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Abstract

Study region:
Denmark

Study focus:

Tile drainage, widespread across agricultural lands in Denmark, significantly impacts the hydrological
cycle. The spatial patterns of generated drain flow are challenging to quantify. We used 26 tile drain
sites across Denmark to study drain response in varied topographical and hydrogeological settings
on the field scale. We developed 10m resolution groundwater flow models for drain sites in MIKE
SHE using National hydrological model. Joint calibration of all drain sites was conducted by
evaluating PBIAS and KGE of simulated and observed drain flow data. Further, we performed a
correlation analysis between physical parameters and spatial patterns of simulated drain fraction
(ratio of discharge to recharge per grid cell, DF) at different spatial levels: national, regional,

catchment, and field scales.
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New hydrological insights:

The study achieved good predictions of drain flow dynamics in the calibrated groundwater flow
models for 26 drain sites. On a national scale, the correlation of DF with topographic index variables
was high. On the regional scale, Lolland-Sjaelland, and Jylland showed high correlation

to topographical index variables, while Fyn showed a high correlation with clay fraction. The
research provided a broad understanding of parameters controlling the spatial distribution of drain
flows across Denmark. In future, the calibrated groundwater flow models can produce training

dataset of DF for data-driven approaches to predict the spatial distribution of DF across Denmark

Keywords

Subsurface drains, shallow groundwater modeling, hydrogeological variables, topographical

variables

Highlights

1. Jointly calibrated 10m resolution groundwater models for 26 catchments accurately predict
the spatial distribution of drain flow and the temporal dynamics.

2. Inareas with low hydraulic conductivity (Fyn), the average clay fraction (%) (related to the
hydraulic conductivity) is the main controlling variable for drain fraction

3. Inotherareas, the topographical position index and topographical wetness index are more

important in controlling drain flow spatial patterns.

1 Introduction

Tile drainage is a beneficial agricultural technique for regulating the subsurface water level in

waterlogged regions to make areas suitable for agriculture and more productive (Jeantet et al.,
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2021; Prinds et al., 2019). However, there are also potential environmental consequences associated
with tile-drained agricultural areas, i.e., high nutrient loads to surface waters (Hansen, Jakobsen, et
al., 2019; Jacobsen & Hansen, 2016; Prinds et al., 2019; Stenberg et al., 2012). These potential
environmental consequences are because tile drains significantly influence the hydrological flows —
groundwater recharge, surface water fluxes, and indirectly the nutrient transport associated with
the hydrological flows (Hojberg et al., 2017). The partitioning of these hydrological fluxes between
groundwater and surface water is partly controlled by drain flows and their spatial variability due to
differences in geology and topography.

In Denmark, around 50% of the agricultural land is tile-drained (Moller et al., 2018). Drain flow
patterns are not only influenced by drain infrastructure but also geology and topography can
influence the spatial drain flow patterns (Amado et al., 2017; Hansen, Jakobsen, et al., 2019; Hansen,
Storgaard, et al., 2019; Motarjemi et al., 2021; Williams et al., 2015). Few studies have been
conducted to improve the understanding of spatial drain flow patterns on a large scale and to
identify its most influential topographical and geological variables, for example, soil properties,
topographical indexes, etc. Boico et al. (2022) studied the sensitivity of hydraulic conductivities and
specific yields of geological layers on spatial drain flows. However, Boico et al. (2022) did not include
the influence of topographical variables; nonetheless, they recommended it for future
investigations. Hansen, Storgaard, et al. (2019) studied the correlation between the spatial
distribution of drain flow and topographical wetness index (TWI) in 100m resolution but was
unsuccessful in finding any significant correlation. Hansen, Storgaard, et al. (2019) did study impact
of deeper geological layers below the tile drain level and found geological layers below 2-5m
significant for the spatial distribution of drain flow. However, both Hansen, Storgaard, et al. (2019)

and Boico et al. (2022) studied these correlations based on a single drain field to understand the
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physical control variables that drive the spatial distribution of drain flow. To study the spatial
distribution of drain flow, a variety of topographical and geological settings should be considered.
Only Motarjemi et al. (2021) investigated the influence of geological and topographical indexes on
yearly drain flow amounts on multiple sites. However, the spatial distribution of drain flow within
the catchments was not part of the study. Motarjemi et al. (2021) found no clear correlation with
topographical indexes (TI). They highlighted that Tl is less important in predicting drain flow because
there can be considerable variation of Tl within the drain sites, which was not in the scope of their
study.

This study investigates how physical variables (geology — soil, and topography) regulate the spatial
distribution of drain flow in tile-drained agricultural areas. Denmark's existing national groundwater
flow model has a resolution of 500m or 100m (Henriksen et al., 2020; Stisen et al., 2019) and cannot
produce spatial drain flow patterns on the field scale (1-120 ha) for multiple reasons. Firstly, the
model is not validated against direct drain flow observations. Secondly, the coarse resolution makes
it challenging to decipher field scale controls of drain flow patterns. For example, the most relevant
driver of drain flow patterns is water table depth, and there are variations in water table depth
below 100m resolution, as indicated by (Koch et al., 2021). Motarjemi et al. (2021) also reaffirm that
complex groundwater-drain flow patterns of field scale tile-drained catchments cannot be
represented by a national scale hydrological model with a coarse resolution. To achieve our
objective, first, we established, calibrated, and validated a physically distributed groundwater flow
model in 10m resolution that can simulate drain flow dynamics for several field scale drain sites in
Denmark. Then, we investigated the physical control variables on the model-generated spatial

distribution of drain fraction (DF) (i.e., the ratio of drainage volume to recharge volume per grid).
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2 Materials and methods

2.1 Data collection — drain stations

Daily drain flow data and corresponding drain sites' boundaries are available across Denmark for 26

drain sites. All drain sites were tile drained, with the size of the drain sites varying between 1 to 120

ha. In Sjlland, Lolland, and Lillebzek, data are available for four sites each. For Jylland, data is

available for a total of 14 sites. Out of 14 sites, 11 sites are in situated in the the Norsminde

catchment (Mid Jylland), 1 site in Vadum (Upper Jylland), 1 in Fillerup (Mid Jylland) and 1 in Ulvsborg

(Mid Jylland). Figure 1 shows all sites and their grouping on a different scale.

Location of Drain sites

Mid Jylland s
13sites @ .

Loltand-X
4 sites

Grouping of drain sites on different scales

National scale

. Sjaelland-
Regional scale Jylland Fyn :.fn::d
1 I 1
Catchement  [norsminde other Lillebaek Lolland Sjzelland
scale
Norsmindel|| | yiysborg || Lillebzek1 ||| Lolland1 |- Gyldenholm1
Norsminde2
 Fillerup |H Lillebaek2 |H Lolland2 || Gyldenholm2
Norsminde3
Norsmindea|—| Vadum | Lillebaek3 | Lolland3 [ Gyldenholm3
Field scale
Norsminde5 L Lillebaeka |Y Lollanda [ GYldenholm4

Norsminde6

Norsminde7

Norsminde8

Norsminde9

Norsmindel0

Norsmindel

INOnanoRIm
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Figure 1 Drain sites selected in Denmark and their grouping on national, regional, catchment, and

field scale
2.2 National hydrological model and sub-models

As a baseline model, the most recent version of the national groundwater model for Denmark in
100m resolution, referred to as the '100m DK-HIP model', is used in this study (Henriksen et al.,
2020). The model describes surface and subsurface hydrological processes and structures in the
MIKE SHE model code (Abbott et al., 1986; DHI, 2020). The model is forced by a national, gridded
daily dataset of precipitation (10km resolution), temperature, and reference evapotranspiration
(20km resolution) (Scharling, 1999a, 1999b). The model is calibrated against approximately 660,000
individual groundwater head observations and 308 stream flow observations throughout the
country (Henriksen et al., 2020). The model is calibrated from 2000 to 2010 and validated for 1990
to 2019. Therefore, the national model can be used for the interval 1990 to 2019.

As the objective is to investigate the drain flow on a field scale, we set up a MIKE SHE model for each
of the 26 drain sites in 10*10m grid resolution with boundary conditions from the 100m DK-HIP
model. The 100m DK-HIP model is the base of all the 10m resolution groundwater models. As the
10m resolution groundwater models focus on reproducing drain flow dynamics and spatial patterns,
we refined relevant topographic and drain parameters to 10m. All other subsurface descriptions are
the same as in the 100m DK-HIP model. The most crucial parameters for field scale simulation
included drain time constant, drain depth, topographical data, paved area fraction, and the hydraulic
conductivity of the uppermost geological layer (top 2m). Our drain sites' models had no interference
from streams and lakes, no pumping wells, and no irrigation. As knowledge about the exact location
of drainpipes does not exist and MIKE-SHE only allows implicit representation of drains, we assume
drains are in all model cells for all drain sites. We consider this assumption reasonable for the areas

known to be tile drained. Therefore, all cells with groundwater levels above drain depth at a
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particular time will generate drain flow. The model area is extended with a buffer of 200m from all
sides to alleviate the effect of the applied boundary conditions.

One of the most important parameters for our study is the hydraulic conductivity of the uppermost
layer of the subsurface (2m thickness in this setup). The 100m DK-HIP model has a soil classes-based
hydraulic conductivity map (Jakobsen et al., 2015), while we wanted a distributed one with higher
resolution. Therefore, we developed a pedo-transfer function based on the existing 30 m clay
fraction map produced by Adhikari et al. (2013). To parameterize the pedo-transfer function, we
evaluated the correlation between the clay fraction map and the DK-HIP model 100m resolution
hydraulic conductivity map. The pedo-transfer function converted the 30 m resolution clay fraction
map to a 30m resolution hydraulic conductivity map. The pedo-transfer function-derived hydraulic

conductivity map produced similar patterns to the class-based conductivity map of the 1700m model.

2.3 Joint calibration of 26 sub-models

Before calibration, we ran all the 10m resolution groundwater models with parameters directly from
the 100m HIP-DK model. We observed an overall underestimation of drain flows for all 26 drain
sites. The calibration of the 100m HIP-DK model was based on streamflow time series and
groundwater heads, but not drain flows, which might have led to this bias. Another reason for
underestimation is the resolution dependency of model parameters when going from a 100m to
10m resolution. We calibrated all 26 drain sites with a refined 10m resolution keeping in view that
the primary purpose of models is to estimate the drain flow dynamics.

A joint calibration is performed across all the drain sites to get one parameter set that fits all drain
sites across Denmark. This is in line with the calibration scheme for the 100m HIP-DK model, which is
calibrated with one parametrization to secure spatial consistency in model results. We used the
OSTRICH calibration software. The Pareto archived dynamically dimensioned search (PADDS)

algorithm of OSTRICH is suitable for multi-objective optimization (Asadzadeh & Tolson, 2013;
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Matott, 2017). In the output of PADDS, all solutions are stored, including those along the Pareto
front (i.e., solutions where no individual objective function can be improved at the cost of at least
one other objective function). The objective function (Q) is comprised of the Kling-Gupta efficiency
(KGE) and percentage bias (PBIAS) between observed and simulated drain flows at each of the drain
sites' outlets. KGE and PBIAS are used in the objective function because the KGE represents the
cumulative misfit of prediction of the drain flow dynamics and PBIAS represents the overall misfit of
the simulated drain flow. Hence, the objective function was to minimize the sum of squared errors
SSE for KGE and PBIAS across the 26 catchments.

Equation 1: Q = min[SSE(KGE) + SSE(PBIAS)]
In OSTRICH, two types of parameters are used for calibration; 1. main parameters, 2. tied
parameters. The main parameters are directly altered and independent, while tied parameters
depend on the values of the main parameters. During calibration, changes in a parameter alter the
entire spatial distribution of that parameter for all regions of Denmark while keeping the same
spatial relative differences among all regions of Denmark. The main parameters influencing shallow
drain flow dynamics used as calibration parameters are shown in Figure 2. The selection of
calibration parameters was based on past experience with the DK-Model (Henriksen et al., 2019;
Hgjberg et al., 2015). The deeper geological layers were not included in calibration as all drain sites
have relatively low influence from lateral flows. Also, we used boundary conditions of the 100m DK-
HIP model and using different hydrogeological parameter values of the deeper layers would make
the application of the 100m DK-HIP model's boundary conditions invalid.
The main parameters (P) used for calibration include the slope (P1) and intercept (P2) of the pedo-
transfer function converting the clay fraction map into hydraulic conductivity for the upper 2m of
soil; the hydraulic conductivity of the first clay layer below 2m depth for three parts of Denmark

respectively (Sjelland-Lolland, Jylland, Fyn; P3, P4, P5); a factor between the hydraulic conductivity
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of the first sand and first clay layer for Sjaelland, Jylland, and Fyn, respectively (P6, P7, P8), to ensure
that the clay layers' hydraulic conductivity is lower than the sand layers'. Furthermore, the rooting
depth is included (P9), and the drain time constant (P10) controls the conductance of subsurface
drains, as well as the drain depth (P11). The tied parameter includes geological layers under 2m

depth and rooting depth across different crop types.

P11: Drain depth - [m]
P10: Drain time
constant - [/s]
P1, P2: Slope & Intercept i X
of clay fraction pedo- T

transfer function for

upper 2m soil - [ ]
L]

P6, P7, P8:

15t Sand layer Kxf i
15T Clay Tayer Kx SO

[1(Fyn, Sjeelland,

Jylland) \

P9: Rooting depth — [mm]

P3, P4, P5: 15t Clay
layer Kx — [m/s] (Fyn,
Sjeelland, Jylland)

Figure 2 Parameters selected for hydrological model calibration
2.4 Drain Fraction (DF)

DF is a measure of the average drain flow to recharge ratio for the simulation period for each node
in the model and is calculated as

N
Yr=1de
thv=1 Tt

Equation 2: DF =
In eq. 2, d is the volume of drain flow at a specific cell, r is the recharge volume at the specific cell, t
is the stress period (in days), and N is the total number of stress periods. A zero value of DF indicates
no drain flow, while a DF value between 0 to 1 indicates recharge is higher than drain flow. DF value

above 1 indicates that drain discharge is higher than recharge, and additional sources of water to the

grid, e.g., lateral and upward fluxes from deeper groundwater, contribute to drain flow
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2.5 Uncertainty in hydrological model and simulated DF

Five separate calibration runs were conducted with an identical setup except for different random
seeds of the PADDS algorithm to get a variety of parameter combinations that give the best model
performance. Different random seed values can generate slightly different outcomes for the PADDS
algorithm. We selected five solutions (parameter sets) from these runs instead of one specific
parameter set for the groundwater flow model. In the selection, we focused on choosing a solution
on the Pareto front with equally good model performance but showing some variations in the
parameter set.

For all five solutions, the spatial distribution of DF was calculated for all 26 drain sites using the
spatial distribution of recharge and drain flow. Spatial mean DF was estimated by spatially averaging

the DF obtained from 5 selected solutions.
2.6 Evaluation of depth to water table with spatial DF distribution

For most drain sites, relevant groundwater level observations are lacking. Hence, groundwater levels
are not included in the model calibration. Nevertheless, groundwater level observations existed for
two drain site sites, Norsminde3 and Gedved, which have been used to evaluate the validity of the
simulated groundwater levels. The Gedved drain site is not part of the 26 drain site because it has no
drain flow data between 1990 to 2019. The two catchments, Norsminde3 and Gedved, are covered
by a dense network of shallow piezometers of 1.5 m depth with a screen from 0.5 m to 1.5 m, with
31 piezometers in Norsminde3 and 28 piezometers in Gedved. We gathered monthly readings of the
depth of the water table from December 2019 to May 2022 (the Winter season). An observation-
based estimate of drain flow probability is calculated using the monthly depth to water table
readings for the winter months using drain depth as a threshold. This estimate of drain flow

probability is expected to be correlated to DF. The Spearman correlation is derived between the
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drain flow probability estimates and model simulated spatial DF to validate the groundwater model

spatial DF accuracy.
2.7 Physical control variables and Correlation analysis

The aim is to assess the physical control variables of the simulated spatial DF patterns to understand
what drives the simulated drain flow spatial patterns. Topographical and geological variables are
assumed as the primary physical variables and we investigate which derived indexes from those data
explain the spatial variability in DF generation. All topographic variables are derived from the digital
elevation model in 10m resolution. The geological variables used for correlation analysis are Clay
fraction (%) in Horizon a (0-5 cm depth), Horizon b (5-15 cm), Horizon ¢ (15-30 cm), Horizon d (30-60
cm) as developed by Adhikari et al. (2013) interpolated from their native 30m resolution to 10m; and
the thickness of first clay layer and sand layer from the nationwide hydrogeological interpretation
(EPA, 2020) interpolated from their native 100m resolution to 10m.

Topographical variables are TWI, Topographical Position Index (TPI), Terrain Ruggedness Index (TRI),
Roughness, slope, Curvature, and Aspect (Los Huertos & Smith, 2013).

TWI represents water accumulation from its upstream area at a specific point in space. It is

calculated as:

Equation 3: TWI = In (m;(y))

In eq. 3, x is the upslope contributing area, and y is the slope angle in radian (Beven & Kirkby, 1979;
Mattivi et al., 2019). TPI refers to the difference between the central pixel's elevation and its
neighboring pixel's average elevation in a specific radius (Gallant & Wilson, 2000). We calculated TPI
for 10m, 20m, 100m, and 200m radii. TPI represents relative differences in topography. On the other
hand, TRI compares a central pixel with its neighbors by taking the absolute values of the differences
between the central pixel and surrounding pixels and averaging the result (Riley et al., 1999; Wilson

et al., 2007). We calculated TRl in a 30 m radius Roughness is the degree of irregularity of the
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catchment surface. It is estimated by the largest inter-cell difference between a central pixel and its
adjacent cell (Wilson et al., 2007).

A slope is a change in elevation over a distance (Horn, 1981). Curvature represents the shape of a
slope, whether it is convex or concave. The vertical shape of the slope (parallel to the slope) is called
profile curvature. The horizontal shape of the slope (perpendicular to the slope) is called plan
curvature. Curvature is calculated by fitting a surface to the central cell and its neighbors. It
combines profile and planform curvature. Plan curvature affects the flow convergence or
divergence, while profile curvature affects the flow acceleration (Zevenbergen & Thorne, 1987 ).
Aspect is the direction the slope facing at a specific location (Horn, 1981).

Covariance among the identified physical variables was used to exclude redundant variables.
Pearson correlation between model simulated DF and the unique physical variables was determined
for the catchment scale. Model simulated DF was calculated from average DF estimated from 5
selected solutions. Pixels of all drain sites in the same catchment were aggregated for catchment
scale correlation. Two top correlated variables for both geology and topography were selected using
the catchment scale correlations. Correlation between four shortlisted variables and model
simulated DF was studied by grouping drain sites on different scales: national, regional, catchment,
and field. For different scale analyses, pixels of each drain site were placed in different groups based

on the grouping described in Figure 1.

3 Results

3.1 Groundwater models and calibration

Figure 3 shows mean model performance across 26 drain sites for the two objective functions, KGE
and PBIAS, for five calibrations run with different seed numbers. Each point indicates a unique set of

calibration parameters used to run the groundwater models for all 26 drain sites. The calibration



255 results depict a significant improvement in model performance from a mean PBIAS and mean KGE of
256 -75.6 % and -0.28 to -6.7% and 0.53 for the initial run with parameters from the 100m HIP-DK model
257 and the calibrated 10m resolution groundwater models, respectively. The improvement of PBIAS
258  from -75.6% to -6.7% indicates a significant decrease in the underestimation of drain flow found

259 before the re-calibration. The mean KGE increased to 0.53, indicating a good ability to follow drain
260 flow temporal dynamics, especially considering the precipitation uncertainty at the event scale and
261 field scale, and the extreme peaks of drain flow. Along the Pareto front, five solutions are selected.
262  The primary objective function (Equation 1) narrows down to the top 1% of the solutions. Five

263  solutions are selected from the top 1% based on the lowest mean|PBIAS| and variation in the

264 parameter sets. The calibration parameter values are described in Table 1.
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266 Figure 3 Mean performance of 26 drain sites over two objective functions: PBIAS and KGE. Each point
267 indicates a unique set of parameters for running the 10m resolution groundwater flow models of 26
268  drain sites. The color scale represents mean |PBIAS| across 26 drain sites (the black square represents
269 before calibration model performance, and red squares indicate the five solutions selected for

270 analysis)
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Example drain hydrographs from two drain sites, Gyldenholm4 and Norsmindel, are shown in Figure

4. The figures depict two hydrographs for each drain site, one with the highest KGE and the other

with the lowest KGE value among the five selected solutions. It is clear from the hydrographs that

during peak flow periods, there are differences between simulated and observed drain flows. Overall

simulated drain flow is lower than observed in Gyldenholm4, which is indicated by negative PBIAS

values of -20.4% and -21.7%. In Norsmindel, simulated drain flow is higher than the observed drain

flow, and the positive PBIAS values of 16.5% and 15.21% indicate it.

Lowest KGE
solution

Highest KGE
solution

m/d)

Drain Flow (m

Drain Flow (mm/d)

Gyldenholm 4
KGE:0.44,PBIAS:-20.37

18

—y
4.

KGE:0.54,PBIAS:-21.69

14
12

N, W AT AN -]
o " s . o e s ¥ NG
Time

m/d)

Drain Flow (m

Drain Flow (mm/d)

Norsminde 1
KGE:0.65,PBIAS:16.5

KGE:0.78,PBIAS:15.21

—— Observed
—— Simulated

Figure 4 Hydrograph of observed (black) and simulated drain flow (red). The top row shows the

lowest KGE solution of the five selected solutions, and the bottom row shows the highest KGE

solution.
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Mean KGE along all drain sites varies between 0.1 to 0.8 (Figure 5). The results show a mean KGE
value above 0.4 in all drain sites except Vadum, Norsminde 8-10, and Lolland 3. This indicates that
the 10m resolution groundwater models can capture the drain dynamics and seasonality on field
scale drain sites after joint calibration. PBIAS values along all drain sites vary from 52% to -40%
(Figure 5). | PBIAS| value is below 25% in all drain sites except Norsminde 4, Norsminde5, Norsminde
7, Norsminde8, Norsminde 9, Norsminde10, Norsmindel1l, Lillebaek3, Lolland3. The variation in KGE
value across the five selected solutions is highest among the four Lillebaek catchments and Lolland3.
As for the KGE, the Lillebaek and Lolland drain sites also depict higher variation in PBIAS values than
other drain sites. The variation in KGE and PBIAS highlights the variation in drain flow prediction
among different solutions (Figure 5). Variations in Lillebak catchments are high because the

variation in the parameters of the five solutions is also highest in Lillebaek catchments.
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Figure 5 Mean KGE and mean PBIAS of selected solutions across 26 drain sites. The blue point shows

298

the mean KGE/PBIAS value, while the red lines show the variation in KGE/PBIAS within the five

299

solutions for each catchment

300



301

302 Table 1 Set of calibration parameters of the 5 selected solutions and parameter bounds used in the calibration
Solution P1: Slope of P2: Intercept of | P3: 1% clay Kx . Istsand Kx, P4: 1% clay Kx Fyn . Istsand Kx, P5: 1% clay Kx , st sand K P9: Rooting depth P10: Drain time P11: Drain
1st clay Kx 1st clay Kx 1st clay Kx

no. pedo- pedo-transfer Sjeelland [m/s] sizelland [-] [m/s] Fyn [ Jylland [m/s] Jylland [-] [mm] constant [1/s] depth [m]
transfer function [-]
function [-]

Bounds -0.5t0-0.15 -5.0t0 0.0 1.0E-08 to 1.0E-05 | 1.0E+04 to 1.0E-08 to 1.0E-05 | 1.0E+04 to 1.0E-08 to 1.0E- | 1.0E+04 to 600 to 200 1.00E-9 to 1.00E-05 1.2t00.8

1.0E+02 1.0E+02 05 1.0E+02

1 -0.375 0.0 3.980E-08 112 1.210E-06 111 1.000E-08 100 613 3.220E-07 1.20

2 -0.317 -0.804 1.410E-07 163 2.240E-07 10000 1.070E-08 105 600 2.360E-07 1.15

3 -0.317 -0.853 1.410E-07 163 5.290E-07 263 1.000E-08 103 600 5.680E-07 1.15

4 -0.317 -0.804 1.410E-07 163 3.510E-07 10000 1.070E-08 100 600 2.950E-07 1.20

5 -0.317 -0.8.04 1.470E-08 200 2.220E-07 100 1.070E-08 105 600 2.360E-07 1.10
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3.2 Spatial distribution of DF

After reasonably calibrating the 10m resolution groundwater models, we obtained the mean drain
fraction across the five selected solutions. This is because all five solutions are reasonable and
including all five solutions DF will help to incorporate differences in DF due to parameters'
uncertainty. Figure 6 shows the spatial distribution of DF in two example drain sites: Gyldenholm4
and Norsmindel. In the upper row, the blue to cyan color indicates low DF, and the yellow to red
color indicates high DF. Recharge from cells with a low DF (or even a DF of zero) can also contribute
to drain flow as it can travel laterally to downstream cells, upwell there and potentially drain from
there. That means that DF values above 1 represent areas where subsurface flow is accumulated
from neighboring upstream regions and deeper layers.

In the lower row of Figure 6, the standard deviation of DF across the five selected solutions is shown.
In Gyldenholm 4, the northwestern part shows more standard deviation than the southeastern part,
while in Norsmindel, the standard deviation is higher only in high DF areas (Figure 6). The difference
in the standard deviation in Gyldenholm4 might be because of the more rugged terrain in the

northwestern part than the southeastern part (Figure 6).
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Figure 6 Mean and standard deviation of DF across the five solutions in Gyldenholm1 and FensholtD1
Figure 7 illustrates simulated and observed DF as average per drain site. It shows that our 10m
resolution groundwater models underestimate DF in 10 out of 26 drain sites while the remaining 16
are overestimated. The variation in DF between the catchments is reasonably well captured with
Pearson R of 0.6, indicating that the models can differentiate between high and low DFs at the field
scale despite the joint calibration.

For the spatial variability in simulated DF within each drain site, Vadum has the highest standard
deviation in spatial DF, followed by Gyldenholm, Norsminde, Fillerup, and Ulvsborg drain sites.

Lolland and Lillebaek drain sites show the lowest standard deviation among spatial DFs.
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Figure 7 Means of observed and simulated DF for each catchment (grey and blue bars), together with
the standard deviation of the spatial distribution of DF (red line). The y-axis represents mean DF or

standard deviation of DF, respectively

Spatial comparison of simulated DF and drain flow probability

The spatial comparison of simulated DF at the piezometer locations with drain flow probability
estimates based on observed groundwater levels is shown in Figure 8. Satisfactory Spearman
correlations are observed for both Gedved (0.68) and Norsminde3 (0.50). The Spearman correlation
is lower in Norsminde because of one outlier (piezometer 1). The removal of piezometer 1 increases

the Spearman correlation to 0.63 (Figure 8).
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Figure 8 Point comparison of drain probability based on observed groundwater levels and simulated
DF. A. Distribution of piezometers; B. Spearman correlation plot between winter drain probability and

mean winter DF
3.3 Geological and topographical correlations

Before the correlation analysis, a covariance matrix is used to exclude the redundant variables that
are highly correlated with a coefficient of determination above 0.9. After the covariance analysis, the
redundant variables such as TPl in a radius of 10m, Curvature, Clay fraction b, and c horizon, and

Roughness were excluded (Figure 9).
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358 Figure 9 Covariance matrix of Physical variables

359 Figure 10 shows the correlation matrix between model simulated DF and non-redundant physical
360 variables. The results showed that the Lolland region has no significant correlation with the physical
361 variables. Lillebak, Norsminde, and Gyldenholm show an intermediate correlation with identified
362 physical variables. Lillebaek shows a medium correlation of 0.67, 0.5, and -0.62 with average clay
363  fraction (%), clay thickness (m), and TRI_30, respectively. However, Gyldenholm and Norsminde
364  display correlation only with topographical variables. Gyldenholm shows a correlation of 0.57 for

365  TPI_20. Norsminde shows a correlation of -0.69 and 0.6 with TPI_2 and TWI.
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Figure 10 Correlation matrix between simulated DF and identified unique physical variables
3.4 Scale analysis across different spatial aggregations.

The correlation of four main geological and topographical variables with model simulated DF is
shown in Figure 11. On the field scale, topographical variables display clear dominance in the
correlation analysis except for Lillebaek1,2,4 and Lolland1 drain sites, where geological influence was
more prominent. Lillebak3 and Lolland2,4 show a weak correlation with TWI and average clay
fraction %. On the catchment scale, Lillebaek illustrates DF correlation with clay fraction and clay
thickness while Norsminde and Gyldenholm showed sensitivity to TPl and TWI; however, Lolland
showed no clear trend. On the regional scale, Fyn's DF correlates with clay fraction and clay
thickness, while Sjalland and Jylland showed a high correlation with TPl and TWI. A decrease in

correlation was observed from the field scale to the national scale.
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Figure 11 Scale-based correlation between model simulated DF and physical variables

4  Discussion

4.1 10m resolution groundwater models performance, equifinality, and

transferability

The 10m resolution groundwater models simulate the drain flow dynamics and overall drain flow
volume reasonably well, as indicated by KGE and PBIAS, considering the combined calibration of 26
drain sites. Many previous studies used models to simulate drain flow dynamics but mainly on a
single catchment(Boico et al., 2022; De Schepper et al., 2017; Frederiksen & Navarro, 2021; Hansen,
Jakobsen, et al., 2019; Hansen, Storgaard, et al., 2019; Salo et al., 2017; Wang et al., 2017). Only
Jeantet et al. (2021) and (Motarjemi et al., 2021) modeled multiple catchments together but using
lumped and machine learning models, respectively. The model performance from these previously
studied lumped models, machine learning models or single catchment models is not significantly
higher than our 10m resolution groundwater models.

Besides matching the overarching seasonal patterns of drain flow, with high amounts in winter
related to high groundwater levels and low amounts in summer related to lower groundwater levels,
our models can also capture much of the short-term dynamics. The simulated drain flows do not

always capture the magnitude of the peaks, but the overall underestimation was less than 10%. In



396  most cases, the first peak of the winter season is not simulated accurately. This could be linked to
397  the groundwater model's inability to mimic the desiccation of clayey soils (Tang et al., 2011). In

398  desiccation, clayey soils develop cracks in the topsoil surface that allow water to pass rapidly

399 through the cracks creating a fast response in the groundwater table rise (and, consequently, the
400 drain flow) until the clay saturates and swells. Another major source of uncertainty in simulated

401 drain flow arises from climate forcing since precipitation is obtained from the national rain gauge
402 network, potentially struggling with field scale variations in precipitation. However, PBIAS was high
403 >+25% for many individual catchments. This high magnitude of PBIAS can be due to the inaccuracy
404  of the delineated drain site and its total area. Drain site delineations are provided by the projects
405  which performed the drain flow monitoring and are based on a combination of knowledge about the
406  actual tile drainage network and topographical delineations. For small drain sites and complex tile
407  drainage networks, the uncertainty in the estimated area contributing to drain flow at the

408  observation point could be significant. Moreover, measurement uncertainty in drain flow

409 observations affects model performance as well.

410

411 Beven (1993) proposed the equifinality concept for hydrological modeling that states more than one
412 solution (such as one parameter set) can have practically equal good model performance. Amongst
413  others, Asadzadeh and Tolson (2013) and Anderson et al. (2015) also highlighted the non-uniqueness
414 of groundwater models, that there could be more than one reasonable model with different

415  combinations of parameter sets. We used multiple equally good calibration solutions to cover some
416  model parameter uncertainty effects on generated drain flow. In this study, we incorporated the
417 parameter uncertainty in simulated spatial DF by a limited selection of five solutions. Only five

418  solutions are selected to reduce the computational time. Whether or not five solutions are enough
419  torepresent the uncertainty could be questionable. However, in the current study, we observed no

420 difference in the correlation results when the spatial DF of 5 selected solutions is separately
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correlated with the physical control variables. Therefore, it is assumed sufficient to select five
solutions.

Because of space and time-specific calibration, many groundwater models only apply to specific
sites. Such site-specific calibrated models have low transferability as they cannot replicate the
dynamics for other regions or climates (Montanari et al., 2013). The 10m resolution groundwater
models are valid and transferable as spatially consistent parametrization combined with one joint
calibration for all 26 drain sites. The natural variability in year-to-year climate is also covered by
taking, on average, two years long drain flow data for calibration of most drain sites except
Norsminde 9,10,11. Moreover, the time period of calibration is different for each drain site

representing variation in precipitation in the model.
4.2 Applicability of correlation analysis

The pertinency of the correlation analysis and, thereby, the ability to generalize findings depends on
the representation of the topographical and geological variability of Denmark's drained area by our
26 drain sites. Moller et al. (2018) developed a map for Denmark displaying the probability of an
artificial drainage system. We used that probability map to limit the following analysis to areas
across all of Denmark that likely are drained, using 233% probability as a cutoff for the existing drain.
We evaluated whether the physical variables' ranges occurring across likely drained areas in all of
Denmark are reasonably well covered by our 26 drain sites. Figure 13 shows the occurring ranges of
values for the four most important variables for both the 26 drain sites and the likely drained areas
across all of Denmark. The variability in all topographical and geological variables is covered in the 26
drain sites, while clay fraction below 10% is underrepresented. The regions with low clay fractions
are not covered because we had limited drain flow data, but also, areas with clay fractions below
10% are less likely to be drained artificially. Therefore, our findings do not apply to regions with low

clay fractions below 10%.



-1.0 -0.5 0.0 0.5 1.0 5.0 75 10.0 125 15.0 175
Topographical position index_2 Topographical wetness index

10 20 30 40 50 0 10 20 30 40 50
Average clay fraction (%) Clay thickness (m)

[ DK Tile-drained areas
[ 26 drain catchments

446
447 Figure 12 Histogram of distribution of geological and topographical variables. The purple area is
448 overlap between the blue and pink region

449 4.3 Spatial DF

450 Due to a lack of piezometer head data, we have not calibrated the 10m resolution groundwater flow
451 models against piezometer head observations. However, verifying simulated DF spatial patterns was
452  crucial for this study. So, we validated the spatial patterns of simulated DF by inspecting the

453 correlation between simulated DF spatial patterns and observed drain probability in winters for two
454  drain sites with available groundwater level observations. Both sites showed an intermediate

455  Spearman correlation of 0.5 (Norsminde3) and 0.68 (Gedved), assuring that simulated DF spatial

456  patterns are reasonable and can be trusted.
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Representation of tile drain site on 100m resolution does not provide an accurate picture of spatial
variation within field scale. This study provides a more detailed spatial variation of DF within the
field scale, allowing us to understand the behavior of drain flow with respect to field geology and
topography. This lacked in the previously existing 100m DK-HIP model. Hydrological understanding
of the spatial distribution of drain flow on the field scale is critical for water quality regulation in the
agricultural sector. This study benefits the water managers in identifying areas of high drain flow and

locates regions that feed agricultural water excess to surface water bodies.
4.4  Correlation Analysis

We found that among all topographical and geological variables, mostly relative differences in
topography control the DF spatial distribution on the national scale. However, the correlations tend
to get smaller with more significant aggregation levels. We do not observe a strong correlation with
geological variables, and this might be because topographical variables are initially in 10m
resolution, but geological variables are downscaled from 100m or 30m resolution to 10m resolution.
When Denmark is aggregated into three parts based on similarities in geology, Fyn, Sjeelland-Lolland,
and Jylland, we observed a distinct behavior in Fyn. The drain flow pattern in Fyn is controlled mainly
by clay fraction, whereas topographical variables do not influence the drain flow pattern. This
distinct behavior in Fyn is because all available Fyn drain sites have relatively low differences in
topography and a high clay fraction value (Table 2). Low hydraulic conductivity limits lateral
groundwater flows, so the topographical influence is limited as water flows from peaks to
depressions are prevented. We developed the hydraulic conductivity map from the clay fraction
pedo-transfer function, and higher clay fractions are converted to lower hydraulic conductivity.
Therefore, clay fraction is a limiting factor in Fyn's drain sites; thus, topographical variables do not

show a significant correlation.
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5 Conclusion

The study developed a groundwater flow model in 10m resolution that can well reproduce drain
flow dynamics and spatial differences in drain flow fraction at the field scale after joint calibration of
26 drain sites. The achieved average KGE above 0.5 and |PBIAS| below 10% of drain flow affirm the
robustness and accuracy of the groundwater model.

The study also demonstrates how spatial drain flow patterns correlate with physical variables of
topography and geology to improve the understanding of drivers of the spatial distribution of drain
flow. We found the TPI to be the most important physical covariate in regions where relative
differences in topography exist. We also found clay fraction becomes a dominant factor when clay
fraction percentage increase in relatively flat areas.

Even though the 10m resolution groundwater models can accurately produce drain flow patterns,
developing a hydrological model-based DF map of Denmark in 10m resolution is impossible due to
computational limitations. Nonetheless, the developed 10m resolution groundwater models for the
selected drain sites can generate a training dataset for a data-driven algorithm study which could be

explored in a future study.

6 Credit authorship contribution statement

Hafsa Mahmood: Conceptualization, Methodology, Software, Formal analysis, Investigation, Writing
- original draft, Visualization, Validation, Writing - review & editing. Raphael Schneider: Supervision
Conceptualization, Methodology, Investigation, Software, Formal analysis, Writing - review &
editing. Simon Stisen: Supervision, Conceptualization, Methodology, Writing - review & editing.
Rasmus Rumph Frederiksen: Supervision, Writing - review & editing. Anders Vest Christiansen:

Supervision, Writing - review & editing.

7 Declaration of Competing Interest

None.



504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

8 Acknowledgments

This study was part of T-Rex (Terraenneer redox og retentions-kortlaegning til differentieret malrettet
virkemiddelindsats indenfor ID15 oplande), funded by the Danish GUDP (Grgnt Udviklings- og
Demonstrationsprogram), project number 34009-18-1453 k and WATEC — Aarhus University Center
for water technology in Denmark. The authors thank Bo V. Iversen for providing drain flow data and
Carlos Duque Calvache for productive discussions. The authors would also like to thank Lars

Troldborg for providing the clay and sand thickness maps.

9 Annexes



TPI_2 TPI_20 Average clay fraction (%) TWI Clay thickness (m) Slope Plan curvature Profile curvature
Drain catchment scale

Mean Std Mean Std Mean Std Mean  Std Mean Std Mean  Std Mean Std  Mean Std
Fillerup 0.000 0.2 0.10 1.2 14.4 0.8 10.1 13 5.0 5.4 2.2 11 -0.002 0.2 -0.003 0.2
Ulvsborg 0.001 0.3 0.01 1.0 14.7 0.7 9.4 11 4.6 5.8 2.0 11 -0.006 0.3 -0.006 0.4
Vadum -0.001 0.1 -0.03 0.2 3.6 2.2 11.1 1.1 0.2 0.5 0.3 0.2 0.003 0.1 0.003 0.1
Norsmindel 0.005 0.2 0.18 1.0 12.2 0.7 10.1 1.2 36.9 59.0 1.7 0.8 0.000 0.2 -0.004 0.2
Norsminde2 -0.002 03 -0.08 1.9 12.7 0.8 9.4 1.1 18.7 17.0 2.8 1.6 -0.003 0.3 0.001 0.3
Norsminde3 0.003 02 -001 0.9 12.2 0.6 9.8 1.2 329.4 231.5 1.7 1.0 -0.003 0.3  -0.006 0.3
Norsminde4 0.013 0.1 0.62 0.8 13.3 0.7 11.0 1.2 34 13 2.0 0.9 -0.006 0.2 -0.024 0.2
Norsminde5 -0.014 03 -0.04 20 13.3 0.7 9.5 11 38.2 12.0 3.1 1.8 -0.019 0.4  -0.002 0.5
Norsminde6 0.007 0.3 1.12 2.4 12.7 0.7 9.6 1.4 33.8 10.4 4.1 2.9 0.006 0.3 0.000 0.3
Norsminde7 0.090 0.2 2.60 1.8 12.7 0.5 9.5 0.7 12.2 14.3 3.3 2.7 0.023 0.1 -0.062 0.2
Norsminde8 0.019 0.5 1.55 2.4 12.4 0.8 9.0 13 1.6 0.7 3.9 2.1 0.036 0.5 0.012 0.6
Norsminde9 -0.009 0.3 0.02 2.2 12.4 0.8 9.6 13 389.0 196.4 3.6 2.6 -0.021 0.3 -0.004 0.4
Norsminde10 0.014 0.2 1.13 1.7 13.4 0.7 9.9 1.0 34 2.3 3.0 2.3 0.004 0.2  -0.008 0.2
Norsmindel1l 0.030 0.2 1.88 13 12.8 0.8 9.8 1.1 17.4 11.4 2.4 1.5 0.014 0.2 -0.017 0.2
Lillebaek1 0.020 0.1 0.54 0.6 18.9 0.5 10.0 0.9 14.2 5.9 11 0.6 0.008 0.2 -0.016 0.2
Lillebaek2 0.029 0.2 1.06 0.7 17.6 0.5 9.4 1.0 17.5 0.4 14 0.7 -0.023 0.4 -0.045 0.5
Lillebaek3 0.027 0.1 0.60 0.5 18.0 0.4 10.7 11 9.9 2.3 1.5 0.9 0.023 0.2 -0.014 0.2
Lillebaek4 -0.016 0.2 0.41 0.9 18.1 0.5 10.2 13 4.6 13 2.2 0.67 0.004 0.2 0.024 0.3
Lolland1 0.027 0.1 0.81 0.4 16.4 0.6 10.6 1.0 25.8 2.6 0.9 0.7 0.003 0.1 -0.027 0.1
Lolland2 -0.003 0.1 0.29 0.3 16.5 0.5 10.5 0.9 10.8 2.0 1.0 0.3 -0.008 0.1 0.006 0.1
Lolland3 0.066 0.1 2.03 1.6 15.7 0.3 9.4 0.7 17.9 13 2.6 1.0 0.023 0.2 -0.053 0.3
Lolland4 0.005 0.1 0.19 0.4 21.0 0.7 10.6 1.0 6.9 0.8 0.7 0.4 -0.005 0.2 -0.013 0.2
Gyldenholm1 -0.002 0.2 0.04 0.7 14.3 1.5 10.4 14 5.1 5.6 1.2 0.7 -0.004 0.2 0.004 0.2
Gyldenholm2 0.003 0.2 0.03 0.7 143 1.6 10.1 1.2 9.8 12.8 1.2 0.8 -0.003 0.2 -0.007 0.3
Gyldenholm3 -0.002 0.1 -0.03 05 16.9 15 10.5 13 7.1 6.0 0.9 0.7 0.001 0.2 0.005 0.2
Gyldenholm4 -0.007 0.2 -0.08 1.1 145 1.8 9.8 1.2 33.6 19.8 1.7 1.0 -0.009 0.2 -0.001 0.2
526
527 Table 2 Properties of drain sites
528

529
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Table 3 Drain flow fraction statistics for different solutions

1 2 3 4 5
mean 0.84 0.83 0.79 0.83 0.85
std 0.78 0.80 0.79 0.79 0.76
25% 0.46 0.43 0.42 0.44 0.46
50% 0.76 0.66 0.64 0.66 0.79
75% 0.94 0.99 0.93 0.98 0.97

Table 4 Drain flow fraction statistics for National, Regional, Catchment scale

DK Fyn | Jylland | Sjlland | Lillebak | Lolland | Gyldenholm | Fensholt | Station @ Fillerup | Ulvsborg | Vadum
Count | 51924 | 1064 | 24481 26379 1064 1512 24867 12721 3563 3821 3487 889
Mean 3,51 1.59 3.54 3.56 1.59 2.92 3.60 3.56 3.30 3.73 3.47 3.82
Std 325 0.74 4.13 2.19 0.74 0.96 2.24 4.32 3.98 2.13 2.95 9.22
25% 1.92 | 1.02 1.25 2.60 1.02 2.58 2.60 0.98 1.14 2.43 1.70 0.03
50% 298  1.54 2.54 3.21 1.54 3.20 3.21 2.24 2.28 3.34 2.75 0.42
75% 4.08 | 2.25 4.26 4.06 2.25 3.48 4.12 4.36 3.87 4.49 4.05 3.20




532  Table 5 Drain flow fraction statistics for drain sites
Vadum Ulvsborg FensholtD1 FensholtD2 FensholtD3 FensholtD4 | FensholtD5 | FensholtD6 | FensholtD7 | FensholtD8 | Station31south | Station32in | Station33in

count 889.0 3487.0 3391.0 3279.0 2753.0 406.0 1193.0 724.0 353.0 622.0 1400.0 765.0 1398.0
mean 3.8 3.5 3.6 3.7 3.8 3.5 3.7 3.4 1.7 2.5 3.7 3.1 3.1
std 9.2 2.9 3.9 4.8 4.6 2.1 4.6 4.2 1.3 3.9 5.2 2.8 3.0
25% 0.0 1.7 11 0.7 1.0 21 1.6 0.9 0.8 0.2 0.6 1.5 1.4
50% 0.4 2.8 24 2.1 2.3 3.0 2.6 21 1.4 0.9 2.0 24 2.3
75% 3.2 4.1 4.4 4.5 438 43 43 45 2.4 3.0 4.4 3.7 3.6
Fillerup Gyldenholm1 | Gyldenholm2 | Gyldenholm3 | Gyldenholm4 | Lilleb&kD2 | LillebaekD4 | LillebekD5 | LillebekD6 | LollandD103 LollandD105 LollandD106 | LollandD107
count 3821.0 4641.0 4870.0 12006.0 3350.0 446.0 100.0 256.0 262.0 578.0 264.0 204.0 466.0
mean 3.7 3.5 3.7 3.5 3.8 2.3 15 11 0.9 2.6 3.3 2.5 3.4
std 2.1 2.7 2.8 1.0 3.4 0.2 0.3 0.6 0.3 1.2 0.7 0.4 0.6
25% 2.4 2.2 2.3 2.9 1.9 2.2 13 0.6 0.6 1.9 3.0 2.4 3.4
50% 3.3 2.9 3.0 3.4 2.8 2.3 15 1.2 0.9 2.9 3.2 2.5 3.5
75% 4.5 4.2 4.4 4.1 4.5 2.5 1.7 1.4 11 3.4 3.5 2.7 3.6
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