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Abstract:

The objective of this study was to investigate the importance of topography in controlling the
geographic patterns of deep snow temperature gradients within a seasonal snowpack. Demonstration of
the relative importance of topography in influencing spatial snowpack temperature gradients could aid
future modeling of snow layer development and behavior, with benefits for avalanche and snowmelt
modeling. This spatial, or geographic, analysis of the relationship of snow temperature gradient
patterns to topography utilized landscape-scale modeling in an attempt to identify responses in
complex, mountainous terrain.

During the snow season of 2001-2002, 30 temperature profiles were sampled on each of nine sample
days. Profiles were collected using a portable snow temperature profile probe. These data were used to
calculate temperature gradients for each profile. Topographic attributes were derived from a digital
elevation model using a geographic information system. Linear regression models were used to
quantify the relationships between the topographic variables and snow temperature gradient patterns in
the spatially distributed dataset, and to demonstrate the relative importance of the terrain variables in
determining spatial patterns of temperature gradients. Analysis showed a complex pattern of
relationships between temperature gradients and the static topographic variables. A qualitative
assessment of weather variables recorded onsite suggested the utility of using more dynamic variables
such as weather data in future modeling efforts.
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ABSTRACT

The objective of this study was to investigate the importance of topography in
controlling the geographic patterns of deep snow temperature gradlents within a seasonal
snowpack. Demonstration of the relative importance of topography in influencing spatial
snowpack temperature gradients could aid future modeling of snow layer development
and behavior, with benefits for avalanche and snowmelt modeling. This spatial, or
geographic, analysis of the relationship of ‘snow temperature gradient patterns to -
topography utilized landscape-scale modeling in an' attempt to identify responses in
complex, mountainous terrain.

During the snow season of 2001-2002, 30 temperature profiles were sampled on each
of nine sample days. Profiles were collected using a portable snow temperature profile
probe. These data were used to calculate temperature gradients for each profile.
Topographic attributes were derived from a digital elevation model using a geographic
information system. Linear regression models were used to quantify the relationships
between the topographic variables and snow temperature gradient patterns in the spatially
distributed dataset, and to demonstrate the relative importance of the terrain variables in
determining spatial patterns of temperature gradients. Analysis showed a complex
pattern of relationships between temperature gradients and the static topographic
variables. A qualitative assessment of weather variables recorded onsite suggested the -
utility of using more dynamic variables such as weather data in future modeling efforts.
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INTRODUCTION

Snow temperature is a doﬁlinant variable in many physical processes in a seasonal
snowpack. The snow temperature through the depth or profile of the snowpack reveals '
much about both the physical state of the snowpack and its likely future behavior. |
Temperature gradient-driven metamorphic processes withip a cold snowpack can
stabilize or weaken individual layers, and hence defermine the likelihood of avalanche
activity. The temperature stratigraphy of the snowpack directly influences a mountain
watershed's hydrolog‘y, and affects the ability of the snowpack to buffer extreme melt

events. The spatial geography of snow temperature gradients therefore inﬂuénces
snowmelt patterns through controls on snow layer texture (Bloschl et al, 1991), and
inﬂueﬁces avalanche hazard through the developmént of weak layers at many levels in
the snowpaék (Armstrong, 1976; McClung and Schaerer, 1993; Clarke and McClung,
1999). This project measured spatial variation in snow temperature gradients, and
explored regression relationshipslbetWeen :tlﬁese gradients and the topographic attributes |
of the terrain in which they were measured. |

Spatial and temboral variation in snow properties, including temperature gradiénts,
present significant challenges for operational modeling Qf and research into snowcover
processes such as avalanche forecasting and s_nowmelt prediction. Often the variation
observed is recognized, but is not acidressed expiicitly; rather the observer or mod@ler
relies on their experience to assess the representativity of a measurement or the

applicability of a model. The problems caused by this variation have often been avoided
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by observing snow phenomena oﬁ scales where the' variability is relatively small or
quantifiable, such as an entire mouqtain range (Armstrong and Armstrong, 1987) or the
individual snow crystal (C_olbeck, .1982; Miller, 2002). However, most modeling efforts
and operational forecasting function on scales initermediate to those above. Variation in
snow properties between adjacent slopes, or within a single basin or watershed often
provides the crux of the analysis (Bloschl et al., 1991; Birkeland et al. 1995; Cline et al.,

1997; Landry 2002).

Topography exerts a significant control on spaﬁal and temporal Variation in snow
temperature patterns (McClung and Schaerer, 1993; Gerrard, 1990). The amount of solar
radiation inc;ident on a snow surface varies with slope aspect, and will vary Within a given
aspect as a function of slope angle. Elevation inﬂuenges the amount of snowfgll through
b(;th orographic effects and the ambient air temperature, influenced by the environmental
lapse rate (Armstrong and Williams,_1§86). Topographic profile and planform curvature
are other measures of topography that could prove important, as they describe the relative
"sharpness" or exposuré of the terrain. Vegetation and ground surface material may also
have significant effects on snow temperature and snow temperature gradients.

Solar input and air temperature are directly related to snowpack temperature (Gray
- and Male, 1981). Both duration and intepsity of sun exposure, as well as air temperature,
increase from the winter solstice until the summer solstice. Additionally,-as thé melt
season approaches-and snow temperatures continue to increase, temperature gradients
within the anwpack tend to decreasé (McClung and Schaerer, 1993). Therefore, snow

temperature gradients show a relationship to date of season.
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An exploration of tﬁe relatioﬁship of snow temperature patterns to tqpography,'
utilizing spatial analysis and landscape-scale modeling, can potentially explain
temperature variability ip complex terrain. Quantification of theArelationship between "
temperature. gradients and topography could aid in explaining some of the variation
observed in snow properties. .Ferguson (1999) suggested that Geographic-Information _
System (GIS) analysis of digital terrain data be used to establish a topbgraphic attributes-
based modeling approach for snowmelt prediction. Specifically, Ferguson (1999, p. 220) o
_suggested “clear possibilities 6f using GIS tools and gridded Digital Elevation Model
(DEM) data to set up éonal models distributed not just .by elevation but also's_lope aspect
. and other topographic controls of snow accumulation and sﬂowmelt.”

Knowledge of the relative importance of topographic factors in influencing
" snowpack temperature gradient patterns through space and time could aid in development
and refinement of snowmelt and-avalanche forecasting models. If snow température
gradients do indeed exhibit a significant c'orrelation to topbgraphic attributes, the result
would support the conventional beliefs about terrain influence on snow tempefatures. An '
assessment of the spatial variability of snow properties (i.e. temperature)‘as'a function of
terrain variables could also help link the spatial resolution of a theoretical (physical)
modei with the predictive ability of an operational, erﬂpirical model for snow:_melt or
avalanche prediction, combining process rgpresentation with reasonable . data.

" requirements.
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RESEARCH HYPOTHESES

The objective of this project Was; tlo observe variations in snow temperature gradients
within a mountain basin, and to use topographic variables in an attempt to explain th;dt
variation. Specifically, this proj‘éct tésts the following hypotheses based ;)n prévious
literature:

1. Snow profile temperature gradients will show a significant correlation to the
topography. The largest temperature gradients'will be observed on highest
elevation, north-facing slopes, while the smallest temperature gradients will
be found on south-facing slopes at all elevations.

2. The r;lagnitude of snow profile temperature gradients will show a significant
correlation to the date within an individual snow season. The largest snow
temperature gradient values will occur early in the snow season and will
decrease towards late season.

‘Hypothesis #1 is based on t.he atmospheric lapse rate, which predicts the occurrence
of lower air temperatures at higher elevations, whicﬁ would affect snow surface

temperatures at these locations. It is also based on the differences in solar input among

differing aspects.

Hypothesis #2 relies upon the general increase in air temperature throughout the
season, as well as.an increase in snow depth. These two factors combine to produce
lower temperature gradients, as the femperature difference between the ground surface

and air is distributed over a deeper snow cover.
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LITERATURE REVIEW

This review is an examination of previous research concerning snow temperature -
gradients and associated applications. Previous investigators (e.g. Aki'-caya, i974;
Colbeck, 1982) have established that temperature gradients are a driving force
controlling dry snow, metamorphism, with iportant ramifications for avalanche he;zard
via the development of \;s/eak layers, and for n;el£water drainage, by influencing snow
texture (Kattelmann, 1984). Other research (e.g. Armstrong, 1985; Birkeland, 1998) has

shown that diurnal fluctuations in near-surface snow temperatures produce large

_temperature gradients over small changes in depth. Spatial variability in snow

temperature gradients has been linked to topographic variables (Dexter, 1986), and

' requires a consideration of the scale of observation relative to the scale(s) upon which the

temperature gradients change (Bloschl, 1999). It is in the context of these issues that this
project was designed to explore the topographic inﬂuencé on the spatial variability in

snow temperature gradients.

Temperature Gradients and Dry Snow Metamorphism

Temperature gradients in a snowpack generally result from a temperature differential
between the air and the ground surface. Ground temperatures are typically at or near 0°C.
in midlatitude mounfain environménts where permanent snow oOr ice is not present
(McClung aﬁd Schaerer, 1993). Winter air temperatures in this environment often drop

below 0°C, creating a temperature gradient within the snowpack, between the grouhd and
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air. The magnitude of this gradient also depends .upon the thickness of the snow cover
and the character of the snow laye_rs contained within. Local variations in topography,
vegetation, or 'surface roughness (i.e. the presence of béulders or rocky oﬁtcrops) can
affect the flow of heat energy through the snowpack and there_by -affect snow
temperatures and temperature gradients (Dexter, 1986; McClung and Sch'aerer. 1993;
Aarons et al., 1998).

Snow temperature gradients can be measured in different ways, depending on fhe '
purpose in studying them. Often, for coarse-scale spatial or temporal assessment, a
gradient over the full show depth is determined from a measured air temperature and an
assumption that the ground temperature is 0°C. This type of measﬁrement is often used
for characterization of snow climate effects (Armstrong and Armstrong, 1987; Mock and
Kay, 1992; McClung and Schaerer, 1993). When studies call for the interpretation or
predictioﬁ of snow érystal metamorphism, a smaller-scale gradient, usually on the order
of a 5 to 10cm interval, is commonly used (McClung and Schaerer, 1993). Temperature
gradients near the snow .surface can be many times greater than are commonly found
deeper in the snowpack (Birkeland, 1998). To measure near;sﬁrface temperature
gradients, sensors may be arrayed over intervals smaller than a centimeter (Birkeland et |
al., 1998).

The magnitude of a temperature gradient within a snow layer directly affects the
magnitude of .th.e vapor pressure gradient within that layer, and consequently the rate and
type of snow crystal metamorphism (Armstrong, 1985‘; Dexter, 1986). It has been found

to be the controlling factor in dry snow metamorphism "(MCCIung and Schaerer, 1993).
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Large temperature gradients produce .rapid crystal growth and the associated "kinetic" Qr _
"faceted" forms, while slower growth rates stem from smaller temperature gradients and
tend to produce rounded, well-bonded snow grains (McClung and Schaerer, 1993).
Armstrong, (1977) found that a temperature gradient of 10 °C/m produced a sufficient
vapor'pressure gradient to proauce faceted crystals, given the conditions of his study in
the San Juan Mountains in Colorado, and this is. often cited as the boundary between "
faceting and rounding growth rate regimes. Other factors, such as snow temperature and
density, also have a strong effe.ct on snow metamorphism; however, the magnitude of the
temperature gradient remains the most critical influence (Miller, 2002).

A conventional assumption holds that the highest temperature gradients are found on
high elevation, north-facing (quthern Hemisphe_re), shaded slopes, where there is less
" solar input than sun-exposed slopes, and colder air temperatures due to the standard
atmospheric lapse rate (Dexter, 1986; McClung and Schaerer, 1993). LaChapelle and
Armstrong (1977), however, found that various combina’;ions of air temperature and
snow depth resulted in similar temperature gradients on north-,fécing and south-facing
aspects, at similar elevations. Dexter (1986) observed highest temperature gradients at
lower elevations on south-facing slopes, which he attributed to the shallower snow depfhs
at those locations. Other factors, such as areas of increaééd heat flow or conduction from
the ground surface, can influence the distribution of temperature gradients on a scale
" smaller .than an entire slope (McClung and Schaerer, 1993; Tremper, 1995; Aarons et al.,

1998). Snow temperatures and temperature gradients are also influenced by forest




-canopy cover, which limits incoming shortwave radiation traps outgoing longwave

radiation, dependent on the density of the canopy (McClung and Schaerer, 1993).

Diurnal Temperature Fluctuations

’fhe daily cycle of air temperatures prodﬁces fluctuations in snow temperatures, the
magnitude of which diminishes with increasing depth in the snowpack (McClung and
Schaérer, 1993). Snow depths greater than about 30 cm show little to no diurnal snow
temperature change, due to the insulating capacity of the overlying sﬁow (Armstrong,
1985). The near surfa?:e, diurnal temperature fluctuations are capable of producing large
or extremel temperature gradients ovér small distances, driving rapici faceted <;rysta1 .
growth (Birkeland, 1998). These faceted crystals, if buried by subsequent snowfall, can
fo'rm persistent weak l:;lyers leading to increased avalanche hazard (Birkeland et al.,
1998). Warm air température_:s can form melt-freeze layers at or near the surface,
affecting crystal growth (Bi;kgland, 1998) and later influencing meltwater runoff (Marsh
anci Woo, 1984a; Kattelmann and Dozier, 1999). |

Fukuzawa and Akitaya (1993) examined growth of ﬁear—surface faceted crystals, and
.found that strong temperature gradients in the 100-300 °C/m range drive the rapid crystal
growth.  Meteorological conditions leading to these extreme gradients were also
examined, with results indicating the largest temperature gradients were associated with
clear-sky conditions permitting the escape of longwave radiation frqm the snow surface.

The formation of a: layer of nea'r-surface facets and nearby avalanche activity was

documented by Birkeland et al. (1998). They measured temperéture gradients greater
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‘ than 200 °C/m in the top 5 cm of the snowpack. Gradients 15-20 cm below the surface -

were considerably weaker. The faceted layer created by these gradients was observed to
exist over a wide geographic area (on the order of 50 km). Avalanche activity on the
faceted crystals was reported at various elevations and on all aspects, implying that the
conditions that created this weak layer were not differentiated by topographic-inﬂuen.ces.
Hardy et al. (2000) reported observations of near—surface faceted crystals in a high ‘
elevation, tropical climate. They attributed the crystal development to unique energsl o
balance conditions in that environment, consisting of high solar input at high elevation,
low albedo snow cover, and rapid longwave cooling associated with the thin atmosphere

at high altitude.

Snowmelt Processes and Wet Snow Metamorphism

Snowmelt processes, like temperature gradients and dry snow processes, have been
shown to be related to the nature of the topography involved (Coughlan and Running,
1997; Carey and Woo, 1998). While melt processes are not directl.y temperature gradient
dependent (except on the microscaie), the previous temperature profile history of the
snowpack combines with terrain controls to ;affect SNOwW texfure, and, therefore, influence
spatial melt patterns (Kattelmann, 1984).

Isothermal snow is defined as snow at a temperature of 0°C in equilibrium with free,

liquid water (Marsh and Woo, 1984; McClung and S'chaerer, 1993). An ithhermal

snowpack (or any part of a given snowpack deemed isothermal) is 0°C throughout, has

free water at all depths, and contributes to the snowmelt hydrograph of its given basin
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(Michaels, 1983). A snowpack becomes isothermal differentially; therefore, isothermal,

or ripe, snow can exist without having an entirely ripe snowpack.

An isothérmal snowpack is the resuit of mélt metamorphism, also called maturing
(Colbeck, 1977), aging, or ripening. This process is initiated by the introduction of liquid
water into the snowpack (either -from snowmelf or rainfall), which can be distributed to
the full-depth of the .snowpack by the propagation of water through pore spaces and .along
strata within the snow structure (Kattelménn and Dozier, '_1999); The movement of water
within the snowpack is largely controlled by the relative texture of differenf snow layers
(Kattglmann, 1984). Large-grained snow, like that which has been inﬂuenced by a large
temperature gradient, exerts less capillary pressure on meltwater than doés smaller- |
grained snow. At layer bound-aries where smgll—graingd snow overlies large-grained
snow, meltwater may be- impounded in the srﬂall—grained snow and move laterally until a
suitable penetration locati.on (i.e. smaller grains or a previously established meltwater
channel) allows the water to progress downward through the snow strgta. Therefore, the
spatial patterns of snow temperature gradients during the winter, by exerting a control on
the snow texture, can have an effect on ripening and melt runoff pattefns in the

subsequent melt season.

Snowpack ripening has been shown to depend on aspect, by Carey and Woo (1998).
In a study in the Canadian subarctic, they found a time difference in snow ripeﬁing of 10
days between north- and south-facing slopes, and attributed this largely to differences in

solar radiation receipt on these slopes.
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Snow depth and sriowmelt are known to vary with elevation,-an effect addressed in all A

snowmelt models (Ferguson, 1999). In a study of snow depletion date (the date at which
the snowcover is entirely melted at a given site), Cdughlan and Running (1997) found a

codependency on site orientation (aspect) and elevation. Furthermore, their results

showed that vegetation cover was more important than aspect as a snowmelt variable, due

to the vegetation effects on shortwave energy input. Snow depletion and snowpack
ripening were fqund to share common variables, such as vegetation cover (leaf-area
index) elevation, and aspect (Coughlan and kunning, 1997; Carey and Woo, 1998).

The presence of vegetation above the snOwcover- can distort or mute topographic
. snowmelt effects. Coughlan and Running (1997) determined that a leaf-area index
variable was the most impbrtant variable fc;r modelir-lg snow accumulation and melt at

higher elevations. Furthermore, the type of vegetative cover is important if its effect on

snow temperature and melt patterns is to be determined. Gary and Coltharp (1967) found -

that a spruce-fir forest type held snow 4-5 weeks longer than other tree and grassland
cover types. They also noted large differences in snow depletion date based on aspect.

Hardy et al. (1990), studying logging effects, and Skidmore et al. (1994), sfudying

fire effects, reported that snow accumulation decreased as canopy density increased, for

their studies in southwest Montana. Additionally, they related canopy density to snow
ablation, with high canopy densities correlating to low ablation rates, and the highest

ablation rates occurriﬁg in low canopy density areas.
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Avalanche Forecasting and Snowmelt Modeling

Computer—based avalanche forecasting models vary in-their approach to the problem
of accurate forecasting, due to tﬁe scale of forecast required and the type of data available
for input. Several tools attempt to model the e'volution of the snowpack structure, using
high-resolution meteorologic data, such as CROCUS (Durand,. et al, 1999) and
SNOWPACK (Lehﬁing et al.,, 1999). Temperature and temperature gradient data are
critical to these models, which attempt to prgdict the fqrmation of different snow crystal |
types in the snowpack. Since these models operate on the point scale, some estimation of
temperature gradients 'based' on terrain relationships is needed if this data is to be
available for applying the models at a régional scale.

Judson et al. (1980) included a temperature grqdient paraméter in their "process-
oriented" avalanche danger model. It was implemented in order to simulate the
development of faceted crystal.s. The thickness of the faceted layer was then factored
into the ove;rall avalanche danger assessment.

In response to concefns ‘about the extreme heterogeneity that troubles energy-
balance snowmelt models, alternatives to purely physically based models have been
proposed (Andersson, 1992; Ferguson, 1999). A combination of measured snow
variables‘and 'inclusion of topographic parameters, such as aspect, as modifications to
existing conceptual models could prove effective in simulating melt patterns. - According
to Andersson (1992), future model development should strike a balance between
conceptual and physicélly based models, utilizing simple inputs and implicit variable

representation while working at relatively high spatial and 'temp'oral resolutions.
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Ferguson (1999) ;ecommended incorporating 'multiple topographic variables such as
eley’ation and aspect to enhance conceptually based models.

The ability to predict snowmelt-resﬁonse (including ripening patterns) depends on
the _understanding of the relative importance of melt-controlling variables, parﬁculaﬂy_
those related to-topography (Michaels, 1983). The scale used must have a sampling grid '
or mosaic c.>f a siie small enough to detect changes due to topographic_ influence.
Variability of snowpack attributes such as density, grain' types, porosity, and finger flow
paths within grid elements must be implicit in the size of mosaic chosen (Bloschl, 1991).
Field measurements should include mﬁltiplc elevations, slopes and aspects, and be
designed to statistically represent grid size (Bloschl et al, 1991). .A model of this type .
could find application in many aspects of study and development in mountainous regions,
“including ski development, avalanche fo‘recastin'f‘;, montane ecology and climate

change” (Ferguson, 1999, p.220).

Spatial Variability

Spatial variability in the seasonal snow cover’s rﬁany properties and scales has been
noted. Dexter (1986) tested the observations of previous reséarchers involving
elevational and aspect controls oﬁ depth, -snow-water equivalent (SWE), temperature,
temperature gradient, and density. During one field seaéon in the Colorado Front Range,
Dexter noted that high elevation, north-facing slopes remained coldest for the duration of
the season. The .stee;pe:'st temperature gradients occurred in the early portion of the snow

season, during cold air and shallow snow conditions. For the majority of the season, the
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low elevations held the stéepest temperature gradients, likely due to shallower snow _
depths at these locations.

Birkeland et al. (1995) examined spatial v‘ariation in snow resistance on single slopes.
They found that while snow depth and average temperature gradient were important in
determining snow resistance, these variables were iﬁ turn controlled by complex
relationships with wind, vegetation, and microtopography.

Variability in SWE was shown to change with elevation (Ingersoll et al., 1996), witﬁ
high elevation sites showing dramatically more spatial variation than lower, forested
sites. Based on theif results, they suggest dividing the basin into zones of similar terraih,
thereby enabling different sampling schemes based on the anticipated level of variation in
the snowcover for each zone.

Elder et al. (1998) used a regression tree analysis to estimate the spatial variability of
SWE in an alpine basin. They found deepest snowpacks on high elevation, n'orth-facing
slopes. Additionally, sites receiving highest net radiation input had lower snow depths.
They also found a slope threshold at around 37° that separéfed higher and lower
accumulation zones.

Conway and Wilbour (1999) addressed temporal variation in snow stability with their
stability index model by including the rate of snow acéumulation. It was recégnized,
however, that complex- interactions between wind and topography made accurate
accumulation predictiéns difficult.

Birkelaﬁd (2001) considered spatial variation in snow stability over the mesoscale,

comparing terrain, snowpack, strength, and stability data. Results were mixed, showing
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different relationships between sampling days, which was attributed to differing weather
patterns. Observed spatial patterns at the regional scale were confounded by microsqale
variations in snowcover properties, attributed to terrain fluctuations. However, sc;me _.
generalizations were possible, indicating a differing degree of predictability based on the
appropriate scale of observation.

The research citéd above represents most of the efforts addressing spatial variation in
varidus snow properties.. In all cases, relationship with or dependence on topography was -
addressed or noted. While Dexter (1986) is the only study specifically addressing
temperature gradients,‘ it can be inferred that since topographic effects are important
influences .on the spatial variation in snow properties, spatiél péttéms of snow

temperature gradients must also be influenced by topography to some degree.

Scale Issues

Issues of scale are inherent in studying snow processes. Small areas s;udied in detail
may exhibit extreme heterogeneity,' while larger areas studied in less detail méy allow for
identification of patterns and homogeneity (Blﬁschl, 1999). A more accurate
understanding of the processes of interest, however, would integrate sevelral scales of
observation, including the linkages between the scales (Higeli and McClung, 2000). To
study the geography of snowpack temperature gradients within a given basin, the séale of
observation must be of sufficient detail or resolution to measure differences in inputs (i.e.
elevation, aspecf, slope, or snow 'depth) yet of low enough resolution to exclude

microscale effects such as grain size and type differences, small variations in water flow
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paths, density horizons, and differences in porosity. in other words, topographic effecté_ '
must be addressed explicitly, while heterogeneity in the microscale must be ifnplicit in
the size of Athe observational unit chosen (Bloschl et ai, 1991).

The telationship between microscale snow structure, macroscale climatic factors, and-
mesoséale avalanche formati'oﬁ has been examined (Armstrong, 1977; Jamieson and
Johnston, 2001).  They observed the importance of including microscale snow
information in response to observations of nonlinear interactions between weather
patferns and avalanche formation, with the s;ize of avalanche showing litﬂe correlation to
the size of precipitation event.

Temperature gradient data is categor.ized as Class II (snowpack) data, of intermediate
level entropy between Class I (meteorologic data) and Class I (snow stability data)
(McClung and Schaerer, 1993). Therefore, temperature gradient data, which are point
data, could only be appiied_ at one scale of observation and analysis (thé scale at which
they are measured) unless a scaling factor is applied (Bloschl, 1999; Hageli and
McClung, 2000). Tlopographic data, however, spa'ms several scale orders, and thus holds
potential as a scaling factor, if a relationship between temperature gradients and

topography can be known.
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METHODS

In order to assess spatial variability in snow temperature gradients, sorne measure
of that variability had to be obtained. This required a study site with a wide variety of
potential sample locations, as well as easy, consistent access. Additionrllly, a method of -
sampling was needed that enabled rapid data collection and portability of méasuring
devices from site to site. Once the spatial dataset was obtained, corrélation and
regression procedures were applied. Finally, weather data collected within the study area

were qualitatively analyzed to explain some of the regression relationships developed.

Study Area

Trle study area used for this project is a mountain basin referred to as Wolverine Basin, in
the Bridger Mountains of southwest Montana (Figure 1). The basin is located roughly
one kilometer north of Brldger Bowl Ski Area, 15 miles north of Bozeman. This study
area was chosen for several reasons, but of first consideration was ease and safety of
access. The Bridger Bowl Ski Patrol provided ski lift access and authorized crossing the
‘porthern ski area boundary. This accessibility facilitated installation of the weather'
instrumentation, promoted safety for the data collectors, and allowed a higher frequency
of collection dates than would be possible with a more'remote site. .Second, the study
area provided ar variety of slopes, aspects, and elevations as required for this project.
Third, other researchers were using this area and adjacent sites, prr)viding both a margin

of safety as well as opportunities for collaboration in data collection efforts.
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The Bridger Mountains are in an intermountain snow climate (Mock and
Birkeland, 2000), often exhibiting characteristics of both conﬁnental and maritime snow

climates. Lowest air temperatures generally occur December through February, and

maximum precipitation and snowfall typically occur in February and March (Table 1).

Table 1: Bridger Bowl Ski Area weather data summary, 1968—1995 (WAN, 1995)

Maximum Minimum Average Average Average
Daily Air Daily Air Daily Air Monthly Monthly
Temperature Temperature Temperature Snowfall Precipitation

o . °C) O (m) (mm)
November 0.0 14 -3.8 1.22 107.4
December 4.9 191 -12.0 2.68 168.3
January 32~ -109 7.1 288 1789
February  -1.1 -10.0 571 2.99 204.6
March 15 19 32 3.50 2529
Total . - 1326 9121

Instrumentation

Probe Design

I designed the Snow Temperature Profile Probe‘ (STPP) to enable rapid sampling
of a large number of temperature profiles with minimal site disturbance. A cirect digital
interface was desired to speed up sampling and to ease data transfer and processing. The
final design: was lightweight and field portable, and was interfaced with a handheld,

personal computer‘.
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The probe was 2.3 m long, constructed of clear polycarbonate plastic, with an-
aluminum cutting tip for snowpack penetration. Direct-to-digital temperatﬁre-sens_ing
chips (Dallas Semiconductor DS18520) extend through the plastic at 10cm intervals,
beginning at 10cm from the ground surface, and continuing up the probe to 2'meters from
the cutting tip. The interior of the probe was filled with white foam beads, in order to
insulate each sensor from internal temperature conduction by minimizing air circulation
and solar inpﬁt. The chips were wired to a processing pnit (Spiderplant Corp., Waltharﬂ,

MA), which communicates diréc;tly with the handheld PC.

. Computer Interface

The temperature sensor processiﬁg unit required a ser.ial port interface (RS-232)
to cofnmunicate with any platform compatible with that protoéol. For the purposes of
this project, I chose a Compaq iPAQ 3650 for field use due to its size and programming
versatility. I designed a program in Visual Basic for Applications in MS Excel
(Microsoft Corp., Seattle, WA) to commﬁnicate with the probe device. The program
'prompted the user for.m_anua.lly measured variables, including site number, snow depth,
snow surface temperature, air temperature, and any additional comments. It then
commanded the probe unit to sense temperatures, read data from the probe, and wrote the
data fo a £ext file. The data text file was then available to import into a spreadsheet for

data processing.
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Probe Testing and Calibration

The ac’curécy of the probe was critical to the interpretation and analysis of the
field data. To this end, it was necéésary to calibrate the i;)robe sensors in two respects:
‘accuracy of the measured temperatures and time required for equilibration. | The
measurement accuracy had a direct effect on the reliabﬂity of fhe field data, 'while the |
equilibration time was necessary for development of the sampling routine.

- The STPP was calibrated in an ice bath at 0°C.. This was accomplished by the
construction of a shallow trough made of PVC drainpipe. The trough was filled with ice
water, measured with dial-stem and digital -thermometers to be at or very near 0°C.
While the trough was being filled, the probe was allowed to equalizé to the ambieﬁt air
temperature outdoors, approximately -3°C.I The probe temperatures were continuously
logged during equilibrétion and testing.

Once the trough was filled and the probe equalized to air temperature, the probe
was inserted in the trough, with. thé individual sensors immersed in the ice bath. The
insertion time Was noted. Tﬁe probe was allowed to remain in the bath for a full 20
minutes.

I analyzed the log file for equilibratioﬁ temperatures and time to equilibration.
The final, stabie temperatures were noted, so that they may be used to adjust the readings
from the field datasets. It was (ietermined that the sensors equilibrated to wifhin 0.1°C of

the final stabilization temperature within 3 minutes of immersion (Figure 2).
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Use of the Probe
The point sampling routine using the STPP was as follows: First, the probe was

inserted into the snowpack perpendicular to the snow surface. It was inserted in this
manner in order to permit‘ sampling of a full profile over the widest possible range of
SNOwW debths, as .\.Nell as to sample temperatures along the shortest path to air. Second,
while the probe sensors were equilibrating, the user entefed manual measurements of

snow depth, snow surface temperature, and air temperature. Once sufficient time had
elapsed for sensor equilibration, the computer was instructed to log the probe data. The
entire routine required about 3-5 minutes to complete for each individual measurement

site.

Weather Instrumentation

The weather station used in this project was located in the center of Wolverine
Basin, in a low-angle (ca. 2° SE) clearing at an elevation of 2240 meters. This site has

been used for weather data collection in the past (Lundy et al, 2000).

The weather station measured wind speed, snow surface temi)érature, snow depth,
reflected shortwave radiation, and a full-depth snow temperature prbﬂle. The data was
logggd using a Campbell Scientific CR10X Datalogger (Campbell Scientific Corp.,
Logan, UT). The station collected data at 5-minute intervals, and outpuf a've_rages once
per hour. This sampling rate effectively covefed the sample dates of this study, enabling

an analysis of weather phenomena as related to snow temperature gradients.
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Field Data Collection

Sampling Design
Of concern in the design of a sampling routine was the number and location of’

sampling-points, frequency of repetition, order and efficiency of collection, and safety of
field personnel. These issues were addressed in the design phase of the project.

A large sample size representing a variety of topographic variables was desired
for statistical purposes, as indicated by the .resﬁ1£s of a pilot study.. Additioﬂally, the
‘sample point distribution needed to approximate the distribution of avai}able sites in the
field area. This was assessed by comparing the distribution of terrain characteristics in

the set of sample points to the distribution of terrain characteristics in the basin.

Safety was of primary concern in the sampling design, as there were numerous
" avalanche slopes within the study area. Sites which had slope values over 30 degrees or
those which possessed & high exposure to avalanche danger (e.g. in a confined runout

path) were omitted from sample consideration. -

The sampling route (Figure 3) was designed for once wéekly repetition. Data
from all sample points was collected each field day. This approach attempted to maintain
a continuity of data collection throughout thg season as well as sample the full range of
topographic variables on a single day. Thirty points were selected in the effort to balance
all of the above factors, and their positions were recorded by a differentially corrected -
Global Positioning Syétem (GPS) unit. Topographic attributes for the sample points
(Table 2) we;re calculated from a USGS 30m DEM, using ArcView GIS software with

the Spatial Analyst extension (ESRI, Redlands, CA). Profile was the profile curvatufe, or
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rate of change in Slope, showing fhe terrain “sharpness” in the vertical dimension. -
Planform was the planform curvature, or rate of change in Aspect, showing the exposure
of a site ip planform. Aspect was also divided into siné, cosine, and degrees from north.
These aspect derivatives potentially aided in interpretatiori.of the regression models. The
existence of Aspect in a regression would suggest its importance, but due to the circular
nature of aspect data, it was aifficult to intérpret in a linear relationship. Degrees from “
néﬂh or cosiné of aspect were more easily interpreted when utilized in a linear regression
relationship.

Interaction vériables are two variables serving to amplify the effects of each other.
Regreésion models in which an interaction variable was included represented a sampling
day where the influence of terrain variables was more complex than a simple linear
combination of variable effects.

Caﬁopy densities were collected manually,Ausing a spherical densiometer .(Forest
Densiometers). A percentage value for_'open canopy wés used in order to facilitate
interpretation of the canopy/solar interaction variable in the analysis. Cumulative global
solar radiation input was the modeled cumulative sum of direct and reflected shértwave
solar input for each grid element,. for the interval beginning on 11/28/01 and ending fhe
day before each sample day. This parameter was modeled from the DEM using tﬁe Solar

Analyst extension for ArcView (HEMI, Los Alamos, NM).
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Data Anélisis

Diurnal fluctuations in air temperature influenced shallow snow temperatures, and
these changes were unavoidable in the temperature profiles sampleci, due to the full day
period required to collect a fu]l dataset. To elirﬁinate this effect, only temperatures
deeper than 30cm were used for temperature gradient calculations, as temperatures
deeper than 30cm below the snow surface generally show little daily fluctuation
(Armstrong, 1985; Birkeland et al., 1998). Temperatufe gradients were calculated for '
each 10cm interval measured, and average (AvgTG) and maximum (MaxTG) 10cm
gradients were calculat‘ed for each profile.

A temperature g;adient for the t;ottom 10cm-interval was initially célculated. using -
an assumed ground temperature of 0°C (the STTP doc?s not record ground temperatures).
Héwever, preliminary ..assessment of the temperature data' showed some significant
outliers, all due to the gradient calculated for the O — 10cm interval. Field investigation of
one of these locations revealed a ground temperature much lower than the assumed 0°C.
In .light of this evidence, I remo.ved the assumed ground temperatures from all profiles.
rI.‘hus, the temperature intervals considered in this study are between 10cm above the
ground surface and 30cm below the snow surface. This constraint on usable.temperature
. readings could have had an importént effect especially in the early season datasets, where
shallow snow depths limited the available data to a few intervals or none af all for some

profiles.
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Regression Modeling

Model Development

Predictor variables (Table 2) used in the development of the regression models'
were testéd for correlation using a correlation matrix (Table 3). Only variables that
exhibited a low correlatién (Pearson Correlation Coefficient < 0.5) were used in the same
regression model. Pairwise scatter plots of individual predictor variables versus.each

response variable were examined to look for possible necessary transformations.

Table 2: Topographlc attributes of the sample points: Variable codes, variable

descriptions, and summary statistics. N = 30.

Variable  Description Minimum  Maximum -Mean
Elevation Elevation (m) 2230 2400 2318
Slope Slope angle (degrees) | 4 39 20.18
Profile t)l;(:l?eli)f(f lé;\;itggin Slope) 0 22 o.16
Aspect Aspect (degrees) 2 354 169.3
Planform | f}l\?’io;? CEE%??;eAspect) 1 80 42.25
DN Degrees from north (degrees) 2 172 67.19
Sine Sine of aspect -0.99 0.96 -0.11
Cosine = Cosine of aspect -0.98 0.99 -0.05
SllpSine . Slope X ‘sine aspect -36.03 20.24 -3.75
SlpCos Slope X cosine aspect © -23.88 33.63 -0.70
. SIpDIN Slope X degrees from north 34 4472 1351
OCanopy  Open forest canopy (%) 0 57.1 - 10.58
Solar Cumulative global solar input (Wm?) 4084 241341 45050
CanSolar  OCanopy X Solar 2356 240617 40832
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Table 3: Correlation matrix of Pearson’s correlation coefficients for predictor variables.
Bold values indicate coefficients of 0.5 or greater.. N = 30.

. o] . o wn Q é’?

] g > O =4 2] =
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Elevatio ) .

n 0.19 022 -0.07 020 0.02 -025 0.16 -0.21 025 0.08 0.16 003 0.04 -0.02
Slope 1 058 -022 -031 -0.01 -026 0.05 -0.33 023 057 -0.01 -0.03 -0.04 0.00
Profile 1 0.27' -0.23 -0.19 -0.30 0.27 -0.42 047 0.14 0.08 0.05 0.04 -0.01

Planform 1 .0.14 -0.31 0.51 0.15 040 0.09 -028 -0.16 -0.05 -0.07 -0.01
Aspect 1 -0.04 -022 024 -0.13 0.14 -0.16 -0.51 0.00 -0.05 0.00
DIN ‘l, 021 -0.15 -0.15 -0.02 074 026 021 024 "0.01°
Sine 1 020 093 -027 -027 -0.09 -0.02 -0.03 -0.01
Cosine 1 .029 091 0.01 -0.04 -0.03 -0.03 0.00
SlpSine 1 -0.38 -0.31 -0.10 -0.01 -0.02 0.00
SipCos 1 0.15 0.00 0.01 0.01 0.00
SipDN 1 0.14 -0.16 0.17 0.00
OCanop

y 1 009 020 0.00

Solar 1 0.99 0.89
CanSolar 1 085

Date
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Stepwise, least-squares regression was used to build the regression models. |
Regressions were built for pooled data, as well as for gach sample day, using AvgTG and
MaxTG as the response variables. A p-value of 0.15 was requifed for inclusion o.f a
variable, in order to compensate for the small size of the dataset. Although this sacrificed
cpnﬁdence in the predictive ability of the models, it incfea_sed freedom in e>‘(ploration of

the variable relationships to the response.

Sample Point Time Series Grouping

Time series plots of MaxTG and AvgTG for each i-ndividual sample point were -
created, in an effort to explore for more ~relationships. Each plot contained up to nine
values measured at that sample location on subsequent sampling days. The patterns of
the time series graphs were compared, and groups of plots were constructed based on-the
shapes of the graphs. The groups of plots were then mapped in order to observe any
potential spatial clustering in the groups. The térrain data for each sample point was
.exan'lined to see if any-of the predictor variables exhibited values common to all points in
the group. This analysis provided the opportunity to find general geographic patterns,
such as locational bias within the basin, or sites oriented preferentially to a particular

storm direction, that might not be exposed by the regression analysis.

Evaluation of Weather Parameters

Four-day moving averages of weather parameters (air temperature, snow surface

temperature, snow depth, and reflected shortwave) recorded at the weather station in the
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study area, were used to explore relationships between weather events and average and
maximum temperature gradients measured at the weather station. The four-day moving
averages wefe chosen to represent a éumulative effect of weather factors on the
snowpack, as short interval ﬂuctuatiqns can be effectively buffered by thg insulating
capabities of the snowpack (Armstrong and Williams, 1986). The daily upper quartile of
reflected shoﬁwave fadiation (the 75" percentile of all reflected shoﬁwave measurements -
for each day) was used to represent maximum solar input. While not a direct measure of
incoming solar radiation, short-term fluctuations were tz;kén to represent intervals of
cloudy and non-cloudy vperiods. Qualitati{/e correlations aided explanation of the

individual regression relationships derived for each dataset.




32

RESULTS AND DISCUSSION

The correlation and regression results showed signifiéan;( correlations. of
temperature gradients with topographic variables, supporting Hypothesis #1. The date of
season was also significantly correlated to the pooled average temperature gradient data,
supporting Hypothesis #2. However, the regression relationships developed did ﬁot
explain the majority of the variability in either the average or maximum temperature
gradient data. A qualitative assessment of weather and snow temperature data collected

at the Wolverine Basin weather station was revealing of potential dynamic weather

controls on snow temperature gradients that could expiain more of the variability

observed in the data.

Weather Context of Sample Days

Sample days 1-4 were in the early part of the season, when snow depths were less

than 1 meter (Figure 4). In these conditions, the average and maximum deep temperature

gradients show strong sensitivity to air or snow surface temperature. Later in the‘.season,
wheﬂ snow depths were greater, fluctuations in average temperature gradient at the
weather station were more muted, despite large variation in air temperatures, which
suggests a decreased sensitivity to air temperature.b In addition, in the latter part of the
season, fluctuations in the ma_iimum deep temperature gradients seem to show increased

sensitivity fdllowing periods of settlement (decreasing snow depth).
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A general increase in reflected shortwave energy was seen as the season
progresses, as expected with an increase in sun angle and day length (Figure 5). More
solar input would serve to increase snow temperatures, and reduce 'average temperature .

gradients, as was evidenced by the general decrease in the average temperature gradients

at the weather station throughout the season.

Pairwise Variable Correlations

The results of the pairwise variable correlations for AvgTG and MaxTG show a
few significant relationships and some pattern in the type of predictors that were
significant as the season progresses (Tables 4 and 5). Both research hypotheses were

supported by the correlations observed.

'Pooled Data

In the pooled AvgTG data, t.emperature gradients weré negatively correlated to
solar and date variaBieé, 'su_ggésting that temperature gradients gengrélly' deéreased
throughout the season and wfth greater solar input. This agreed with previous litc;,rature
(bexter, 1986). Notably, the elevation and aspéct variables showed no significant
correlation to the pooled average deep temperature gradients, as noted previously by
Dext'er, (1986) an.d McClung and Schaerer (1993). Thé pooied MaxTG data shows no
significant corfelations, suggesting perhaps that the controlling mechanisms for

maximum deep temperature gradients operate on a time scale shorter than the season of
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observation for this study, and that none of the predictors examined here were important-

in that relationship.

Indivi_dual Sample Days

The individual sample days showed a more complex response. For the AvgTG -
correlations, Solar, OCanopy, and CanSolar variables seemed to gaiﬁ importance as 'the" _
season progresses, though they were absent on 1/14 and 4/1. Their absence from these
t\;vo sample days might be due to the preceding period of higher air temperatures. in each
case, which would have decreased the influence of solar and canopy effects. Elevation
: showed no significant correlation in any of the datasets, likely due to the relatively
narrow range of elevations sampled (2250—2400m). AvgTG was negatively correlated to
Slope and Profile on 12/4 and Slope was again correlated on 1/14, but Slope and Profile
were otherwise uncorrelated. The aspect and interaction variables likewise showed
infrequent correlations, although on 1/14 larger temperature gradients were observed on '
$outh and west aspects. These results insinuate that other, non-teﬁain factors should be
examined in addition to the terrain factors included here.

Of ‘all nine individual sample days, MaxTG was significantly correlated in only
five instances, spread over four different days. Aspect was negatively correlated on 12/4,
showing the smallest MaxTG values on south-facing and west-facing slopes. On 12/20, -
MaxTG was negatively corrélafed to OCanopy, indicating that maximum. gradients
decrease with increasing canopy cover. Elevation was negatively correla’;ed on 1/2,

pointing to lower temperature gradients at higher elevations. Negative correlations also
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exist Wi_th Solar and CanSolar on 2/4, indicating that solar input resulting from lower
canopy density reduces the temperature gradient. Maximum gradients on that day were
lowest at locations with high solér input and low canopy cover, while largeét maximum
gradients were observed in areas with forest cover and less solar input, where lowest air

temperatures would be expected.

Regreséion Modeli_ng

The results of the stepwise, least squares, multiple regressions were generally
similar to the correlation results above. However, linear combinations of multiple terrain
variables showed more significant relationships to the temperature gradieﬁt data than did -

the individual correlations (Tables 6 and 7).

Pooled Data

For the pooled AvgTG data, a' significant regression was generated for using Slope
and Date (R* = 0.32). Date had a negative coefficient, showing a decreése in average
deep temperature gradients as ‘the séason progressed, supportiné Hypothesis #2. This was
confirmed as well by the average temperature gradient data collected at the weather
station in Wolverine Basin. The negative coefficient of Slope was interesting, as it
indicated tha_t'avera'ge deep temperature gradients ‘decrease with increasing slope. This
result perhaps indicates that cold air was pooiing in the bottom of the basin, where the

majority of the low slope sites were located.




p-value

0.12

Slope Aspect Interactions Solar/Vegetation
i o Q Q
2 918 » alZ2 @« & Q g
Pooled Data
|All Days . ]0.32 -0.10 -0.56
p-value 0.06 0.00
By Sample Day
12/4/01 0.35 -0.59
p-value 0.01
12/9/01 N/R
p-value
12/20/01 0.39 0.86 <0.49
p-value 0.00 0.05
1/2/02 0.53 |-0.45 0.34 0.31 0.56
p-value 0.01 0.04 '0.06 0.00
2 {014 037
p-value 0.05
1/14/02 0.26 -0.36 0.27
p-value 0.05 0.14
2/4/02 0.62 . -0.51 0.65 -0.56
p-value 0.00 0.00 0.00
3/8/02 0.15 -0.38
p-value 0.04
4/1/02 0.09 -0.29

(D18AV) syusipeid

ainyeraduie) deop 93eIoA® 10J $1USIOLJE00 HOIssaISar enred pazipiepue)s ;9 9[qe.,

8¢



(DIXeN) sjuorpeId

-Slope © Aspect Interactions Solar/Vegetation
e . o S Q
g | o, ® B » alg 2 2| @ 3
- Pooled Data
All Days  ]0.02 -0.12 -0.12
p-value 0.08 0.07
By Sample Day
12/4/01 0.37 -0.38 -0.55
p-value 0.09 0.02
12/9/01 0.10 -0.32
p-value 0.15
12/20/01 0.68 0.68 -0.32 -0.61 -0.43
p-value 0.00 0.03 0.00 005
1/2/02 0.39 |-0.60 . 0.31 0.31
p-value 0.00 0.07 0.08
1/7/02 0.11 -0.33
p-value 0.08
1/14/02 N/R
p-vall‘te
" 12/4/02 0.25 {0.29 -0.46
p-value 0.10 - 0.01
3/8/02 0.11 -0.32
p--value 0.08
4/1/02 0.11 -0.34
p-value 0.07

smmerodure) doop wnwyxeul 10§ SIUSIOLJR00 UOIssergal [erred pazipiepuels :/, d[qe.L

6¢



40

The regression relaﬁonship obtained for the pooled MaxTG data has poor
explanatory capability (R? of 0.02), indicating that spatial patterns of MaxTG chan geona
time scale shorter than that spanning the data collection season. This was reinforced by
the notable exclusion of the Date variable from the pooled regression. A look at the
weather station data (Figure 2, page 41) shows that the maximum temperature gradient
varies aboutv a mean.of 0.73 °C/cm, with no'decline in the mean during the measurement .
period. While the variability about the mean through the season was of interest for the
individual sample day regressions, the seasonal trend of the maximum temperature
gradients was important for the analysis of the pooled data. Since the trend in the
maximum temperature gradient data was nearly flat over the entire data collection period,
no relationship was evident in the regression. If data had been collected past the
" isothermal date, a falloff in MaxTG would likely be evident, and perhaps a significant
relationship with Date would have been observed.

It appears, however, that aspect-re_lated variables ;md canopy density do have
some relationship to the spatial variability of maximum deep tempéfature gradients on the
seasonal scale, as evidenced by the inclusion of Aspect and SlpDfN in the ‘pooled
regression model. Aspect provides a significant energy balance control on snow
temperatures, while the interaction“term indicates that the smallest maximum gradients
were found on low-angle, south-facing slopes. Thié is in direct contrast to the results of
* the pooled AvgTG regression, indicating that the patterns of the maximum temperature
gradients déh not necessarily reﬂect. the patterns of the average gradients over the course

of the entire season.
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Individual Sample Days

| Separate regression models for each sample day ‘varied in their ability to explain
variability in AvgTG, with R? values between 0.0 (no iﬁodels created) and 0.62. The
pattern of included variables showed no discernable trend according to time of season.
Furthermore, coefficients of variables inciude_d in several models often were of opposite‘
sign on different sample days, indicating that the relationships between temperature
gradient aﬁd terrain vary through the season, perhaps under the influence of more
dynamic factors.

Elevation W;I'S notably absent from the majority of models, likely due to the
limited rénge of elevations represented: AvgTG exhibits a strong negative dependency on
Slope on 12/4 énd on 1/14, indicatiﬁg highest averége temperature gradients on lower- |
angle slopes. This could be due to sampling bias. 'rglated to the relative topographic
position of low-angle slopes in the study area, most of which are located on areas
exposed to wind with low snow acc'umulaéion, or in the bottom of 'the basin where cold
air would subside and pool dufing calm conditions.

Aspect variables were difficult to assess, as the circular nature of the data makes
. interpretation in a lin;aar‘ relationship difficult. However, the significant correlations with
Aspect on 1/2 and 1/14 were meaningful in that they demonstrate some degre¢ of
temperature gradient dependenc;y on aspect. Cosine was represented in regressioﬁs for
1/2 and 4/ 1,.DfN was included on 12/20, and Sine was not present in any regressions,
demonstratiﬁg thaf average tempefature gradients were sensitive to the north/south
orientation of a site, represented by DﬂV and Cosine, but nof the east/west orientation

represented by Sine. The coefficient of Cosine changéd sign from positive on 1/2 to
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negative on 4/1, indicating ;that maximum average gradients were found on nprth—facihg .
slopes on 1/2, and on south-facing slopes on 4/1. This is potentially explained by the-
difference in air temperatures leading up to each of these sample days, as the four-day
moving average of air temperature on 1/2 was much lower than that on 4/1.

~ Solar and vegetation variables were important throughout the season, but in
different capacities as represented by the signs of the coefficients. The inclusion of
CanSolar in three different regressions was interesting, as it highlights the cdmbined
influence of so'la-r input and canopy cover. The coefficient on 1/7 was positive, while the
other two on 12/20 and 2/4 were negative, which indicates that the hature of the
relationship changes during the season, and suggests that controlling factors other than
terrain parameters have an influence.

The MaxTG regressions for individual datasets showed fluctuation throughout the
season, with no discernable progression through types-of variables or in the strength of
individual variable reiationships. R? values ranged from O to 0.68; thus even the best
regression leaves approximately one-third of the variability in the data unexplained.
Elevation and Cosine were included in several models, but not always with t.he same sign
for the coefficients. This would seem to indicate that the terrain variable in these
instances, while an important influence, has‘a different effect on the snow température
'gradients depending on the behavior of other_ controlling factors.- Variables such as
- OCanopy, Solar, Slope and Aspect have the same coefficient sign for all regressions in
which they were included, perhaps showing that these variables have a similar effect on

snow temperature gradients in each case, independent of any non-terrain controlling
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factors. ~ The presence of Cosine and.absence of Sine in the regressions insinuates that
maximum gradients were more sensitive to the north/south orientation of the sample site
than the east/west orientation, as was also the case with the average temperature gradient
data. This suggests that maximum temperature gradients are influenced by the larger
difference in solar input between north and south-facing slopes, as opéosed to the
moderate differences in solar input between east-facing and weSt—.facing slopes. Solar
and Vegetation. variables were also frequently important, with negative coefficients -
indicating that smallest maximum gradients'were associated with the largest potential ‘
éolar input and with increased canopy cover.

In summary, the regressidn results were generally similar to the correlation .
results, but the combined effects of the terrain variablgs were more significant than were
the individual, pairwise correlation relationships. Thi.s is the case for many multivariate
relationships with snowpack and snow stability parameters, as found by Birkeland
(2001). For e)gample, some variables that do not show stroﬁg correlation to AvgTG
individually were signifiéant in a predictive regresgion model when included with other
variables (e.g. Slope). This implies that the common practice éf separating terrain
components to relate them to snow parameters is perhaps not valid in all circumstances,
~ because in reality the temperature-terrain relationship exhibits much complex_ity.

Separlalte regression models for each dataset and both response variables varied in
their ability to explain variability in the response, with R*> values between O (no
significant models created) and 0.68. The pattern of significant variables showed no

seasonal trend. The results implied that the Elevation, Slope, Aspect, Cosine, Solar, and
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OCanopy variables, while important to the spatial variability of temperature gradients as .
e\./idenced by the regression models, could only explain a portion of the overall 'variabilit.y.
in the spatial patterns of snow temperature gradients. Furthermore, coefficients c;f
variables included in several models often were of opposite sign on different days. This
would suggest that terrain factors are too static to account for the variability in the
temperature gradient data, and that more dynamic factors, such as weather variables,-have :

a significant influence on the spatial patterns of deep snow temperature gradients.

Sample Point Time Series Groupings

‘The time series plots for each sample point were revealing of different seasonal
trends throughout the basin, and provided a V;dluable pérspective from which to examine
the dataset (Appendix B). The maps of sample point groupings showed no pronounced
geographic pattern for the Max7G response, but did display some aspect-dependency for
the AvgTG data (Figures 4 and 5). For each of the response ;zariables (MaxTG and
AvgTG), there was a group of points that exhibited a general patterﬁ'that showed no
;:orrelation to any of the predictor variables (Group 1 for each reéponse). These gréﬁps
had no common predictor variable values, but did show a similar time 'series pattern,
suggesting that the pattern was derived from basin-wide pfocesses, suc‘h as weather
patterns. The other groups constructed were all very small in number, containing only 3
to 6 points. Thereforé, though some potential correlations were observed, qualitative

conclusions drawn from these groups must be viewed with caution.
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Group 2 for the MaxTG response, though showing similar low-variation patterns,
did not seem to share any predictor variable characteristics. The predictors available in

this study were not able to discriminate this group from thé rest of the points in the
sample set.

The sample points in Group 2 for the AvgTG response shared éwest aépect
component, as well as moderaté profile curvature values. This suggésted that the
deﬁning characteristic of the time-series graphs in this group, a sharp decrease at sample
date 2, was correlated to west-facing slopes with low to rﬂoderate slope angle curvature.
This feature could be related to afternoon sun exposure, or po1_:entia11y to weather variable
influence in the days prior to the collection of the second sample datas'et.

The points in Gfoup 3 of the AvgTG series were characterized by the lowest
variability in all the 4vgTG time series plots. The pOiI:ltS in this group share a:north
aspect component, as well as low to moderate canopy coverage. This combination of
variable values would minimize solar input and longwave radiation effects of the tree
canopy. The north aspéét atl these sites would serve to keep the energy balance consistent
throughout the season, relative to othér topographic positions, explaining the low
variability in the time series for these poihts.

The results of the point time series groupiﬁgs indicate that, at least for the 4vg7TG
response, discfiminatory statistical techniques, such as cluster analysis or brinpiple '
components analysis, could be useful, given a larger dataset. With the current dataset, the
results lend qualitative support to Hypothesis 1, that some correlation exists between

deep temperature gradients and topographic variables. The lack of variable patterns in
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the MaxTG groups suggests that other variable types, perhaps features local to the

individual sample sites such as ground cover type or surface roughness, should be

explored.

' Weather Data

A qualitative assessment of weathe;r data from the remote weather station in
Wolverine Basin revealed relationships that aided in explaining the obsérved spatial
variation in snow tgmperatur'e.gradients. Four-day mqvihg avei‘ages of snow dépth, air
temperature, snow surface temperature, daily upper quartile of reflected shortwave
" radiation, the average deep temperature gradient, and the maximum deep temperaturé
gradient, calcullated from data measured at the weather station (Figure 6), reveal trends
that offer clues as to why some topographic variables were important predictors on
;:ertain sample days and‘not on others. Weather variables are more dynamic than terrain
variables, and as such may change in how they influence temperature gradients in
différent locations. For éxarnple, while aspect affects the solar radiation balance of a site,
the orientation of that site with respect to an individual storm or wind event may have a
variety of effects on snow accumulation and air temperatpreé, and hence the magnitude of
temperature gradients at that site.

The fluctuations in model structure for AvgTG régressions on individual sample days:
were potentially expléined by fluctuations in the measured weather parameters. For
example, Elevation was included' only in the regression on 1/2, during a period of low air

temperatures and clear skies (as indicated by the relatively high reflected shortwave
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radiation), which would have served to enlarge differences in air température at different
elevations. That same model included two aspect components (Aspect and Cosine) as
well as Sol'ar,. which demonstrated the influence of the clear sky conditions on‘the
temperature gradients. Periods of warm air temperatures, such as on 1/7, 1/14, and 4/1,
seemed to coincide with poor- regression results. Warm air, as from warm front
advection, rather thém solar gain, would have tended to affect the snowpack on all terrain
configurations, and therefore a topography-based. regression would be expected to -
perform poorly. -

MaxTG generally shows stronger regression relationships in the early season
datasets, likely. due to the existence of larger temperature grédieﬁts in a sﬁallon :
snowpack. The MaxTG regressions for 12/4, 12/9, 12/20, and 1/2 show significant
rélationships to slépe, aspect, and elevation vsriables; Iindicating a notable dependency on
terrain féctors in the early season. Later datasets exhibit generally poor regression
models for MaxTG, suggesting that terrain factors weré inadequate to explain the spatial
vafiability in the températufe gradients later in the snow season, or that maximum
temperature gradients in the deeper snowpack of late season show less spatial variability.

A local maximum in reflected shortwave occurred on 1/2, which ma}} explain the
inclusion of Solar in the AvgTG regression model for that sample day. In contrast, the
data from 3/8 and 4/1 coincided with local minima in ths reflected shortwave curve, and

therefore solar input was not affecting the snowpack to a large degree.
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This may explain why SOIar was .not inclucied in the AvgTG models for those .
datasets, and suggests that other varigbles such as air or snow surfgce temperature, which
show marked ﬂuctuation around these sample days, were responéible for the spatial
patterns observed.

OCanopy and Solar wéré included in the M_a}cTG regression for 12/20, where a
félative high in reflected 's,hort\;vave radiation also occurred. .The negative coefficients for-
these variables indicate that for that sample day, the maximum deep temperature
gradients existed on slopes with high canopy cover and low solar input.' However, Solar
was again included in the reg.ression on 2/4, where the shortwave data showed no
particular déviati_on. Because this dataset also coincided with a previou's. period of low air
temperatures, Elevation, withva positive coefficient, was included as a pfedictor in the
régression, showing increasing temperature gfaaients \;vith increasing elevation.

The weather data measured in Wolverine Basin did help in the interpretation of
the regression models developed with.terrain data. The regressi'ons show that some static
terrain parameters (e.g. "as'pect ._or canopy density) can in some cases represént the
variability in the deep snow temperature gradients. In most ca.se's, however, terrain
parameters are not dynamic enough to account for variations in the weather variables. |
Weather is certainly affected by terrain, yet it would appear that terrain was not an
adequate surrégate for atmospheric controls at the scale examined in this study.

Inclusioﬁ of weather parameters in the regression models, unfortunately’, is limited
by the non-spatial nature of the weather data. Thé weather daté collected were not

distributed spatially and as such represented a single point. Despite the high temporal
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resolution, these data only provided a qualitative explanation for the component of spatial
temperature gradient variation not explained by terrain. An estimation of the spatial
variation in time series of weather parameters could be useful in improving understar_lding'

of the relationship between terrain, weather, and snowpack temperature profiles.
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CONCLUSIONS

This stﬁdy explored the spéti'al variability of snow temperature gradienté by .
“examining their relationships with topography. Results show a significant correlation of
temperéture gradients vyith some topographié variables. The regreséion relationships
developed _do not completely explain the variability in the temperature gradient data,
however. It is conclude_d that while the influences of terrain factors are important, more
dynamic controls of snow temperature gradients, such as Weather, must be assessed.

Temperature gradients did shdw a' significant correlation to some of the
topographic attributes of the measurement sites, supporting Hypothésis #1. Howéver',
neither the highesf average nor maximum temperature gradients were always found on
high-elevation, north—facing slopes, contrary. to the specific assertions made in
Hypothesis #1. A positive relationship with elevation only existed in one of three models
that included elevation, indicating that in datasets where elevation was an important
factor, highest ;cempera’uire gfadients were more commonly fpund at lower elevations.
This is consistent with the results of Dexter (1986), where it was concludéd that the loWer
snow accumulations at lower elevations contributed to higher temperature gradients at
those sites.

Aspect variables showed inconsistent results, with a mixturé of bositivé and
negative coefficients, demonstrating that the highest gradients were not always found on
the n,orth-faéing aspects. Planform curvature, or tﬁe "sharpness" of the terrain in

planform, was unimportant in any of the correlation or regression relationships.
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Slope variables, including slope angle and profile curvature, were occasionally-
important in several regression models, and always had a negative influence on
temperature grédients. This showed the existence of higher temperature gradients on
lower-angled terrain, or on.smooth slopes that did not change steepness quickly. This
result is counterintuitive, as one would expect higher snow accumulations oﬁ low-angled
or smooth slopes, and a corresponding reduction in temperature gradients, as per Dexter’s
(1986) results. This could be an artifact of sampling bias, as higher-angle slopes were not
sampled, and a full distribution'qf profile curvature was not obtained in the sample route.
It -could also be a result of cold air pooling in the bottom of the basin, where the lowest
_slope angles were found.

Solar and canopy cover variables proved to be very important in the regre;sion
' models.' They exhibited significant correlations with both maximum and average
temperature gradients, and fhroughout the season. ’I_‘hese results were consisten‘t' with
previous studies referencing the effects of these variables on the energy balance of the
snowpack (Gray and Male, 1981; McClung and Schaerer, 1993 ;‘C'line et al., 1998). The
interaction of these two variables was interpreted as the modified level of potential solar
inpuf reaching the snow surface. Solar and canopy variables were included in many, but
not all, models indicating that early in the season, or during pefiods of high cloud cover,
the importance of these variables was overwhelmed by other inﬂugnces, such as simple
terrain effects or weather-related phenomena.
The overall results suggest that other factors influence snow temperature gradients

more than does topography. For some days topographic variables are strongly related to
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the spatial pattern observed. in the temperature gradients, while on other days the
temperature gradient patterns are essentially independent of the terrain characteristics.

There vs;as a definite decrease in temperature gradients later in-the snow season.
Thig supports Hypothesis #2. The trend was also seen in thg snow temperatﬁr’e data
recorded at the Wolverine Basi'n. weather station, which shows a downward trend in the
average deep temperature gradient throughout the season.

The pooled maximum deep temperature gradients data showed no relationship
with date, hpwever, suggesting that the maximum gradient in a temperature profile was
more sensitive to factors that change on time scale shorter than the season. In fact, the
maximum deép temperature gradients recorded af the' weather station displayed an almost
perfectly flat trend thro-ughout the season. Had data been collected past fhe late season
isothermal date,.I perhaps would have obséwed a arop in maximum gradient as the
isothermél date approached. In that case, a relationship between maximum temperature
| gradient anddat_e could have been apparent.

Time-series plots of e;ach response variable for each data collection point allowed
the construction of point groups, based on the shape of the curves. Exploration of the
‘predictor variables represented by these groups suggested that aspect was a useful
discriminatory variable in dividing the data_set. Cluster analysis or principle components
analysis would likely be useful if a larger dataset were available.

Qualitative interpretation of the weather parameters measured at the Wolverine
Basin weather station provided some insight as to potential contrdlling factors that may

aid in explaining the variability in the temperature gradient data left unexplained by the
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topographic variables. ~Air temperature and ‘reflected shortwave radiation seemed .

particularly relevant, as fluctuations in these variables seemed to correlate with terrain,
solar, and canopy variables in the regression models. Early season temperature gradients
were particularly sensitive to changes in air temperature, as affected by the shallow
snowcover during that period. This sensitivity appeared to decrease as the snow cover

accumulates through the season.

Reflected shortwave radlatlon seemed to dlstmgulsh cloudy perlods from clear -

periods. Regression models for days following periods of clear weather (i.e. high solar
input) tended to include solar and canopy varrablee, whereas these variables were
" generaliy not inclrlded in models representing cloudy periods.

If the spatial variability in the temp’erature gradient data was partially explained
by the occurrence or convergence of weather events, trre result would point to the
complex dynamics of the seasonal snow system. Furthermore, it would‘appear tlrat part

of the variability could be explained by the relatively static (i.e. non-dynamic) terrain

features, while the remainder must be attributed to dynamic, Ppotentially non-linear |

interactions with the atmosphere. In thls situation, modeling efforts that depend on only
static parameters may be expected to fall short of explaining or predrctmg the true level
of spatral var1ab111ty in the snow cover.

The regression relationships developed here would have benefited from much
\larger datasets. It would be instructive to repeat the sampling using more-data points.
Perhaps two or three probe units and more personnel would facilitate this. More data

would allow a greater range of each variable to be sampled, and would make the
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regressiqns more robust. Other variable interactions (such as slope ~and caﬁopy, or
elevation and slope) that were not used in this project could certainly be important for
describing temperature g-rgdient/térrain relationships, leaving room for future exploration.

It was assumed in the .analysis methodology that the relationships between
individual topographic variables .and temperature gradients are linear. it may be that the
relationships observed in this study were the best linear approximations of more somplex
interactions. Any future work on this subject would seem incomplete wi1.:hout some
investigation of nonlinear interactions in this complex system. This effort would entail
the exploration of more interaction variables, in addition to nonlinear regressions.

A quantitative analysis of contributing weather factors was bsyond the scope of
this study. Howéver, future studies could be designed to integrate an analysis of weather
parameters with the effects of topography.' Measﬁred weather parametefs could be
included as potential predictor variables. Using multiple-day moving averages of
parameters such as air temperature of,snow surface temperaturé would serve to include a
"recent history" of the weathsr éfft_epts on the snowpack. It would also be particularly
interesting to conduct the sampling days soon-before \or' after dramatic weather changes,
'as well as bracketing periods of unchanging weather. This would help test the possibility '
that the variability in the data from ceﬁain samble days is dependent on the relatively
statis terrain varisbles, while on other days the variabiiity is explained'_by the rapidly
changing, dynamic’weather factors.

. Multiple weather stations would undoubtedly'be useful, as spatial variability in

measured weather parafneters is perhaps even greater than that observed in the seasonal
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snowpack. The weather station used in this study was located on a flat, low-elevation
si;ce. Additional data from a higher elevation station could provide wind speeds and snow.
surface temperatures from a more exposed location. 'Tfle comparisdn of data between the . -
two statidns would give some measure of the variation of air temperatures with elevation.
This would assist in determining whether assumptiqns regarding the standard
atmospheric lapse rate are reasonable for the local environment.

Measuring and analyzing the spatial variability in sﬁow temperature gradients is a
complex task that could benefit from the suggestions above. It is also a specifically
geographic problem, which the geographer's toolbox can uniquely address through the

issues of scale in space and time.
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APPENDIX A
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