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In humid climates, shallow groundwater is often assumed to be a subdued replica of the surface topography.
Nevertheless, the relation between the surface topography and groundwater table can change over time, espe-
cially when catchment wetness changes. To investigate the correlation between the surface topography and the
groundwater table, we analyzed groundwater levels and gradients in a boreal headwater catchment using 1.5
years of continuous groundwater level data for 75 wells. As expected, groundwater gradients changed with
catchment wetness. Gradient directions calculated over short distances (5 m) changed by up to 360°; gradients
calculated over larger distances (20 m) varied by up to 270°. The groundwater gradient directions were generally
most variable for flatter locations and locations where the local surface slope differed from the surrounding
topography. Smoothed digital elevation models (DEMs) represented the groundwater surface better than high-
resolution DEMs. The optimal degree of smoothing varied over the year and was lowest for very wet periods,

such as the snowmelt period, when groundwater tables were high.

1. Introduction

In humid climates, the groundwater table is often assumed to be a
subdued replica of the topographic surface. Thus, when no or only
limited groundwater level data are available, and there are no known
geological constraints on water movement, a smoothed version of the
surface topography is often used to approximate the shape of the
groundwater table and to infer groundwater flow directions (Condon
and Maxwell, 2015; Haitjema and Mitchell-Bruker, 2005; Téth, 1962;
Winter, 1999). However, shallow groundwater gradients vary over time,
and the groundwater table is a more subdued version of the surface
topography when groundwater levels are low (Winter, 1999). Thus, in
an area with undulating topography, the flow directions can be towards
local depressions during wet conditions and towards the main valley
during dry conditions (e.g., Winter, 1999). This implies that differently
smoothed topographic models of the catchment are needed to approxi-
mate groundwater flow directions at different times. Hitherto, there is
no clear advice on which digital elevation model (DEM), i.e., what de-
gree of smoothing or resolution, best describes the shape of the
groundwater table or how this changes with wetness conditions (Erd-
briigger et al., 2021), even though this will affect the simulated
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groundwater flow pathways, and thus the simulated contribution of
groundwater to streamflow, pollutant transport, and even the size of the
groundwater catchment.

This lack of guidance on what degree of DEM smoothing to use to
represent the groundwater table is partly caused by the lack of high-
spatial-resolution groundwater measurements. Spatially distributed
groundwater level data have only been collected in a few research
catchments. Despite the large number of wells involved in these studies,
the resolution was usually still not sufficient to allow interpolation of the
measurements to determine the direction of the groundwater table. For
example, Rinderer et al. (2014) measured the water level in 51 wells in
the 20-ha Studibach catchment in Switzerland. The average density of
2.6 wells/ha results in an average distance of 62 m between each well if
they were placed at equal distances. A similar calculation would result in
an average distance of 26 m between the 59 wells used in the study by
Moore and Thompson (1996), 877 m for the > 100 wells in the study of
Myrabg (1997), and 7 m for the 22 wells in the study of Bonanno et al.
(2021). Several studies have collected high-spatial-resolution ground-
water data for individual hillslopes. The average distance between pie-
zometers was 2 m for a hillslope at the Panola Mountain Research
Watershed (Tromp-van Meerveld and McDonnell, 2006), 3 m for wells
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Fig. 1. Time series of daily precipitation (rainfall and snowfall), daily average air temperature, and mean daily streamflow from the C6 gauging station (i.e., the
stream draining area A) and the average gradient magnitude of the groundwater table (0) calculated for all small and large triplets between April 2019 and October
2020. The time series clearly show the snowmelt peaks in May 2019 and 2020, and the streamflow in response to large precipitation events in September and October
2020. The gray shaded areas represent the periods shown in Figs. 2 and 3. Note that the streamflow is plotted on a square root scale to better visualize the high and

low flows.

on multiple transects for hillslopes in Southern Germany (Bachmair
et al., 2012), and 3.5 m for wells on a hillslope in the Malcolm Knapp
Research Forest (Haught and van Meerveld, 2011). Although these
studies collected high-resolution groundwater level data, the measure-
ment networks were not designed to answer questions related to the
direction of the groundwater table or what degree of DEM smoothing
best approximates the groundwater table at different times. The effect of
the choice of the DEM or the resolution of the DEM for hydrological
modeling has been tested in other studies (e.g., Lagacherie et al., 1996;
Moges et al., 2023; Wise, 2007) but these results were not interpreted
with respect to the groundwater flow patterns.

The few field studies where groundwater flow directions have been
calculated show that the surface topography does not always represent
the groundwater flow directions and that the flow directions can change
considerably over time. For example, Hinton et al. (1993) found for a
glacial till catchment in Canada that the shallow groundwater levels
were not always perpendicular to the surface contours and highlighted
that this caused the boundary of the groundwater watershed to be
different from the surface topography based catchment boundaries.
Similarly, Molénat et al. (2005)showed that for the midslope and up-
slope location in their catchment in Brittany, France, with silty loam
soils, the groundwater flow directions were never aligned with those of
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Fig. 2. Time series of precipitation, air temperature (30 min data), and streamflow and groundwater levels for selected wells (labels indicate the well number) (10

min data) during the 2020 snowmelt period (mid-April ~June 2020).

the surface topography derived from a 2 m DEM. They highlight that this
has important implications for the representation of the groundwater in
catchment scale hydrological models (Molénat et al., 2005).

Other studies highlighted the variability in flow directions. Rodhe
and Seibert (2011) and von Freyberg et al. (2014), for example, found
that flow directions at foot slopes and riparian sites were towards the
stream when water levels were high but parallel to the stream during
drier periods. In near stream areas, groundwater flow directions can
even switch from the hillslope towards the stream to the opposite di-
rection (i.e., from the stream into the riparian zone; Vidon, 2012; Vidon
and Smith, 2007; Wroblicky et al., 1998). Other studies concluded that
the groundwater flow directions were similar to those of the surface
topography when groundwater levels were high but that they were
better aligned with the topography of the soil-bedrock interface (van
Meerveld et al., 2015) or the top of the C horizon (Benton et al., 2022)
during drier conditions. In the study by Rodhe and Seibert (2011) flow
directions varied by up to 56°, in the study by Benton et al. (2022) by up
to 75°, and in the study by van Meerveld et al. (2015) by up to 90°.

Recently, high-resolution shallow groundwater level data and

topographic data have been collected in the Krycklan catchment in
northern Sweden (Erdbriigger et al., 2023). These data provide an op-
portunity to study the variability in groundwater gradients and to test
which resolution DEM best represents the observed gradients (in terms
of direction and magnitude). Erdbriigger et al. (2021) found that for a
considerable part of this catchment, the direction of the surface topog-
raphy depends on the degree of smoothing of the DEM. The circular
variance (Cy) was high (C, > 0.104) for 24 % of the catchment and very
high (Cy > 0.378) for 6 % of the catchment. Especially for areas near the
stream channel, on the ridges, and in flat areas, the derived flow di-
rections were highly sensitive to the degree of DEM smoothing or ag-
gregation. Therefore, in this study, we used real groundwater level data
from the dense monitoring network to address the following research
questions:

1. How variable are groundwater gradients throughout the year, and
does this variability depend on the spatial resolution over which it is
assessed?
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Fig. 3. Time series of precipitation and temperature (30 min data), and streamflow and groundwater levels for selected wells (labels indicate well number) (10 min

data) during precipitation events after an extended dry period in August 2019,

2. Are flow directions most variable for near-stream areas, flat areas,
and ridges (i.e., for the sites for which the calculated flow directions
based on differently smoothed DEMs differed the most)?

3. What degree of DEM smoothing best describes the observed flow
directions, and does this depend on wetness conditions?

2. Study area

The high spatial and temporal resolution groundwater data used in
this study were collected in wells installed in two sub-catchments of the
Krycklan research catchment, located in northern Sweden, approxi-
mately 50 km west of Umed (Laudon et al., 2021, 2013). Area A is
located in what is referred to in other studies as catchment C6 (0.44
kmz), while area B is a hillslope in a catchment that is known as C2
(catchment: 0.12 krnz; hillslope: 0.01 km?) and includes an area called
the S-transect. The elevation of the study areas varies between 250-270
m a.m.s.l.. Groundwater flow at Krycklan is a nested system with
shallow and deeper groundwater flow pathways (Kolbe et al., 2020).
Groundwater tables in the Krycklan catchment are generally shallow
(<6 m from the surface, and in most locations < 2 m), and groundwater

level fluctuations in the riparian zone are well correlated with the
stream level (Seibert et al., 2003).

The majority of the study area is covered by Scots pine (Pinus syl-
vestris) or Norway spruce (Picea abies) forest (Laudon et al., 2021,
2013). The study area is characterized by till soils, but some bedrock
outcrops also exist. Peat has formed in the wetter lower ends of the
slopes. Area A contains several peatland patches and streams, as well as
some small ridges and several hillslopes with a differing inclination.
Area B is a hillslope with some peaty patches and has slopes that are less
variable than in area A. The average gradient is 6.5° (range: 0.1-26.7°)
for area A and 5.0° (range: 0.1-15.3°) for area B.

The region has a cold temperate humid climate and is covered with
snow during winter. The 30-year mean annual temperature
(1981-2010) is 1.8 °C and varies between —9.5 °C in January and
14.7 °C in July. Mean annual precipitation is 614 mm/y, of which on
average 30 % falls as snow. Mean annual streamflow is 311 mm/y,
resulting in a derived mean annual evapotranspiration of about 300
mm/y (Laudon et al., 2021, 2013). The groundwater measurements
were taken between April 2019 and October 2020, and thus, included
two snowmelt seasons. The summer of 2019 was particularly dry (total
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Fig. 4. Time series of groundwater levels (top row), gradient directions (middle row), and gradient magnitude (lower row) for three selected small triplets during the
snowmelt period between mid-April - June 2020. The gradient direction and magnitude of the surface topography derived from the smoothed DEMs are indicated on
the right side of the graphs (black for the original DEM, orange for Gaussian filter, blue for Mean filter, green for aggregated DEMs, lighter colors indicate stronger
smoothing, see Table C1). For the location of the selected triplets, see Fig. 6. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

precipitation of 29 mm in July (long-term average 68 mm).
3. Methods
3.1. Field measurements

The 75 wells were installed during summer (May - July) 2018 and
winter (February-March) 2019: 54 wells in study area A and 21 in study
area B, leading to a density of 15 wells per ha for area A and 20 wells per
ha for area B. All the 3.7 cm diameter wells were installed in the till. The
average depth of the wells was 274 cm (range: 57-578 cm). The wells
were placed in such a way that they formed either small (5 m) or large
(20 m) triangles to allow for the calculation of the groundwater table
gradient (see section 3.2.1. Field data analysis). We call the three wells
that form a triangle a triplet (see Table S1 for a complete list of all
triplets). We used small and large triangles because we expected the
calculated gradients and their variability to depend on the scale over
which the gradients are calculated and the related degree of smoothing.
More specifically, we expected micro-topography to have a larger effect
on the shape of the groundwater table at the small scale and that these
differences are smoothed out more at the 20 m scale of the larger
triangles.

In each well, a capacitance water level sensor (Dataflow Systems Ltd,
2021) was installed to record the groundwater level at 10 min intervals.
Water levels were also measured manually weekly to biweekly from May
to September 2019 and 2020. Water levels were measured up to 26 times
for each well, but for almost half of the measurements, the wells were
dry (i.e., the groundwater level was below the bottom of the well), so the
average number of manual groundwater level measurements per well
was 14. These manual water level measurements were used to correct
the offset between the logger data and the measured water levels.

The elevation of the well tops was determined by geo-referencing a
terrestrial laser scan (TLS Trimble TX8, Sunnyvale, USA). This allowed
us to determine the absolute water levels (in m above mean sea level (m
a.m.s.l.)) for each well and time step. A more detailed description of the
study area, the installation and maintenance of wells and sensors, and
the groundwater level data can be found in Erdbriigger et al. (2023).

Climate data for the study period were obtained from the ICOS (In-
tegrated Carbon Observation System, ICOS, 2021) station, located <
500 m from the study sites. Streamflow data were obtained from Laudon
et al. (2021, 2013).

3.2. Field data analysis

We used the absolute groundwater level for each well to calculate the
gradient (both the magnitude (8) and the direction (a)) between the
three wells of each triplet. This calculation assumes that the local
groundwater surface can be described by a triangle defined by three
groundwater levels (cf. Rodhe and Seibert (2011) and van Meerveld
etal. (2015)) (see Appendix A: Gradient calculations, Equations A1-A4).
We assume that the calculated gradients mainly represent the local
groundwater system because of the very shallow groundwater levels and
the small scale of the triangles and watershed. For the display of the
results, we determined the centroid of each triplet (see Equation A(5).
Directions in the text are given in degrees clockwise from 0° - North (90°
= East, 180° = South, 270°/-90° = West).

We calculated the gradients (direction and magnitude) for all time
steps for which data were available for all three wells. Because there
were gaps in the water level measurements for some triplets, either due
to logger malfunctioning or because the water level dropped below the
bottom of one (or more) of the well(s), we excluded triplets for which we
had less than two weeks of complete data. At a 10 min interval, this
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snowmelt period between mid-April - June 2020. The gradient direction and magnitude of the surface topography derived from the smoothed DEMs are indicated on
the right side of the graphs (black for the original DEM, orange for Gaussian filter, blue for Mean filter, green for aggregated DEMs, lighter colors indicate stronger
smoothing, see Table C1). For the location of the selected triplets, see Fig. 6. (For interpretation of the references to colour in this figure legend, the reader is referred
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results in at least 2016 coinciding measurements per triplet (see Ap-
pendix B, Table B1 for the actual number of measurements for each
triplet). In total, we included data for nine small triplets (7 in area A and
2 in area B) and 94 larger triplets (53 in area A and 41 in area B).

For each triplet, we calculated the circular variance C, as a measure
of the variability in the gradient directions. The circular variance is the
inverse of the length of the mean resultant vector (Erdbriigger et al.,
2021; Pewsey et al., 2013) and is similar to the linear variance. We
hypothesized that the gradient directions would be more variable for the
smaller triplets because of the larger effect of microtopography and
reduced smoothing. We used the same threshold to define a high vari-
ability (C, = 0.104) as Erdbriigger et al. (2021). This circular variance
represents evenly spaced vectors within a 45° range. We calculated the
circular variance for each month and a one-year study period (July
2019-June 2020). As the snow melt period is usually the time of highest
streamflow in the study area (e.g., Laudon et al., 2021, 2013), we looked
more closely at the groundwater levels and gradients during the snow-
melt periods (mid-April to June).

We calculated the arithmetic average of the gradient magnitude for
the small and the large triplets and related this average magnitude to the
streamflow as a measure of catchment wetness. We expected the slope of
the groundwater table to be steeper during wet periods, when ground-
water levels and streamflow are high, and less steep in drier periods. We,
furthermore, determined for each triplet the relation between the
average water level (for the three wells), the gradient magnitude, and
the gradient direction because previous studies showed that ground-
water gradients depend on the groundwater level (e.g., Rodhe and Sei-
bert, 2011; van Meerveld et al., 2015; von Freyberg et al., 2014).

We also expected to see more pronounced changes in the direction of
groundwater flow when the gradient magnitude is smaller (because
small changes in the water level for one well then cause a more

pronounced change in the gradient direction). We, therefore, compared
the variation in the gradient direction (i.e., the circular variation) over
the one-year period with both the mean gradient magnitude of the
groundwater table and the surface slope.

3.3. Comparison to DEM-based gradients

We compared the observed gradients for each triplet to those of the
surface topography to determine how well the surface topography re-
flects the shape of the groundwater table and, thus, to test the
assumption that the groundwater table is a subdued copy of the surface
topography. For this, we used the LiDAR-derived DEM of the Krycklan
catchment (Laudon et al., 2021, 2013) with a 2 m by 2 m resolution
processed for hydrological modelling (removal of sinks; named original
in the remainder of the text). We also used all 15 DEMs that were
smoothed or resampled to a lower resolution of Erdbriigger et al. (2021).
The smoothed DEMs are created by filtering the original DEM with a
Gaussian filter with differing weighted means of the surrounding pixels
(DEMs referred to by gauss,, where n refers to the number of pixels used
for the calculation of the standard deviation, varying between 2 and 20),
a mean filter with differing window size (DEMs refered to by mean,,
where, n refers to the number of pixels used for calculating the mean,
varying between 3 and 21), and by aggregating pixels (DEMs refered to
as aggn, where n refers to the number of aggregated pixels, varying be-
tween 2 and 20) (for details see Erdbriigger et al. (2021) and Appendix
Q).

We hypothesized that the groundwater is a smoother version of the
surface topography during drier times than during wet times and that
the more smoothed DEMs would thus represent the actual groundwater
gradients better during the drier periods. Therefore, we extracted the
gradient (magnitude and direction) for the pixel in the centroid of the
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triplet for each DEM and compared this gradient to the calculated mean
groundwater gradient. Again this was done for each month, the snow-
melt period, and the one-year study period. More specifically, we
determined for each period and triplet which DEM best represented the
gradient direction (i.e., for which DEM the difference between the
gradient direction of the DEM and the mean gradient direction derived

from the groundwater levels was smallest). The DEM that represented
the gradient direction best for most triplets was considered the best DEM
to represent the groundwater table direction for that period. We did this
separately for the small and large triplets because we assumed that
microtopography would have a larger influence on the groundwater
table at the small scale, and that a less smoothed DEM would therefore
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represent the small scale groundwater variations better. We expected
these variations to level out over larger scales, and that the groundwater
gradients for the larger scale would therefore be better represented by

the more smoothed DEMs.
To determine whether the locations for which the groundwater
gradient directions are most variable can be predicted based on the

variation of the gradients calculated for the different DEMs (i.e., DEMs
with different levels of smoothing), we compared the monthly circular
variance (Cy) with to those obtained for the 15 different DEMs (i.e.,

those calculated by Erdbriigger et al. (2021)).
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4. Results
4.1. Groundwater level dynamics

Streamflow and groundwater levels increased during the snowmelt
periods of April to June 2019 and 2020 (Figs. 1 and 2). Peak ground-
water and streamflow occurred in both years in mid-May. The amplitude
of the groundwater level rise mainly depended on how close the
groundwater level was to the surface at the start of the snowmelt. For
most wells there were diurnal variations in the groundwater level during
the snowmelt period (Fig. 2). Precipitation events during the summer
and fall also led to a groundwater level response but the increases were
less pronounced than during the snowmelt period. The timing of the
peak water level and the change in water level varied between wells
(Fig. 2-Fig. 3), with the deeper wells located further from the streams
generally reacting slower than the other wells.

4.2. Groundwater gradients

4.2.1. Gradient magnitude

The average magnitude of the gradient of the groundwater table
(average for all triplets) was larger during periods with high streamflow
than during other periods (Fig. 1). The Spearman rank correlation be-
tween streamflow and the average gradient magnitude was 0.26 for the
small triplets and 0.46 for the large triplets (p-value very small due to
the large number of data points (i.e., all measurement times)). However,
the changes in the gradient magnitude differed for the different triplets
(Figs. 4-6). The gradient magnitude of the groundwater table changed
more during rainfall events for the small triplets than for the large
triplets (Fig. 1). Still, the overall range (0.2-8.1° for the small triplets
and 2.0°-6.1° for the larger triplets) and average gradient magnitude
(3.2° for the small triplets and 3.5° for the larger triplets) were similar.

4.2.2. Gradient direction

The groundwater gradient directions varied strongly for some trip-
lets but were more stable for others (Fig. 6). For only one of the nine
small triplets and none of the 94 large triplets was the circular variance
of the groundwater gradient direction (C,) larger than 0.104 (our
threshold for a high C,, and thus large variation in gradient direction)
when C, was calculated over the entire year. The Spearman’s rank
correlation between the annual C, and mean groundwater gradient
magnitude was —0.78 (p < 0.001; see Figs. 6-8). The average Spearman
rank correlation between the monthly C, and the gradient magnitude of
the surface topography was —0.58 (p < 0.001) for the small triplets and
—0.11 (p < 0.001) for the large triplets). These results indicate more
stable groundwater flow directions for steeper sites, where the
groundwater table was steeper. However, there was no correlation be-
tween monthly C, and the average Topographic Wetness Index (TWI) for
a triplet (Spearman rank correlation of 0.02 (p = 0.75) for the small
triplets and —0.06 (p = 0.05) for the large triplets).

The variability in the gradient direction (as represented by the
average C,) was highest in April 2020. The monthly circular variance
was considered high (C, > 0.104) for two small triplets but none of the
large triplets in June 2019 and February, April, September and October
2020. For none of the triplets was the C, high in July, September and
October 2019 and January, May, July and August 2020.

The gradient direction did not change in a monotonic way with the
average groundwater level for most triplets. Instead, for most triplets the
relation was hysteretic during the snowmelt period (see examples in
Fig. 9). There was also no clear relation between the average C, and the
monthly average discharge, nor the variation in discharge (Fig. 10).

4.3. Comparison of flow gradients with those derived from the DEMs

The calculated groundwater gradient directions for a small triplet
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rarely matched the gradient direction of the surface topography of the
original DEM (Fig. 7). For most of the calculated gradients, the di-
rections were less toward the south and more toward the east than the
direction calculated from the DEM (Fig. 8). The difference between the
mode of the calculated flow directions (i.e., the most frequently occur-
ring flow direction) and the gradient direction of the original DEM (i.e.,
the difference between the red dot and darkest line in Fig. 7) varied
between 14° and 112° (average: 55°; median: 41°) for the small triplets.
For the large triplets, the difference varied between 0° and 171°
(average: 31°; median: 24°). In other words, the discrepancy was smaller
for the large triplets.

The variation in the gradient directions (C,) was larger for the 15
smoothed DEMs than for the observed groundwater gradient directions
for both the small triplets (Fig. 11) and the large triplets (Fig. D1 and
Fig. D2). The Gausszp and Mean; DEMs represented the average monthly
flow direction for the small triplets best (Table 1). The more smoothed
DEMs better represented the gradient directions for the large triplets
(Table 2). For the large triplets, the Agg;p and Aggzp DEMs represented
the gradient direction best. The Gausszp and the Original DEM were the
third and fourth best DEM in terms of matching the gradient directions
for the large triplets, respectively. However, the Meany; and Gaussiop
DEMs represented the observed gradient directions for the large triplets
during the snowmelt in May (in 2019 and 2020) better.

5. Discussion
5.1. How variable are groundwater gradients?

5.1.1. Gradient magnitude

The groundwater gradients of the small and large triplets were
correlated to streamflow. Gradient magnitudes were generally higher (i.
e., the slope of the water table was steeper) during the snowmelt period

and large or intense rainfall events. However, there were exceptions (e.
g., triplet Alt73 in Fig. 9). For these locations, the topographic surface
was relatively flat (e.g., 3.8° for Alt73), and the groundwater table was
uniformly close to the surface, leading to a low gradient magnitude,
even though the overall slope of the groundwater table for the catch-
ment and the surrounding area was steeper.

Visual inspection of the time series of the gradient magnitude
showed that it increased faster for the small triplets than the large ones.
We assume that this difference in the timing between the small and large
triplets is at least in part due to the location of the triplets because more
small triplets were located close to the stream where the groundwater
was close to the surface. For the small triplets further away from the
stream, often, at least one well was dry. Therefore, the data from the
small triplets over-represent the dynamics in the more responsive ri-
parian areas. Another potential reason is that the smaller triplets
captured faster responses and more small scale variations in the
groundwater level that were smoothed out over the larger distances
covered by the large triplets.

5.1.2. Gradient direction

As reported in other studies (e.g., Covino and McGlynn, 2007; Hee-
ren et al., 2014; Hinton et al., 1993; Rinderer et al., 2017; Seibert et al.,
2003), the groundwater level responded quicker to snowmelt and pre-
cipitation events in wells located closer to the stream, where the water
level at the beginning of an event was already close to the surface, than
in wells further away from the stream, where the groundwater table was
deeper. The recessions were also slower for the wells further away from
the stream. This difference in response timing can lead to a change in the
gradient magnitude and a reversal in the gradient direction. This was
observed for a few triplets, e.g., Ast 4 and Alt73 (Fig. 4 and Fig. 5). The
maximum change in the gradient direction was 360° for the small
triplets and around 270° for the large triplets. This variability is similar
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Fig. 11. The circular variance (C,) of the groundwater gradient direction for each month and for the 15 (smoothed) DEMs (from Erdbriigger et al., 2021; top row) for
each small triplet. Missing values for a particular month are indicated in white (i.e., the gradient direction could not be determined for more than three days of the
month, either due to data gaps or because the water level dropped below one of the wells). For the results for the large triplets see Figures D1 and D2.

Table 1

Number of small triplets for which the DEM best matched the observed groundwater gradient direction for each month, with the maximum for each month shown in

bold font (maximum possible: 9). See Table C1 for a description of the DEMs.

Month original gaussy gausss gausss gaussio gaussyg means means meang meansy; agga aggs ages aggio aggao
Apr 19 1 0 0 0 0 0 0 1 0 1 0 0 0 0 0
May 19 2 0 0 0 0 2 0 0 1 2 0 1 0 1 0
Jun 19 1 0 0 0 1 1 1 1 1 1 0 1 1 0 0
Jul 19 1 0 0 2 1 2 0 1 0 0 0 0 0 1 1
Aug 19 0 0 0 0 0 2 1 1 1 1 0 0 0 2 1
Sep 19 0 0 1 0 1 2 1 1 1 0 0 0 0 2 0
Oct 19 1 1 1 0 1 2 0 1 0 0 0 0 0 1 0
Nov 19 1 1 0 0 1 2 0 2 0 0 1 0 0 0 0
Dec 19 0 1 0 0 1 2 0 3 0 0 0 0 0 1 0
Jan 20 1 0 0 0 1 2 0 3 0 0 0 0 0 1 0
Feb 20 1 0 0 0 1 2 0 2 0 0 2 0 0 0 0
Mar 20 1 0 0 0 1 2 0 3 0 0 0 0 0 1 0
Apr 20 0 0 0 1 1 2 0 4 0 0 0 0 0 0 0
May 20 0 0 0 0 0 2 0 2 0 2 0 0 0 1 1
Jun 20 0 1 0 1 1 2 0 2 0 0 0 1 0 0 0
Jul 20 1 1 0 0 1 3 0 1 0 0 0 0 0 0 0
Aug 20 0 0 0 0 1 3 0 1 0 0 0 0 0 2 1
Sep 20 0 0 0 0 0 2 0 1 1 0 0 0 0 1 1
Oct 20 0 0 1 0 1 4 0 1 0 1 0 0 0 0 0

to the 284° reported by van Meerveld et al. (2015) but much larger than
the values reported in other studies (75° in Rodhe and Seibert (2011)
and 61° in Benton et al. (2022). However, for most triplets, the range
was much smaller. The median change in gradient direction was around
160° for the small triplets and 45° for the large triplets. The median
values of the large triplets are more in line with the values reported in
other studies: 25-30° in Rodhe and Seibert (2011), 56° in Benton et al.
(2022), and 26° in van Meerveld et al. (2015).

Although we expected the variation in flow directions to be largest

11

when the streamflow varied most (and wetness conditions were most
variable), we did not find this correlation (Fig. 10b). The average vari-
ability in the gradient direction (as represented by the average of the C,)
was highest in April 2020 and other wet months. Still, it was not well
correlated to the monthly average discharge (Fig. 10a).

5.2. Where are groundwater flow directions most variable?

We expected the groundwater flow directions to be most variable in
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Table 2

Journal of Hydrology 626 (2023) 130301

Number of large triplets for which the DEM best matched the observed groundwater gradient direction for each month, with the maximum for each month shown in
bold font (maximum possible: 94 triplets). See Table C1 for a description of the DEMs.

Month original gauss; gaussg gausss gaussig gaussyg means means meang meany; aggs ages aggs aggio aggao
Apr 19 1 0 1 1 7 2 2 1 2 7 1 1 1 1 2
May 19 8 1 3 4 11 5 6 2 3 16 6 2 2 13 4
Jun 19 5 1 5 2 4 3 4 2 2 7 4 3 0 3 3
Jul 19 6 2 1 3 3 3 3 1 2 5 2 2 1 8 7
Aug 19 6 1 0 1 2 8 3 1 1 5 3 3 1 7 10
Sep 19 6 2 0 1 3 10 3 1 1 5 3 1 3 8 15
Oct 19 5 0 1 2 3 4 2 1 1 4 3 0 2 9 9
Nov 19 5 1 0 2 3 4 2 2 1 4 4 0 1 9 8
Dec 19 3 0 1 1 2 7 1 1 1 1 4 0 1 11 4
Jan 20 2 0 1 1 1 5 1 2 1 1 3 0 0 7 5
Feb 20 5 0 1 1 1 6 1 2 1 1 3 0 1 9 9
Mar 20 4 0 1 1 2 7 1 1 1 1 4 0 1 10 7
Apr 20 8 1 1 1 5 8 2 0 2 4 7 0 1 10 5
May 20 11 2 1 8 13 7 6 5 6 15 4 4 0 6 4
Jun 20 8 3 2 4 7 7 10 3 2 9 3 2 3 5 4
Jul 20 6 1 0 1 5 8 3 0 0 5 3 2 1 8 10
Aug 20 5 0 0 3 2 4 3 1 1 5 4 2 2 10 8
Sep 20 6 0 1 1 1 7 4 1 0 4 3 0 0 6 8
Oct 20 10 0 4 1 10 5 10 2 5 8 4 1 4 8 5

flat areas, such as the near stream areas. Indeed, we found a statistically
significant negative correlation between the variability in gradient di-
rection (C,) and the magnitude of the surface gradient (i.e. less vari-
ability in the groundwater gradients on steeper slopes). The correlation
with the surface gradient magnitude was less clear for the larger triplets
because it usually included several smaller-scale topographic features
that may cancel each other out. Furthermore, the correlation for the
small triplets may be affected by the larger number of triplets in the
riparian zone.

There was no significant correlation between C, and TWI, suggesting
that flat areas near the ridges, which typically have a low TWI, and flat
areas near the streams, which usually have a high TWI, are both loca-
tions of highly variable groundwater directions (cf. Erdbriigger et al.,
2021). Unfortunately, the wells near the ridges were frequently dry,
which hindered the calculation of the variability in the groundwater
flow directions at these sites. Thus, we could not determine if the
groundwater flow directions were highly variable at these often some-
what flatter sites throughout the year. The lack of correlation with TWI
suggests this may be the case. Still, we have insufficient information to
confirm this for particular sites due to the missing data and the bias of
the data for these areas to wet conditions.

We observed a general trend of the groundwater gradients being
towards the streams during wet periods (such as the snowmelt period
and after large precipitation events) and more parallel to the streams (i.
e., following the overall trend in topography) during drier periods, as
also noted in other studies (e.g., Rodhe and Seibert, 2011; von Freyberg
et al., 2014). A noticeable exception were the small triplets close to the
streams, where gradients tended to turn (perpendicularly) away from
the streams during wet periods and were more parallel or towards the
streams during dry periods.

A potential reason for the large variability in the groundwater flow
directions (high C,) for triplets Ast3 and Ast8 (compared to the other
triplets) could be their location close to the stream. Water infiltrating
from the stream into the near stream aquifer has been well documented
in other studies (e.g., Bonanno et al., 2021; Covino and McGlynn, 2007;
Heeren et al., 2014; Rodhe and Seibert, 2011; Vidon and Smith, 2007;
Winter et al., 2008). Water from further upstream could have flown into
the riparian aquifer at some locations (e.g., triplets Ast3 and Ast8) and
sufficiently changed the gradient to “overwrite” the gradient resulting
from the topography. The effect of the stream was most apparent for the
small triplets closest to the stream, probably because of the shorter
distances between the wells. Another potential factor could be the level
of incision of the streambed into the landscape.
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5.3. Which DEM best describes the groundwater flow directions?

Comparing the gradient directions calculated from the groundwater
measurements with those calculated for the differently smoothed DEMs
suggests that the smoother DEMs match the observed gradients for the
large triplets better than the original DEM. The aggregated DEMs
describe the observed water table directions best, except during the
snowmelt periods when the mean smoothed DEM best matched the
observations (see Table 2). The shift in the best DEM during the snow-
melt period suggests that despite the lack of correlation between the
variability in the gradient direction and streamflow, the best choice of
the DEM indeed depends on the wetness status of the catchment.

Thus, to approximate groundwater gradients over distances of
around 20 m, we recommend using smoothed DEMs (matched to the
season) for the Krycklan catchment and similar catchments. Because the
variability in the flow directions for the different DEMs was larger than
those calculated from the groundwater levels for most large triplets
(Figure D1 and Figure D2), we suggest to use the differences in the
gradient directions of strongly smoothed DEMs (rather than all the DEMs
of Erdbriigger et al. (2021)) to obtain a first approximation of the po-
tential variability in the groundwater gradient directions.

The small number of small triplets made it difficult to determine the
best DEM at the 5 m scale. The relatively smoothed DEM (Gaussian filter,
20 pixels) and a less smoothed DEM (Mean smoothing, 5 pixels) appear
suitable. To capture of the overall variation in gradient directions, a
distinction may have to be made between near stream locations and
locations further upslope because of the different responses of near
stream wells and those further away (cf. Haught and van Meerveld,
2011; Rodhe and Seibert, 2011; van Meerveld et al., 2015).

6. Conclusions

Representing the groundwater flow directions correctly is important
when determining the size of the groundwater watershed or the di-
rections of water and pollutant transport. Therefore, we used ground-
water level data from 75 wells to determine the groundwater gradients
and flow directions for nine small (5 m) and 94 large (20 m) triplets. The
gradient magnitude of the shallow groundwater changed with catch-
ment wetness. The gradient directions also varied with wetness condi-
tions, especially for near-stream locations. The maximum (and median)
range in the groundwater gradient direction was 360° (160°) for the
small triplets (5 m distance between wells) and 270° (45°) for the large
triplets (20 m distance). Although the monthly variations in the gradient
directions were not related to the streamflow variations, they were
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highest for the snowmelt period and wet months. For smaller distances,
the location relative to the stream needs to be considered as the stream
level can significantly affect the groundwater gradients in the near
stream areas. While this needs to be further studied, we expect that
DEMs with some degree of smoothing better represent the shallow
groundwater gradient directions than high resolution DEMs for similar
catchments in humid climates with till soils.
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Appendix A:. Gradient calculations

We first calculated the normal vector for a plane through three points:
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(A2)

From the normal vector, we calculated the gradient magnitude (0) and direction () of the normal plane (in degree (°)).

The gradient magnitude (0) is:

0=90— ;0<n, <0

n, 18
arctan | ——— | *—
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and the gradient direction (o) is:

—n,\ 180
arctan( n")*T; n, <0
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n, = 0;flat area, zero gradient
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(A3)

(A4)

The gradient values were assigned to the centroid of the three wells used for the respective calculation, which is calculated as follows:

X+ X2+ X3 Y1+ +y3)

centroid(X,y) = ( 3 , 3

where x; and y; are the coordinates for the three wells.

(A5)

Appendix B:. Well triplets and number of measurements for which the gradient could be calculated
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Table B1 Table B1 (continued)
Number of measurements between July 2019 — July 2020 (max: 52,560 mea- .
N ) ” Triplet Number of measurements
surements). Triplets with less than two weeks of data (<2016 data points) were
excluded from the analyses. Blt15 12,750
Blt16 12,748
Triplet Number of measurements Blt17 6,755
Small Astl 49,189 Blt18 49,851
Ast2 34,966 BIt19 50,871
Ast3 40,472 Blt2 7,174
Ast4 46,747 BIt20 50,796
Ast5 1,072 Blt21 19,117
Ast6 20 Blt22 8,979
Ast7 48,991 Blt23 51,486
Ast8 50,080 Blt24 8,980
Bstl 42,281 Blt25 19,117
Bst3 49,774 Blt26 8,979
Large All 48,869 Blt27 52,506
Alt10 50,790 Blt28 8,980
AIt100 2.159 Blt29 19,117
Alt101 2,158 Blt3 12,610
Alt102 2,983 BIt30 8,979
Alt103 2,920 Blt31 50,859
Alt104 12,392 Blt32 8,980
Alt105 12,329 BIt33 19,117
Alt11 40,473 Blt34 8,979
Altl5 1,729 BIt35 19,116
Alt16 1,729 Blt36 19,117
Alt17 19,608 BIt37 19,117
Alt18 1,729 BIt38 19,118
Alt19 25,307 BIt39 49,009
Alt2 48,047 Blt4 12,784
Alt20 25,304 BIt40 7,515
Alt21 1 BIt5 6,756
Alt22 1 Blt6 10,759
Alt24 1 BIt7 8,980
Alt27 45,354 Blt8 46,997
Alt28 50,230 Blt9 6,756
Alt29 19,678
Alt3 40,465 .
Alt30 25,396 Appendix C
Alt31 50,228
Alt32 25,393
Alt34 46,397
Alt35 52,123
Alt36 52,120
Alt37 25,382
Alt38 24,127 Table C1
Alt39 1,073 DEM names, smoothing method and step, and resolution. Color refers to the
Alt4 40,892 color used to represent the DEM in Figs. 4 and 5. The original DEM was obtained
Alt5 1,730 from Laudon et al. (2021, 2013).
Alt6 1,727
Alt7 1,727 DEM Color Smoothing Smoothing Step Resolution
Alt73 20,649 Name Method
:ig“ fO;Z;S Original black - - 2mx2m
’ Gaussy orange Gaussian filter Standard deviation 2mx2m
Alt84 39,273 .
Alt85 40,566 2x2 pixel
AltS6 4 0: 484 Gausss Gaussian filter Standfard deviation 2mx2m
Alts7 49,798 33 pixel
’ Gausss Gaussian filter Standard deviation 2mx 2m
Alt88 50,295 5x5 pixel
Alt89 52,377 Gausso Gaussian filter Standard deviation 2mx 2m
Alt9 50,712 R
Alt90 50,149 10x10 pixel
’ Gaussyg Gaussian filter Standard deviation 2mx2m
Alt91 10,175 .
Alt92 0674 20x20 pixel
> Meang blue mean filter Window size 3x3 pixel 2m x2m
Alt93 52,451 X . . .
Means mean filter Window size 5x5 pixel 2m x2m
Alt94 9,675 . . . .
Alt95 52.460 Meang mean filter Window size 9x9 pixel 2mx2m
? Meany, mean filter Window size 21x21 2mx2m
Alt96 2,983 .
Alt97 2,161 pixel
’ Aggo green Aggregation 2 x 2 pixel 4m x 4m
Alt98 2,160 . .
Aggs Aggregation 3 x 3 pixel, 6m x 6m
Alt99 2,159 . .
Aggs Aggregation 5 x 5 pixel 10m x 10m
Blt1 7,174 . .
Aggio Aggregation 10 x 10 pixel 20m x 20m
BIr10 6,756 A aggregation 20 x 20 pixel 40m x 40 m
Blt11 12,153 8820 £81e8 P
BIt12 12,749
BIt13 12,189
Blt14 6,755

14



J. Erdbriigger et al. Journal of Hydrology 626 (2023) 130301

Appendix D:. Comparison of estimated circular variance from DEM and measurements for the large triplets

o« NN I B N B N
<o i i1l CHEE BN Il B [
we | I | HNEREEN | i
«~ il 1 H BN i)
« H I

© NIRRT ENENENNEEEENNRENENEE N DNEN NPRNDNENEEEE B NDEEN
~ Il INIIE 1 B N
Mar Cv
<0 1 IHlIN |1 I NI

S

N | 0 il 1 B i1
o | i H EEN N B i
B | | 1 1| N i B i1
o« il 1 | N i B i1
s> 1l I TN I B e 1)
o | I I N b e i
«~ il [ 1 B e i
o« R B
- 1IN NSNS EENEEE DNNEEERENNENNRENENNENENE NDDER
R apr ] [ ]

Fig. D1. The circular variance (C,) of the groundwater gradient direction for each month and for the 15 different smoothed DEMs (top row) for each large triplet in
area A. Missing values for a particular month are indicated in white (i.e., the gradient direction could not be determined for more than three days of the month, either
due to data gaps or because the water level dropped below one of the wells).
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Fig. D2. The circular variance (C,) of the groundwater gradient direction for each month and for the 15 different smoothed DEMs (top row) for each large triplet in
area B. Missing values for a particular month are indicated in white (i.e., the gradient direction could not be determined for more than three days of the month, either

due to data gaps or because the water level dropped below one of the wells).
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