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Abstract:

In the Colorado Front Range, forested catchments near the rain—snow transition are likely to experience changes in snowmelt delivery and
subsurface water transport with climate warming and associated shifts in precipitation patterns. Snowpack dynamics are strongly affected
by aspect: Lodgepole pine forested north-facing slopes develop a seasonal snowpack, whereas Ponderosa pine-dotted south-facing slopes
experience intermittent snow accumulation throughout winter and spring. We tested the degree to which these contrasting water input
patterns cause different near-surface hydrologic response on north-facing and south-facing hillslopes during the snowmelt period. During
spring snowmelt, we applied lithium bromide (LiBr) tracer to instrumented plots along a north—south catchment transect. Bromide broke
through immediately at 10- and 30-cm depths on the north-facing slope and was transported out of soil waters within 40 days. On the
south-facing slope, Br~ was transported to significant depths only during spring storms and remained above the detection limit throughout
the study. Modelling of unsaturated zone hydrologic response using Hydrus-1D corroborated these aspect-driven differences in
subsurface transport. Our multiple lines of evidence suggest that north-facing slopes are dominated by connected flow through the soil
matrix, whereas south-facing slope soils experience brief periods of rapid vertical transport following snowmelt events and are drier
overall than north-facing slopes. These differences in hydrologic response were largely a function of energy-driven differences in
water supply, emphasizing the importance of aspect and climate forcing when considering contributions of water and solutes to

streamflow in catchments near the snow line. Copyright © 2012 John Wiley & Sons, Ltd.
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INTRODUCTION

Spring snowmelt is the major hydrologic event supplying
water to high elevation terrestrial ecosystems at mid-
latitudes in the Western Hemisphere. This water is
critical for recharging soil moisture reserves, sustaining
vegetation, and feeding stream networks. One of the
major gaps in our understanding of how melt water is
partitioned into infiltration, evapotranspiration, ground-
water recharge, and overland flow is lack of knowledge
of the connections between snowpack dynamics and the
evolution of hydrological flow paths during the melt
season (Bales et al., 2006; Molotch et al., 2009; Williams
et al., 2009a). Altered precipitation patterns and warming
temperatures from climate shifts could potentially change
the timing and subsurface flow paths of melt water inputs
(Clow, 2010). These impacts will increase the risk of
prolonged droughts in already water-limited systems
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and potentially cause secondary effects, such as higher
incidences of disease and fire (Hogg and Hurdle, 1995),
altered biogeochemical cycling of nitrogen (N) and carbon
(C) (e.g. Williams et al., 1998; Steinweg et al., 2008), and
changes in vegetation communities (Molotch et al., 2009).
Several research efforts have focused on understanding
snowpack accumulation, melt, and associated runoff in
alpine ecosystems (Greenland, 1989; Liu et al., 2004) and
sub-alpine systems (e.g. Molotch et al., 2009; Williams
et al., 2009b), which experience one primary snowmelt
event per year. In western North America, the snowpack
begins to accumulate in November and typically reaches
its maximum in May (Erickson and Williams, 2005); in
the Rocky Mountains, USA, ~85% of water inputs are
snow (Stewart et al., 2004). However, recent studies in the
Rocky Mountain headwaters region have shown that
higher temperatures may shift the timing of maximum
snow accumulation to earlier and decrease the proportion
of snow relative to rain (e.g. Rood et al., 2008). In general,
most of the research in these systems have related melt
water contribution to soil moisture reserves and vegeta-
tion water use but not explicitly studied the simultaneous
evolution of subsurface hydrological flow paths.
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Few studies have focused on snowmelt and transport
in lower elevation systems where snowpack may be
intermittent in the winter and spring. In these environ-
ments, near-surface hydrologic response and connectivity
to the channel are commonly both spatially and temporally
variable (Haught and van Meerveld, 2011; Phillips ef al.,
2011). Understanding the timing and rate of melt water
flux into soils is particularly important in these systems
because they are likely to change dramatically in response
to climatic shifts, for example, temperature increases that
could cause precipitation phase changes and changes in
snowmelt timing (e.g. Clow, 2010; Williams et al., 2009a).
In one study, McNamara et al. (2005) described annual
soil moisture storage characteristics in an arid catchment at
the rain—snow transition in Idaho. The five-state model
includes (1) summer dry, (2) transitional fall wetting, (3)
winter wet, low flux, (4) spring wet, high flux, and (5)
transitional late-spring drying. As the system transitioned
from dry to wet, McNamara et al. (2005) observed a
change in the dominant flow path of water from vertical to
lateral flow, which was largely controlled by hydraulic soil
properties and the rate of water delivery to the soil. This
detailed view of catchment moisture states was preceded
by the work of Grayson et al. (1997) and Stieglitz et al.
(2003) that described a two-state mode in catchments: dry,
unconnected and wet, connected.

Building on the study by McNamara et al. (2005), we
investigate the role that aspect plays in determining moisture
states and hydrologic flow paths at the rain—snow transition.
We chose to evaluate the timing, flux, and subsurface fates
of snowmelt at the rain—snow transition in the Colorado
Front Range of the Rocky Mountains. The Rocky
Mountains run north—south and are drained by east—west
trending valleys, producing predominately north-aspect and
south-aspect slopes. This difference in aspect affects
patterns of snowpack accumulation and melt, particularly
at altitudes with a marginal seasonal snowpack: a persistent
snowpack develops on north-facing slopes, whereas
snowpack is intermittent on south-facing slopes. Following
these expected patterns of snow accumulation, we hypothe-
sized that melt water delivery is controlled by environmental
conditions (e.g. air temperature and wind) on north-facing
slopes and by the presence of snow on south-facing slopes.
In addition, we hypothesized that differences in melt water
delivery would determine near-surface hydrologic response
and soil-water storage (e.g. Broxton et al., 2009; Geroy
et al., 2011; Smith et al., 2011): tree-covered north-facing
slopes with deeper soils would promote infiltration into the
soil matrix and store melt water into the summer growing
season, whereas more open, grass-covered south-facing
slopes with shallower soils would experience pronounced
wetting and drying cycles between snow storms, with drier
soils at the onset of the summer growing season.

We conducted lithium bromide (LiBr) tracer studies
during the 2010 snowmelt season to understand the effects
of aspect on near-surface hydrological flow paths. Measure-
ments of soil-water content and soil temperature were used
to understand the timing of soil thawing and subsurface
hydrologic dynamics in response to snowmelt fluxes. In
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addition, we estimated water delivery from snowmelt and
soil-water fluxes by driving a 1D (i.e. vertical) unsaturated
zone flow model with a point model of melt water flux. We
conducted this study at the plot scale (i.e. point scale), in
order to examine the effects of aspect at multiple points
along the hillslope profiles.

STUDY AREA

Our research site is Gordon Gulch (40.01°N, 105.47°W), a
2.7-km?* focal study sub-catchment within the Boulder
Creek Critical Zone Observatory (BcCZO) in Colorado,
USA. The sub-catchment is located on the Rocky Mountain
surface, a low relief, high elevation region flanking the crest
of the Colorado Front Range. The Rocky Mountain surface
is above canyons cut by river incision during the late
Cenozoic and below the limits of the Pleistocene glaciation.
It has evolved with minimal tectonic perturbation since
the end of the Laramide orogeny, approximately 40 Ma
(Anderson et al., 2006). As a result, the depth to the
weathering front is significant, as deduced from seismic
refraction studies (Befus et al, 2011) and logs from
approximately 540 water wells (Dethier and Lazarus,
20006); it averages 8 m and up to 30 m in some parts of the
catchment. The bedrock is dominantly Paleoproterozoic
biotite gneiss (Cole and Braddock, 2009).

At 2440-2730-m elevation, Gordon Gulch sits at the
current rain—snow transition, which has been described in
previous research by Williams ef al. (2011). It develops a
seasonal snowpack on north-facing slopes and an
intermittent snowpack on south-facing slopes. Mean
annual precipitation is 506 mm, based on the 20-year
average (NADP station CO94 at 39.99°N, 105.48°W;
NADP, 2011), and mean annual air temperature is 6.9 °C
(WRCC, 2011). Vegetation is characteristic of the upper
montane zone described by Marr (in Birkeland et al.,
2003). North-facing slopes are dominated by moderately
dense Lodgepole pine (Pinus contorta), whereas low-density
Ponderosa pines (Pinus ponderosa) dot the south-facing
slopes, with intervening grasses (Peet, 1981).

Soils are primarily Bulwark—Catamount families—
Rubble land complex with 5% to 40% slopes and cobbly
or stony sandy loam to approximately 1.2 m in a typical
profile (USDA, 2009). Along the study transect discussed
below, we found that depth to saprolite on hillslopes was
typically 30-35cm and 40-45cm on south-facing and
north-facing slopes, respectively. The depth to saprolite
is relatively uniform along each hillslope profile, with
the exception of the toeslope (i.e. stream terrace in
the riparian zone), a depositional area, where depth to
saprolite is >1.5m.

METHODS

Experimental design and hydrological observations

We established experimental plots across a north—south
trending cross section of the study catchment. Plot
locations included upper (U) and lower (L) positions on
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the north-facing (NF) and south-facing (SF) aspects, as
well as the toeslope (TS) adjacent to the creek (Figure 1).
Each plot (n=1 per hillslope position) was 4 m x 4 m, and
its location was chosen for representative vegetation cover
and subsurface structure, as determined by vegetation
sampling and soil pit excavations completed in August
2009 (unpublished data).

Within each plot we installed instrumentation at
multiple depths through the soil profile, including tension
(Prenart Equipment, ApS) and zero-tension lysimeters
(dimensions 10 (W) x 31 (L) x 5 (D) cm; design described
in Hinckley et al., 2008), soil temperature, and soil-water
content sensors (Campbell Scientific model numbers CS-107
and 616, respectively). Tension lysimeters were installed in
a diagonal borehole and grouted in place with silica slurry.
Zero-tension lysimeters were emplaced laterally from a
trench. We installed the two types of lysimeters so that we
could potentially sample different flow paths of water: water
moving within the soil matrix using the tension lysimeters
and gravity-driven leachate using the zero-tension lysimeters.
The gravity-driven leachate includes both diffuse and
preferential flow. Soil temperature and water content probes
were set to collect data on a 10-min interval during the study
period at SF-U, SF-L, and NF-U and on a 1-h interval at TS

snow depth
sensor  zero-tension

lysimeters

tension
lysimeters

dataloggers

soil temp &
water conten
probes

Figure 1. Study area, location of experimental transect, and instrumen-
tation of the plots. (a) LiDAR-shaded relief image for Gordon Gulch,
showing location of the experimental plots and (b) nested instrumentation
within each study plot. Note that the toeslope plot has additional soil
temperature and water content probes and lysimeters at 5 and 60 cm. Inset
shows the location of Gordon Gulch within the state of Colorado, USA

Copyright © 2012 John Wiley & Sons, Ltd.

and NF-L. Lysimeters, soil temperature sensors, and water
content probes were installed at two depths within the
hillslopes dictated by the shallow soils at the U and L
positions of each hillslope: (1) below the majority of the
rooting zone of the grasses and shrubs (10 cm) and (2) near
the soil-saprolite interface (30cm). At the TS position
where soils are deeper, four lysimeters were installed within
the soil profile (5, 10, 30, and 60cm) to capture the
movement of tracer. All lysimeters were installed in
September and October 2009, before winter snowfall, so
that they would remain in situ for 6 months prior to
sampling. Nested soil temperature and water content probes
are part of the larger BcCZO infrastructure and were
installed between July 2009 and April 2010; data reported
herein are from the study period only.

Aboveground installations included paired snow depth
sensors and air temperature sensors. Within each of the U
and L plots, we installed an ultrasonic snow depth sensor
(Judd Communications) 1.6—1.9 m above the nested soil
temperature and water content probes; snow depth
sensors were set to collect data at 10-min intervals.

LiBr tracer studies

We used bromide (applied as LiBr) as a conservative
tracer of melt water from the soil-snowpack interface
through near-surface soils. On 10 April 2010, during
melting of the seasonal snowpack on the north-facing slope,
we applied the tracer solution to all plots. At the time of
application, there was no snow on the south-facing slope,
but there was 0.26 +0.06 m of snow on the north-facing
slope and toeslope sites (TS). On the south-facing slopes,
2.51 of tracer solution containing 0.5 M LiBr was applied to
the 4 x 4m plots at a rate of 0.44mmh~"' for a total
application of 6.25gBr~ m 2 On the north-facing slope,
snow was removed from each plot and piled onto a tarp,
thereby destroying its internal structure. We applied the
tracer solution at the same composition and rate as on the
south-facing slope and then shovelled the snow back onto
the plots in a uniformly thick layer. The depth of the
snowpack was reduced by ~50%, but snow water equivalent
(SWE) was preserved. Given that the snowpack was
isothermal when we began the experiment (based on
snowpack temperature measurements, not shown), we
expect that the structural effects on melt water movement
were minimal. Several studies have shown that a
transition from preferential to matrix flow of melt water
through the snowpack is common as accumulated snow
ages and warms, lessening the relative importance of
snowpack structural features (Colbeck, 1979; Lee et al.,
2010; Williams et al., 2010).

Tension lysimeters were immediately evacuated to
40.6 cm Hg of vacuum to begin sampling soil water. We
sampled tension lysimeters daily for 40days, then on an
event-basis for an additional two weeks, and collected
leachate from zero-tension lysimeters when available.
In all, samples were collected over a period of 54 days
between 11 April and 3 June 2010. Zero-tension
lysimeter samples were used to determine movement
of highly mobile water through the subsurface and Br—
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concentrations of this flow path. Both types of
lysimeters were checked and emptied daily, so any samples
collected reflect a 24-h period.

Laboratory analysis

All soil solution samples from lysimeters were filtered
in the field using 0.45-pm Supor membrane syringe filters
(Acrodisc) and stored in 60-ml HDPE bottles. Samples
were analysed in the Niwot Ridge Long-term Ecological
Research Station’s Kiowa laboratory (Boulder, CO, USA)
within 1 week of collection. Bromide was measured on a
Metrohm 761 Compact Ion Chromatograph (IC) with a
detection limit of 0.015mg1™".

Snow depth and temperature-index snowmelt models

We constructed two simple models to meet two needs:
to fill gaps in the snow depth data caused by periodic
measurement failure and low instrument sensitivity at
snow depths <10cm and to estimate a continuous time
series of melt water inputs to the subsurface during
the spring from our observations of snow depth. This
required acknowledging factors that differ strongly
between slopes to quantitatively evaluate the differences
between the two aspects.

For the snow depth model, the primary snow depth and
air temperature observations were collected in the
experimental plots at every location except TS during
the period of study. We used a precipitation record from
the closest NADP station (Sugarloaf, CO94, 39.994°N,
105.48°W, approximately 2.2km from the study area
and at the same elevation) (NADP, 2011) to fill gaps in
the snow depth record. The gap correction was achieved
by increasing or decreasing snow depth according to
the precipitation and air temperature records. We used
values of snow density to convert measured precipitation
at the Sugarloaf station to snow depth for the gaps in the
observational record. Initial snow density (py) evolved
to maximum snow density (pmax) on each slope (values
based on previous observations at the study site).
Thus, conversion of precipitation from Sugarloaf was
made using

Psnow =Px (pwater/psnow) X PCOr (1)

where Py, (mm) is the modified precipitation input
(as snow) for modelling the snow depth record, P is
measured precipitation (mm water), Puwaer aNd Psnow
are water and snow densities (kgm ), respectively,
and P, (dimensionless) is an empirical precipitation
correction factor that converts the precipitation record
from Sugarloaf station (NADP site CO94) to that at
Gordon Gulch.

The snowmelt model uses a temperature-index
approach that has been employed previously in glacial
areas by Hock (1999). Importantly, it incorporates
potential clear-sky direct radiation, which serves to
reduce the range of error (Ohmura, 2001) and allows us
to differentiate the forcing on the two opposing slopes:

Copyright © 2012 John Wiley & Sons, Ltd.

M = [(1/n)MF + ogeuR|T : T > 0

0 :T<0 )

where M is snowmelt rate (mm hfl), MF is a melt factor
(mmday ' °C™"), n is the number of time steps per day
(here, 24), tgow is a radiation coefficient (m* W' mm
h! °C7]), and T is air temperature (°C). The melt factor
and radiation coefficient are determined empirically. R,
is the total radiation (W m™?) calculated for forested
regions using the approach of Link et al. (2004):

Ry = taR4o + Ry e o/c0s® 3)

where t, d, and b refer to total, diffuse, and direct
radiation, respectively (with direct radiation modified by
slope angle), and o refers to unobstructed locations. 74
is the transmission coefficient for diffuse radiation
through the canopy (dimensionless), & is the canopy
height (m), k, is the extinction coefficient for direct
radiation through the canopy (m™ "), and @ is the zenith
angle (degrees).

We used measured direct radiation, Ry, ,, from Betasso
(40.01°N, 105.34°W, 1934 m elevation), which is another
study sub-catchment within the BcCZO. This radiative
history was modified for north-facing and south-facing
slopes by incorporating both slope angle and orientation
(e.g. Hock, 1999). Diffuse radiation, R4, which is
independent of slope angle, is taken from measurements
made in Golden, CO, USA, at the NREL Solar Radiation
Research Laboratory (SRRL; 39.74°N, 105.18°W,
1829 m elevation) (NREL, 2011) and serves to capture
the effects of cloudiness on the melt rate histories.

We optimized the snowmelt model parameters MF and
osnow and radiative parameters k;, and 4, for conditions on
north-facing and south-facing slopes by minimizing the
sum of squares for the observed and modelled snow depth
record using the Levenberg—Marquardt algorithm.

Soil properties and Hydrus-1D simulations

Disturbed bulk soil samples (sampled as 0-10 and
10-25 cm cores) were collected from the SF-U, TS, and
NF-L locations (n=1 per depth, per plot) to characterize
unsaturated soil hydraulic properties at upslope and
toeslope locations. The samples were repacked to a
field-measured bulk density (for each plot) prior to soil
hydraulic property analyses. However, the repacking of
soil into columns in the laboratory destroyed preferential
flow paths, including soil structure and biogenically
derived macropores. Saturated hydraulic conductivity
(Kyy) (m day_l) was estimated using a constant-head
permeameter (ASTM, 2011). Soil-water retention curves
were measured using the hanging column method (Dane
and Hopmans, 2002a), pressure plate apparatus (Dane and
Hopmans, 2002b), and a dewpoint potentiometer (Gee
et al., 1992). The computer code RETC (van Genuchten
et al., 1991) was employed to estimate van Genuchten’s
(1980) parameters. All samples were processed at the
D.B. Stephens and Associates Laboratory, Albuquerque,
NM, USA.
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Numerical simulations of unsaturated flow were con-
ducted with Hydrus-1D (Simtinek et al., 2008) to further
investigate the disparate hydrologic response to snowmelt
for the north-facing versus south-facing aspect slopes. An
atmospheric boundary condition with surface runoff was
used at the top of the domain, using the estimated flux from
the snowmelt model. If this flux exceeds the infiltration
capacity, then the excess becomes runoff. The boundary
condition at the bottom of the domain is free drainage.
Finite-element nodal spacing (Az) was 0.3cm, and a
variable time step (Af) was used. Parameterization of soil
hydraulic properties for both sites uses the van Genuchten
(1980) values from Table I using two layers, one from O- to
10-cm depth and then 10-cm depth to the bottom of the
domain, which was the measured depth to saprolite.
Saturated hydraulic conductivity in the two-layer system
for both slopes was parameterized using the constant-head
permeameter values in Table I. Unsaturated hydraulic
conductivity was estimated using the Mualem (1976)
approach based on the van Genuchten (1980) parameters
and the measured K, values for each site. The initial
conditions in the subsurface were specified using the
soil-water content data; the 5-cm data were used for 0
to 12.5-cm depth and the 20-cm data was used for 12.5 cm to
the bottom of the simulated domain. Simulated soil-water
contents were evaluated using the soil-water content
observations from the midslope positions on each aspect;
these were also the locations for which the snowmelt model
fluxes were modelled.

RESULTS

Meteorological forcing

Across the catchment, precipitation during the 2009—
2010 water year was 572 mm, with 70% falling as snow.
There were nine major snowfall events during the
measurement period, with the last snowstorm of
the season occurring from 11 through 14 May (Table II).
The two slopes had substantial differences in measured
air temperature and calculated incoming solar radiation.
Mean air temperature on the north-facing slope was
4.2 °C during the period of observations, whereas on the
south-facing slope, it was 6.2°C. In general, the daily
highs were higher on the south-facing slope, whereas the
lows were lower on the north-facing slope (Figure 2).
From about 20 March on, daily mean temperatures were

Table II. Spring 2010 snowstorms at Gordon Gulch during the
period of study

Storm date Duration (days) SWE (mm)
19 March 1 24
23-24 March 2 35
26 March 1 9
3-7 April 5 9
21-26 April 6 57
28-29 April 2 15
2 May 1 3
6-7 May 2 10
11-14 May 4 49

SWE, snow water equivalent.

30 1

[Inorth-facing slope south-facing slope

20

104

Tair c

—10

15-Mar O01-Apr 15-Apr 01-May 15-May 01-Jun

Figure 2. Range in daily air temperatures on the north-facing and south-
facing aspects of the study area. Dashed black line marks 0°C.

at or above 0 °C and occasionally dropped below 0 °C on
both slopes. Similarly, estimated incoming solar radiation
(accounting for slope angle and based on incoming
radiation data from the Betasso site) was greater (up to
~50%) on the south-facing versus the north-facing slope
(Figure 3).

The record of measured snow depth (Figure 4) reflects
the difference in climatic forcing between the two slopes:
the north-facing slope accumulated a seasonal snowpack
during the winter and reached its maximum depth on 25
March. The seasonal snowpack disappeared at NF-U and
NF-L on 19 April (as determined by daily field
observations, which reflect a larger area than the snow
depth sensors) but remained until 5 May at TS. In
contrast, the south-facing slope did not develop a seasonal
snowpack but experienced episodic snow accumulation
and melt events throughout the winter and spring
(Figure 4).

Table I. Measured van Genuchten parameters used in the Hydrus-1D model

Location Depth (cm) Pa (g cm ) o (em™ Y N () 0, (cm>cm ™) 0, (cm®>cm ™) K¢, (m dayfl)

SF-U 0-10 1.14 0.067 1.370 0.007 0.549 4.67
10-25 1.31 0.037 1.375 0.005 0.399 0.35

TS 0-10 1.09 0.073 1.304 0.000 0.590 1.73
10-25 1.26 0.058 1.239 0.000 0.447 0.22

NF-L 0-10 0.92 0.068 1.267 0.000 0.629 2.07
10-25 1.05 0.030 1.310 0.010 0.434 20.74

Copyright © 2012 John Wiley & Sons, Ltd.
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Figure 3. Daily incoming solar radiation estimates (at unit normal vector
to the slope) on the north-facing and south-facing slopes. Data are from
the Betasso site (40.013°N, 105.340°W, 1934 m elevation).

LiBr tracer studies

When the tracer was applied on 10 April, soil
temperatures at north-facing slope locations shifted from
around 0 °C to consistently above freezing. South-facing
slope plot soils were above freezing well before the start
of the experiment (Figure 5).

On the north-facing slope plots (NF-U, NF-L, and TS),
Br~ was measured in soil water collected in tension
lysimeters at both the 10- and 30-cm depths within 1 to
2 days after tracer application (Figure 6). In these plots,
the tracer moved into the subsurface as the seasonal
snowpack melted, peaked between 12 and 14 April, and
reached a concentration below the detection limit at 30 cm
on 23 April at NF-U, 25 April at NF-L, and 29 April at
the TS. In the TS plot, we measured breakthrough of the

a.
| SF-U, 5 cM ==
201 SF-L, 5cm —
15} SF-L, 20 cm=—

b. I I ‘
25_TS,7cm —_ |

20 | TS, 20 cm ==

Tsoil C
>

C.
25NF-L, 5cm —
20 FNF-L, 20 cm =
15FNF-U,5¢cm =—
INF-U, 20 cm=

23-Mar 12-Apr 02-May  22-May 11-Jun

Figure 5. Soil temperature within the soil profile at each plot location
across the study transect. Sensors in: (a) south-facing slope plots, (b)
toeslope plot, and (c) north-facing slope plots. Solid grey line marks 0°C.

tracer at 60-cm depth on 17 April, 7 days after the tracer
application; tracer concentrations remained above the
detection limit for a month at this depth, until 19 May.

The pattern of Br~ breakthrough in the south-facing
slope plots was very different. The tracer was applied
when snow was not present, so it remained on the ground
surface until a significant snowstorm (57 mm SWE)
occurred from 21 through 26 April. At SF-U, Br~ was
first detected in tension lysimeter samples at 10 and 30 cm
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Figure 4. Snow depth and melt water fluxes at four experimental locations (snow depth data were not available for the toeslope location).
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Figure 6. Bromide tracer concentrations in soil water measured in

tension lysimeters (closed symbols with lines) and in leachate measured

in zero-tension lysimeters (open symbols without lines) at each

experimental location. Grey bars mark precipitation events >10mm
snow water equivalent.

on 22 April; it remained above the detection limit until 29
April at 10cm and did not drop below detection at 30 cm
for the duration of the study period. At SF-L, the tracer
broke through on 22 and 24 April at 10 and 30cm,
respectively. It remained above the detection limit at both
depths for the duration of the study.

Zero-tension lysimeters yielded samples throughout the
seasonal snowmelt on the north-facing slope, supporting
other lines of evidence for connected flow of water and
tracer through the soil matrix during the period of study.
In contrast, we collected samples in zero-tension
lysimeters on the south-facing slope only following
significant (>14mm SWE) storms, which is also
consistent with the pattern of episodic transport of water
through the subsurface shown by the soil water (i.e.
tension lysimeter) Br™ tracer data (Figure 6). In general,
zero-tension lysimeters yielded water with higher
Br concentrations than tension lysimeters on both slopes,
suggesting that they are more reflective of highly mobile
water. At SF-L, we did not capture water in zero-tension
lysimeters until after the storm on 11 May.

Snow depth and temperature-index melt model results

The snow depth data were similar at both the U and L
locations on each slope, so it was only necessary to
parameterize the snowmelt model by aspect. Optimization

Copyright © 2012 John Wiley & Sons, Ltd.

of the model to the snow depth data required MF and
®snow (the melt and radiation factors) values that differed
greatly between the two slopes: our best-fitting MF was
two orders of magnitude larger on the south-facing than
the north-facing slope, and oy, differed by one order of
magnitude (Table III). Similarly, both optimized radiation
parameters associated with the forest cover (k, and t4)
reflect greater diminution of incoming direct and diffuse
solar radiation on the north-facing than the south-facing
slope. The evolution of snow density also differed
between the two aspects. We initiated the model with a
po value of 220kgm >, which is typical of low-density
snow falling in winter in this climate; on the north-facing
slope, it evolved to a pu.x of 650kg m~>, and to
450kgm " on the south-facing slope. These values are
within the range measured elsewhere in the study
catchment throughout the winter and spring (as deduced
from snow depth and SWE measurements; unpublished
data). The increase in snow density during the period of
interest (values in Table IIT) mimicked both the ageing of
the seasonal snowpack on the north-facing slope and a
general increase in the density of snow falling during late-
spring storms on both slopes. Regression of observed and
modelled snow depth revealed better agreement on the
north-facing than the south-facing slope (Figure 7,
Table IV); the disconnect between observed and modelled
snow depth was primarily after the seasonal snowpack
had disappeared, when individual storms accumulated
and melted. Cumulative melt water output derived from
the temperature-index model was 0.5m on the south-
facing slope, and 0.3m on the north-facing slope
(Figure 4) during the simulation period.

Observed and modelled soil-water dynamics

On the north-facing slope, soil-water content increased
rapidly as the seasonal snowpack melted, reached a
plateau where it varied in response to late season storms,
and then reached a final peak on 17 May (Figure 8). In
contrast, on the south-facing slope, soil-water content did

Table III. Parameters for the snow depth and temperature-index

models

Melt model Optimized
Aspect parameters values
South-facing slope po (kgm™) 220
(SE-U, SF-L)  pmax (kgm™) 450

Time (day) 20
MF (mmday7l °c™h 126.6
Ugnow (M*W'mmh~'°C™") 1.747 x 107°

ky (m™h 0.005

74 (dimensionless) 0.9
North-facing slope po (kgm™>) 220
(NF-U, NF-L) Pmax (kgm ™) 650

Time (day) 10

MF (mm day71 °c™h 9.0

Uanow (MW Immh™'°C™!) 2738 x 1077

ky (m™h 0.06

74 (dimensionless) 0.05
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Figure 7. Observed and modelled snow depth values for all plots where
snow depth sensors were installed. The 1:1 line is shown in each plot.

Table IV. Statistics for the snow depth model

RMSE Bias
SE-U 0.0186 0.0026 (25.53%)
SF-L 0.0249 —0.0050 (—28.41%)
NF-U 0.0241 0.0051 (3.90%)
NF-L 0.0428 0.0163 (15.41%)

not experience a sustained wet state (i.e. no steady supply
of snowmelt reflected in storage). Increases in soil-water
content on the south-facing slope were ephemeral and
event driven, following each rapidly melting snowstorm;
dry down was more extreme between events, especially in
the near-surface (i.e. Scm) (Figure 8). Peak soil-water
content during the study period occurred on 17 May on
the north-facing slope, 3 days after the last spring snow
event (Table II), which rapidly melted on both slopes.
Comparison of frequency histograms of soil-water
content during the study period from two examples of
north-facing and south-facing slope plots (NF-U and
SF-U) demonstrates the differences in relative wetness
states of the two slopes (Figure 9). Overall, soil-water
contents are drier and fall within a narrower range on
the south-facing slope (mean of 0.064 and range of
0.068 at SF-U) compared with the north-facing slope
(mean of 0.173 and range of 0.241 at NF-U). On the
north-facing slope, the values display a bimodal distribu-
tion, indicating distinct clusters around the pre-snowmelt
period (dry, unshaded) and snowmelt (wet, shaded), see
Figure 9; this pattern did not occur on the south-facing slope.
The Hydrus-1D simulation results are shown in
Figure 10. Simulated overland flow was zero during the
entire simulated period on both slopes. For the north-
facing slope, the simulated soil-water contents follow the

Copyright © 2012 John Wiley & Sons, Ltd.
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Figure 9. Frequency histograms of volumetric water content data at 5-cm
depth for a south-facing and a north-facing plot

same pattern but are much larger than observed at both 5 and
20 cm. In addition, the magnitudes of simulated hydrologic
response to events of larger melt flux are overestimated
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Figure 10. Hydrus-1D simulation results for north-facing and south-facing plots. Simulations are for the lower (i.e. NF-L and SF-L) position on each
aspect and shown with accompanying soil-water content observations and melt water fluxes from the temperature-index model.

(Figure 10). South-facing slopes also have larger
simulated soil-water contents relative to observed
values at 5- and 20-cm depths, and soil-water dynamics
in response to melt pulses are overestimated to a greater
degree than the north-facing slope. The simulated soil-
water contents do capture the observed differences in
soil-water content gradients that are present between the
aspects (i.e. soil-water content gradients are larger
between 5- and 20-cm depth on the north-facing slope
compared with the south-facing slope). To investigate the
sensitivity of simulated soil-water contents to melt water
inputs, we ran a simulation in which 80% of the
estimated melt flux was applied as the upper-boundary
condition for the north-facing slope. This reduced melt
flux scenario reduces the soil-water contents slightly, but
does not substantially improve the relative error
between simulated and observed soil-water contents
on the north-facing slope (results not shown). Based on
these simulation results and the minimal sensitivity to
melt flux reductions, we suggest that the Hydrus-1D
simulations, by not simulating the preferential flow
component of unsaturated zone flux, are forcing all of the
melt flux to move through the subsurface as matrix flow,
thus causing the soil-water contents to be overestimated,
in particular on the south-facing slope.

DISCUSSION

The goal of this study was to understand how aspect affects
snowmelt dynamics and near-surface hydrologic response
in catchments at the rain—snow transition. Our primary
methods were to use (1) the LiBr tracer experiments to
characterize differences in the timing and transport of melt
waters across the north—south catchment cross section and
(2) the results from a simple snowmelt model and simulated
soil-water content values to further assess the timing of
water inputs to the subsurface and resulting subsurface flow
paths. Unsaturated flow simulations, driven by the different
aspect-driven melt behaviour, were used as supporting
evidence for conclusions derived from the tracer and
soil-water content data.

Copyright © 2012 John Wiley & Sons, Ltd.

The summary of Br~ tracer movement through the
subsurface (Figure 6) shows sharp peaks in the concen-
tration data from tension lysimeters for almost all
positions along the catchment transect, indicating that
primarily vertical, advective transport dominates during
the melt season. Flow of water through the subsurface
during the period of measurement remained unimpeded
by refreezing in the subsurface on both slopes (Figure 5).
On the south-facing slope, the differences in the shape of
the peak between SF-L and SF-U for soil-water at 10 cm
may reflect water sampled from two different domains
(Figure 6). It is possible that the dampened peak at
SF-L reflects water sampled from a relatively immobile
soil-water pool within the matrix, whereas at SF-U, we
captured water flowing through the mobile water domain
(i.e. preferential flow paths) during the snowstorm on 23
to 24 April. Indeed, our zero-tension lysimeter results
support this conclusion: we captured water with high Br™
concentrations at SF-U following events with SWE > 14
mm and not at SF-L until after the storm event on 11 May
(Figure 6). The locations of preferential flow paths are
controlled by spatially heterogeneous factors, such as soil
texture, plant roots, and burrowing animals (e.g. Ghodrati
and Jury, 1990; Black and Montgomery, 1991; McIntosh
etal., 1999), so we may have captured this flow path at only
one of the two locations.

The sensitivity of preferential flow to the rate at which
water is applied has been observed in several non-
snowmelt field studies (e.g. Gjettermann et al., 1997;
Kasteel, 1997; Perkins et al., 2011) and has been clearly
presented from synthesized experimental (Nimmo, 2007)
and theoretical perspectives (Nimmo, 2010). Although
apparent in the zero-tension lysimeter data, these periods
of rapid vertical flux were not captured in the soil-water
content observations (Figure 8); it is possible that the
soil-water content data better reflect soil-water changes
in the soil matrix, rather than the mobile domain. We
suggest then a departure from the McNamara et al. (2005)
five-stage model. Rather than the spring ‘wet, high flux’
phase that they report, we observe a ‘dry, high flux’ phase
on the south-facing slope: near-surface conditions are
relatively dry during most of the spring (Figure 9) except
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for periodic high fluxes caused by activation of highly
mobile water flow paths during significant melt events.
This result follows recent research reporting activation of
preferential flow, even under unsaturated conditions
(Nimmo, 2012).

On the north-facing slope, the majority of applied Br—
was flushed through the near-surface during the seasonal
snowmelt, which lasted 2642 days along the hillslope
profile following the tracer application. Mixing and
dispersion of the tracer front in the subsurface likely
played a role in controlling the shape of the Br~
concentration curves. For example, the Br~ peaks at TS
flatten with depth through the soil profile; the duration of
high Br~ concentration at 60cm is longer, compared
with the brief, higher concentration peak (a threefold
difference) at 5cm (Figure 6). In addition, soil-water
content of the soil matrix on the north-facing slope
responds more to increases in melt water inputs than the
south-facing slope, as shown in the soil-water content
observations (Figure 10). Thus, on the north-facing
slope, we suggest that matrix flow dominates as the
transport mechanism, largely due to sustained melt water
supply. This pattern more closely reflects the ‘wet, high
flux’ stage of the McNamara et al. (2005) model than the
south-facing slope.

The contrasting melt water dynamics on the two slopes
(see Figure 4) have intriguing consequences for soil
moisture storage prior to the summer dry season. In alpine
and sub-alpine systems, peak soil-water content coincides
with the end of the spring snowmelt event (e.g. Molotch
et al., 2009). Studies such as Bilbrough et al. (2000) have
shown that high elevation plant species are adapted to
initiate growth and nutrient acquisition long before
snowmelt ends. At the rain—snow transition, spring
snowstorms likely play a similar role in sustaining
vegetation communities through the dry summer months,
but the pattern of peak soil moisture differs from alpine
and sub-alpine systems. On the north-facing slope, we
observed an increase in the soil-water content at 5 and
20cm after the seasonal snowpack had melted, which
remained elevated during late April and early May storms
(Figure 8); similar results were reported by Geroy et al.
(2011) for a semi-arid catchment. In contrast, south-
facing slope soils were drier throughout the measurement
period relative to the north-facing slope (Figures 8 and 9).
Similar to Smith et al. (2011), our data suggest that the
north-facing slope stores water more effectively in the
near-surface than the south-facing slope, where water
may pass quickly to a deeper weathered bedrock system
that isolates it from near-surface evapotranspiration
removal. Shifts to earlier snowmelt could change the
soil-water storage patterns on the north-facing slopes,
which could have larger consequences for the health and
composition of the vegetation community.

Our simulations of melt water flux and soil-water
content support our observations of different hydrologic
response on the two aspects (Figures 4 and 10). The
pattern of modelled melt water flux differed greatly
between the two slopes, with sustained inputs on the

Copyright © 2012 John Wiley & Sons, Ltd.

north-facing slope and episodic inputs coinciding with
snow events on the south-facing slope. Overall, it showed
that more water enters the south-facing than the north-
facing slope (Figure 4), which is likely, given more
interception by trees and time for sublimation of the
snowpack on the north-facing slope. These results align
with the timing of simulated and observed soil-water
content increases in the subsurface (Figure 10), as well
as the immediate response following storms that we
observed in the tracer data (Figure 6).

While the temperature-index model results follow
our expectations for the general differences between
the two aspects — the goal of the modelling exercise —
they may not accurately represent the magnitudes of melt
flux. Interpretation of melt flux values is limited by an
incomplete observational record of snow depth caused by
low sensitivity of the sonic snow depth sensors when
snowpack is intermittent and an absence of detailed
SWE measurements at our experimental plots. Because
we used the temperature-index model results as the upper-
boundary condition of our Hydrus-1D simulations, it
might follow that over-prediction of melt fluxes is the
reason for higher simulated than observed values of
soil-water content. However, reducing the melt water flux
by 20% on the north-facing slope resulted in minimal
change to the simulated hydrologic response; the hydraulic
conductivity function in Hydrus-1D is highly nonlinear,
which causes the hydraulic conductivity to change by a large
magnitude for a given change in soil-water content. Instead,
we believe that the discrepancy between simulated and
observed values arises because (1) our soil-water content
observations do not capture preferential flow, so values are
low, especially on the south-facing slope, and (2) we used
repacked cores to determine the van Genuchten parameters
used in Hydrus-1D, so preferential flow was not represented
and all water was routed through the matrix, leading to
higher simulated values. For the purposes of this study,
however, the modelling results are illustrative of the general
differences aboveground and belowground on the two
slope aspects.

The conceptual model of transport dynamics that we
present for the two slopes likely has major implications
for biogeochemical cycling of reactive constituents,
such as C and N, and lends some insight into how the
hydrologic response of these hillslopes may change in
response to climatic shifts. On the north-facing slope,
longer residence times allowing matrix and event waters
to mix in the subsurface may create more opportunities
for biogeochemical transformations to occur (e.g. nitrification
and inorganic N immobilization; see Stevens et al., 1999).
On the south-facing slope, only a small fraction of inputs
stored within the soil matrix may participate in these
biogeochemical pathways, whereas the majority of reactive
C and N are transported rapidly to depth with little soil
matrix contact (e.g. Bundt et al., 2001; Muholland et al.,
1990). With respect to likely climate change impacts, a shift
in temperature could cause a decrease in the amount of
precipitation falling as snow, reducing the seasonal
snowpack on the north-facing slope. This could change
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soil moisture storage through the dry summer season, with
north-facing slopes becoming either wetter, as all water is
forced through the soil matrix, or drier because of more
pronounced wetting and drying cycles, similar to the south-
facing slope. Clearly, aspect-driven differences in our data
sets and the potential changes that may occur under different
climate forcing are relevant in these lower elevation
catchments at the rain—snow transition and beg further
study at the catchment scale.

CONCLUSIONS

Measurement and modelling of point scale snowmelt water
fluxes in a forested catchment at the rain—snow transition
demonstrate that the timing and fate of snowmelt differs
greatly on north-facing and south-facing slopes. North-facing
slopes developed a seasonal snowpack, which provided a
persistent melt input into the hillslope for 2642 days after
the application of Br™ tracer. In contrast, south-facing slopes
did not develop a seasonal snowpack but instead experi-
enced episodic snow accumulation followed by melt events
scattered throughout the winter and spring.

LiBr tracer studies and modelling of soil-water content
constrain melt water flow paths through near-surface
soils, the residence time of melt water, and the degree to
which it mixed in the subsurface. On both slopes, the
movement of tracer into the subsurface was largely
governed by melt water supply, which therefore created
the stark contrast between aspects. Soil properties (e.g.
texture, organic matter content, and depth to saprolite)
that lead to differences in structure (e.g. presence/absence
of preferential flow paths) may play an important role in
controlling the hydrologic response across the north—
south cross section. In future work to test this hypothesis,
one could apply liquid water to north-aspect and south-
aspect slopes at both high and low rates to determine if
aspect-driven preferential flow initiation is the result of
inherent differences in soil development or is controlled
by supply-rate thresholds driven by aspect-dependent
snowmelt timing and rate.

Transport was largely downward, advective flow, with
evidence of pore water mixing at the deepest measure-
ment location (60cm) at the toeslope or near-stream
location. We conclude that mechanisms of hydrologic
transport differ on the two aspects: the south-facing slope
has both periods of rapid vertical flow, initiated by
significant snowmelt events, and a relatively immobile
matrix storage component indicated by lack of tracer
flushing from the soil matrix, whereas the north-facing
slope is predominately driven by matrix flow that
actively drove tracer-laced water out of the soil
domain. Observed soil-water contents support the
hypothesis of a wet state, hydrologically connected
flow system dominated by vertical matrix flow on
north-facing slopes. In contrast, relatively dry soil
matrix conditions persist throughout the melt season on
the south-facing slopes, suggesting that advective flow
supplied by high rates of episodic snowmelt could be

Copyright © 2012 John Wiley & Sons, Ltd.

bypassing the soil matrix. Our findings underscore the
importance of antecedent soil-water content and water
input rate as controls on the movement of water in the
subsurface during snowmelt, thus leading to differences
in hydrologic response by aspect, with potential implica-
tions for stream flow contributions, biogeochemical
cycling, and weathering processes.
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