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Abstract. In many mountainous regions around the world,
snow and soil moisture are key components of the hydrologic
cycle. Preferential flow paths of snowmelt water through
snow have been known to occur for years with few studies
observing the effect on soil moisture. In this study, statisti-
cal analysis of the topographical and hydrological controls
on the spatiotemporal variability of snow water equivalent
(SWE) and soil moisture during snowmelt was undertaken
at a subalpine forested setting with north, south, and flat as-
pects as a seasonally persistent snowpack melts. We investi-
gated if evidence of preferential flow paths in snow can be
observed and the effect on soil moisture through measure-
ments of snow water equivalent and near-surface soil mois-
ture, observing how SWE and near-surface soil moisture vary
on hillslopes relative to the toes of hillslopes and flat areas.
We then compared snowmelt infiltration beyond the near-
surface soil between flat and sloping terrain during the en-
tire snowmelt season using soil moisture sensor profiles. This
study was conducted during varying snowmelt seasons repre-
senting above-normal, relatively normal, and below-normal
snow seasons in northern Colorado. Evidence is presented of
preferential meltwater flow paths at the snow–soil interface
on the north-facing slope causing increases in SWE downs-
lope and less infiltration into the soil at 20 cm depth; less
association is observed in the near-surface soil moisture (top
7 cm). We present a conceptualization of the meltwater flow
paths that develop based on slope aspect and soil proper-
ties. The resulting flow paths are shown to divert at least 4 %
of snowmelt laterally, accumulating along the length of the
slope, to increase the snow water equivalent by as much as
170 % at the base of a north-facing hillslope. Results from
this study show that snow acts as an extension of the vadose

zone during spring snowmelt and future hydrologic investi-
gations will benefit from studying the snow and soil together.

1 Introduction

In many mountainous headwater catchments snow and soil
moisture are key components of the hydrologic cycle, pro-
viding valuable information pertaining to the dynamic pro-
cesses that occur during spring runoff. This has justified large
data collection efforts to further understand the distribution
of snow and soil moisture across landscapes during the win-
ter and spring seasons (Elder et al., 2009). During spring,
much snowmelt will infiltrate into the soil with a notice-
able change in soil moisture prior to recharging groundwa-
ter storage, producing streamflow, or contributing to evapo-
transpiration (Bales et al., 2011; Kampf et al., 2015; Webb
et al., 2015). The relative saturation in the vadose zone con-
trols the stream connectivity and release of water and nu-
trients from subsurface storage into stream systems (McNa-
mara et al., 2005; M. W. Williams et al., 2009). Soil mois-
ture during this time is driven by snowmelt that can impact
the water availability for plant production (Molotch et al.,
2009; Harpold et al., 2015) as well as the ionic signature of
soil moisture and stream flow (Harrington and Bales, 1998).
For these reasons the connections between snowmelt and soil
moisture are critical in understanding the hydrologic cycle
in snow-dominated headwater systems (Jencso et al., 2009),
particularly in the face of a changing climate that will al-
ter the snowmelt season and resulting hydrological dynamics
(Adam et al., 2009; Clow, 2010; Clilverd et al., 2011; Har-
pold et al., 2012; Rasmussen et al., 2014; Fassnacht et al.,
2016).
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Processes within headwater catchments such as snow ac-
cumulation and persistence are known to vary at multiple
scales of interest. From a basin-scale perspective, elevation
has been shown to influence the depth and persistence of
a snowpack (Richer et al., 2013; Molotch and Meromy, 2014;
Sexstone and Fassnacht, 2014), while at finer resolutions the
spatial variability of both accumulation and melt may be con-
trolled by aspect (C. J. Williams et al., 2009; López-Moreno
et al., 2013; Hinckley et al., 2014), and snow in forested areas
is affected by interception during accumulation, shortwave
radiation shading, and longwave radiation influences prior to
and during melt (Storck et al., 2002; Musselman et al., 2008;
Molotch et al., 2009; Adams et al., 2011; Webb, 2017). How-
ever, far less is known about the variability that snowmelt has
on soil moisture and flow paths during snowmelt at the hill-
slope scale, in large part due to the difficulty of observing
soil moisture beneath a deep snowpack at high spatial res-
olution. Snowmelt is important to soil moisture storage and
resulting streamflow (McNamara et al., 2005; C. J. Williams
et al., 2009; Bales et al., 2011; Hunsaker et al., 2012; Ko-
rmos et al., 2014). Stream connectivity to the surrounding
landscape follows seasonal trends with the highest connec-
tivity during spring snowmelt based on factors such as to-
pography (McNamara et al., 2005; Jencso et al., 2009; Jencso
and McGlynn, 2011). The aspect of a hillslope will addition-
ally increase soil water storage and retention on north aspect
slopes (Geroy et al., 2011) that can alter runoff processes and
result in spatially variable soil moisture beneath a melting
snowpack.

There have been recent advancements in the ability to ob-
serve soil moisture throughout the water year in capturing
high-resolution data at both spatial and temporal scales (e.g.,
Bales et al., 2011). Similar advances have occurred for ob-
serving variables such as the liquid water content of a snow-
pack (Mitterer et al., 2011; Techel and Pielmeier, 2011; Koch
et al., 2014; Heilig et al., 2015). This has allowed for fur-
ther understanding of hydrological systems and dynamic pro-
cesses that are vulnerable to climate change (Bales et al.,
2006). However, observations of the relative saturation of soil
beneath a snowpack has been limited to an array of discrete
points with sufficient instrumentation, and few studies have
investigated spring snowmelt soil moisture at a scale similar
to that used to measure the snow above it. The few studies
that have observed these process have shown microtopogra-
phy to influence infiltration across the snow–soil interface
(SSI; French and Binley, 2004) and that wetter areas tend to
remain wetter, with slope and aspect being important factors
at a low-elevation site (C. J. Williams et al., 2009). In high-
elevation alpine environments topography and wind shield-
ing influences soil moisture distribution, though there is less
association with these parameters in low snow years (Litaor
et al., 2008). These studies, limited to high-alpine and low
rain–snow transition zones, suggest that topographic influ-
ences on soil moisture are strong but more investigations dur-
ing varying snow accumulation, melt dynamics, and environ-

ments are important to connect the distribution of soil mois-
ture across a landscape to runoff processes, particularly with
variable regional and environmental snowpack responses to
climate variability (Harpold et al., 2012).

The relative saturation of the vadose zone determines
runoff processes during spring snowmelt (McNamara et al.,
2005). Runoff processes have been shown to change during
spring snowmelt compared to summer rain events (Eiriksson
et al., 2013; Williams et al., 2015). During snowmelt, soil
moisture is influenced mostly in the top 10 cm of soil (Blank-
inship et al., 2014) with pulses of water that reach further
depths varying widely at both the hillslope and catchment
scale (Webb et al., 2015). At the catchment scale a south
aspect hillslope may display matrix flow during snowmelt
as the north aspect displays evidence of preferential flow
through the soil (Hinckley et al., 2014). Preferential flow
paths have been shown to occur both in the soil beneath
a snowpack (French and Binley, 2004) and above the ground
surface within the snowpack (Marsh and Woo, 1985; Kat-
telmann and Dozier, 1999; Williams et al., 2000; Liu et al.,
2004; Williams et al., 2010). Preferential flow within a snow-
pack can form as the result of ice lenses (Colbeck, 1979)
or differences in grain size and density (Avanzi et al., 2016;
Webb et al., 2018). Each of these can alter the flow of wa-
ter through snow and resulting infiltration into the soil, from
the centimeter scale (Williams et al., 2010) up to tens of me-
ters (Eiriksson et al., 2013; Webb et al., 2018). Preferential
flow paths within a snowpack will create spatially variable
snowmelt patterns across a landscape depending on the vari-
able metamorphism that occurs within the snowpack (Ya-
maguchi et al., 2010; Adams et al., 2011; Domine et al.,
2013; Katsushima et al., 2013), which increases during melt
(Marsh, 1987). These melt patterns have been shown to have
correlation lengths of 5 to 7 m in relatively flat alpine terrain
(Sommerfeld et al., 1994; Williams et al.,1999) and lesser
correlation lengths of 2 to 4 m in subalpine terrain (Webb,
2017). Preferential flow paths within a snowpack will alter
soil moisture and resulting runoff processes at the hillslope
and catchment scales.

To our knowledge there have been no studies investi-
gating snow and soil moisture interactions specifically to
investigate hydrologic flow path development in a sub-
alpine environment beneath a deep (2 m) seasonally persis-
tent snowpack. The goal of this study is to gain further
understanding through observations of flow path develop-
ment in a snowmelt-dominated subalpine headwater catch-
ment. Observations of near-surface soil volumetric water
content (VWC) were compared to topographical parameters
(e.g., slope, aspect) and hydrological variables (e.g., temper-
ature, date of peak snow water equivalent). Statistical anal-
ysis of the topographical and hydrological controls on the
spatiotemporal variability of snow and soil moisture dur-
ing snowmelt was undertaken at a subalpine forested setting
with north, south, and flat aspects as a seasonally persistent
snowpack melts with the following objectives: (1) to inves-
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Figure 1. (a) Panoramic picture of the study area facing east to southeast. Location of photo taken to the west of Remote Automated Weather
Station (RAWS) location in map (b). Locations of the RAWS, SNOTEL station, and installed soil moisture sensors are circled and labeled.
(b) Map of the study site and area of interest in this investigation. 10 m contours are shown. (c) Cross section A–A from panel (b) showing
the elevation of the ground surface and depth to bedrock using a 1 m long hand auger. Regions of interest are identified as middle of the south
aspect hillslope (SM), toe of the south aspect slope (ST), flat aspect (FA), toe of the north aspect slope (NT), low on the north aspect slope
(NL), and high on the north aspect slope (NH). All ground surface data are from 10 m resolution digital elevation model (USGS, 2015).

tigate if evidence preferential flow paths in snow can be ob-
served and the effect on soil moisture through measurements
of snow water equivalent (SWE) and near-surface soil mois-
ture, (2) to observe how SWE and near-surface soil moisture
vary on hillslopes relative to the toes of hillslopes and flat
areas, and (3) to compare snowmelt infiltration beyond the
near-surface soil between flat and sloping terrain during the
entire snowmelt season.

2 Methods

To understand flow path development during snowmelt and
the resulting distribution of soil moisture, observations of
SWE and near-surface soil moisture were correlated to test
the influence of topography and snow on soil moisture us-
ing Pearson’s correlation coefficient, r , and a level of signifi-
cance determined at p values of 0.05 and 0.01. Near-surface
soil volumetric water content (VWC) was compared to SWE
at the same location on the date of observations, SWE on the
first survey date (representative of peak SWE), the change
in SWE between survey dates prior to measurement, near-
surface VWC on the first survey date, and topographic slope,
elevation, and northness as calculated from a 10 m digital el-
evation model (DEM; USGS, 2015). Northness is defined
as the product of the cosine of aspect and the sine of slope
(Molotch et al., 2005; Sexstone and Fassnacht, 2014).

2.1 Study site

Data were collected over a 0.2 km2 area near Dry Lake in
Routt National Forest, approximately 6.5 km northeast of
Steamboat Springs, Colorado (Fig. 1b). The elevation of
measurement locations ranged from 2500 to 2600 m with
slope angles from 1 to 30◦ as determined from a 10 m DEM
(USGS, 2015). The site has a mix of deciduous (aspen, Pop-
ulus tremuloides) and evergreen forest (subalpine fir, Abies
lasiocarpa, and Engelmann spruce, Picea engelmannii) with
a majority of the vegetation growing near the small stream
offering large areas of open canopy conditions (Fig. 1a) on
each of the two predominant hillslopes (one south–southeast
facing, and one north–northwest facing).

The soils are primarily loams with very cobbly loam dom-
inating the south aspect slope, cobbly sandy loam on the
north aspect, and loam on the flatter aspects with observa-
tions of highly organic soils in the flat northeastern section
of the area at the base of the north aspect hillslope (Table 1).
Depth to bedrock was estimated using a 1 m long hand auger
at 16 locations within the study site along a transect from
the top of the south aspect slope to the top of the north as-
pect slope (Fig. 1b), resulting in soil depths ranging from
12 cm to greater than 1 m at a single location. Soil depths tend
to decrease with increasing elevation with a mean depth to
bedrock of 40 cm and a median of 38 cm calculated from the
15 depths of less than 1 m (Fig. 1c). Sieve analyses were also
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Table 1. Percent of grain sizes by mass determined from sieve anal-
ysis of samples collected using a ∼ 200 cm3 sample at locations in
the middle of the south aspect slope (SM), the toe of the south as-
pect slope (ST), flat aspect (FA), and low on the north aspect slope
(NL). Fines are considered less than 0.074 mm, sand is larger than
fines and less than 4.75 mm.

SM ST FA NL

Percent fines 21 25 29 29
Percent sand 46 61 64 58
Percent larger 33 14 7 13

conducted on six different volumetric samples of approxi-
mately 200 cm3 for near-surface soil collected from four lo-
cations (two locations sampled twice; Table 1).

For this study, regions were defined to compare observa-
tions on varying aspects and at the toes of hillslopes. Regions
were defined as middle of the south aspect slope (SM), toe of
the south aspect slope (ST), flat aspect (FA), toe of the north
aspect slope (NT), low on the north aspect slope (NL), and
high on the north aspect slope (NH; Fig. 1c).

2.2 Spatial surveys

Spatial surveys were conducted in 2013, 2014, and 2015. In
2013 two surveys were conducted 4 weeks apart while in
2014 and 2015 four surveys were conducted at 2-week in-
tervals. All survey periods began during the first week of
April (6 April 2013, 4 April 2014, 3 April 2015). Surveys
consisted of a series of snow pits for collecting near-surface
soil moisture, snow depth, and bulk SWE data. At each pit
location, the first measurements taken were near-surface soil
moisture using a handheld time domain reflectometer (TDR;
FieldScout TDR 100; Spectrum Technologies, Inc.) to mea-
sure the VWC using 7 cm long prongs inserted vertically
into the soil. A total of five TDR measurements were aver-
aged across the bottom of each snow pit (approximately 1 m
across, measurements ∼ 20 cm apart). Volumetric soil sam-
ples (∼ 40 cm3) were collected at three of the same point lo-
cations as TDR measurements in each snow pit for laboratory
confirmation of VWC during surveys in 2013 and 2014. Bulk
SWE measurements were collected using a plastic tube with
an inner diameter of 68 mm and a length of 1.8 m. A core
was collected for the full depth of the snowpack when pos-
sible, and in no more than two segments when the depth of
the snowpack was greater than the length of the tube. Snow
cores were placed in a plastic bucket and mass measured us-
ing a digital scale with 10 g precision. Two cores were aver-
aged per snow pit with additional measurements if the first
two showed greater than 10 % mass difference (a rare occur-
rence). When returning to the same locations, a new pit was
dug within 1 to 2 m with care to avoid previously disturbed
snow. Additionally, snow density profile data were collected
near a Snow Telemetry (SNOTEL) site on 20 March 2013,

7 April 2013, and 20 February 2015. On 6 April 2013, 15
snow pits were measured and 6 were returned to and mea-
sured again on 4 May 2013 to capture the changes at the SM,
ST, FA, NL, and NH regions (Webb and Fassnacht, 2016a).
The 2014 and 2015 surveys collected data along approxi-
mate north-to-south transects perpendicular to topographic
contours collecting multiple measurements in the six regions
of interest. In 2014 a total of 25 snow pits were measured
on 4 April and 9 of these pits were returned to in 2-week
intervals through 17 May; 8 of the 9 pits were measured on
19 April (Webb and Fassnacht, 2016b). The 2015 surveys
made observations at 47 snow pits on 3 April and 23 of these
pits were returned to on 2-week intervals through 16 May
(Webb and Fassnacht, 2016c). Snow pit measurements were
then averaged at each of the regions (SM, ST, FA, NL, and
NH) for each day of observations.

2.3 Time series data

At the study site, there are two stations that measure meteoro-
logical variables including air temperature, relative humidity,
precipitation, wind speed and direction, and solar radiation.
The Dry Lake Remote Automated Weather Station (RAWS
station coCDRY and National Weather Service ID 050207,
raws.dri.edu) is along an exposed ridge at the top of the
south aspect slope at approximately 2540 m elevation and has
been operated by the United States Forest Service since 1985
(Fig. 1a and b). Additionally, hourly dew point and wet bulb
temperature, snow depth, and SWE are measured at the Dry
Lake SNOTEL (station 457, www.wcc.nrcs.usda.gov) station
located approximately 120 m to the south–southwest of the
RAWS at a lower elevation of 2510 m with light canopy shad-
ing (Fig. 1a) and has been operated by the Natural Resources
Conservation Service since 1980 measuring SWE and pre-
cipitation. Since 2003, this SNOTEL station has additionally
measured soil moisture and temperature at three depths (5,
20, and 50 cm). The RAWS and SNOTEL data provide mete-
orological data at two elevations and different canopy condi-
tions within the relatively small area of interest of this study.

Snowmelt infiltration observed by the SNOTEL station is
for a relatively flat location, and thus was compared to addi-
tional soil moisture and temperature instruments that were
installed on the north aspect slope on 27 December 2013
at depths of 5, 12.5, and 20 cm. The top and bottom depths
match two of the SNOTEL soil moisture depths; the 12.5 cm
depth sensor was added at mid-depth between the other sen-
sors. Instruments installed were Decagon Devices, Inc., 5TM
temperature and moisture sensors connected to a Decagon
Em50 data logger. Installation in December 2013 required
disturbing the snowpack and soil; thus the snowpack and soil
moisture were allowed to return to near undisturbed condi-
tions after installation, and data prior to 15 March 2014 were
not included in analysis. The soil moisture sensors and data
logger were calibrated prior to installation using approxi-
mately 1500 cm3 of soil collected from the study site and
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Figure 2. (a) Daily snow water equivalent (SWE) measured at the SNOTEL station each spring of the study period and the 35-year median
of the station measurements, (b) cumulative precipitation occurring during the spring survey study periods of April and May as measured at
the SNOTEL and RAWS site, (c) cumulative solar radiation at the SNOTEL and RAWS sites during spring, (d) mean daily temperature at
the SNOTEL and RAWS sites during spring, and (e) wind rose of spring data for the three years studied at the SNOTEL site.

tamped around a sensor to a density of 1.0 gcm−3, similar to
measured conditions in the field. The calibration occurred at
a constant temperature of 0.5 ◦C and additions of 7 to 10 %
VWC every 4 days. The container mass was recorded to con-
firm mass of soil, sensor, and water as well as the sensor
reading of temperature and VWC prior to the addition of
water each time. All mass recordings were at a precision of
1.0 g (volumetric water precision of 0.06 %) and VWC sen-
sor recordings to 0.1 %.

3 Results

3.1 Time series snow and meteorological data

The three spring snowmelt seasons studied represent varying
melt conditions. Average peak SWE occurs at the Dry Lake
SNOTEL station on 5 April with a 35 year median peak of
570 mm and a mean of 590 mm (Fig. 2a). Peak SWE values
recorded at the SNOTEL station were 495, 715, and 415 mm
for 2013, 2014, and 2015, respectively, representing 87, 125,
and 73 % of the station long-term median. Peak SWE tim-
ing ranged from the earliest on 9 March in 2015, preceding
the first survey by nearly 1 month, to the latest on 25 April
in 2013, 19 days after the first survey (Fig. 2a). The number
of days from peak SWE to no snow recorded at the SNO-
TEL station ranged from the fewest in 2013 of 22 days to the
most in 2015 of 52 days, with each year having incremental
snowfall during the melt period (Fig. 2b). Precipitation at the
SNOTEL station during the survey periods was 130 mm for
2013 and 100 mm for 2014; in 2015 precipitation reached

an accumulation of 115 mm from the date of the first sur-
vey to the last survey (Fig. 2b). The precipitation that fell
during the melt period in 2015 likely included a number of
rain-on-snow events due to the regular warmer than freezing
temperatures in late April and May (Fig. 2d), though snow
can fall at several degrees warmer than zero (Fassnacht et al.,
2013). On 1 March, the snow accumulation was the same in
2013 and 2015, with approximately 40 % more in 2014; the
subsequent spring snowpack variability between years was
a result of varying meteorological forcing conditions during
March, April, and May (Fig. 2). The SNOTEL station data
show air temperature during these months warmer than freez-
ing 62, 64, and 77 % of the time and cumulative solar radia-
tion totaled 355, 380, and 400 kW in 2013, 2014, and 2015,
respectively (Fig. 2c). Wind directions remained consistent
each year during the spring months, generally from the south-
west and northeast alternating diurnally between directions
(Fig. 2e). The RAWS site showed slightly larger diurnal tem-
perature fluctuations, greater cumulative solar radiation, and
less precipitation during the spring snowmelt seasons relative
to the SNOTEL station, though generally similar conditions
were observed when comparing the two stations (Fig. 2).

These conditions resulted in snow density profiles that dis-
played thin melt–freeze crusts and ice lens formation (Fig. 3).
It should be noted that the location of these snow pits near
the SNOTEL station contains a lot of buried vegetation and
large rocks causing difficulties in obtaining density measure-
ments near the ground surface. The 2013 melt season ob-
served the development of a higher density layer near 70 cm
above ground that deteriorated in the time between observa-
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Figure 3. Observations snow density profiles on 20 March 2013,
7 April 2013, and 20 February 2015.

tions, though a higher density layer formed at ∼ 80 cm above
ground, likely as the result of melt–freeze cycles. The Febru-
ary 2015 density profile showed a similar high density layer
near 70 cm above ground, though additional higher density
snow is observed closer to the ground (Fig. 3). These density
profiles provide observations near peak SWE for 2013 and
2015 with average densities between 350 and 370 kgm−3

during the varying meteorological conditions each year, re-
spectively.

3.2 Spatial surveys

The variable meteorological influences on the snowpack and
soil moisture was observed through the spatial surveys. Sur-
veys conducted in 2013 and 2014 occurred while a measur-
able snowpack was still observed at the SNOTEL station for
all survey dates, whereas in 2015 the SNOTEL station mea-
sured zero snow for the final two of the four surveys re-
sulting in variable conditions for SWE and VWC measure-
ments each year. In 2013 all north aspect locations increased
in SWE between surveys with the largest increase occurring
at the toe of the north aspect slope (NT, 160 mm) and the
smallest increase high on the slope (NH, 20 mm; Fig. 4bi).
SWE also increased at the toe of the south aspect slope (ST,
90 mm) and decreased in the middle of the south-facing slope
(SM; Fig. 4bi). In 2014 a similar pattern was observed of
increases in SWE at the toes of each slope (ST and NT)
and lesser increases on the north-facing hillslope (Fig. 4biii),
though low on the slope one pit location decreased in SWE
and another remained the same (Fig. 4aiii). Increases in SWE
occurred early in the melt period for 2013 and 2014, whereas
the early melt period was not observed in 2015 due to the
early peak accumulation. After the initial increase in SWE
for some locations during the first melt period observed (MP-
1), all locations decreased in SWE for the two following melt
periods (Fig. 4b). In 2015, SWE did not change during MP-1
at NT and ST regions, while it decreased at the four other lo-
cations (Fig. 4bv). This is less of a change in SWE for regions
that showed large increases in 2013 and 2014. At the toes of
each slope in 2014, the increase in SWE during the first melt
period was larger than the decrease in the following two melt
periods combined (Fig. 4). In 2015, only two measurement

locations had snow during the final survey (16 May) and pre-
cipitation influenced observations (discussed later).

In 2013 and 2014 evidence of lateral flow in the form of
frozen ice “veins” immediately above the snow–soil inter-
face (SSI) were observed during the early melt season sur-
veys (Fig. 5). These were observed on the north aspect (NL
and NH) and at the toe of the north aspect slope (NT) only
and appeared to be continuous, though continuity was only
confirmed for 3 to 4 m based on excavation. The occurrence
of this phenomenon was in the direction of the hillslope fall
line and on ground that was not supersaturated. These ice
veins were not observed in 2015 though they may have oc-
curred prior to our observations since the early melt season
was not observed that year. Ice lenses were observed in the
snow stratigraphy on the north hill slope in about one-third
of the observed locations on the hillslope. Also qualitatively
observed was the relative density of snow in each pit in 2014.
On the north aspect slope, snow density tended to decrease
with height above the SSI, with heavy wetter snow remain-
ing in the bottom of the snowpack in the form of saturated
snow at the bottom of each pit. These saturated snow layers
increased in depth downslope and were only observed at the
bottom of the snowpack directly above the SSI.

The near-surface soil VWC during all surveys varied from
mean values of 15 to 85 % (Fig. 4). The maximum soil mois-
ture consistently occurred at the toe of the north aspect hills-
lope (NT) in the highly organic soil. The soil at this location
was also observed to be supersaturated during a single survey
on 19 April 2014 (resulting in the 85 % VWC and surface
ponding; Fig. 4bii). The near-surface soil VWC showed vari-
able observations of increasing and decreasing soil moisture
beneath a melting snowpack with relatively larger decreases
immediately following snow disappearance (Fig. 4a).

The 2015 surveys resulted in the largest variability of
measurements each survey for both SWE and near-surface
VWC (Fig. 4c). The early peak accumulation resulted in only
two measurement locations with snow for all four survey
dates. However, as with previous years, near-surface VWC
decreased noticeably after the disappearance of snow for all
locations with some increases due to rain events (Fig. 4b).

3.3 Spatial correlation

The topographic parameters of elevation, slope, and north-
ness showed mostly low correlations to near-surface VWC
during observations and little significance at the 0.05 level
(Table 2). The only topographic parameter that resulted in
a Pearson’s r value of magnitude larger than 0.5 was slope,
occurring later in the 2014 observation period. The only to-
pographic parameter that showed any significance was north-
ness on 16 May 2015, when soil had been exposed to the
atmosphere from loss of snow for 93 % of measurement lo-
cations.
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Figure 4. Observations of (a) measured values for snow water equivalent (SWE) and near-surface soil volumetric water content (VWC) and
(b) changes in measured values between survey dates for regions of interest: middle of the south aspect hillslope (SM), toe of the south aspect
slope (ST), flat aspect (FA), toe of the north aspect slope (NT), low on the north aspect slope (NL), and high on the north aspect slope (NH).
Also included are observed values at the SNOTEL site (SNO) that include SWE and precipitation (Precip.) with precipitation that fell when
air temperature (Tair) was greater than 1 ◦C shown in red. Figure panels display (i) 2013 SWE, (ii) 2013 VWC, (iii) 2014 SWE, (iv) 2014
VWC, (v) 2015 SWE, and (vi) 2015 VWC. Changes are shown for melt period 1 (MP-1) between the first two surveys, melt period 2 (MP-2)
between the second and third surveys, and melt period 3 (MP-3) between the third and fourth surveys. Each melt period is 14–15 days with
the exception of in 2013, which was 28 days. Error bars indicate total range of measurements at locations.

Figure 5. Picture of frozen ice “vein” observed at the snow–soil
interface (SSI) providing evidence of lateral flow of meltwater oc-
curring within the snowpack. Foot shown for scale.

Measurement locations were also tested for correlation
of hydrologic variables to near-surface VWC that included
SWE, 1SWE, first-measured SWE, and first-measured
VWC. These variables showed higher correlations and more

occurrences of significance at the 0.05 and 0.01 level relative
to topographic parameters (Table 2). The highest Pearson’s
r values of all variables to near-surface VWC was that of the
first-measured near-surface VWC that are positive with all
but one correlation being significant at the 0.01 level. Pear-
son’s r values tend to decrease in magnitude for this variable
as time from the first survey increases (Table 2).

The correlation of SWE variables to near-surface VWC
were inconsistent in strength, direction, and significance with
a lot of variability each survey. The mostly negative correla-
tions for near-surface VWC to 1SWE indicate that in 2013
and 2014, locations with lesser changes in SWE had higher
near-surface VWC, though this was significant at the 0.05
level on 19 April 2014 only (Table 2). The similar nega-
tive correlation and magnitudes of near-surface VWC to first-
measured SWE show that in 2013 and 2014, areas that had
less SWE during the first survey tended to have higher mea-
sured VWC at later dates, significant at the 0.05 level on
19 April 2014, and at the 0.01 level on 3 May 2014 (Table 2).
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Table 2. Results of pattern analysis of near-surface soil moisture measurements based on slope angle, northness (North.), elevation (Elev.),
SWE, change in SWE (1SWE), SWE on first survey of the year, and near-surface soil moisture (VWC) on first survey of the year. Significant
values are shown in italic; figures in bold have p values of less than 0.05 and those underlined have p values of less than 0.01.

Slope North. Elev. SWE 1SWE First SWE First VWC

2013 6 Apr 0.19 0.327 0.02 0.52 – – –
4 May 0.12 0.090 0.12 −0.25 −0.68 −0.57 0.92

2014 4 Apr −0.21 0.006 −0.12 −0.36 – – –
19 Apr −0.40 0.070 0.03 −0.08 − 0.82 − 0.83 0.99
3 May −0.63 0.410 −0.02 0.30 −0.38 − 0.89 0.95
17 May 0.57 0.494 −0.40 0.62 −0.48 −0.39 0.82

2015 3 Apr −0.18 0.181 −0.22 0.12 – – –
17 Apr −0.08 0.262 −0.01 0.56 −0.09 0.47 0.95
2 May 0.11 0.015 0.26 0.87 0.36 0.56 0.80
16 May 0.06 0.417 0.26 0.46 0.50 0.15 0.48

Figure 6. (a) Daily snow water equivalent (SWE) and precipitation
recorded at the Dry Lake SNOTEL station and (b) the hourly soil
volumetric water content (VWC) and 5 cm deep temperature at (bi)
the flat SNOTEL site and (bii) the installed sensors on the north
aspect slope.

3.4 VWC time series data

Soil moisture and temperature sensors clearly show the di-
urnal fluctuation of VWC from snowmelt infiltration across
the SSI and the fluctuation in soil temperature as snow dis-
appears (Fig. 6). Soil temperatures at 5 cm depth remain be-
tween 0 and 1 ◦C throughout winter, and temperatures be-
gin to fluctuate in the soil at approximately the same time
of snow disappearance (Fig. 6). This temporal pattern oc-
curs at both the SNOTEL station and on the north aspect
slope. These locations also show relatively quick drying af-
ter snow disappearance in 2014 and slower drying as a result

of rain in 2015. However, there is more drying between rain
events on the flat aspect compared to the north aspect slope
(Fig. 6b). At the flat aspect SNOTEL station, the VWC sen-
sors at 5 and 20 cm depths follow a similar temporal pattern
remaining within 5 % of each other the entire winter sea-
son, indicating snowmelt infiltrating and wetting the soil at
20 cm depths and a higher relative saturation in the entire va-
dose zone (Fig. 6bi). Beneath the snowpack and during melt,
the north aspect hillslope VWC sensors show a difference of
approximately 15–20 % with more similar VWC observed
during summer and fall rain events (Fig. 6bii). This is more
pronounced in 2015 where the 2014 season may have been
impacted by the mid-winter installation of the sensors. The
lower VWC values at 20 cm depth show less relative satura-
tion in the vadose zone on the north-facing slope (Fig. 6bii)
compared to flat terrain (Fig. 6bi).

Rain events that occurred prior to soil moisture drying in
May 2015 resulted in infiltration excess overland flow due to
high intensity precipitation. These events occurred prior to
new vegetation becoming established on the hillslope. Evi-
dence of overland flow was observed during the 16 May 2015
survey when most of the snow had disappeared on all hill
slopes and the dead grasses from the previous summer were
lying flat on the ground and vegetation litter piled up in the
downslope direction; this was not the observed state of the
dead grasses and litter in snow-free areas during the previ-
ous survey on 2 May. During the overland flow event(s), dif-
ferences in VWC measurements at 5, 12.5, and 20 cm deep
sensors on the north aspect slope are similar to what is ob-
served during the snowmelt season and are different than
that observed during rain events during the summer and fall
(Fig. 6bii). However, the flat aspect VWC sensors displayed
similar patterns during nearly all rainfall or snowmelt events
(Fig. 6bi). These observations indicate that less snowmelt in-
filtrates to 20 cm depth on the north-facing slope relative to
the flat aspect (Fig. 6b) and that snowmelt water is flowing
downslope near the SSI (Fig. 5).
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4 Discussion

The multiple years of observation at a subalpine location
with a deep seasonally persistent snowpack offers analysis
of SWE and near-surface VWC patterns that have previously
been limited to lower elevations near the rain–snow transi-
tion zone (C. J. Williams et al., 2009) and higher elevations
in an alpine environment (Litaor et al., 2008). In this study,
the only topographic parameter that displayed any signifi-
cance on the near-surface soil moisture at the 0.05 level was
northness and this appeared to increase in significance and
strength with time, indicating that it is likely more related
to the presence or absence of snow and influences from rain
(Table 2). However, infiltration of snowmelt beneath the near
surface to 20 cm depth was influenced by slope with more
infiltration wetting the soils at 20 cm depth on the flat aspect
and lesser wetting at this depth on the north aspect in the
early melt season (Fig. 6b) where observations of ice veins
and saturated layers of snow were made at the SSI (Fig. 5).
The soils on the south aspect slope are generally coarser than
the north or flat aspects (Table 1), suggesting that soil water
retention is higher on north aspects (Geroy et al., 2011). This
was reflected with the north aspect soils often having simi-
lar and/or higher water contents than south aspect soils, both
with and without the presence of a snowpack (Fig. 4, SM vs.
NL and NH). As the snowpack melts the shallow subsurface
VWC displays clear diurnal fluctuations (Fig. 6b). The loca-
tions that were wet relative to other locations during the first
survey remained as such for all following surveys when snow
persistently covered the study area, comparing well to the
study by C. J. Williams et al. (2009) at a smaller scale and be-
neath a shallow snowpack near the rain–snow transition zone
at a lower elevation. However, in contrast to C. J. Williams
et al. (2009), near-surface VWC showed a negative correla-
tion to the first-measured SWE (representative of peak) in
2013 and 2014. This negative correlation indicates that lo-
cations with lower peak SWE (during the first survey of the
season) tend to have greater VWC at the later surveys. This is
the result of the shallower snowpacks during the first survey
being near the bottom of the slopes and in the flat terrain in-
fluenced by canopy interception (Fig. 1a), and the subsequent
melt flows downslope at the SSI towards these locations in-
creasing both SWE and near-surface VWC during the fol-
lowing surveys (Fig. 4). However, in 2015, a relatively low
snow year, results agreed with C. J. Williams et al. (2009)
of higher near-surface VWC at locations that accumulated
more snow, indicating the amount of snowfall is also impor-
tant to these processes. During low snow years, areas where
snow persists longer will result in a longer influence on near-
surface soil moisture. Near-surface VWC will additionally
depend on variability in soil parameters such as soil water
retention, with higher moisture retention from finer soil par-
ticles, similar to the north aspect slope, affecting the infiltra-
tion or lateral flow of meltwater at the SSI when on a slope.

Meltwater flowing downslope near the SSI on the north
aspect hillslope is shown by the increases in SWE at loca-
tions on and at the toe of the hillslope (Fig. 4), the frozen ice
veins observed in 2013 and 2014 early melt seasons (Fig. 5),
less infiltration to 20 cm depth on the slope (Fig. 6), simi-
larities in soil moisture between snowmelt and overland flow
rain events, and the observations of snow density and wetness
increasing with depth downslope in each north aspect snow
pit. For the south aspect slope, the increases in SWE at the
ST locations were similar to observed precipitation in 2013
and an increase in snow depth for 2014. The south aspect
slope may have meltwater flowing downslope near the SSI,
though to a lesser extent than the north-facing slope and less
apparent. The movement of water across layer interfaces has
been shown within a snowpack (Williams et al., 2000, 2010;
Liu et al., 2004) and at the SSI (Eiriksson et al., 2013), with
evidence of the latter being observed in this study (Fig. 5).
This phenomenon will depend on soil parameters, snowpack
layer characteristics, slope angle, and the rate that meltwater
is percolating through the snowpack. These factors will de-
termine if an interface acts as a permeability barrier, similar
to a soil drain, or as a capillary barrier (Avanzi et al., 2016;
Webb, 1997; Webb et al., 2018). The primary reasons for lat-
eral flow through the snowpack on the north-facing slope is
a result of the slower melt rates and hydraulic conductiv-
ity of the soil. When capillary barriers occur, the diversion
length will be controlled by the hydraulic properties of the
media, slope of the interface (steeper slope increases diver-
sion length), and infiltration rate (slower infiltration rate in-
creases diversion length; Webb, 1997; Webb et al., 2018).
It is also possible for lateral flow to be caused by barriers
within a layered snowpack well above the SSI, though the
large saturated layer of snow was observed only at the SSI in
all north aspect snow pits, showing this is where the bulk of
the lateral flow occurs. Further testing and field experiments
are necessary to quantify the influence of varying slope and
soil parameters on these processes in and below a snowpack.
Our study shows preferential flow paths during snowmelt on
the north-facing slope that are similar to an alpine catch-
ment with water flowing through the snowpack downslope
(Liu et al., 2004; Williams et al., 2000), during rain on snow
events at lower-elevation sites (Eiriksson et al., 2013), and
observations in a coastal climate (Kattelmann and Dozier,
1999). These processes can be combined into a conceptu-
alization of the northern aspect slope having meltwater flow
paths near the SSI downslope and the southern aspect slope
having more infiltration into the soil (Fig. 7).

As hydraulic barriers form and promote flow paths to de-
velop within the snowpack such as on the north aspect slope,
the timing of runoff at the hillslope scale can change dra-
matically. Snow has been shown to have a hydraulic conduc-
tivity orders of magnitude greater than common soils (Ya-
maguchi et al., 2010; Domine et al., 2013) and will thus be
important for hydrologic modeling and flood prediction from
snowmelt runoff. From a groundwater recharge perspective,

www.the-cryosphere.net/12/287/2018/ The Cryosphere, 12, 287–300, 2018



296 R. W. Webb et al.: Snowmelt flow paths

Figure 7. Conceptual model of flow paths that develop during early spring snowmelt at the south aspect hillslope (SM), toe of south aspect
slope (ST), flat aspect (FA), toe of north aspect slope (NT), low on the north aspect hillslope (NL), and high on the north aspect hillslope
(NH).

much of the hydraulic gradients driving subsurface flow will
be occurring at the base of the north aspect hillslope in this
study area due to the lateral flow of water through the snow-
pack, and soil moisture sensors on the slope will only ac-
count for a fraction of the total meltwater as flow paths by-
pass sensor profiles. Also, at the base of the hillslope (NT)
the snowpack can increase in bulk SWE by up to 250 mm
(from 146 to 396 mm; Fig. 4aiii), displaying the increased
storage capacity of a location by the porosity of the snow.
This will result in areas of focused recharge and variable
infiltration in the subsurface as observed in other subalpine
regions (Webb et al., 2015). However, hillslopes can still dis-
play a more classical conceptualization of snowmelt infiltra-
tion uniformly and traveling across the soil–bedrock inter-
face to recharge groundwater resources and generate stream-
flow as on the south aspect slope (Fig. 7).

In order to estimate the ratio of lateral flow to infiltration
on the north aspect slope, an energy budget calculation was
conducted. The energy budget was calculated assuming an
isothermal snowpack on the date of peak SWE observed at
the SNOTEL station and utilizing the SNOTEL-measured
air temperature, relative humidity, wind speed, precipitation,
and shortwave radiation. Fraction of cloud cover was esti-
mated from comparing clear-sky expected shortwave radia-
tion based on latitude and time of year to observed solar radi-
ation at the RAWS location based on Fassnacht et al. (2001).
This estimated energy budget was calibrated through adjust-
ments to the longwave radiation component to match average
SWE losses at the SNOTEL station. The north aspect energy
budget was then estimated through altering the shortwave ra-
diation component by a factor of 0.7 based on average slope
and aspect for the month of April. This resulted in the north-
facing hillslope having an approximated average melt rate of

0.6 that of the SNOTEL station. Using the 10 m DEM we es-
timated average contributing areas for the snow pit locations
on the north-facing slope. We then used the changes in SWE
and observed precipitation to estimate the contribution of lat-
eral flow for the 2-week periods between observations. Given
the observed increases in SWE on the north-facing hillslope
this results in a minimum of 4 % of melt traveling laterally
above the SSI to produce the observed increases in SWE.
The 4 % is water that flows downslope above the SSI and
remains in the snowpack. Therefore, the percentage may be
larger when considering drainage from the snowpack after
flowing laterally. Although 4 % of melt flowing downslope
within a snowpack is a low number, it accumulates along the
250 m hillslope to increase the SWE at the toe of the slope
the most. The 170 % increase in SWE at NT observed in 2014
(Fig. 4) is likely a result of water flowing both above the SSI
and below it causing the water table to rise, though the in-
creases in SWE at NL can be attributed to flow above the
SSI. Estimating SWE from depth measurements alone in this
area will be inaccurate when not considering the effect of
preferential flow paths within the snowpack and the resulting
effects on snow density.

Preferential flow paths and aspect controls during
snowmelt have been observed at lower elevations. At a dif-
ferent site in Colorado, near the rain–snow transition zone,
the intermittent snowpack on south aspects displayed matrix
flow, whereas north aspects displayed preferential flow paths
through the soil (Hinckley et al., 2014). These results are
similar to those observed in the present study during the 2015
snowmelt, while the 2013 and 2014 seasons displayed what
can be interpreted as lesser melt rates on the north slopes
than the south slopes due to temperature and radiation differ-
ences (Fig. 2c and d) that result in the preferential flow paths
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near the SSI. In this study, the north aspect slope displays
preferential flow paths early in the snowmelt season similar
to alpine regions (Liu et al., 2004; Williams et al., 2015) that
can transport a large amount of water relative to the following
melt periods (Fig. 4ai and bi). Flow paths then transition to
more uniform melting and less preferential flow as the melt
season progresses. In 2015, this may have also occurred prior
to our observation period, though this is uncertain. The south
aspect slope is similar to slopes at lower elevations near the
rain–snow transition zone (Eiriksson et al., 2013; Hinckley
et al., 2014) that display uniform melt and matrix type of
flow with small amounts of water diversion at the SSI.

In 2014, the large increase in SWE at the toe of the
north aspect slope (NT) is from the lateral flow of water in
snow and the rising of the water table above the soil surface
(Fig. 4bi) as evidenced through observations of a deep satu-
rated layer at the bottom of the snowpack and saturated soils.
This is a result of snowmelt primarily influencing the top
10 cm of soil on the slope (Blankinship et al., 2014) and wa-
ter flowing downslope near the SSI decreasing the travel time
of water on the hillslope and increasing connectivity at the
toe of the hillslope and water table similar to observations in
the northern Rocky Mountains (Jencso et el., 2009). Some lo-
cations on the north aspect slope in 2014 remained consistent
in the amount of bulk SWE while other locations on the hill-
slope decreased in SWE due to preferential flow paths caus-
ing non-uniform flow across the hillslope (Fig. 5). The 2015
observations show the result of rain-on-snow events occur-
ring that are known to produce lateral flow within snowpacks
(Eiriksson et al., 2013). The major difference of 2015 is ear-
lier peak SWE and melt season along with increased solar
radiation and warmer temperatures (Fig. 2). It is possible that
preferential flow paths caused more lateral diversions earlier
in the season; however no evidence of this was observed in
our study. Future hillslope-scale investigations of these phe-
nomena may benefit from larger-scale runoff lysimeter stud-
ies similar to Eiriksson et al. (2013) and observing the entire
melt season to capture peak SWE processes in low years.

In flat terrain, snowmelt patterns are known to have corre-
lation lengths of 5 to 7 m in alpine environments (Sommer-
feld et al., 1994; Williams et al., 1999) and 2 to 4 m in a sub-
alpine environments (Webb, 2017). These correlation lengths
are less than the distances between measurement locations in
this study. However, these correlation lengths are explained
by flow across snow layer interfaces and snow topography
in flat terrain (Sommerfeld et al., 1994; Williams et al., 1999,
2010). Increasing the topographic slope will thus increase the
correlation lengths as the snow layer interfaces tilt with the
slope of the ground (Webb, 1997; Webb et al., 2018). This
study shows that the resulting correlation lengths in complex
terrain with steep slopes can increase towards the scale of
the terrain variability and result in increases in SWE at the
toes of hillslopes. Further investigations are necessary to de-
termine the scale that water may flow through snow or at the
SSI on steep slopes. Future studies will benefit from the use

of numerous soil moisture sensors to obtain time series data
of soil VWC at multiple locations within a watershed to ob-
serve the variable infiltration characteristics during snowmelt
that are difficult to detect from the near-surface soil moisture
alone.

When considering dynamic hydrologic processes that oc-
cur during spring snowmelt in subalpine headwater catch-
ments, it is important to consider the variable flow paths that
develop based on factors such as slope, aspect, soil param-
eters, and snowpack characteristics to move beyond single-
point measurements and one-dimensional assumptions. The
toe of a hillslope is an important location to observe and
estimate the amount of hillslope runoff occurring near or
above the SSI relative to flow through the soil in future in-
vestigations. Future studies will benefit from considering the
snowpack as an extension of the vadose zone during spring
snowmelt due to the variable saturated flow that occurs.

5 Conclusions

The observations of this study occurred during above-
normal, relatively normal, and below-normal snow seasons
capturing bulk SWE and soil VWC variability in space and
time during spring snowmelt with varying meteorological
forcing conditions, including rain-on-snow events in 2015.
Evidence was presented of preferential meltwater flow paths
at the snow–soil interface on the north aspect hillslope during
early snowmelt. The effect of these preferential flow paths
were observed in changes in SWE and infiltration in the shal-
low subsurface at 20 cm depth, but not observed in the near-
surface soil moisture. Near-surface soil moisture is correlated
the strongest with soil moisture measured during the first sur-
vey relative to other topographic parameters or hydrologic
variables. Infiltration beyond the near surface occurred more
on flat terrain when compared to sloped conditions during
the entire snowmelt season, resulting in greater relative satu-
ration in the shallow subsurface in the flat area.

The snowpack is a porous medium that is an extension
of the vadose zone and increases the water storage capac-
ity of a region within a watershed. Water flowing downs-
lope near the snow–soil interface increased SWE at the toe
of the north aspect hillslope by as much as 250 mm (170 %),
which additionally affects the soil moisture at the toe of the
slope. This is a result of a minimum of 4 % meltwater be-
ing directed downslope through the snowpack rather than
infiltrating. The south aspect hillslope did not display evi-
dence of this phenomenon. The differences in flow path de-
velopment on the two opposite-facing hillslopes are due to
differences in soil, snowpack characteristics, slope and as-
pect, and snowmelt rates as a result of meteorological forcing
variability. The formation of hydraulic barriers at the snow–
soil interface will be dependent upon the snow characteris-
tics, soil parameters, and meteorological conditions during
melt. During 2015, when a relatively low peak SWE occurred
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early and rain-on-snow events were observed, the variability
of snow and soil moisture increased, displaying the connec-
tion and interactions between snow and soil moisture. Re-
sults from this study show that the snow acts as an extension
of the vadose zone during spring snowmelt, and future inves-
tigations will benefit from studying both the snow and soil
together.
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