminde is temperate and humid. Lillebæk had a mean 
precipitation rate of 839 mm/yr, a mean evapotranspiration rate of 610 mm/yr and a mean 
stream discharge rate at the downstream station of 247 mm/yr in the period 1990-2004. 
Norsminde had a mean precipitation rate of 773 mm/yr, a mean evapotranspiration rate of 555 
mm/yr and a mean stream discharge at the downstream station of 232 mm/yr in the period 
1995-2003. Due to the clayey soils both catchments are heavily tile drained, and tile drain 
discharge therefore constitute a major part of the discharge to the streams in the catchments. 
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Figure 4 (A) Geological soil map of Denmark and location of the two study areas. (B) Norsminde fjord 
catchment; topography, stream system and location of stream gauging stations. (C) Lillebæk catchment; 
topography, stream system and location of stream gauging stations 
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3 Summary of PhD research 

3.1 Paper I 

Title: Importance of including small-scale tile drain discharge in the 
calibration of a coupled groundwater-surface water catchment model 

3.1.1 Objectives 

For nitrate to be reduced it must be transported with the flowing water below the redox 
interface. To model nitrate transport and reduction it is therefore important to have an accurate 
simulation of water flow patterns on local scale. In tile drained areas the tile drains have a large 
influence on the water flow patterns in the catchments. The objective of this paper was to 
include daily tile drain discharge observations from five small drain areas in the calibration of a 
catchment-scale model in addition to measurements of hydraulic head and stream discharge. 
The aim was to evaluate the effect of including drain discharge on model performance in general 
and at small scales, and thereby whether supplementary data in the form of drainage flow can 
improve the description of the local flow patterns within the catchment. It was also evaluated 
whether inclusion of multiple data types in the calibration process could better constrain the 
calibrated parameter values and thereby reduce the uncertainty on the parameters. 

3.1.2 Methodology 

A coupled groundwater-surface water model based on the MIKE SHE code was set up for the 4.7 
km2 Lillebæk catchment in Denmark, where tile drain flow is a major contributor to the stream 
discharge. In MIKE SHE inflow to the drain system is described as a function of the water table 
height above the drain level and an empirical drain time constant. Tile drains were 
implemented in the whole model domain at a depth of one meter below ground surface and 
drainage water was routed to the nearest stream reach within a sub-catchment. 

For the Lillebæk catchment measurements of hydraulic head, daily stream discharge and daily 
tile drain discharge from five small (1-4 ha) drainage areas are available. The model was 
calibrated in several steps by incrementally including the observation data into the calibration 
process. The following calibration scenarios were conducted: 

• Sim1: Calibration against hydraulic heads only 

• Sim2: Calibration against hydraulic heads and stream discharge 

• Sim3: Calibration against all observation data using an uniform drain parameter 

• Sim4: Calibration against all observation data using a distributed drain parameter 

• Sim5: Similar to Sim3 but with higher weight on tile drainage data  

 
The effect of including more data types in the calibration process was evaluated based on the 
results from Sim1 to Sim4. The calibration scenario Sim5 was performed to evaluate the effect 
of applying higher weight on the tile drain data. 

The calibration was performed as an automatic calibration using the parameter estimator code 
PEST (Doherty, 2005). The calibration was carried out as an optimization of one aggregated 
objective function consisting of eight individual objective functions. These individual objective 
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functions were based on performance criteria comparing observed and simulated values for 
hydraulic head (3 criteria), stream discharge (3 criteria) and tile drain discharge (2 criteria).  

3.1.3 Main findings 

The calibration scenario Sim1 that only included the hydraulic head observations was found to 
give the best model performance for the head observations. When including more data types in 
the calibration (Sim2-Sim4), the model performance on hydraulic heads was found to decrease. 
This showed that a trade-off exists between the data types and that there was no unique 
solution to the total objective function, but a pareto set of solutions depending on the weights 
applied to the different observation types. The model performance on stream discharge 
increased when including stream discharge data in the calibration (Sim2) and additional 
improvement was obtained by including tile drain discharge (Sim3 and Sim4). Including tile 
drain discharge in the calibration improved the performance on tile drainage slightly for three 
of the five drain areas, but in general the model performance on tile drain discharge, and 
thereby the small-scale performance, was poor for all calibration scenarios. Applying higher 
weight on the tile drain data (Sim5) resulted in improvement of some criteria, but at the same 
time decreased the performance for others. The higher weight resulted in some improvement 
for two of the five drain areas, but the model performance for the drain areas was still small. 
The inclusion of more data types in the calibration was found to decrease the parameter 
uncertainty for only two of seven parameters. Furthermore, applying higher weight on tile drain 
data was found to increase the parameter uncertainty.  

Based on the results from this study it was concluded that the model performance in general 
was improved by including tile drain discharge data, but the results did not show an 
improvement of the small-scale performance of the model. The results could also not support 
the hypothesis that model parameters are better constrained when including more data types. 

This study showed, that the catchment model, whether it was calibrated with tile drain data or 
not, was not capable of satisfactorily simulating the local-scale dynamics in tile drain discharge. 
The main reason for this is believed to be inadequate simulation of spatial dynamics in 
hydraulic head due to lack of heterogeneity in the geological model. It is argued that a better tile 
drainage performance may have been obtained if the tile drain areas had had a larger spatial 
extent than in the current study. 

3.1.4 Contribution to state-of-the-art 

This study contributes with an analysis of the impact of including tile drain data in the 
calibration of a catchment scale model, which is normally not included in traditional catchment 
model calibration. Two studies have been reported, Vrugt et al. (2004) and Schoups et al. 
(2005), where tile drain observations are included. The present study differs from these studies 
by applying a model that includes more hydrological domains and by using tile drain discharge 
data of smaller temporal and spatial scale. 

This study suggests that including small-scale tile drain discharge data in the calibration of a 
catchment model might be able to improve the model performance at catchment scale. 
However, it cannot be expected to result in an improved simulation of tile drain dynamics if the 
tile drain areas are small compared to the spatial scale on which the geological settings are 
resolved in the model. The study highlights the need for describing local scale geological 
heterogeneity in catchment models and also the need for looking more into the simulation of tile 
drainage in catchment scale models since it is known to have a large impact on hydrology and 
the transport of nitrate. 
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3.2 Paper II 

Title: A concept for estimating depth of the redox interface for catchment-
scale nitrate modelling in a till area in Denmark 

3.2.1 Objectives 

The combination of large spatial variablity of the redox interface and sparse data availability 
makes it difficult to obtain information on the spatial pattern of depths of the redox interface 
from field data and therefore also to estimate the location of the interface inbetween data 
points. It is therefore of large interest to develop methodologies to infer the location of the 
redox interface from other variables. The objectives of this paper were to develop a concept for 
determining depths of the redox interface at catchment scale and to evaluate it by applying the 
concept for a geologically heterogeneous till catchment in Denmark. 

3.2.2 Methodology 

The hypothesis behind the redox concept is, that the present location of the redox interface is 
the result of ongoing oxidation of inherent reduced compounds in the sediment (redox capacity) 
by the cumulative inflow of oxygen with recharging water since the beginning of Holocene 
(11,700 years). The key principle in the concept is to infer a spatial pattern of depths of the 
redox interface from the spatial distribution of groundwater recharge and sediment redox 
capacity. The actual location of the interface is afterwards calibrated by moving this spatial 
pattern up and down until the simulated nitrate reduction in the saturated zone makes the 
nitrate transport out of the catchment match the observed. The redox interface concept is based 
on the following equation where the redox depth in a given grid cell i is estimated by: 

redox depthi = fluxi · f + min. redox depth   (1)  

where fluxi (mm/yr) is the groundwater recharge flux, f (m/(mm∙yr-1)) is the redox interface 
migration constant and min. redox depth (m) is the minimum depth for the redox interface. The 
migration constant f is the total migration of the redox interface over 11,700 years per mm of 
yearly recharge. The constant f is a function of the redox capacity in the sediment, which varies 
between different sediment types. The minimum redox depth represents the upper part of the 
unsaturated zone where the redox capacity has been depleted fast due to air phase diffusion. 

The redox concept composes the following five steps: (1) The spatial pattern of the mean annual 
recharge flux (mm/year) is simulated by a hydrological model without considering tile drainage 
and well abstraction. (2) The difference in redox capacity between the sediment types in the 
catchment is multiplied on the recharge map in order to only have one constant f (defined for 
the dominating sediment type) for calibration. (3) The modified recharge map is then used 
together with equation 1 to estimate depths of the redox interface on catchment scale. A 
maximum redox depth is specified to inhibit too large redox depths. Furthermore, the redox 
interface in riparian lowlands is raised to represent high denitrification in these areas. (4) The 
generated redox interface map is then implemented in a catchment model capable of simulating 
transport and reduction of nitrate. The output from the model is the percentage of the total 
nitrate leaching in the catchment that is arriving at the catchment outlet and thereby has not 
been below the redox interface (the nitrate arrival percentage NAP). (5) The location of the 
redox interface is then evaluated by comparing the simulated NAP to the observed NAP. The 
observed NAP is obtained from a comparison of the total nitrate leaching in the catchment to 
measurements of the nitrate flux at the catchment outlet. If the simulated and observed NAP do 
not match, a new redox interface must be generated and the nitrate model must be run again. 
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The parameters subject to calibration are the migration constant f and the minimum redox 
depth. 

The redox concept was evaluated by applying it to the Norsminde fjord catchment. A 
deterministic geological model was set up for the area based on geophysical data from an AEM 
survey in the Norsminde area carried out in June 2011. The AEM system used was a newly 
developed version of the SkyTEM system called SkyTEM101 (Schamper et al., accepted). A 
hydrological model was set up in the modeling framework MIKE SHE with a horizontal 
discretization of 100 m x 100 m. The model was a transient model simulating all hydrological 
processes including well abstraction and tile drainage in the saturated zone. The transport of 
nitrate was simulated using the particle tracking module in MIKE SHE. It was assumed that 
nitrate was completely removed if the particle was transported below the redox interface. The 
input to the particle tracking model was spatially distributed daily nitrate leaching from the 
root zone. The redox interface was implemented as a registration zone, so it could be tracked 
whether or not a particle went below the redox interface. The simulated NAP was calculated as 
the number of particles arriving in the fjord, which had not crossed the redox interface, divided 
by the total amount of particles added to the model. The nitrate model was run for 4 years 
(2000-2003) with nitrate input and then afterwards for 4 years without input to get all nitrate 
particles out.  

The redox interface was generated and calibrated as described above. The recharge map was 
generated by extracting the mean annual downward vertical fluxes in model layer 2 (3-4 meters 
below surface (m.b.s.)) for the period 2000-2003 for each grid cell in the model. The main 
sediment types in Norsminde are clayey till and glaciofluvial sand. The migration constant f was 
defined for clayey till, which is the dominating sediment type. The recharge in grid cells with 
sandy soil was multiplied with a factor 3. This factor was based on field data on redox capacities 
of these sediment types. The same minimum redox depth was used for both till and sandy soil. 
The redox depth in riparian lowlands was set to a constant depth of 1.5 m. 

The observed NAP to Norsminde fjord was 41-49% depending on what time period was 
considered. The calibration target was set to a NAP of 45 %. The calibration was performed 
manually by running combinations of three sets of migration constants (0.015, 0.020 and 0.030) 
and four minimum depths (1.5, 2.0, 2.5 and 3.0) and then afterwards adjusting the parameters 
of the combination closest to the calibration target of 45%. 

3.2.3 Main findings 

A sensitivity analysis of some of the assumptions made when applying the redox concept in 
Norsminde showed that the simulated NAP was particular sensitive to what model layer the 
recharge flux was extracted from and whether or not the redox interface was raised in riparian 
lowlands. Based on these results three different scenarios for the redox interface were created: 

• Scenario 1: Recharge flux extracted from model layer 2 (3-4 m.b.s.), riparian lowlands 
included (redox depth 1.5 m) 

• Scenario 2: Recharge flux extracted from model layer 1 (1-3 m.b.s.), riparian lowlands 
included (redox depth 1.5 m) 

• Scenario 3: Recharge flux from model layer 2, no riparian lowlands 

 
The three scenarios were calibrated against the observed NAP and the calibrated migration 
constant f for scenarios 1 and 3 corresponded well with the average measured redox capacity in 
the clay till in Norsminde. All three redox scenarios could be calibrated to a NAP of 45%, but 
resulted in very different maps of nitrate reduction potential, which illustrated the problem of 
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equifinality. This equifinality could not be resolved since the observed redox depths available in 
Norsminde were not sufficient to differentiate between the three scenarios. 

To evaluate the performance of the redox interface concept, the estimated redox depths were 
compared with observed redox depths from borehole data. First a site-specific comparison of 
observed redox depth versus the estimated redox depth in the grid cell corresponding to the 
location of the borehole was made. None of the three scenarios showed a good fit between 
observed and estimated redox depths. However, when making a comparison of the cumulative 
distribution of redox depths, all three scenarios were found to follow the observed distribution 
quite well. Based on these results it is concluded that the redox interface concept in the 
Norsminde case was able to estimate the general location of the redox interface at catchment 
scale, but it did not perform well at grid scale. 

Several reasons to why the redox interface concept did not succeed at small scale in Norsminde 
were suggested in the paper. There is first of all a scale issue when comparing estimated and 
observed redox depths (grid vs. point). The redox concept only considers a constant vertical 
recharge flux which is a simplification of real 3D flow pattern. Uncertainty on the estimated 
nitrate leaching and the observed nitrate transport to the fjord will affect the estimated redox 
depths since the location is calibrated against these data. Uncertainty on the geological and 
hydrological model will also affect the result since the depth of the redox interface is estimated 
based on the recharge flux from these models. Also if the water flow patterns in the model are 
inaccurate this will affect the amount of nitrate reduction in the saturated zone and thereby also 
have an effect on the calibration of the location of the redox interface. Finally, when applying the 
concept for Norsminde the redox capacity within each sediment type (till and sand) was 
assumed uniform, which based on the field data from the area is known not to be the case. 
Describing the spatial variation in redox capacity within the till is believed to be a main key to 
improve the performance at smaller scale, however this was not possible with the available 
data. 

The results altogether suggest that the calibrated model for Norsminde fjord catchment is 
capable of simulating nitrate transport and nitrate reduction in the saturated zone at catchment 
scale. However, the poor site-specific correlation between estimated redox depths and observed 
redox depths from borehole data indicates that the model is not able to accurately predict 
nitrate reduction at point or grid scales. 
 

3.2.4 Contribution to state-of-the-art 

This study developed a concept to estimate the depth of the redox interface in tills based on a 
process-orientated understanding of how the redox interface has developed. The current state-
of-the-art in the international literature is to interpret or interpolate the location of the redox 
interface directly from field data without taking into account the significant local scale spatial 
variation of the redox interface and whether or not this is described by the field observations. 

Based on the results from the application of the redox interface concept in the Norsminde fjord 
catchment, it is concluded that the concept is capable of estimating the general location of the 
redox interface in a till area. However, the predictive capability on small scale will most likely be 
poor as long as the description of the spatial variation of key parameters such as the redox 
capacities is insufficient. The presented redox interface concept is considered to be applicable 
for Danish tills, while it should be used with care for tills outside Denmark since the tills and the 
conditions during Holocene can have been different from Danish conditions.  

This study additionally contributed with a variogram analysis of the spatial correlation of 
depths of the redox interface which, compared to earlier attempts by Hansen et al. (2008) and 
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ALECTIA (2010), revealed a significant spatial correlation. The data were fitted with a Gaussian 
model and showed a correlation length of 289 m. However; this spatial correlation was 
developed from a few clusters of boreholes recently drilled in Norsminde catchment with short 
distances between the boreholes and not from a catchment wide data set. Thus, even though a 
spatial correlation was found, kriging a redox interface based on the field data will not lead to a 
reliable estimate of the redox interface. 
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3.3 Paper III 

Title: Uncertainty assessment of spatially distributed nitrate reduction 
potential in groundwater using multiple geological realizations 

3.3.1 Objectives 

The main objective of this study was to estimate spatially distributed nitrate reduction potential 
in the saturated zone in the Norsminde fjord catchment to enable delineation of nitrate sensitive 
and nitrate robust areas. The uncertainty on the estimated nitrate reduction potential due to 
uncertainty on the geology and also on the location of the redox interface was assessed. It was 
analyzed how the uncertainty changed with increasing scale in order to evaluate the predictive 
capability of the model. It was furthermore assessed whether the uncertainty could be reduced 
by using an extensive geophysical dataset in combination with borehole data. Finally, it was 
evaluated whether the geological uncertainty or uncertainty on the redox interface contributed 
most to the total uncertainty by decomposing the variance. 

3.3.2 Methodology 

The uncertainty on the estimated nitrate reduction potential in Norsminde fjord catchment due 
to geological uncertainty was evaluated using two ensembles of each 10 geological models. The 
geological models were constructed by He et al. (2014) and Koch et al. (2013). Geological data 
available for the Norsminde area consisted of borehole data and geophysical data from an AEM 
survey using the SkyTEM101 system (Schamper et al., accepted). Each geological model 
consisted of a stochastic geological realization for a part of the catchment (a 42 km2 glacial 
sequence in the western part of the catchment), whereas for the rest of the catchment the same 
deterministic geological model was used in all models. The deterministic model was the same 
model as used in Paper II and was constructed based on the SkyTEM data. The stochastic 
geological realizations were generated using the geostatistical software TProGS (Carle and Fogg, 
1996). One ensemble of 10 realizations was constructed using only borehole data and the other 
ensemble was constructed using both borehole data and the geophysical data. In the following is 
the first ensemble called “borehole geologies” and the second ensemble is called “SkyTEM 
geologies”. 

For each 2x10 geological models a hydrological model was set up in MIKE SHE. The model 
setups were based on the hydrological model from Paper II, but each 2x10 models were 
calibrated separately resulting in different parameter values for the calibration parameters. 
Afterwards nitrate transport and reduction was simulated using particle tracking. The nitrate 
models were also based on the model set up from Paper II, but differed in the location of the 
redox interface. The depth of the redox interface was estimated using the redox interface 
concept developed in Paper II. The three redox scenarios defined in Paper II were applied for 
each of the 2x10 geologies giving a total of 60 nitrate models. Each of these 60 nitrate models 
were calibrated separately by moving the redox interface until the nitrate transport to 
Norsminde fjord (NAP) fit the observed. 

Nitrate reduction potential maps were afterwards produced for all 60 calibrated nitrate models. 
The reduction maps were constructed by counting the number of particles added to each grid 
cell that had crossed the redox interface divided by the total number of particles added to the 
given grid cell. All 60 reduction maps were upscaled from the original 100 m grid size to scales 
ranging from 200 m – 2000 m. The upscaling was done by aggregating the 100 m grid cells to 
the new scale and calculating the average nitrate reduction. The scale analysis was only 
performed for the part of the catchment covered by the stochastic geological realizations. 
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After performing the upscaling of the nitrate reduction maps the average nitrate reduction and 
the corresponding standard deviation were calculated across the geologies in each grid cell for 
all scales. The standard deviation was used as a measure of the uncertainty on the estimated 
average nitrate reduction. The average standard deviation across the area was calculated for 
each scale in order to produce a graph showing the uncertainty on nitrate reduction potential as 
a function of scale. The analysis was performed for the 10 SkyTEM geologies and the 10 
boreholes geologies separately. Furthermore, to see the effect of the redox scenarios the 
statistics were calculated for all redox scenarios (3x10 maps) and for each redox scenario 
separately (10 maps). 

Finally, the contributions to the total uncertainty from the geological models and from the redox 
scenarios respectively were evaluated using the variance decomposition method by Deque et al. 
(2007). The variance contribution was calculated for each grid cell and afterwards as an average 
across the area for all scales. This analysis was also performed for the 10 SkyTEM geologies and 
the 10 boreholes geologies separately. 

3.3.3 Main findings 

The average nitrate reduction maps on the 100 m grid scale showed that nitrate reduction 
potentials from 0-100% exist in the area for both the borehole and SkyTEM geologies. Thus 
both nitrate sensitive as well as nitrate robust areas exist within the Norsminde fjord 
catchment. The reduction map for the SkyTEM geologies was found to have a larger area with 
high nitrate reduction potential compared to the borehole geologies and the average nitrate 
reduction potential across the whole area was therefore a few percentages larger for the 
SkyTEM geologies. The standard deviation maps on 100 m grid scale, illustrating the 
uncertainty on the estimated nitrate reduction, showed larger areas with large uncertainty for 
the borehole geologies than the SkyTEM geologies. The average uncertainty across the whole 
area was therefore also higher for the borehole geologies than the SkyTEM geologies (25% and 
19% respectively). 

The scale analysis showed that the uncertainty on the estimated nitrate reduction was higher 
for the boreholes geologies than the SkyTEM geologies for all aggregation scales. A clear 
decrease in uncertainty with increasing scale was found for both SkyTEM and borehole 
geologies. From 100 m to 500 m the standard deviation decreased from 25% to 16% for the 
borehole geologies and from 19% to 10% for the SkyTEM geologies. From 500 m and until 1200 
m the uncertainty still decreases but only slightly. After 1200 m the uncertainty reached a more 
or less constant level. The uncertainty on the nitrate reduction was found to be slightly higher 
when considering all redox scenarios together than when considering each redox scenario 
separately. 

The variance decomposition analysis showed that the geology is the main contributor to the 
total variance at all scales for both borehole and SkyTEM geologies. The spatial distribution of 
the variance contribution showed that the contribution from the geological models was 
dominating in most of the area, but the redox scenarios had a large contribution to the 
uncertainty in the riparian lowlands and also around some of the stream reaches. The same 
pattern was seen for both SkyTEM and borehole geologies.  

The results from this study thus showed that on the original model scale of 100 m the 
uncertainty on the estimated nitrate reduction potential was large. This should be kept in mind 
if using the model prediction on the 100 m grid scale for delineating the nitrate robust and 
nitrate sensitive. The study further showed that the uncertainty on the geology contributed to 
the largest part of the total uncertainty compared to the redox scenarios. The scale where the 
uncertainty was found to level off corresponded well with the estimated mean length of the 
sand units in the till of 500 m. This indicates that in Norsminde fjord catchment when going to 
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scales above 500 m the local scale heterogeneities in geology are integrated and will affect the 
model predictions less than at smaller scale. Finally, the results also showed that the 
uncertainty on nitrate reduction potentially was lowered by using geophysical data in 
combination with borehole data for defining the geology. 

The uncertainty assessment conducted in this study considered mainly geological uncertainty, 
but also to some extent uncertainty on the location of the redox interface. However; 
uncertainties on the hydrological and nitrate models, model parameters, input data and 
calibration data were not evaluated. The estimated uncertainty on the nitrate reduction 
potential will therefore be underestimated and the results presented in this study are 
conditioned on the data and models used. Additionally, the assessment of geological uncertainty 
in the study only covered geological structure uncertainty, which might not have covered the 
whole geological uncertainty. Furthermore, the results are also based on the assumption that 
the conversion of SkyTEM resistivity data to lithology is applicable. 

3.3.4 Contribution to state-of-the art 

This study contributed with an estimate of spatially distributed nitrate reduction potential in 
the saturated zone. This has only been reported in the international literature by Hansen et al. 
(2009) and Merz et al. (2009). In the study by Merz et al. (2009) a 2D steady-state GIS model 
was used that did not have a physically-based 3D representation of the saturated zone. Hansen 
et al. (2009) applied a physically-based model, but used a simple representation of the redox 
interface. The present study differs from the study by Hansen et al. (2009) by having a spatially 
distributed description of the redox interface. The study also considered the uncertainty on the 
predicted nitrate reduction which has not been reported before. 

The study showed that uncertainty on geology give rise to large uncertainty on estimated 
nitrate reduction potentials i.e. on model predictions outside the calibration base. The results 
from this study indicate that the predictive capability of distributed models is constrained by 
the spatial resolution of key data such as geology. Finally, the study also indicated that the 
uncertainty on model predictions due to geologically uncertainty can potentially be lowered by 
using geophysical data in combination with borehole data in the generation of geological 
realizations. 
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4 Conclusions and perspectives 

The focus of this PhD thesis was firstly to look into some of the challenges in relation to 
delineating nitrate sensitive and nitrate robust areas using distributed models: to estimate the 
location of the redox interface on catchment scale and to accurately simulate the local scale 
water flow patterns in groundwater. Secondly, an uncertainty assessment of the estimated 
nitrate reduction potential was carried out. 

In Paper I tile drain discharge observations from five small-scale drain areas were included in 
the calibration of a catchment model in order to try to improve the simulation of local scale 
water flow patterns in the model. The outcome of this study was that including small-scale tile 
drain discharge data in the calibration process can potentially help improve model performance 
on catchment scale in terms of stream discharge. However, the model performance on tile 
drainage discharge was poor whether or not tile drain observations were included and 
therefore no conclusions on the value of tile drain observations in relation to improving the 
simulation of tile drain discharge could be drawn. It is hypothesized that the lack of 
improvement of tile drain discharge performance is not because tile drain observations are not 
important to include in model calibration, but rather that the model has a poor representation 
of tile drain flow due to lack of geological heterogeneity in the model. 

In Paper II a concept for estimating depths of the redox interface was developed and tested. The 
concept was found to be able to estimate the general location of the redox interface in a Danish 
till area. However; the estimated depths did not correspond well with observed redox depths 
when making a site-specific comparison. It is hypothesized that one of the main reasons for the 
lack of predictive capability on small scale is due to the lacking description of spatial variation in 
sediment redox capacity. 

In Paper III spatially distributed nitrate reduction potential in the saturated zone was estimated 
at grid scale and the uncertainty on the prediction due to geological uncertainty was assessed. It 
was found that uncertainty on the geology give rise to large uncertainty on the estimated nitrate 
reduction potentials, but the uncertainty was found to decrease with increasing aggregation 
scale. The decrease in uncertainty leveled off at a scale corresponding to the mean length of 
sand units in the till. This indicates that the spatial resolution of the geology is controlling at 
which scale a distributed model has predictive capabilities. The geological uncertainty and 
thereby also uncertainty on predicted nitrate reduction was found to decrease when using 
geophysical data in combination with borehole data in the generation of geological realizations. 

The main outcome from this thesis is that nitrate sensitive and nitrate robust areas can be 
predicted using distributed models, but catchment models lack predictive capabilities at grid 
scale resulting in large uncertainty on the estimated nitrate reduction potential at this scale. The 
reason for the lacking predictive capability at grid scale is insufficient description of spatial 
patterns of parameters and input data in the models. For simulation of nitrate transport and 
reduction it is especially the spatial variation in the location of the redox interface and the local 
scale geological heterogeneity that is important to describe in the model since these are 
controlling the amount of nitrate reduction simulated by the model. However, most often the 
available data on e.g. hydraulic conductivities, redox capacities, depths of the redox interface are 
not sufficient to describe the spatial patterns deterministically. The solution to this problem 
would be to collect more data, however in some cases the spatial correlation of the parameter is 
small making it expensive to obtain enough data to fully describe the spatial pattern. This is the 
case for the location of the redox interface, why it in this thesis was attempted to describe the 
depth of the interface based on other variables. 
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The lack of predictive capability at grid scale makes it important to evaluate at what spatial 
scale the predicted nitrate reduction potential can be used. The Representative Elementary 
Scale (RES) is defined as the minimum scale at which a model, at best, has predictive capability 
corresponding to a given accuracy (Refsgaard et al., 2014). The RES is therefore not one number 
since it depends on what accuracy level is chosen. The RES will also depend on the catchment 
characteristics such as the spatial resolution of the geology and will therefore vary between 
different areas. The choice of RES depends on what is considered as most important; to have the 
lowest possible uncertainty on the model prediction or to have the highest possible spatial 
resolution of the prediction. If the RES is set at a scale larger than the normal farm size it will 
not be possible to apply a spatially differentiated regulation on the farm level.  

A spatially differentiated regulation in agricultural management differentiating between nitrate 
sensitive and nitrate robust areas will not be applicable in all countries since the right 
conditions need to be present in the subsurface. If anaerobic conditions do not exist in the 
saturated zone or if the groundwater flow patterns is not deep enough to bring nitrate below 
the redox interface, nitrate will not be reduced in the saturated zone and a spatially 
differentiated regulation can thus not be implemented. The generally shallow depth of the redox 
interface and the groundwater dominated hydrology in Denmark makes the amount of nitrate 
reduction in the saturated zone high in many Danish catchments, why a differentiated approach 
seems suitable in Denmark. However; in some of the sandy areas in the western part of 
Denmark (see Figure 4a) the depth of the redox interface can be up to 15-30 m (Ernstsen et al., 
2006), but the nitrate reduction in the saturated zone can still be large (Styczen and Storm, 
1993a) due to deep groundwater flow patterns. The nitrate reduction in these sandy areas takes 
thus place at greater depths than in the clay till areas, which means that applying a 
differentiated approach and allowing high nitrate input on nitrate robust areas within these 
areas can therefore risk reducing the groundwater quality in abstraction wells located above 
the redox interface. 

The redox capacity of the sediments is as mentioned exhausted when reducing nitrate and the 
location of the redox interface is therefore not stationary in time. It could therefore be argued 
that a spatially differentiated regulation is not a sustainable solution. However, since the redox 
capacity in Danish clay tills is large, resulting in a movement of the redox interface on the 
millimeter scale per year, it is argued that for Danish tills is it reasonable to apply a spatially 
differentiated approach which allow high nitrate input on nitrate robust areas. 

Future research topics in the field of modelling nitrate transport and reduction on catchment 
scale could be, firstly to look more into simulation of tile drain flow in catchment models and 
how to improve the process descriptions. Another interesting topic is to test the hypothesis on 
redox interface development in order to better understand what the governing processes are 
behind and thereby hopefully be better to describe the location of the interface. Finally, it 
should also be evaluated whether the assumption of instantaneous reduction at the redox 
interface is in fact valid and at what spatial scale. In this thesis work it was assumed that at 
catchment scale the assumption of instantaneous reduction was valid, however; this has not 
been tested. 



PhD summary 

24 

5 References 

ALECTIA, 2010. Oplandsmodel for landovervågningsopland 6 - Fase 3: Nitrattransport 
(Catchment model for LOOP (Danish Agricultural Watershed Monitoring Program) area 6 – 
Phase 3: Nitrate transport). Report for Environmental centre Ribe, Ministry of Environment, 
Denmark.  Available at: http://www.dmu.dk/fileadmin/Resources/DMU/Om%20DMU/ 
fevo/Fagdatacenter/LOOP_6_maettet_zone_Fase_3_Rapport_.pdf (26 Nov 2013) 

Appelo C.A.J., Postma D., 2005. Geochemistry, groundwater and pollution. 2nd ed., A.A. Balkema 
Publishers, Leiden, The Netherlands 

Arheimer B., Brandt M., 1998. Modelling nitrogen transport and retention in the catchments of 
southern Sweden. Ambio 27, 471-480 

Arnold J.G., Srinivasan R., Muttiah R.S., Williams J.R., 1998. Large area hydrologic modeling and 
assessment - Part 1: Model development. Journal of the American Water Resources 
Association 34, 73-89, doi: 10.1111/j.1752-1688.1998.tb05961.x 

Banton O., Laroque M., 1997. Agriflux 2.0. User's Manual. Software for the Evaluation of 
Environmental Losses of Nitrates and Pesticides from Agriculture. University of Quebec, 
Quebec, Canada, 145 pp 

Bartlett M.S., Brown L.C., Hanes N.B., Nickerson N.H., 1979. Denitrification in freshwater wetland 
soil. Journal of Environmental Quality 8, 460-464 

Berthelsen M., Fenger J., 2005. Naturens kemi - Processer og påvirkninger  (Nature's chemistry - 
Processes and impacts). Gyldendal, Copenhagen, Denmark 

Beven K., 1995. Linking parameters across scales - Subgrid parameterizations and scale-
dependent hydrological models. Hydrological Processes 9, 507-525, doi: 
10.1002/hyp.3360090504 

Blicher-Mathiasen G., Rasmussen A., Grant R., Jensen P.G., Hansen B., Thorling L., 2013. 
Landovervågningsoplande 2012, NOVANA (Danish Agricultural Monitoring Catchments 
2012, NOVANA) . University of Aarhus, Danish Centre for Environment and Energy (DCE) 

Boettcher J., Strebel O., Duynisveld W.H.M., Frind E.O., 1991. Modeling of multicomponent 
transport with microbial transformation in groundwater - The Fuhrberg case - Reply. Water 
Resources Research 27, 3275-3278, doi: 10.1029/91wr02330 

Bohlke J.K., Wanty R., Tuttle M., Delin G., Landon M., 2002. Denitrification in the recharge area 
and discharge area of a transient agricultural nitrate plume in a glacial outwash sand aquifer, 
Minnesota. Water Resources Research 38, doi: 10.1029/2001wr000663 

Bohlke J.K., Harvey J.W., Voytek M.A., 2004. Reach-scale isotope tracer experiment to quantify 
denitrification and related processes in a nitrate-rich stream, midcontinent United States. 
Limnology and Oceanography 49, 821-838 

Bonton A., Bouchard C., Rouleau A., Rodriguez M.J., Therrien R., 2012. Calibration and validation 
of an integrated nitrate transport model within a well capture zone. Journal of Contaminant 
Hydrology 128, 1-18, doi: 10.1016/j.jconhyd.2011.10.007 

Bradley P.M., Fernandez M., Chapelle F.H., 1992. Carbon limitation of denitrification rates in an 
anaerobic groundwater system. Environmental Science & Technology 26, 2377-2381, doi: 
10.1021/es00036a007 

Broadbent F.E., 1951. Denitrification in some California soils. Soil Science 72, 129-137, doi: 
10.1097/00010694-195108000-00005 

Brunner P., Simmons C.T., 2012. HydroGeoSphere: A Fully Integrated, Physically Based 
Hydrological Model. Ground Water 50, 170-176, doi: 10.1111/j.1745-6584.2011.00882.x 

Brusch W., Nilsson B., 1993. Nitrate transformation and water-movement in a wetland area. 
Hydrobiologia 251, 103-111, doi: 10.1007/bf00007170 

Carle S.F., Fogg G.E., 1996. Transition probability-based indicator geostatistics. Mathematical 
Geology 28, 453-476, doi: 10.1007/bf02083656 



PhD summary 

25 

Carle S.F., Esser B.K., Moran J.E., 2006. High-resolution simulation of basin-scale nitrate 
transport considering aquifer system heterogeneity. Geosphere 2, 195-209, doi: 
10.1130/ges00032.1 

Carluer N., de Marsily G., 2004. Assessment and modelling of the influence of man-made 
networks on the hydrology of a small watershed: implications for fast flow components, 
water quality and landscape management. Journal of Hydrology 285, 76-95, doi: 
10.1016/j.jhydrol.2003.08.008 

Chatarpaul L., Robinson J.B., Kaushik N.K., 1980. Effects of tubificid worms on denitrification and 
nitrification in stream sediment. Canadian Journal of Fisheries and Aquatic Sciences 37, 656-
663, doi: 10.1139/f80-082 

Chen D.J.Z., MacQuarrie K.T.B., 2004. Numerical simulation of organic carbon, nitrate, and 
nitrogen isotope behavior during denitrification in a riparian zone. Journal of Hydrology 293, 
235-254, doi: 10.1016/j.jhydrol.2004.02.002 

Clement T.P., 1997. RT3D A modular computer code for simulating reactive multispecies 
transport in 3-dimensional groundwater systems. Pacific Northwest National Laboratory, 
Richland, Washington, USA, 59 pp  

Conan C., Bouraoui F., Turpin N., de Marsily G., Bidoglio G., 2003. Modeling flow and nitrate fate 
at catchment scale in Brittany (France). Journal of Environmental Quality 32, 2026-2032 

Danish Nature Agency, 2014. Basisanalyse for vandområdeplaner 2015-2031 (Basis analysis for 
water area plans 2015-2031). Danish Nature Agency, Danish ministry of Environment. 
Available at: 
http://naturstyrelsen.dk/media/nst/89701/Bilag%201%20Basisanalyse%2019-2.pdf (26 
Mar 2014) 

Dayyani S., Madramootoo C.A., Prasher S.O., Madani A., Enright P., 2010. Modeling Water Table 
Depth, Drain Outflow, and Nitrogen Losses in A Cold Climate Using Drainmod 5.1. 
Transactions of the Asabe 53, 385-395 

Deque M., Rowell D.P., Luthi D., Giorgi F., Christensen J.H., Rockel B., Jacob D., Kjellstrom E., de 
Castro M., van den Hurk B., 2007. An intercomparison of regional climate simulations for 
Europe: assessing uncertainties in model projections. Climatic Change 81, 53-70, doi: 
10.1007/s10584-006-9228-x 

Doherty J., 2005. PEST - Model-independent Parameter Estimation. User Manual 5. edition, 
Watermark Numerical Computing, Brisbane, Queensland, Australia 

EEA, 2005. Source apportionment of nitrogen and phosphorus inputs into the aquatic 
environment. European Environmental Agency, EEA report no. 7/2005 

Eidem J.M., Simpkins W.W., Burkart M.R., 1999. Geology, groundwater flow, and water quality in 
the Walnut Creek watershed. Journal of Environmental Quality 28, 60-69 

Engdahl N.B., Vogler E.T., Weissmann G.S., 2010. Evaluation of aquifer heterogeneity effects on 
river flow loss using a transition probability framework. Water Resources Research 46, doi: 
10.1029/2009wr007903 

Engesgaard P., Kipp K.L., 1992. A Geochemical Transport Model for Redox-Controlled Movement 
of Mineral Fronts in Groundwater-Flow Systems - A Case of Nitrate Removal by Oxidation of 
Pyrite. Water Resources Research 28, 2829-2843, doi: 10.1029/92WR01264 

Ernstsen V., Morup S., 1992. Nitrate Reduction in Clayey Till by Fe(II) in Clay-Minerals. 
Hyperfine Interactions 70, 1001-1004, doi: 10.1007/BF02397497 

Ernstsen V., 1996. Reduction of nitrate by Fe2+ in clay minerals. Clays and Clay Minerals 44, 
599-608, doi: 10.1346/CCMN.1996.0440503 

Ernstsen V., Binnerup S.J., Sorensen J., 1998a. Reduction of nitrate in clayey subsoils controlled 
by geochemical and microbial barriers. Geomicrobiology Journal 15, 195-207 

Ernstsen V., Gates W.P., Stucki J.W., 1998b. Microbial reduction of structural iron in clays - A 
renewable source of reduction capacity. Journal of Environmental Quality 27, 761-766  

Ernstsen V., Jorgensen N., Lynge C.R., 2005. Method for analysis of reduced components in 
sediments. Project no. 1024 (2005), Ministry of the Environment, Denmark. Available at: 
http://www2.mst.dk/Udgiv/publikationer/2005/87-7614-737-1/pdf/87-7614-739-8.pdf. 
(3 Dec 2014) 



PhD summary 

26 

Ernstsen V., Højbjerg A.L., Jakobsen P.R., von Platen F., Tougaard L., Hansen J.R., Blicher-
Mathiesen G., Bøgestrand B., Børgesen C.D., 2006. Beregning af nitrat-reduktionsfaktorer for 
zonen mellem rodzonen og frem til vandløbet (Calculation of nitrate reduction factors for the 
zone between the root zone and to the stream). Geological Survey of Denmark and 
Greenland, report no. 2006/93 

Ernstsen V., 2013. Redox interfaces and reduced compounds at the Lillebæk and Norsminde 
study areas. NiCA Technical report October 2013. Available at: 
http://nitrat.dk/xpdf/technical_nica_note_redox_ve.pdf. (3 Dec 2013) 

Flewelling S.A., Herman J.S., Hornberger G.M., Mills A.L., 2012. Travel time controls the 
magnitude of nitrate discharge in groundwater bypassing the riparian zone to a stream on 
Virginia's coastal plain. Hydrological Processes 26, 1242-1253, doi: 10.1002/hyp.8219 

Frind E.O., Duynisveld W.H.M., Strebel O., Boettcher J., 1990. Modeling of multicomponent 
transport with microbial transformation in groundwater - The Fuhrberg case. Water 
Resources Research 26, 1707-1719 

Fujikawa J.I., Hendry M.J., 1991. Denitrification in Clayey Till. Journal of Hydrology 127, 337-
348, doi: 10.1016/0022-1694(91)90121-W 

Hansen J.R., Ernstsen V., Refsgaard J.C., Hansen S., 2008. Field scale heterogeneity of redox 
conditions in till-upscaling to a catchment nitrate model. Hydrogeology Journal 16, 1251-
1266, doi: 10.1007/s10040-008-0330-1 

Hansen J.R., Refsgaard J.C., Ernstsen V., Hansen S., Styczen M., Poulsen R.N., 2009. An integrated 
and physically based nitrogen cycle catchment model. Hydrology Research 40, 347-363, doi: 
10.2166/nh.2009.035 

Hansen S., Jensen H.E., Nielsen N.E., Svendsen H., 1991. Simulation of Nitrogen Dynamics and 
Biomass Production in Winter-Wheat Using the Danish Simulation-Model Daisy. Fertilizer 
Research 27, 245-259, doi:10.1007/BF01051131 

Harbaugh A.W., McDonald M.G., 1996. User's documentation for MODFLOW-96, an update to the 
U.S. Geological Survey modular finite-difference ground-water model. U.S. Geological Survey, 
Open-file Rep. 96-485 

Harvey J.W., Bohlke J.K., Voytek M.A., Scott D., Tobias C.R., 2013. Hyporheic zone denitrification: 
Controls on effective reaction depth and contribution to whole-stream mass balance. Water 
Resources Research 49, 6298-6316, doi: 10.1002/wrcr.20492 

He X., Sonnenborg T.O., Jorgensen F., Hoyer A.S., Moller R.R., Jensen K.H., 2013. Analyzing the 
effects of geological and parameter uncertainty on prediction of groundwater head and 
travel time. Hydrology and Earth System Sciences 17, 3245-3260, doi: 10.5194/hess-17-
3245-2013 

He X., Koch J., Sonnenborg T.O., Jorgensen F., Schamper C., Refsgaard J.C., 2014. Transition 
probability-based stochastic geological modeling using airborne geophysical data and 
borehole data. Water Resources Research 50, doi: doi:10.1002/2013WR014593 

Hendry M.J., McCready R.G.L., Gould W.D., 1984. Distribution, Source and Evolution of Nitrate in 
A Glacial Till of Southern Alberta,Canada. Journal of Hydrology 70, 177-198, doi: 
10.1016/0022-1694(84)90121-5 

Hill A.R., 1996. Nitrate removal in stream riparian zones. Journal of Environmental Quality 25, 
743-755 

Hinsby K., de Melo M.T.C., Dahl M., 2008. European case studies supporting the derivation of 
natural background levels and groundwater threshold values for the protection of dependent 
ecosystems and human health. Science of the Total Environment 401, 1-20, doi: 
10.1016/j.scitotenv.2008.03.018 

Hiscock K., Lovett A., Saich A., Dockerty T., Johnson P., Sandhu C., Sunnenberg G., Appleton K., 
Harris B., Greaves J., 2007. Modelling land-use scenarios to reduce groundwater nitrate 
pollution: the European Water4All project. Quarterly Journal of Engineering Geology and 
Hydrogeology 40, 417-434, doi: 10.1144/1470-9236/07-054 

Hiscock K.M., Iqbal T., Feast N.A., Dennis P.F., 2011. Isotope and reactive transport modelling of 
denitrification in the Lincolnshire Limestone aquifer, eastern England. Quarterly Journal of 
Engineering Geology and Hydrogeology 44, 93-108, doi: 10.1144/1470-9236/08-110 



PhD summary 

27 

Jensen P.N., Boutrup S., Svendsen L.M., Blicher-Mathiasen G., Wiberg-Larsen P., Bjerring R., 
Hansen J.W., Ellermann T., Thorling L., Holm A.G., 2013. Vandmiljø og natur 2012, NOVANA 
Tilstand og udvikling - faglig sammenfatning (Aquatic environment and Nature, NOVANA. 
State and trends - technical summary). University of Aarhus, Danish Centre for Environment 
and Energy (DCE). Available at: http://dce2.au.dk/pub/SR78.pdf (5 May 2014) 

Jorgensen C.J., Jacobsen O.S., Elberling B., Aamand J., 2009. Microbial Oxidation of Pyrite Coupled 
to Nitrate Reduction in Anoxic Groundwater Sediment. Environmental Science & Technology 
43, 4851-4857, doi: 10.1021/es803417s 

Keller C.K., Vanderkamp G., Cherry J.A., 1988. Hydrogeology of 2 Saskatchewan Tills .1. 
Fractures, Bulk Permeability, and Spatial Variability of Downward Flow. Journal of 
Hydrology 101, 97-121, doi: 10.1016/0022-1694(88)90030-3 

Kiesel J., Fohrer N., Schmalz B., White M.J., 2010. Incorporating landscape depressions and tile 
drainages of a northern German lowland catchment into a semi-distributed model. 
Hydrological Processes 24, 1472-1486, doi: 10.1002/hyp.7607 

Kinzelbach W., Schafer W., Herzer J., 1991. Numerical modeling of natural and enhanced 
denitrification processes in aquifers. Water Resources Research 27, 1123-1135, doi: 
10.1029/91wr00474 

Koch J., He X., Refsgaard J.C., 2013. Challenges in conditioning a stochastic geological model of a 
heterogeneous glacial aquifer to a comprehensive soft dataset. Hydrol. Earth Syst. Sci. 
Discuss 10, doi: doi:10.5194/hessd-10-15219-2013 

Kolle W., Werner P., Strebel O., Bottcher J., 1983. Denitrification by pyrite in a reducing aquifer. 
Vom Wasser 61, 125-147 

Korom S.F., 1992. Natural Denitrification in the Saturated Zone - A Review. Water Resources 
Research 28, 1657-1668, doi: 10.1029/92WR00252 

Kronvang B., Andersen H.E., Borgesen C., Dalgaard T., Larsen S.E., Bogestrand J., Blicher-
Mathiasen G., 2008. Effects of policy measures implemented in Denmark on nitrogen 
pollution of the aquatic environment. Environmental Science & Policy 11, 144-152, doi: 
10.1016/j.envsci.2007.10.007 

Larocque M., Banton O., 1996. Using field data and simulation modeling to determine nitrogen 
cycle parameters. Soil Science Society of America Journal 60, 1840-1845 

Lasserre F., Razack M., Banton O., 1999. A GIS-linked model for the assessment of nitrate 
contamination in groundwater. Journal of Hydrology 224, 81-90, doi: 10.1016/s0022-
1694(99)00130-4 

Lindstrom G., Pers C., Rosberg J., Stromqvist J., Arheimer B., 2010. Development and testing of 
the HYPE (Hydrological Predictions for the Environment) water quality model for different 
spatial scales. Hydrology Research 41, 295-319, doi: 10.2166/nh.2010.007 

Lunn R.J., Adams R., Mackay R., Dunn S.M., 1996. Development and application of a nitrogen 
modelling system for large catchments. Journal of Hydrology 174, 285-304, doi: 
10.1016/0022-1694(95)02758-0 

MacQuarrie K.T.B., Sudicky E.A., 2001. Multicomponent simulation of wastewater-derived 
nitrogen and carbon in shallow unconfined aquifers I. Model formulation and performance. 
Journal of Contaminant Hydrology 47, 53-84, doi: 10.1016/s0169-7722(00)00137-6 

Merz C., Steidl J., Dannowski R., 2009. Parameterization and regionalization of redox based 
denitrification for GIS-embedded nitrate transport modeling in Pleistocene aquifer systems. 
Environmental Geology 58, 1587-1599, doi: 10.1007/s00254-008-1665-6 

Miotlinski K., 2008. Coupled reactive transport modeling of redox processes in a nitrate-
polluted sandy aquifer. Aquatic Geochemistry 14, 117-131, doi: 10.1007/s10498-008-9028-
1 

Olesen S.E., 2009. Kortlægning af potentielt dræningsbehov på landbrugsarealer opdelt efter 
landskabselementer, geologi, jordklasse, geologisk region samt høj/lavbund (Mapping of 
potentially drainage needs of agricultural land classified by landscape elements, geology, soil 
class, geological region and high/lowland). Faculty of Agricultural Sciences, University of 
Aarhus, DJF report no. 21/2009 



PhD summary 

28 

Pasten-Zapata E., Ledesma-Ruiz R., Harter T., Ramirez A.I., Mahlknecht J., 2014. Assessment of 
sources and fate of nitrate in shallow groundwater of an agricultural area by using a multi-
tracer approach. Science of the Total Environment 470, 855-864, doi: 
10.1016/j.scitotenv.2013.10.043 

Pedersen J.K., Bjerg P.L., Christensen T.H., 1991. Correlation of Nitrate Profiles with 
Groundwater and Sediment Characteristics in A Shallow Sandy Aquifer. Journal of Hydrology 
124, 263-277, doi: 10.1016/0022-1694(91)90018-D 

Postma D., 1990. Kinetics of Nitrate Reduction by Detrital Fe(Ii)-Silicates. Geochimica et 
Cosmochimica Acta 54, 903-908, doi: 10.1016/0016-7037(90)90384-W 

Postma D., Boesen C., Kristiansen H., Larsen F., 1991. Nitrate Reduction in An Unconfined Sandy 
Aquifer - Water Chemistry, Reduction Processes, and Geochemical Modeling. Water 
Resources Research 27, 2027-2045, doi: 10.1029/91WR00989 

Refsgaard J.C., Storm B., 1995. MIKE SHE, in: Computer Models of Watershed Hydrology, edited 
by: Singh, V. P., Water Resources Publication, Colorado, USA, pp. 809-846 

Refsgaard J.C., 1997. Parameterisation, calibration and validation of distributed hydrological 
models. Journal of Hydrology 198, 69-97, doi: 10.1016/S0022-1694(96)03329-X 

Refsgaard J.C., Thorsen M., Jensen J.B., Kleeschulte S., Hansen S., 1999. Large scale modelling of 
groundwater contamination from nitrate leaching. Journal of Hydrology 221, 117-140, doi: 
10.1016/S0022-1694(99)00081-5 

Refsgaard J.C., Christensen S., Sonnenborg T.O., Seifert D., Hojberg A.L., Troldborg L., 2012. 
Review of strategies for handling geological uncertainty in groundwater flow and transport 
modeling. Advances in Water Resources 36, 36-50, doi: 10.1016/j.advwatres.2011.04.006 

Refsgaard J.C., Auken E., Bamberg C.A., Christensen B.S.B., Clausen T., Dalgaard E., Effersø F., 
Ernstsen V., Gertz F., Hansen A.L., He X., Jacobsen B.H., Jensen K.H., Jørgensen F., Jørgensen 
L.F., Koch J., Nilsson B., Petersen C., De Schepper G., Schamper C., Sørensen K.I., Therrien R., 
Thirup C., Viezzoli A., 2014. Nitrate reduction in geologically heterogeneous catchments - A 
framework for assessing the scale of predictive capability of hydrological models. Science of 
the Total Environment 468-469, 1278-1288, doi: 10.1016/j.scitotenv.2013.07.042 

Robertson W.D., Russell B.M., Cherry J.A., 1996. Attenuation of nitrate in aquitard sediments of 
southern Ontario. Journal of Hydrology 180, 267-281, doi: 10.1016/0022-1694(95)02885-4 

Roden E.E., Weber K.A., 2002. Microbial nitrate-dependent oxidation of solid-phase Fe(II). 
Abstracts of Papers of the American Chemical Society 223, U599-U599 

Rodvang S.J., Simpkins W.W., 2001. Agricultural contaminants in Quaternary aquitards: A 
review of occurrence and fate in North America. Hydrogeology Journal 9, 44-59 

Rozemeijer J.C., van der Velde Y., McLaren R.G., van Geer F.C., Broers H.P., Bierkens M.F.P., 
2010a. Integrated modeling of groundwater-surface water interactions in a tile-drained 
agricultural field: The importance of directly measured flow route contributions. Water 
Resources Research 46, doi: 10.1029/2010WR009155 

Rozemeijer J.C., van der Velde Y., van Geer F.C., Bierkens M.F.P., Broers H.P., 2010b. Direct 
measurements of the tile drain and groundwater flow route contributions to surface water 
contamination: From field-scale concentration patterns in groundwater to catchment-scale 
surface water quality. Environmental Pollution 158, 3571-3579, doi: 
10.1016/j.envpol.2010.08.014 

Schamper C., Jorgensen F., Auken E., Effersø F., Accepted. Assessment of near-surface mapping 
capabilities by airborne transient electromagnetic data – an extensive comparison to 
conventional borehole data. Geophysics 

Schilling K.E., Tomer M.D., Zhang Y.K., Weisbrod T., Jacobson P., Cambardella C.A., 2007. 
Hydrogeologic controls on nitrate transport in a small agricultural catchment, Iowa. Journal 
of Geophysical Research-Biogeosciences 112, doi: 10.1029/2007JG000405 

Schilling K.E., Jacobson P., 2014. Effectiveness of natural riparian buffers to reduce subsurface 
nutrient losses to incised streams. Catena 114, 140-148, doi: 10.1016/j.catena.2013.11.005 

Schoups G., Hopmans J.W., Young C.A., Vrugt J.A., Wallender W.W., 2005. Multi-criteria 
optimization of a regional spatially-distributed subsurface water flow model. Journal of 
Hydrology 311, 20-48, doi: 10.1016/j.jhydrol.2005.01.001 



PhD summary 

29 

Seifert D., Sonnenborg T.O., Refsgaard J.C., Hojberg A.L., Troldborg L., 2012. Assessment of 
hydrological model predictive ability given multiple conceptual geological models. Water 
Resources Research 48, doi: 10.1029/2011wr011149 

Singh R., Helmers M.J., Qi Z.M., 2006. Calibration and validation of DRAINMOD to design 
subsurface drainage systems for Iowa's tile landscapes. Agricultural Water Management 85, 
221-232, doi: 10.1016/j.agwat.2006.05.013 

Smith R.L., Duff J.H., 1988. Denitrification in a sand and gravel aquifer. Applied and 
Environmental Microbiology 54, 1071-1078 

Smith R.L., Garabedian S.P., Brooks M.H., 1996. Comparison of denitrification activity 
measurements in groundwater using cores and natural-gradient tracer tests. Environmental 
Science & Technology 30, 3448-3456, doi: 10.1021/es960042g 

Smith R.L., Bohlke J.K., Garabedian S.P., Revesz K.M., Yoshinari T., 2004. Assessing denitrification 
in groundwater using natural gradient tracer tests with N-15: In situ measurement of a 
sequential multistep reaction. Water Resources Research 40, doi: 10.1029/2003wr002919 

Stamm C., Sermet R., Leuenberger J., Wunderli H., Wydler H., Fluhler H., Gehre M., 2002. Multiple 
tracing of fast solute transport in a drained grassland soil. Geoderma 109, 245-268, doi: 
10.1016/S0016-7061(02)00178-7 

Starr R.C., Gillham R.W., 1993. Denitrification and Organic-Carbon Availability in 2 Aquifers. 
Ground Water 31, 934-947, doi: 10.1111/j.1745-6584.1993.tb00867.x 

Styczen M., Storm B., 1993a. Modeling of N-movements on catchment scale - A tool for analysis 
and decision-making. 2. A case-study. Fertilizer Research 36, 7-17, doi: 10.1007/bf00749943 

Styczen M., Storm B., 1993b. Modeling of N-movements on catchment scale - A tool for analysis 
and decision-making. 1. Model description. Fertilizer Research 36, 1-6, doi: 
10.1007/bf00749942 

Tesoriero A.J., Liebscher H., Cox S.E., 2000. Mechanism and rate of denitrification in an 
agricultural watershed: Electron and mass balance along groundwater flow paths. Water 
Resources Research 36, 1545-1559, doi: 10.1029/2000WR900035 

Therrien R., McLaren R.G., Sudicky E.A., Park Y.J., 2010. HydroGeoSphere: A three-dimensional 
numerical model describing fully-integrated subsurface and surface flow and solute 
transport. Groundwater Simulations Group 

Thorsen M., Refsgaard J.C., Hansen S., Pebesma E., Jensen J.B., Kleeschulte S., 2001. Assessment 
of uncertainty in simulation of nitrate leaching to aquifers at catchment scale. Journal of 
Hydrology 242, 210-227, doi: 10.1016/S0022-1694(00)00396-6 

Troldborg L., Refsgaard J.C., Jensen K.H., Engesgaard P., 2007. The importance of alternative 
conceptual models for simulation of concentrations in a multi-aquifer system. Hydrogeology 
Journal 15, 843-860, doi: 10.1007/s10040-007-0192-y 

Troldborg M., Nowak W., Tuxen N., Bjerg P.L., Helmig R., Binning P.J., 2010. Uncertainty 
evaluation of mass discharge estimates from a contaminated site using a fully Bayesian 
framework. Water Resources Research 46, doi: 10.1029/2010wr009227 

van den Eertwegh G.A.P.H., Nieber J.L., de Louw P.G.B., van Hardeveld H.A., Bakkum R., 2006. 
Impacts of drainage activities for clay soils on hydrology and solute loads to surface water. 
Irrigation and Drainage 55, 235-245, doi: 10.1002/ird.256 

Vilain G., Garnier J., Decuq C., Lugnot M., 2014. Nitrous oxide production from soil experiments: 
denitrification prevails over nitrification. Nutrient Cycling in Agroecosystems 98, 169-186, 
doi: 10.1007/s10705-014-9604-2 

Vogel J.C., Talma A.S., Heaton T.H.E., 1981. Gaseous nitrogen as evidence for denitrification in 
groundwater. Journal of Hydrology 50, 191-200, doi: 10.1016/0022-1694(81)90069-x 

Vrugt J.A., Schoups G., Hopmans J.W., Young C., Wallender W.W., Harter T., Bouten W., 2004. 
Inverse modeling of large-scale spatially distributed vadose zone properties using global 
optimization. Water Resources Research 40, doi: 10.1029/2003WR002706 

Weber K.A., Picardal F.W., Roden E.E., 2001. Microbially catalyzed nitrate-dependent oxidation 
of biogenic solid-phase Fe(II) compounds. Environmental Science & Technology 35, 1644-
1650, doi: 10.1021/es0016598 



PhD summary 

30 

Whitehead P.G., Wilson E.J., Butterfield D., Seed K., 1998. A semi-distributed integrated flow and 
nitrogen model for multiple source assessment in catchments (INCA): Part II - application to 
large river basins in south Wales and eastern England. Science of the Total Environment 210, 
559-583, doi: 10.1016/S0048-9697(98)00038-2 

Wiberg-Larsen P., Windolf J., Bøgestrand J., Baattrup-Pedersen A., Kristensen E.A., Larsen S.E., 
Thodsen H., Ovesen N.B., Bjerring R., Kronvang B., Kjeldgaard A., 2013. Vandløb 2012, 
NOVANA (Streams 2012, NOVANA). University of Aarhus, Danish Centre for Environment 
and Energy (DCE). Available at: http://dce2.au.dk/pub/SR75.pdf (5 May 2014) 

Wood E.F., Sivapalan M., Beven K., Band L., 1988. Effects of spatial variability and scale with 
implications to hydrologic modeling. Journal of Hydrology 102, 29-47, doi: 10.1016/0022-
1694(88)90090-x 

Wriedt G., 2004: Modelling of nitrogen transport and turnover during soil and groundwater 
passage in a small lowland catchment of Northern Germany. PhD thesis, Postdan University, 
Germany 

Wriedt G., Rode M., 2006. Modelling nitrate transport and turnover in a lowland catchment 
system. Journal of Hydrology 328, 157-176, doi: 10.1016/j.jhydrol.2005.12.017 

Wriedt G., Spindler J., Neef T., Meissner R., Rode M., 2007. Groundwater dynamics and channel 
activity as major controls of in-stream nitrate concentrations in a lowland catchment 
system? Journal of Hydrology 343, 154-168, doi: 0.1016/j.jhydrol.2007.06.010 

Zheng C., Wang P.P., 1999. A modular three-dimensional multispecies transport model for 
simulation of advection, dispersion and chemical reactions of contaminants in groundwater 
systems: Documentation and user's guide. U.S. Army Corps of Engineers, Washington, DC., 
USA 



PAPERS: 

 
Paper I: 
Hansen AL, Refsgaard JC, Christensen BSB, Jensen KH (2013) Importance of including small-
scale tile drain discharge in the calibration of a coupled groundwater-surface water catchment 
model, Water Resources Research, 49 (1), 585-603, doi:10.1029/2011WR011783 
 
Paper II: 
Hansen AL, Christensen BSB, Ernstsen V, He X, Refsgaard JC (2014) A concept for estimating 
depth of the redox interface for catchment-scale nitrate modelling in a till area in Denmark. 
Hydrogeology Journal, 22 (7), 1639-1655, doi: 10.1007/s10040-014-1152-y  
 
Paper II: 
Hansen AL, Gunderman D, He X, Refsgaard JC (2014) Uncertainty assessment of spatially 
distributed nitrate reduction potential in groundwater using multiple geological realizations. 
Journal of Hydrology, 519 (A), 225-237, doi: doi:10.1016/j.jhydrol.2014.07.013 
 


