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A significant overland flow and erosion event was documented and studied in an agricultural area with post
glacial marine sediments (southern Norway). Field observations and UAV-photography revealed that a large
volume of water abruptly exfiltrated at the end of the snowmelt season. Numerical groundwater modelling aided
in interpreting our observations, as well as comparison with prior study in the same catchment. It was hy
pothesized that a water storage capacity threshold of the subsurface was exceeded to cause the seepage, in
combination with a transition from coarse to fine marine sediments. Furthermore, the spatial distribution of
snow cover and snow melt rate, as well as the presence of manmade tile drainage, were found to have significant
impact on the seepage event. The recurrence frequency of the event is unknown, warranting further study.

1. Introduction

catchments are not easily translated to low-lying agricultural settings
because in cultivated areas the topography is less steep, the catchment
scale is often smaller, the weather conditions are milder and manmade
interventions are substantial (e.g., ploughing, tile drainage and crop
growth). At the same time, cultivated areas in cold-climate countries are
often considered vital by national governments, such as in Norway, since
arable land in those regions is scarce (Flaten, 2001).
Existing studies in low-lying agricultural areas have demonstrated
the significant impact of snowmelt on erosion. For example, Lundekvam
et al. (1998) concluded that snowmelt-induced erosion can lead to
considerable soil loss in southern Norway. They identified the effect of
tillage methods and the timing of tillage, noting that a high risk of
erosion was associated with autumn ploughing. According to their
study, leaving plant residue over the winter provided the best protection
against soil loss. Deelstra et al. (2009) showed that large losses of ni
trogen and phosphorus from agricultural soils to streams occur in Nordic
agricultural catchments at the end of winter. Comparable effects of
snowmelt on erosion and water quality have been found across the
world in cold-climate and relatively low-lying agricultural areas such as
in Russia (Yakutina et al., 2015, Maltsev and Yermolaev, 2020), the
United States (Hoffman et al., 2019), Germany (Ollesch et al., 2006),

The hydrology of cold climate regions is significantly impacted by
snowfall. When the snow that built up during Winter melts in Spring, a
large amount of liquid water is released into the environment. Most of
this water either infiltrates into the subsurface or becomes surface runoff
(Rango and DeWalle, 2008). The soil is potentially still frozen during the
snow melting period, which could impede infiltration (Granger et al.,
1984; Gray et al., 1986). Due to the large flux of melt water, the risk of
erosion of fertile soil is high (McCool, 2020). Furthermore, stream levels
often rise rapidly leading to a risk of flooding (Kundzewicz et al., 2010).
Nutrient loss during the snowmelt period in agricultural environments is
also high (Deelstra et al., 2009), as well as leaching of contaminants,
resulting in a degradation of stream and lake water quality (Fučík et al.,
2011). The snowmelt event therefore poses a hydrological challenge for
society and agricultural environments in particular.
Numerous studies have been performed on snowmelt mechanisms
with a focus on snowmelt-runoff models and streamflow forecasting in
mountainous catchments. Low-lying agricultural areas in more
temperate zones with shallow snow cover have received somewhat less
attention (Starkloff, 2017). Insights from studies in high mountain
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Scotland (Wade and Kirkbride, 1998), Poland (Rodzik et al., 2009),
Canada (Su et al., 2011) and northeast China (Tang et al., 2021).
Frozen soil is a factor sometimes recognized as enhancing soil
erosion due to snowmelt (Banaszuk et al., 2013). In addition, rain on
snow is mentioned to increase overland flow and erosion risk (Zuzel
et al., 1982). Specific to the agricultural setting, tile drainage has been
found to lead to rapid loss of nutrients and contaminants to streams even
though it seems to decrease overland flow and erosion (Banaszuk et al.,
2013). Melt water reaching the stream via drainage pipes bypasses
possible buffer strips and vegetation traps that could have otherwise
filtered out nutrients and pollutants. Furthermore, rill and ephemeral
gully erosion are mentioned as the most frequent type of erosion due to
snowmelt, because during large water influx events sheet erosion is
often limited (Øygarden, 2011; Tang et al., 2021). The rills and
ephemeral gullies created during snowmelt are usually removed by
farmers when spring tillage starts (Øygarden, 2011).
Apart from important insights mentioned above, it is difficult to
further synthesize snowmelt erosion studies because of differences be
tween study sites such as topography, soil type, agricultural practices
and weather conditions. Furthermore, annual variations in snowmelt
intensity and corresponding erosion are large, owing to differences in
snow depth, rainfall, melt rate and frozen soil occurrence. Øygarden
(2011) noted that soil erosion events have certain multiyear recurrence
intervals, making it difficult to consistently do research on major
snowmelt-induced erosion. Also, many studies observed the end-result
effects of snowmelt erosion such as soil loss volumes, stream sediment
discharge and water quality indicators. While providing valuable in
formation on snowmelt erosion risk, it does not provide direct insight
into the in-situ snowmelt erosion process related to water partitioning in
the landscape (i.e., infiltration, overland flow and subsurface flow).
Especially what happens to the meltwater in the subsurface warrants
further study.
In this paper, a particular snowmelt period is documented in which
subsurface flow played a critical role concerning the fate of melt water in
the landscape. The study area is a tile-drained agricultural catchment in
southern Norway where field and UAV-based observations were made
during the snowmelt period. The aim of this paper is to shed light on the
various ways soil erosion can be triggered during wintertime hydro
logical conditions. This is done through a combination of observations
and modelling, and through comparison with prior erosion studies in the

catchment (Starkloff, 2017; Starkloff et al., 2018). Specifically, this
paper addresses the potentially large role of groundwater seepage in
surface and subsurface erosion.
Groundwater modelling with MODFLOW was performed to help
understand the cause of seepage during snowmelt. The model provided
useful information on the influence of several variables such as the
spatial snow melt pattern (i.e., spatially varying recharge), melt and
rainfall rates (recharge rate), and hydrological soil properties on seepage
volumes and its spatial distribution. The second aim of this paper is
therefore to identify environmental controls on groundwater seepage
during snowmelt.
2. Methods
2.1. Study area
The study area is situated in southern Norway in the Skuterud
catchment (4.5 km2; 59.67◦ N, 10.83◦ E; Fig. 1). The catchment consists
of approximately 60 % agriculture with cereal production (wheat,
barley, and rye), followed by 33 % pine forest and 7 % urban area
(Kværnø et al., 2007). A sub-catchment called Gryteland (0.29 km2) is
the focus area of this study. The elevation of Gryteland is between 106
and 141 m above sea level with numerous gentle slopes (max. 15 %).
Part of the agricultural area is tile-drained, but the exact drainage layout is not documented.
The arable land of Skuterud consists of marine sediments in the
textural range of clay loam and silty clay loam. Isostatic uplift after the
last glacial period caused these sediments to rise above sea level (Sauer
et al., 2009). On the fringes of the agricultural plots and in the sur
rounding forests, sandy shore deposits are found. Several undeveloped
gullies exist in the marine sediments in the form of connected shallow
depressions in the landscape. These undeveloped gullies are clearly
visible on a digital terrain model of the subcatchment (Fig. 2). These
“semi-gullies” are part of the land cultivated by the farmer.
Mean annual temperature in the area is 5.3 ◦ C and mean annual
precipitation is 785 mm (Thue-Hansen and Grimenes, 2015). The snow
melt events studied in this paper occurred in the months February and
March in 2019.
2.2. Unmanned Aerial Vehicle (UAV) photography
Aerial photos of the subcatchment Gryteland were frequently made
during the snowmelt period with an Unmanned Aerial Vehicle (UAV),
model Parrot Anafi, which carried a 21-megapixel 1/2.4-inch CMOS
sensor camera. Flights were planned with the Pix4Dcapture flight
planner Android application and nadir photos were set to have an
overlap of 80 to 85 % depending on the amount of direct sunlight pre
sent. Flight altitude was set to 65 m resulting in a ground sampling
distance of 2.17 cm per pixel. The software Pix4Dmapper was used to
create an orthomosaic and digital terrain model (DTM) from the images.
Ground control points (GCPs) were manually added and tied to recog
nizable points in the images, which were corners of houses and the
midpoint of a manhole. The coordinates of these GCPs, as well as their
elevations, were determined with the publicly available terrain map of
Norway at norgeskart.no from Kartverket.
The resulting orthomosaics and DTMs were visualized with QGIS
software. The flights were performed on an almost daily basis,
depending on weather conditions. The rasterized DTM elevations of the
snow-covered catchment of different dates were subtracted from each
other to get an indication of the spatial snow ablation pattern, to be used
later as a proxy for spatially distributed recharge in the groundwater
model. To achieve correct subtraction of the DTMs, manual snow depth
measurements were compared to specific points on the DTMs. Subse
quently, the snow depth map was calibrated through subtraction or
addition based on the difference between the DTM and ground mea
surements. Visual cues on the orthomosaic, mainly snow cover

Fig. 1. Location of Gryteland catchment in southern Norway. Source: Open
Street Map.
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Fig. 2. Digital elevation model (left; kartverket.no) and satellite image of the Gryteland subcatchment (right; Yandex Maps, 2007). The undeveloped gullies are
visible as connected shallow depressions in the landscape. The inner catchment excludes the forested areas from which water is led away from the agricultural area
via ditches and drainpipes.

disappearance, were further used as a confirmation of snow melt pattern
in the DTMs. The orthomosaics were also used to identify overland flow.

Østensjøvannet in the north. The weather station of the Norwegian
University of Life Sciences (NMBU) was used to get information on solar
radiation, soil temperature and precipitation. It is located approximately
3 km southeast of Gryteland. Soil temperature is measured at 2, 5, 10,
20, 50 and 100 cm depth. Because of similarities in snow depth, soil type
and weather circumstances at the two locations, we assume the soil
temperatures measured at the weather station give a good indication of
soil temperature in Gryteland.

2.3. Manual snow measurements
Manual measurements of snow density, snow water equivalent
(SWE) and snow depth were performed with a snow core sampler and
measuring stick along a fixed trajectory. The trajectory was chosen to
encompass a variety of slopes and depressions in the central area of the
Gryteland subcatchment. A second trajectory was later established (19
February) to incorporate sampling of forest effects at the southern edge
(later shown in . Furthermore, local observations were made of surface
runoff and erosion.

2.5. Prior snowmelt erosion studies
During the winters of 2013, 2014 and 2015 snowmelt erosion studies
were undertaken in the Gryteland subcatchment. The results of these can
be found in Starkloff (2017). The same environmental variables were
measured during those winters as with this study, but without frequent
UAV-based observations. The results of this study will be compared to
the data collected during those three winters to assess why in certain
circumstances we did or did not observe erosion.
In the winter of 2015, the hypothesis was that frozen soil had a
significant impact on infiltration and surface runoff generation (Starkl
off, 2017). To test this specific hypothesis, we employed the 1-dimen
sional water and heat transport model with freezing for the
unsaturated zone by Stuurop et al. (2021). We used the measured soil

2.4. Monitoring stations
At the northwestern edge of the Gryteland subcatchment, a flume
with water level sensor has been installed to measure discharge (m3s− 1)
from surface runoff that accumulates in the semi-gully system. A water
level sensor is also present in the main drainpipe that leads the water
from all drainage pipes in Gryteland toward the stream of Skuterud. Air
temperature was also recorded at the station. The discharge (m3s− 1)
from the stream of Skuterud was recorded before it enters lake

Fig. 3. Sediment map from the Geological Survey of Norway.
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Table 1
Additional scenarios simulated to study the influence of several variables on groundwater seepage. The base simulation (not a scenario) covers the 2019 winter
conditions with spatially varying recharge and spatially varying hydraulic conductivity.
Scenario
Homogeneously distributed
Homogeneously distributed
Homogeneously distributed
Homogeneously distributed
No drainage
Rainfall
2013–2014-2015 winters

Configuration
One K-value for the entire area, set to 1.23e-05 ms− 1
One K-value for the entire area, set to 3.63e-06 ms− 1
One K-value for the entire area, set to 1.94e-07 ms− 1
No recharge multiplier used for different areas
The drain boundary condition is removed
Instead of snowmelt, there is 3 days of water input equal to 56 mm of rain
Adjusted the water input according to data from Starkloff (2017) for the prior winters

sandy loam
loam
silty clay loam
snowmelt recharge

temperature, water content, soil properties and rainfall rates of Starkloff
(2017) as input for the model. We also included a scenario in which the
same variables were used but with a positive soil temperature
throughout the simulation in order to compare the frozen circumstances
to the unfrozen scenario. The results of these simulations would either
demonstrate an effect or no effect of the 2015 winter temperature con
ditions on infiltration.

areas in the east/southeast (Appendix, Figure A1) roughly based on the
presumed distribution of sediments (Fig. 3). We disregarded changes in
soil properties in the vertical direction and assumed gradual transitions
of sediments due to decades of agricultural tillage.
Not exactly known was the spatial coverage of the drainage pipes.
We assumed that the area that displays significant subsurface seepage at
the surface level does not contain an effective drainage system (broken,
blocked or absent), because the drainage pipes would otherwise have
prevented the rise in water table toward the surface. This assumption
resulted in a spatial drainage system that covered the western half of the
catchment (Appendix, Figure A1). The drained area was given a drain
boundary condition located at a depth of 1 m below the surface (the
ploughing depth was about 25 cm); in practice, the water table in this
area can thus not rise toward the surface. In the rest of the simulated
catchment, any water that would make the water table rise above the
surface is immediately removed and counted as seepage.
Prior to the snowmelt period, we performed a steady-state simulation
with recharge to the groundwater at 30 % of annual precipitation to
obtain an initial water table for the snowmelt simulations. For the snow
melt period, the recharge was based on snow melt measurements and
included spatial variation; we assumed all water recharged the
groundwater, since infiltration excess overland flow was not observed.
Given the number of estimates and simplifications used in the model, we
do not assume the model setup to be an exact simulation of Gryteland
but rather a relevant analogy as a partly drained groundwater system
with a similar soil property distribution.
In addition to the simulation based on the setup mentioned, we
included several scenarios in which we varied catchment properties.

2.6. Simulating groundwater flow
The groundwater model MODFLOW (version 2005) was used for the
simulations of snowmelt recharge and saturated subsurface flow. The
model setup was based on the Gryteland subcatchment, but with the
forested part excluded, from here referred to as the “inner catchment”
(Fig. 2). Ditches exist along the entire forest edge which collect groundand surface water coming from the forest. The ditches lead the water
away from the agricultural land and toward a manhole connected to the
drainage system.
The elevation raster data from the DEM of the Norwegian Mapping
authorities (Kartverket) (1 m resolution) was used for the surface
elevation of the model. Although bedrock is exposed in the outer parts of
the catchment, the depth to bedrock in the inner catchment is unknown;
the same is the case for the depth of soil layers. We chose an arbitrary
value of 10 m depth below the surface for the impermeable bottom
boundary of the model to allow for sufficient space for a groundwater
table to form. To simplify the overall soil type pattern in the horizontal
direction, we employed a gradually decreasing saturated hydraulic
conductivity in the model with increasing distance from the forested

Fig. 4. Snow depth distribution in the Gryteland sub-catchment at February 08, based on UAV-derived elevation data and local manual measurements.
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Fig. 5. Upper graph: air temperature and soil temperature measurements (2 cm depth) during February and March (2019). The blue area indicates positive air
temperature and thus potential snowmelt. Lower graph: rainfall and snowmelt, manual snow depth and manual SWE measurements. Rainfall is given as mm per day,
while snowmelt is the cumulative snowmelt (mm) between measurement points.

This helped to understand if and how certain variables influenced the
groundwater seepage pattern. The scenarios considered are spatially
homogeneous versus spatially heterogeneous hydraulic conductivity
distribution, spatially heterogeneous versus spatially homogeneous
snow depth and melt rate, and no tile drainage versus tile drainage. We
also included a rainfall event of 56 mm for 3 days to compare the
snowmelt results with a substantial rainfall event. The detailed setups of
the scenarios simulated are summarized in Table 1.
Finally, we also simulated the recharge during the winters of 2013,
2014, and 2015 for which the data can be found in Starkloff (2017).
Because only snow depth changes were documented in those prior
winters, we calculated the meltwater loss based on an estimated snow
water content of 20 %. The goal was to assess whether the simulations
would agree with the 2013, 2014 and 2015 observations that no
groundwater seepage would occur under those winter circumstances.

3. Results
3.1. Snow depth distribution
The maximum snow depth during the 2018–2019 winter was
observed on 08 February. Fig. 4 displays the snow depth map, including
the calculated SWE based on snow density measurements in the field
along the main snow course. An uneven distribution of snow cover depth
can be observed on the snow depth map. We grouped the different snow
depths into three regions. The snow depth distribution has implications
for shallow groundwater recharge. Based on local snow density mea
surements, it is estimated that the full range of total water storage in the
snowpack locally varied from 70 to 120 mm.

Table 2
Different snowmelt events distinguished based on weather observations and snow measurements. For each period the average air temperature, solar radiation, total
rainfall and total snowmelt is given.
Snowmelt period

Average Air temperature (◦ C)

Solar radiation (Wm− 2)

Rainfall (mm)

Snowmelt (mm)

08 –
11 –
14 –
17 –
22 –
19 –

2.0
4.1
3.3
3.3
2.4
5.8

99.4
135.4
100.3
102.9
117.0
264.0

39.5
3.8
1.5
2.4
1.8
0.3

9.4
5.7
16.4
46.2
23.6
35.7

10
13
16
20
27
22

February
February
February
February
February
March
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Fig. 7. Orthomosaics of the Gryteland catchment for two different dates constructed with the UAV-photographs.

3.2. Weather and snow melting conditions

disappeared on the 27th of February. A cold weather spell followed that
brought new snow cover of approximately 15 cm depth, which was
uniformly distributed over the catchment. The melting of this second
snow cover started on the 19th of March and lasted 3 days. From the first
snow cover, an estimated total of approximately 105 mm of water was
released, while from the second snow cover only about 36 mm was
released. There was intermittent rainfall, with high intensity rainfall
occurring early in the snow melt period between February 08 and 10.
Another notable rain-on-snow event occurred on March 17, but it was
followed by snowfall the same night.
A complicating factor was rain on snow, as part of the rain is
absorbed by the snow. This increases the density and therefore SWE of
the snow and leads to a double count of water input to the soil, since part
of the rainfall became later snowmelt; therefore, the total water input in
our simulations is overestimated.

The air temperature during the snow melt period (2019) is given in
Fig. 5, together with the soil temperature at the weather station (2 cm
depth). It is observed that the soil was not significantly frozen as the
temperature remained approximately 0 ◦ C at the soil – snow interface
during the melting season. Therefore, we deemed it unlikely that sub
stantial ice saturation affected the infiltration of melt- and rainwater.
The soil temperature started to rise again when the snow cover fully
disappeared on the March 22.
We distinguished six different snow melt periods (Table 2). The
manual snow depth measurements, together with daily rainfall totals
and snowmelt totals, are given in Fig. 5. The full melting period lasted
from February 08 to March 22 for the largest part of the catchment; some
areas had longer lasting snow cover. The first snow cover already
6
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Fig. 6. Snow depth change maps for different snow melting periods. The maps are based on UAV-derived elevation data calibrated with local snow depth mea
surements. A letter and number combination in the map indicates a noticeable feature, an area with increased or decreased snowmelt rate, that could be seen in the
orthomosaics in Fig. 7.
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Fig. 8. Orthomosaic of Gryteland capturing the seepage event on March 21. Areas with active seepage are marked in red.

3.3. Spatial snowmelt pattern

they were in the shade of surrounding forest. Observed melt patterns are
confirmed by orthomosaics of the catchment (Fig. 7). In addition, three
springs could be identified on the orthomosacis from which ground
water exfiltrated.
The combination of spatial maximum snow depth differences as well
as spatial differences in snow melt rate imply that different parts of the
catchment received different water fluxes. While rainfall is usually
homogenously distributed over an area without forest canopy, in case of
snowmelt the pattern is heterogeneous. In this case, the faster meltrate
and deeper snow cover for a large part occurred in the area with coarser
soil.

The snow depth change maps were created from the UAV photo
graphs for the snowmelt between February 08 and 10, February 11 and
13, and February 08 and 19. For other UAV-mapping dates, the photo
grammetric procedure failed due to insufficient contrast in the images.
Previous studies suggest that direct solar radiation is necessary to be
able to make good quality photogrammetric reconstruction of snowcovered surfaces (Chiba and Thiis, 2016). We consider these maps as
an indication of the melt pattern, rather than accurate values of snow
melt. Snow depth change does not equate to snowmelt, as snow meta
morphism also leads to snow depth reduction. Nevertheless,
measurements along the snow course, as well as observations of visual
snow cover changes from the orthomosaics, provide confidence in the
relative distribution of snow melt rates derived from the UAV-based
DTMs (Figs. 6 and 7).
The snow ablation pattern was fairly homogenously distributed for
the February 08 to 10 melt event (Fig. 6). A notable feature in the
February 08 to 10 map is marked as “A-1”, as all snow cover disappeared
here. This is a spring that became active during snow melt, releasing
warm groundwater (measured to be 2.6 ◦ C) which melted the snow
locally. The melt pattern for February 11 to 13 and 08 to 19 was
different. Numerous areas with higher snow ablation are visible, marked
with a letter and number combination (Fig. 6). These higher snow
ablation areas correspond to slopes across the catchment which are
predominantly southern to western facing. The southern and southeastern parts of the catchment experienced slower melt, likely because

3.4. Surface runoff and erosion
A total of five springs were detected in the catchment. These are
marked on the orthomosaic in Fig. 8 and photographs of several springs
are shown in the Appendix. Spring A entailed an area, not a single
source, with water exfiltrating from the subsurface. It is located along a
knickpoint in topography combined with a change in soil texture from
coarse to fine (Fig. 3). At springs B and E water came from cavities in the
ground (width between 10 and 30 cm, depth > 40 cm). These holes
indicated subsurface erosion in the form of soil piping. Several similar
holes were observed in the larger Skuterud catchment. Spring C was an
area of seepage on a slope face, while Spring D was a small cavity (5 cm
width).
All surface runoff observed in the field and on the UAV-photographs
originated from the springs. The surface runoff flowed toward the semi-

Fig. 9. Discharge measurements in the flume (surface runoff) and main drainpipe of Gryteland. Since the surface runoff is mainly due to groundwater seepage, it can
be considered a measurement of volumetric groundwater seepage rate.
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Fig. 10. Discharge measurements of the larger stream in the full catchment (Skuterud) compared with the discharge (multiplied by 15) of the main drainpipe in the
Gryteland subcatchment for the study period in 2019. Data: Agricultural Environmental Monitoring Programme (JOVA), Norway.

Fig. 11. Erosion marks in the landscape photographed by the UAV. The gullies to the left are approximately 20 cm wide, while the larger gully on the right is
approximately 50 cm wide.

of the stream correlated well with the discharge of the drainpipe, sug
gesting that the streamflow is dictated by tile drainage rather than
exfiltrated groundwater.
After the 21st of March, significant erosion marks could be observed
downhill from the springs. An example of such erosion near spring A is
shown in Fig. 11). Several rills and gullies had formed in this region with
a braided pattern. The rills and gullies were between 10 and 50 cm wide
and several cm deep with many smaller rills higher up in the catchment.

Table 3
Comparison of environmental conditions during different study winters. **there
were two temporally separate snow covers during this winter.
Significant soil erosion?
Rainfall (mm)
Total SWE (mm)*
Total water input (mm)
Frozen soil during water
input?#
Melting period (days)
Attributed cause of
erosion

2013

2014

2015

2019

No
42
55
97
No

No
105
30
135
No

Yes
28
50
78
Yes

Yes
49
137
186
No

8
–

7
–

4
Rain on frozen
soil

18 & 3**
Groundwater
seepage

3.5. Comparison with prior snowmelt erosion studies in Gryteland
The current winter documented in this study was different from the
winters between 2013 and 2015 for various variables (Table 3). Snow
cover was deeper in 2019, providing a larger water input compared to
the prior study periods. Combined with the amount of rainfall that
occurred during the melt season, the total water input was 186 mm in
2019 compared to 97, 135, 78 mm for 2013, 2014, 2015 respectively.
Also, the total melting period in 2019 was temporally more spread out
with a total of 21 days compared to 8, 7, 4 days in 2013, 2014, 2015
respectively.
Only in the current study winter (2019) and in 2015 was substantial
soil erosion observed, but with different causes attributed to it. In 2015,
the cause of erosion was thought to be a total of 28 mm of rain on snowfree frozen soil that did not infiltrate well (Starkloff et al., 2018). The
erosion occurred in the main depressions in the landscape due to over
land flow accumulating there. In the current study winter, the cause was
groundwater seepage and no in-situ infiltration excess overland flow
was observed. The erosion gullies also had a more braided pattern in
2019, leading to a broader surface area being affected (ca. 4.2 m width

gully system and exited the sub-catchment via the flume outlet.
Measured discharge at the flume, as well as from the main drainpipe, is
given in Fig. 9. Major surface runoff was observed only on the 21st of
March when there was visible streamflow in the gullies (Fig. 8). This is
confirmed by the flume discharge peak that day. On the 21st of March, a
large area of spring A became active and was noted as the major source
of surface water. Prior snowmelt events did not cause significant
observable surface runoff, whereas the drainpipe did carry substantial
amounts of water during prior snowmelt events (Fig. 9).
Similar large-scale seepage during rainfall has not been observed or
recorded in the sub-catchment in prior studies. In this study, the amount
of water released into the catchment during the snow melt season
equalled approximately 25 % of the average annual precipitation. The
surface runoff due to groundwater seepage in Gryteland did not affect
the streamflow in Skuterud noticeably (Fig. 10). The discharge pattern
9

J.C. Stuurop et al.

Catena 220 (2023) 106680

Fig. 12. Left: photograph of erosion marks in 2015 (eroded gully width: 40 cm; Starkloff, 2017), right: UAV-photograph of erosion in the same gully in 2019 (eroded
gully width: 420 cm).

3.6. Modelling results

Table 4
Results for the 1D unsaturated zone model for the frozen soil condition of winter
2015.
Total water input:

28 mm

Total water input not infiltrated (frozen soil conditions 2015):

15.6
mm
0 mm
2527 m3

Total water input not infiltrated (unfrozen scenario):
Total volumetric surface runoff inner Gryteland catchment (frozen soil
model):
Total discharge measured at the Gryteland catchment outlet:

The spatial snowmelt recharge was roughly based on the observed
snowmelt pattern (study winter 2019). Fig. 13 provides the background
snowmelt recharge values that were used. In the model we distinguished
different areas that received less or more recharge compared to the
background value (Appendix, Figure B1), based on the spatial differ
ences we found.
3.6.1. Comparison of model results with field observations
The map in Fig. 14 shows the area with simulated groundwater
seepage at its peak (21st of March) when the western part of the
catchment was subjected to tile drainage. The simulated area corre
sponds well to the observed zone of seepage in the orthomosaics (Spring
A). In the simulation, groundwater seepage occurred along the unde
veloped gullies where the water table rose above the surface level during
snowmelt. It is also the zone where the hydraulic conductivity decreases
westward, causing flow velocity to decrease. Consequently, the hy
draulic head locally increases with the water received from the east.
Without the need for further calibration of parameters, the pattern of
seepage was already accurately simulated.
The temporal pattern of groundwater seepage in the simulation is
shown in Fig. 15. It can be seen that the major seepage event occurred
March 21 to 22, corresponding well to the observed surface runoff in the
field on March 21. The total discharge at the flume and the total exfil
trated groundwater discharge are given in Table 5. In the field, the
discharge happened quicker and with a higher peak discharge compared
to the simulation, but the total discharge due to the March 20–21 melt
event is similar. Before this date, the model predicted minor but
increasing seepage over time. In the field, any such minor seepage was
not picked up at the flume as discharge, although the disappearance of
snow cover in the spring areas (Fig. 7) does suggest seepage indeed
occurred prior to 20–21 March.

2594 m3

Fig. 13. Background recharge rates used in the simulations, varied through
time according to different snowmelt episodes (winter 2019).

in the depressions). In 2015, the gullies were deep but narrow; the width
of erosion in the depressions was about 40 cm (Fig. 12; Starkloff, 2017).
Furthermore, the soil was not frozen in 2019 compared to 2015.
The modelling results for the unsaturated zone, based on the 2015
frozen soil situation, are shown in Table 4. The hypothesis that frozen
soil caused significant surface runoff during that winter is not rejected. A
similar amount of total discharge is predicted by the model compared to
measured discharge at the flume. During unfrozen conditions, the model
predicted that all 28 mm rainwater in 2015 would have infiltrated.

3.6.2. Simulated scenarios results
In Fig. 16 we see the simulated groundwater seepage area when tile
drainage would be absent. A much larger surface area received
groundwater and a significantly higher total amount of groundwater
exfiltrated, ca. 3 times more compared to the partly tile drained catch
ment (Fig. 17). The existing springs C, D and E marked on the ortho
mosaics (Fig. 8) fall within the simulated seepage area. It could also be
observed that rainfall of 56 mm in 3 days caused groundwater seepage
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Fig. 14. Simulated spring discharge for each grid cell (4 m2) at March 22, 00:00, shown on the March 21 orthomosaic of the Gryteland catchment (2019).

Fig. 15. Simulated groundwater discharge rate (m3s− 1) at the surficial seepage zones. Different scenarios are included in which groundwater discharge was not 0.
Spatially distributed recharge is the baseline simulation that represents the field measured snowmelt circumstances of February and March 2019.
Table 5
Measured total flume discharge and total simulated seepage discharge after the
20th of March compared.
Flume total measured discharge (m3) (20/03–21/03)

672

Simulated total seepage discharge (m3) (20/03–21/03)
Simulated total seepage discharge (m3) (20/03–29/03)

221
523

Table 6
Scenario numbers with descripts (used in Fig. 17).

when tile drainage was absent (Fig. 17), while with the tile drainage
active, rainfall did not cause seepage.
The results of the different scenarios in which hydraulic conductivity
is varied, are given in Fig. 15 and Fig. 17. It can be observed that if the
soil properties would be homogeneously distributed across the catch
ment, much less to no seepage occurs. Furthermore, when the snowmeltinduced groundwater recharge is spatially homogeneous, the amount of
seepage and potential for erosion is also lower (Fig. 17).
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Scenario Number

Scenario description

1
2
3
4
5
6
7
8
9
10
11

Baseline (spatially distributed recharge, spatially varying Ks)
Homogeneous Ks (sandy loam)
Homogeneous Ks (loam)
Homogeneous Ks (silty clay loam)
Homogeneous recharge
No drainage (heterogeneous recharge and Ks)
Rainfall (with drainage)
Rainfall (without drainage)
2013 winter
2014 winter
2015 winter

J.C. Stuurop et al.

Catena 220 (2023) 106680

Fig. 16. Simulated spring discharge for each grid cell (4 m2) at March 22, 00:00, shown on the March 21 orthomosaic of the Gryteland catchment, for the scenario
without tile drainage.

because the insulating snow cover kept the soil temperature close to 0 ◦ C
at the snowpack base. Since the soil was unfrozen, infiltration of meltand rainwater could occur unimpeded. Rainwater was also partly
absorbed by the snowcover itself. The absence of visible infiltrationexcess overland flow in the field supports the notion that all rain- and
meltwater infiltrated.
Groundwater seepage was observed throughout the melting period.
The active groundwater springs were easily detected as patches without
snow cover in an otherwise snow-covered landscape due to the advec
tion of heat. Some seepage areas coincided with subsurface erosion in
the form of soil piping. In a sudden event late in the melt season, a large
quantity of water exfiltrated from a seepage area, causing noticeable
erosion of topsoil for one or two days. A substantial discharge peak was
registered at the catchment outlet, confirming the sudden nature of the
event.
We did not identify an above-ground cause for the sudden large-scale
groundwater seepage. The water input (rainfall and snowmelt) was not
of a larger volume compared to earlier in the melt season, especially
since this concerned a second snow cover that was less deep than the
first snow cover (ca. 15 vs 45 cm). Our hypothesis therefore is that a
certain storage threshold was exceeded in the subsurface leading to
intensive seepage, a possible explanation we further tested through
modelling.
The surface erosion due to groundwater seepage is of concern, as
fertile topsoil was lost and nutrients and potentially contaminants were
quickly discharged into the Skuterud stream, eventually reaching
nearby lakes and the Oslofjord. Furthermore, subsurface erosion due to
soil piping created the unexpected concern of danger for humans, live
stock, and wild animals because of the possibility of accidental stepping
into subsurface holes. To our knowledge, there are no other studies that
reported surface or subsurface erosion due to groundwater seepage in
response to snowmelt.

Fig. 17. Total seepage discharge that occurred during each simulated scenario.
Scenario numbers are explained in Table 6.

4. Discussion
4.1. Field measurements and observations in 2019
During the winter of 2019 there was moderate snow cover (ca. 40
cm) that melted at an increasing rate during the melt season, likely
because initial energy gained by the snowpack first satisfied the cold
content of the snow (Rango and DeWalle, 2008), and because air tem
perature and solar radiation increased with the progression of the
melting season. The deepest snow cover and highest melt rates were
mostly found in the region with coarser soil. This implied that a large
amount of water infiltrated into an unsaturated zone with good
permeability. Shallow groundwater recharge was thus expected to be
most voluminous and rapid in these regions. The landscape configura
tion of slopes (higher or lower solar irradiation) and forest cover
(shading), as well as the wind pattern, thus influence the spatial
coupling between water input and groundwater flow in conjunction
with the spatial variation in soil hydraulic properties.
The soil was not frozen during the current study winter (2019), likely

4.2. Comparison with earlier winters
The different results for the winters 2013, 2014, 2015 and 2019
demonstrate the interannual variability of snowmelt and erosion pro
cesses. The factors of importance that determine whether surface
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uplifted regions of Scandinavia (Sauer et al., 2009)-, could expect
groundwater-seepage induced overland flow and erosion.
Lastly, the modelling confirms the earlier described coupling be
tween spatially distributed snowmelt and groundwater flow. The
deepest snow cover and highest melt rates were on the coarsest soils that
delivered most of the water for the seepage event. Without this spatial
coupling between snowmelt recharge and soil properties, the ground
water seepage would have been weaker.

erosion occurs seem to be frozen soil and volume of water input (rainfall
and snowmelt totals combined). Substantial overland flow occurred in
the winter of 2015 with only a moderate rain event, and Starkloff (2017)
hypothesized that ice saturation of the soil impeded infiltration leading
to the erosion event. Our unsaturated zone simulation for winter 2015
confirmed this hypothesis: infiltration was impeded. The influence of
frozen soil on reducing infiltration is well known on the laboratory scale
or via numerical modelling (Appels et al., 2017; Stuurop et al., 2022),
but in-situ flooding and erosion evidence is scarce.
In prior winters before this study, when no flooding or erosion
occurred, the water input was likely too small to cause significant
groundwater seepage. The MODFLOW results for the winters of 2013,
2014 and 2015, wherein no groundwater seepage was observed, un
derline this hypothesis.
The type of surface erosion was different depending on the cause of
overland flow. With the frozen soil event in 2015, the erosion gullies
were deep but narrow, limiting the spatial extent of topsoil erosion. This
likely indicates short-lived fast flowing water. During the groundwater
seepage event of 2019, surface erosion occurred in a spatially broader
area in the form of braided gully networks, suggestion the flow might
have been slower but longer lasting (Parker, 1976). Both types of erosion
events are of concern however, especially since the rain on frozen soil
concerned only a moderate rainfall amount and intensity (28 mm,
maximum 2 mm/hr; Starkloff, 2017).

5. Conclusion
Field measurements and observations together with UAVphotography were carried out during the snowmelt period in an agri
cultural catchment in southern Norway. The observations coincided
with a significant erosion event caused by seepage of groundwater in
response to snowmelt. Three previous field campaigns during winters in
the same catchment only recorded one instance of surface erosion due to
rain on frozen ground. We hypothesized that in the current study, which
had much higher snowmelt volumes, a threshold of water storage in the
subsurface was exceeded, subsequently leading to groundwater seepage.
Numerical modelling confirmed the occurrence of the seepage event
in response to a final input of melt water to the subsurface. Field ob
servations and simulations further revealed that groundwater seepage
occurred along the transition from coarser to finer sediments. A reduc
tion in groundwater flow velocity caused the water table to rise locally.
The modelling also revealed that the spatial distribution of snow cover
and snow meltrate influenced the seepage event because the deepest
snow cover and highest melt rates corresponded to the area with the
coarsest soil, leading to rapid groundwater recharge. Numerical
modelling also revealed that without tile drainage, the undeveloped
gully system would likely receive larger quantities of groundwater and
undergo more severe erosion.
The combination of field observations and relatively simple numer
ical groundwater modelling proved promising to capture and explain the
non-yearly erosion event of the 2019 melt season. From our study, it
could follow that seepage-induced erosion in postglacial isostatically
uplifted marine sediments where agriculture is performed is at serious
risk of flooding and erosion with a multi-year recurrence interval. Since
a lot of agriculture in southern Norway and other parts of Scandinavia
takes places in such a landscape, the process of surface and subsurface
erosion due to groundwater seepage after snowmelt warrants further
study. The non-yearly occurrence of the erosion event makes a focused
study difficult, but questions about its recurrence frequency, its wide
spread occurrence in northern regions, and its underlying hydrological
causes are relevant with regards to conservation of fertile soil and flood
protection.

4.3. Implications of the modelling results
The MODFLOW modelling results show a similar large-scale
groundwater seepage event as was observed in the field. The temporal
match of the initiation groundwater seepage is near exact, and the
spatial extent is also similar. This underscores the idea that a threshold
was reached in the subsurface by repeated addition of water from
rainfall and snowmelt over the 1.5-month period (February – March).
Crossing the threshold meant that the water table intersected with
knickpoints in topography, leading to groundwater seepage. Without the
final water input (15 cm of snow cover melting), this event would not
have occurred according to the groundwater model. In case of signifi
cant rainfall and no other water source (56 mm in 3 days), the model
shows that the water input is too low to cause seepage.
With the model results for the 2019 winter, the seepage event is more
spread out in time than was measured at the flume. The cause of
groundwater stagnation in the model was the decrease of horizontal
hydraulic conductivity in the downstream direction. Groundwater could
therefore exfiltrate gradually. In reality, there might have been addi
tional subsurface processes at work, such as subsurface erosion, pref
erential flow and pressure build-up. To understand the precise cause of
the sudden nature of the event however requires further study.
The alternative scenarios that were modelled show the major effects
of tile drainage, spatial distribution of soil hydraulic properties, and
spatial distribution of snowmelt. It was found that tile drainage pre
vented a substantial amount of groundwater-seepage and subsequent
overland flow and erosion during the snowmelt season by routing
groundwater directly toward the main stream of Skuterud. Geomor
phological evolution through erosion of the semi-gully system is there
fore hampered.
With spatially homogeneous hydraulic conductivity (high or low) the
groundwater seepage was small to negligible. This result provides a clue
as to why groundwater seepage occurred at all, namely the transition
from coarser beach deposits to finer deep marine deposits. As the
groundwater flow in the horizontal direction stagnates, the local hy
draulic head increases, until it matches the surface elevation. The fact
that the decrease in hydraulic conductivity coincides with a drop in
elevation is also important because it facilitates the intersection of the
water table with the surface level. This finding implies that similar
agricultural settings with coarse beach deposits in higher areas and finer
marine deposits in lower areas -a common situation in postglacial
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Appendix
This appendix contains information on the configuration of the nu
merical groundwater model MODFLOW to simulate the catchment of
Gryteland in winter 2019 (Figs. A1 and B1). In addition, in this appendix
several images are shown of seepage springs as they occurred during
snowmelt in Gryteland, winter 2019 (Fig. C1).
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Fig. A1. Spatial distribution of hydraulic conductivity in the model simulations (left) and the drained area (right).

Fig. B1. Spatial distribution of recharge employed in the simulations by multiplying the background recharge value with a number between 0.2 and 1.8.

Fig. C1. Photographs of several groundwater springs in the Gryteland catchment, during or right after snowmelt in winter 2019.
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