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A B S T R A C T   

The occurrence of freeze–thaw cycles modifies water infiltration processes and surface runoff generation. Related 
processes are complex and are not yet fully investigated at field scale. While local weather conditions and soil 
management practices are the most important factors in both runoff generation and surface erosion processes, 
local terrain heterogeneities may significantly influence soil erosion processes in catchments with undulating 
terrain. 

This paper presents a field-based investigation of spatial and temporal heterogeneities in subsurface soil 
moisture and soil temperature associated with freezing, thawing, and snowmelt infiltration. The field setup 
consists of a combination of traditional point measurements performed with frequency domain reflectometry 
(FDR) and electrical resistivity tomography (ERT). The transect was approximately 70 m long and spanned an 
entire depression with a north-facing slope (average slope of 11.5%) and a south-facing slope (average slope of 
9.7%). The whole depression was entirely covered with stubble. 

Observed resistivity patterns correspond well to the measured soil moisture patterns. During the observation 
period, the north facing slope froze earlier and deeper compared with the south facing slope. Freeze–thaw cycles 
were less pronounced in the north-facing slope than in the south-facing slope. There were also differences in soil 
temperature and soil moisture patterns between lower and upper parts of the monitored depression. These 
indicate that initiation and development of runoff related processes, and consequently soil erosion, in regions 
with freeze–thaw cycles may differ significantly depending on local terrain characteristics. Consequently, it 
indicates that spatial terrain heterogeneities, especially slope aspects, may be important when studying soil 
erosion processes, water flow and nutrient leaching in lowlands where patchy snowpacks and dynamic freeze
–thaw cycles are predominating.   

1. Introduction 

In most climates, soil erosion is governed by the surface runoff of 
water during excessive rainfalls and/or snow melting. Soil erosion is one 
of the most serious threats to productive agricultural land (Weigert and 
Schmidt, 2005; Boardman et al., 2009; Yakutina et al., 2015). This is 
especially true in Norway, where the amount of cultivated land is 
limited and often only has a thin layer of nutrient rich soil (Lundekvam 
et al., 2003). Under Nordic climate conditions soil erosion rates in 
winter and early spring account for a major part of annual soil, phos
phorus, and nitrogen losses in agricultural catchments (Deelstra et al., 
2011). Snowmelt, combined with rain and frozen (sub-)soil, may lead to 
severe runoff and consequent soil erosion (Lundekvam and Skøien, 

1998; Øygarden, 2003; Deelstra et al., 2009). However, the severity of 
the erosion is often amplified by preceding winter conditions. The 
occurrence of freeze–thaw cycles modifies water infiltration processes, 
surface runoff generation (Iwata et al., 2011, Ban et al., 2016) and 
erosivity of the soil material (Ollesch et al., 2006). The processes asso
ciated with freeze–thaw cycles are complex and their implications for 
water flow in (partially) frozen soil are still not fully understood (Ireson 
et al., 2013). Moreover, despite increasing research attention, the 
amount of relevant field observations at catchment scale is still limited 
(e.g., Øygarden, 2003; He et al., 2015; Starkloff et al, 2017; Holten et al., 
2018). 

The three main soil-related factors that determine the speed of 
snowmelt and/or rain infiltration into (partly)frozen soil, and thus the 
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extent of surface runoff and erosion, are: 1) initial water content (before 
freezing), 2) frost depth and 3) soil temperature at the time of snowmelt/ 
rainfall (Al-Houri et al., 2009; Watanabe et al., 2013). Monitoring these 
properties at catchment scale is complicated by the need to account for 
spatial heterogeneity. Research has shown that runoff and soil erosion 
can vary greatly depending on slope characteristics such as slope angle, 
length and aspect (Shanley and Chalmers, 1999; Laker, 2004). This in
dicates the importance of taking into account local therein heteroge
neities, especially slope aspect, when studying soil erosion processes in 
lowland agricultural catchments with undulating landscape. To increase 
understanding of processes that influence snowmelt infiltration and 
runoff in such catchments, field-based observation of subsurface pro
cesses during freezing, thawing and snowmelt, ideally accounting for 
local terrain heterogeneities (i.e., slope, aspect, gullies) is needed. 

Soil temperature and soil moisture monitoring are commonly used 
surveying techniques in studies on hydrogeological processes (Tabbagh 
et al., 1999; Cheviron et al., 2005) and especially on percolation rates in 
the vadose zone (Constantz et al., 2003). However, these methods pro
vide commonly only point measurements. In order to focus on the 
spatial heterogeneity effects, non-invasive geophysical techniques are 
considered effective monitoring methods at field scale (Hubbard and 
Rubin, 2000; Vereecken et al., 2006; Binley, 2015). Electrical resistivity 
tomography (ERT) presents an alternative approach to monitoring 
subsurface hydrological conditions and processes across a range of 
materials and spatial scales (e.g., French et al., 2002; French and Binley, 
2004; Jayawickreme et al., 2008; Alamry et al., 2017). The resistivity of 
the subsurface reflects a combination of soil texture, water/fluid satu
ration and pore fluid properties, such as salinity (e.g., Depountis et al., 
2001). In permafrost research, ERT methods have been widely used to 
estimate the unfrozen water content based on significant contrasts in 
electrical resistivity between frozen and unfrozen soil (French et al., 
2002, Krautblatter and Hauck, 2007, Fortier et al., 2008, Dafflon et al., 
2013). Two-dimensional time-lapse ERT, in which ERT measurements 

are repeated over time, can give a rapid, qualitative overview of the 
evolution of soil moisture and/or ice content over large areas, assuming 
that soil physical properties are constant over time (French et al. 2002; 
French and Binley, 2004; Cassiani et al., 2006; Kemna et al., 2006; 
Scherler et al., 2010). 

To investigate the potential of the field-based monitoring techniques 
to capture the dynamics of soil temperature and soil moistures patterns, 
depending on terrain heterogeneity, during winter conditions, we 
combined point measurements (soil temperature and soil moisture) with 
spatially distributed geophysical monitoring (ERT). This paper presents 
the results of these observations, with the focus on local terrain het
erogeneities and their influence on freezing and thawing patterns in the 
soil. 

2. Case study description 

The study area is the Skuterud agricultural catchment, located in 
south-eastern Norway (Fig. 1). The field investigations were carried out 
in the Gryteland catchment (0.29 km2) characterised by undulating 
landscape (elevation: 106–141 m, slope 2–10%) covered by approxi
mately 60% arable land and 40% coniferous forest. The soil types of the 
arable land can be divided into two groups: 1) levelled clay loam 
(Stagnosol) and silty clay loam (Albeluvisol) and 2) sandy silt on clay 
(Umbrisol) and sand to loamy medium sand (Histic Gleysol). The two 
soil groups are not always clearly distinguishable in the field (Sol
bakken, 2015). A subsurface drainage system was installed in the arable 
land in the 1960s, leading to an unsaturated zone of approximately 1 m 
depth. 

The mean annual temperature is 5.3 ◦C and the mean annual pre
cipitation is 785 mm (Thue-Hansen and Grimenes, 2014). The winter 
weather conditions are usually relatively unstable, with alternating 
periods of freezing and thawing and several snowmelt events (Kværnø 
and Øygarden, 2006). The register of snow conditions is available via 

Fig. 1. (a) Location of the Gryteland catchment (outlined in black) within the Skuterud catchment in Norway; (b) location of experimental transect and monitoring 
equipment within the Gryteland catchment; (c) a view on the Gryteland catchment (photo: J. Stolte). 
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Varsom Xgeo (http://www.xgeo.no/), an expert tool used for pre
paredness, monitoring, and forecasting of floods, landslides and ava
lanches in Norway. In addition, manual meaurements of snow depth was 
performed during three field visits. 

3. Methodology 

3.1. Experimental site set up 

The experimental transect was established in the Gryteland catch
ment (Fig. 1 a, b). The soil along the transect is clay loam and silty clay 
loam with 13% sand, 58% silt and 29% clay. In the period 2014–2016, 
oats were grown in the entire area of Gryteland. There was no tillage 
after harvest in 2013, leaving the fields covered in stubble. In 2015 after 
harvest, secondary tillage was done on the slopes using a cultivator, 
leaving the dry waterways covered with stubble. The experimental 
transect is located in the area covered with stubble (Fig. 2). 

The transect was 71 m long and covered a depression with a north- 
facing slope (with an average slope of 11.5%) and a south-facing slope 
(with an average slope of 9.7%) (Fig. 1b). The following sections along 
the experimental transect were defined: south-facing top (SFT) with 
8.3% slope, south-facing middle (SFM) with 14% slope, south-facing 
bottom (SFB) with 6.5% slope, north-facing bottom (NFB) with 8% 
slope, north-facing middle (NFM) with 16% slope and north-facing top 
(NFT) with 8% slope. 

3.2. Soil temperature and soil moisture measurements 

Six nests, each with five Decagon 5 TM temperature and frequency 
domain reflectometry (FDR) sensors were installed along the transect 
(Fig. 1b). Soil water content (θliquid [m3.m− 3]) and soil temperature (Tsoil 
[oC]) readings were automatically recorded every 30 min at five depths: 
0.05, 0.10, 0.20, 0.30 and 0.40 m. It should be noted that the soil water 
content, calculated from the dielectric permittivity of the soil matrix and 
measured using the FDR probes, represents only the liquid soil water 
content, not water in the form of ice. However, the drop in θliquid when 
Tsoil moves below 0 ◦C is a good indication that soil water in the soil 
profile is starting to freeze and ice is beginning to form (Starkloff et al., 
2017). 

3.3. Electrical resistivity tomography (ERT) measurements 

3.3.1. Field data collection 
The purpose of the ERT survey is to determine the subsurface re

sistivity distribution by performing measurements at the earth’s surface. 
With ERT, an electrical current (I [A]) is induced in the ground using two 
current electrodes. The resulting voltage difference (U [V]) is measured 
by two potential electrodes (Fig. 3; Nijland et al., 2010; Binley, 2015). 
From the current, the voltage difference and the geometrical factor 
(which depends on the arrangement of the electrodes), the apparent 
resistivity (R) of the ground can be derived. The apparent resistivity is an 
average value for the ground taken as a homogeneous half-space. 
Increasing the spacing between the electrodes provides more informa
tion about the deeper part of the subsurface. A 2D distribution of 
apparent electrical resistivities along a transect can be obtained by 
combining many different combinations of ‘single’ measurements. The 
apparent resistivity values obtained are processed and, finally, a re
sistivity model is created. 

In our study, the ERT transect was 71 m long, with 1 m spacing 
between the electrodes (total 72 electrodes). The electrodes remained in 
the soil during the whole experimental period to guarantee that mea
surements were made at the same locations every time and to ensure a 
best possible quality of the readings (Michot et al., 2003). 

ERT measurements were performed by a Syscal Pro Switch (Iris in
strument) with a conventional Wenner electrode configuration as for its 
optimal characteristics regarding depth of investigation, ability to 
resolve vertical changes, and signal-to-noise ratio (Loke, 2000). Normal 
and reciprocal data (swapping the potential and current electrodes) 
were collected directly one after another, using a 100 ms current in
jection. The ERT readings were collected one time per week and, if 
needed, after a sudden change in weather conditions. In total, 11 ERT 
series were recorded. 

3.3.2. Data processing 
First, reciprocal measurements were used to identify and remove 

outliers (measurements with an error between the normal and reciprocal 
greater than 10%) prior to data inversion. Thereafter, raw ERT data 
were processed using R2 software (v2.7a; Binley, 2013) in inverse mode 
(Binley and Kemna, 2005). 

We used a quadrilateral grid for finite element modelling, with 
horizontal boundaries between − 1024 m and 1095 m (while the elec
trodes were located from 0 m to 71 m) and vertical boundaries between 

Fig. 2. View of the depression where the experimental transect was located. 
Photo taken in December 2015, during equipment installation. FDR stands for 
frequency domain reflectometry sensors nest and NFB stand for north-facing 
bottom section of the transect. The spacing between the electrodes along ERT 
cable is 1 m and it serves as scale indicator. (Photo: D. Krzeminska). 

Fig. 3. Schematic diagram of resistivity measurement in a uniform medium 
(after Nijland et al., 2010). 
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0 m and − 109.9 m from the surface (while we are interested in the top 
meters only). Using this ‘larger’ grid allowed the assumption that the 
inversion results in the area of interest were realistic for an infinite half- 
space. For the area of interest, the grid resulted in a spatial resolution of 
0.5 m horizontally and 0.1 m vertically. 

The inverse solution was based on a regularised objective function 
combined with weighted least squares (an ‘Occams’ type solution) as 
defined in Binley and Kemna (2005). For the inversion we used a stan
dard error distribution with an offset error (a_wgt) equal to 0.001 and a 
relative error (b_wgt) equal to 0.02. 

All the collected ERT datasets converted in three to seven iterations 
with an average root-mean-square error of 1.01 relative to measured 
noise, calculated by the stacking error. For each of the 11 datasets 
collected, we obtained the horizontal and vertical distribution of the 

physical resistivity property. 

4. Results 

4.1. Soil temperature and soil moisture measurements 

Fig. 4a shows the weather data: air temperature (Tair) and precipi
tation (P) and Fig. 4b shows the soil temperature (Tsoil) at the five depths 
(0,05, 0,10, 0.20, 0.30 and 0.40 m), along the experimental transect. 

From the Tsoil measurements it is easy to distinguish between freezing 
and thawing periods and to identify the snowmelt period at the end of 
the winter season. At the beginning of the monitoring period (December 
2015), when Tair was still above 0 ◦C and there was no snow cover, Tsoil 
tracked Tair. As snow cover developed (starting January 2016), the daily 

Fig. 4. Monitored data: (a) precipitation (P), 
air temperature (Tair) and snow depth. The 
Black dotted line at Tair figure denotes the 
0 ◦C line; (b) vertical profiles (0.05, 0.10, 
0.20, 0.30, 0.40 m depth) of soil temperature 
(Tsoil) at six locations along the experimental 
transect (SFT, SFM, SFB, NFB, NFM, NFT). 
The black arrows indicate the dates when 
ERT measurements were performed. The red 
lines denote soil with Tsoil < 0 ◦C. The white 
area within SFB section denotes a period 
with no measurements due to technical 
problems.   
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Tsoil amplitude gradually reduced, as did the temperature differences in 
the soil profile. During two freezing periods with snow cover of 20–30 
cm depth (25/12/2015 – 26/01/2016 and 11/02/2016–13/03/2016), 
the isolation effect of snow cover was clear: in general, daily tempera
ture variations of Tsoil were not visible and Tsoil did not follow the drop in 
Tair (below − 15 ◦C). However, the freeze and thaw periods in the soil 
were clearly visible. During the first freezing period (25/12/2015–26/ 
01/2016), the snow cover developed relatively fast and snow cover 
remained at more than 20 cm depth for most of the period. When Tair is 
dropped to more than − 25 ◦C, the freeze and thaw periods became 
visible in the first 10 cm of the soil, except for the SFT section. At the 
beginning of second freezing period (11/02/2016–2/03/2016), snow 
cover was shallower (<20 cm depth) and relatively smaller drop of Tair 
(compared with the first freezing period) correlated with a deeper 
freezing effect in the soil profiles (Tsoil < 0 ◦C at up to 40 cm depth in 
NFT). These observed Tsoil trends are in agreement with observations 
made in previous studies (e.g., Sutinen et al, 2008; Zhao et al 2013). 

However, it was interesting to see the differences in Tsoil between the 
sections along the monitored transects. In general, Tsoil observed within 
the north-facing slope (NFT, NFM and NFB), was lower than Tsoil 
observed within the south-facing slope (SFT, SFM and SFB). The largest 
differences were visible in freeze–thaw periods observed during the 
second freezing period: in north-facing slope, Tsoil < 0 ◦C was observed 
down to 40 cm depth (NFT) while in south-facing slope soil freezing was 
observed only down to 10 cm depth (SFM). The SFB sections appeared to 
be the warmest, with no soil freezing during that period. The observa
tions also showed that north-facing sections warmed up slower than did 
south-facing sections during the snowmelt period at the end of the 
winter season: at the end of the monitoring period (from 20/03/2016), 

Tsoil in south-facing slope was around 3 ◦C and in north-facing slope 
between 0.3 and 0.9 ◦C. 

Vertical profiles of θliquid observed along the transect are presented in 
Fig. 5. At the beginning of the experiment (12/11/2015–11/12.2015) 
when the Tair was still oscillating around 0 ◦C and there was no snow 
cover, θliquid ranged between 0.26 and 0.36 m3.m− 3 in all six profiles. 
The highest values of θliquid were observed in the bottom sections (SFB 
and NFB), and the lowest values in the top sections (SFT and NFT). 
During two freezing periods (25/12/2015 – 26/01/2016 and 11/02/ 
2016–13/03/2016), θliquid decreased significantly, reaching 0.04 m3. 
m− 3 in the near-surface soil layers (0–0.10 m) of the north-facing slope. 
This can be related to freezing of water in the larger pores and, conse
quently, reduced θliquid in favour of increased ice content (see also 
Fig. 6). The θliquid was relatively stable over the vertical profiles in time, 
during the two freezing periods, while more dynamic behaviour was 
observed during periods of thawing and snow melting (when Tair stayed 
above 0 ◦C; 27/01/2016 – 10/02/2016 and after 18/03/2016). The 
general spatial trends remained the same: lower values were observed in 
the top sections (SFT and NFT) and higher values were observed in the 
sections at the bottom of the slopes (SFB, NFB). This is a consequence of 
water drainage to the lower parts and concentration of flow at the 
bottom of the depression. 

Differences were also observed in θliquid between the north-facing and 
south-facing slope. The observed periods with (partly) frozen soil water 
(low θliquid) were generally longer in the north-facing slope and soil 
water freezing reached deeper there (Figs. 4 and 5). When looking at the 
differences between the sections within the slopes, trends in the freezing 
depths are similar: the top sections (NFT and SFT) showed deeper soil 
freezing than sections at the bottom (NFB and SFB). Moreover, during 

Fig. 5. Measured liquid water content (θliquid) in vertical soil profiles (0.05, 0.10, 0.20, 0.30, 0.40 m depth) at six locations along the experimental transect (SFT, 
SFM, SFB, NFB, NFM, NFT). The white area within the SFB section indicates periods with no measurements due to technical problems. The black arrows indicate the 
dates when ERT measurements were performed. 
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the snowmelt at the end of the winter period, it is clearly visible that 
snowmelt infiltration associated with thawing processes started sooner 
in south-facing slope than in north-facing slope. These temporal and 
spatial heterogeneities in θliquid patterns correlate with the trends 
observed in Tsoil patterns (Fig. 4). 

Fig. 6 shows the relationship between θliquid and Tsoil measured within 
vertical soil profiles. For the soil temperatures between 2 ◦C and − 1◦C, 
the whole range of possible θliquid was measured (Fig. 6). In winter 
conditions, these indicate freezing processes whereby soil water starts to 
freeze and therefore liquid water content decreases in favour of 
increasing ice content (not measured). 

4.2. ERT measurements 

Fig. 7 shows the ERT inversion results (resistivity ®) of the time-lapse 
datasets collected during winter 2015/2016. In general, trends observed 
in R values followed the same trend as observed for θliquid. (Figs. 4 and 5). 
There was an increase in R within the top layer of the soil during the cold 
winter days (08/01, 15/01, 12/02, 01/03, 10/03) followed by a 
decrease in resistivity during warmer winter days (26/01, 29/01, 12/02, 
14/02) and spring (14/03, 01/04). Spatially, the top sections (NFT and 
SFT) showed the highest variation in resistivity values, followed by the 
middle sections (NFM and SFM). In general, there was faster and more 
extensive resistivity increase on the north-facing slope compared to 
south-facing slope. 

In addition, series of anomalies in the R values were observed in the 
top and middle section of the south- facing slope (SFT and SFM) at 
deeper soil layers (down to 2.0 m). This is elaborated further in Section 
5.1. 

5. Discussion 

This paper presents a set of field-based measurement that provide a 
basis for analysing spatial heterogeneities in subsurface soil moisture 
and soil temperature associated with freezing, thawing and snowmelt 
infiltration, and its relation to local terrain heterogeneities. Further
more, these data can be used to elaborate on the influence of local 
terrain heterogeneities (i.e., slope and aspect) on soil erosion processes. 

5.1. Relationship between R and Θliquid 

The electrical resistivity (R) is the result of the combination of soil 
texture, water content and salt concentration. In the case of time-lapse 
resistivity measurements, changes in water content and salt concentra
tions can be observed, while soil texture is constant. In our study, we 
would not expect any changes in salt concentration. Therefore, observed 

changes occurring in the experimental ERT transect can be related to 
changes in water/ice content in the soil. 

The calculated R values were in range of ‘typical resistivity values’ 
reported in previous studies; for example, while unfrozen soils have 
typical resistivity values from a few to hundreds of ohm-metres, 
depending on pore water salinity, saturation, soil type and texture, 
typical resistivity values for frozen soils ranges from tens to hundreds of 
kilo-ohm-meters (French et al., 2006, Krautblatter and Hauck, 2007, 
Fortier et al., 2008, Dafflon et al., 2013). 

In general, trends in calculated R values (Fig. 7) followed observed 
spatial variation in θliquid (Fig. 5). 

Fig. 8 shows the correlation between θliquid and R, divided by the 
slope sections (NFT, NFM, NFB, SFB, SFM, SFT), with an additional 
distinction between freezing and thawing periods. Average θliquid from 
the day of the ERT measurement is collated with average R value 
representative for each FDR location. 

While it is difficult to see correlation between R and Qliguid, high R 
values occur at low θliquid while lower R values are mostly associated 
with higher θliquid. There are visible differences in behaviours/trends 
between the north-facing and south-facing slope as well as between 
sections within the slopes. In general, the ranges of both Qliguid and R 
values observed for the north-facing slope was wider than that one 
observed for the south-facing sections. It is especially visible in case of 
top sections (NFT vs SFT). 

These indicate that, for frozen conditions slope aspect and conse
quently exposition and (depth of) snow cover and may have additional 
influence on both R and Qliguid spatial and temporal behaviour: e.g., 
differences in (depth of) snow cover between north-facing and south- 
facing slope observed during thawing period (Fig. 10). 

5.2. ERT measurement: Data quality and error analysis 

A series of anomalies were observed within the R values in the top 
and middle section of the south-facing slope (SFT and SFM), reaching 
deeper soil layers (down to 2.0 m), that cannot be explained by current 
θliquid and Tsoil measures or by previous studies (e.g., soil heterogene
ities). The quality of ERT data was assessed by looking at the percentage 
of outliers (measurements with an error between the normal and 
reciprocal higher than 10%) in each of the collected raw ERT data sets. 
‘Good quality data sets’ are ones that have no or a limited number of 
outliers. This means that (nearly) 100% of raw data was used for 
inversion modelling, and consequently gave the most accurate estimates 
for 2D apparent resistivity mapping. 

The quality of the collected raw ERT data shows significant differ
ences between data sets from different time periods (Fig. 9). On the days 
when the quality of the dataset collected was lower (Fig. 9), more 

Fig. 6. Liquid water content (Θliquid) versus soil temperature (Tsoil) measured within vertical soil profiles (0.05, 0.10, 0.20, 0.30, 0.40 m depth).  
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Fig. 7. Set of ERT inversion results. Each panel represent the measuring transect on the day the ERT measurement were performed. The sections (NFT, NFM, NFB, 
SFB, SFM, SFT) are delineated at the top of the figure. 
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anomalies within calculated R values were observed (Fig. 7). In general, 
the dates on which lower quality ERT data were collected correspond 
with dates on which the Tsoil was the lowest. Therefore, outlying values 
can be explained by potential problems with establishing good 
connection between electrodes and frozen soil. This should be consid
ered in further analyses. 

5.3. Potential influence of slope aspect on soil erosion 

The simplistic scheme of initiating soil erosion (sheet erosion and 
gully erosion) starts with the impact of raindrops on bare soil to disperse 
soil aggregates. Then, when the rainfall intensity exceeds the infiltration 
capacity of the soil, water accumulates on the surface, and surface runoff 
is initiated. Depending on the erosive force and transport capacity of the 
waterflow, soil detachment and deposition will occur. While the most 
important factors of runoff generation and surface erosion processes are 
local weather conditions and soil management practices (e.g., snowmelt 
and precipitation timing and amount, tillage timings, etc), the results 

presented in this study allow to elaborate on potential influence of local 
terrain heterogeneities on soil erosion initiating processes. Observed 
patterns in soil temperature and liquid water content can affect soil 
infiltration capacity, runoff generation (e.g., Beven, 2000; Woods et al., 
2001) and erosion patterns. Slope aspect (south-facing slope vs. north- 
facing slope) and location on the slope (top, middle, bottom) influence 
the soil temperature (Fig. 4) and liquid water content (Fig. 5) (Barneveld 
et al., 2019). 

Previous research at the Gryteland catchment dedicated to catch
ment hydrology during winter and spring (Starkloff et al., 2017) shows 
that one of the important factors, determining the extent of runoff and 
erosion during the winter period is whether the soil is frozen or unfrozen 
at a particular moment of precipitation or/and snowmelt event. The 
monitoring data presented in this paper show that north-facing slope 
froze earlier and deeper than the south-facing slopes. The spring thaw
ing period started significantly earlier on the south-facing slope and 
spread throughout the vertical soil profile. This pattern was observed in 
the Gryteland catchment before (Starkloff et al. 2017) as well as during 
ERT monitoring period (Fig. 10). As such, depending on the snowmelt 
and precipitation timing, it can have both positive (snowmelt infiltrates 
before spring rainfalls) and negative (culmination of snowmelt together 
with spring rainfalls) influence on runoff generation and surface erosion. 
Even if the surface soil layer is not frozen, the probability for existence of 
frozen layers of soil deeper in the profile is higher. This can significantly 
influence infiltration processes and accelerate initiation or/and increase 
amount of runoff. Consequently, north-facing slope could be more 
affected by surface erosion. This, in turn, is in agreement with what was 
observed in the field and modelled by Starkloff et al. (2018) in Gryteland 
catchment. 

In terms of soil liquid water content trends, there is little difference 
between the bottom sections (NFB and SFB). They are generally the most 
wet sections and have similar timing of freezing/thawing periods. Their 
location at the bottom, and being the wettest part of the slope, also 
makes them prone to surface erosion. The runoff from the upper parts 
accumulates in the bottom sections of this depression. This is commonly 
observed in the Gryteland catchment as shown in Fig. 2 or in work of 
Starkloff et al. (2018). The wet soil, with its limited infiltration capacity 
and reduced shear strength, combined with concentrated runoff can 
easily be eroded (Starkloff et al., 2017) 

Fig. 8. The relationship between R and θliquid for all six sections along the ERT transect. Blue dots correspond to days when soil was (partly) frozen (Tsoil was below 
0.5–0.9 ◦C depending on the section; see Fig. 6) and red dots correspond to thawing periods (Tsoil was above 0.5–0.9 ◦C depending on the section; see Fig. 6). 

Fig. 9. The quality of each dataset, by the percentage of each dataset with 
errors between normal and reciprocal measurements <100%. 
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In addition, freeze–thaw cycles can influence aggregate stability. 
Starting with the analysis of the freezing period, aggregate stability is 
inversely proportional to soil water content at the time of freezing (e.g., 
Perfect et al., 1990, Lehrsch, 1998). Since the bottom sections of both 
slopes are the wettest areas, this would suggest that they also have the 
lowest aggregate stability. Several studies have reported that the 
aggregate stability increases with the onset of the first one to three 
freeze–thaw cycles but decreased thereafter (Lehrsch, 1998; Angin et al., 
2016). Additionally, Kværnø and Øygarden (2006) showed that, for 
Norwegian clay soils, aggregate stability decreases significantly with the 
increasing number of freeze–thaw cycles. In our case, freeze–thaw cycles 
are less visible on the north-facing slope compared with the south-facing 
slope (as a consequence of deeper and longer freezing of the north facing 
slope), suggesting potential differences in surface erosion patterns. 

6. Conclusions 

Seasonal monitoring of soil temperature and soil moisture gives an 
insight into temporal changes in the subsurface state during freeze–thaw 
cycles. Moreover, it shows that even small-scale terrain heterogeneities 
(local slope and aspect), influence the distribution of soil freezing hor
izontally and vertically. Observed temperature and soil moisture pat
terns are in agreement with previous research: north-facing slopes have 
longer freezing periods than south-facing slopes. Additionally, as shown 
in the presented study, soil freezing is deeper on north-facing slope than 
on south-facing slope. 

Observed resistivity patterns with ERT correspond well to the 
measured soil moisture (θliquid) patterns. The differences between re
sistivity and θliquid observed in the six sections can be explained by 
changes in slope and aspect (south-facing vs north-facing slope). The 
first attempt to quantify the resistivity measured with ERT versus θliquid 
(Figs. 7 and 8) gives promising results. Even though not a fully inde
pendent measure, ERT is a very useful method to reveal the heteroge
neity in θliquid along the transect and could therefore be used to 
interpolate between the point measurements and reduce overall uncer
tainty in spatial interpretation of the results. A combination is highly 
recommended. 

The results indicate that spatial terrain heterogeneities may be 
important when studying soil erosion processes, water flow and nutrient 
leaching in Nordic conditions. They show that initiation and develop
ment of runoff related processes and consequently soil erosion in regions 
with freeze–thaw cycles, may differ significantly depending on local 
terrain characteristic such as north-facing slope versus south-facing 
slope. 

Knowing that local terrain heterogeneities can influence soil erosion 
processes in winter conditions, the findings presented in this paper can 
provide an important insight for interpreting soil erosion modelling 
results, and potential differences between modelled and monitored 
values, at field and catchment scale. Moreover, it indicates the need for 
spatially distributed monitoring of soil parameters and snow conditions 
at field and catchment scale and for more focus on slope aspect when 
modelling (sub-)soil conditions during freeze–thaw cycles and snowmelt 
infiltration. 
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