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Abstract

Forested watersheds in western North America are subject to significant change
from natural and anthropogenic disturbance, including wildfire. Forest canopy changes
have subsequent impacts on sub-canopy snow processes. A simple, process-based point
energy balance model was developed to quantify differences in energy balance
characteristics between a burned and a healthy forest stand. Potential model uncertainties
were identified using sensitivity analyses. Simulated snowmelt accurately recreated
measured snowmelt, providing confidence in the model’s ability to simulate energy
balance processes in subcanopy environments where wind redistribution and sublimation
are not major drivers of the local snowmelt energy balance. In the burned stand, sub-
canopy snow accumulation was greater but melted more rapidly than in the healthy stand.
The removal of forest canopy resulted in more energy available for snowmelt, including
higher short-wave and lower long-wave radiation, and increased turbulent fluxes. Burned

stands should be considered a separate land cover type in larger scale watershed models.
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Chapter 1

Introduction

In the majority of Canadian watersheds, snow accumulation and melt in forested
headwaters control the timing and magnitude of spring runoff, the main hydrologic event
in snow-dominated watersheds. Forest cover in watersheds exerts a strong control over
snow accumulation and melt, by intercepting snowfall and changing the sub-canopy
micrometeorology (Link and Marks, 1999; Storck et al., 2002; Andreadis et al., 2009).
The snow surface energy balance in forested environments is highly complex, given the
ability of the forest canopy to absorb and reflect incoming short-wave radiation, emit
long-wave radiation, and alter snow surface albedo (Link and Marks, 1999). Forest
canopy also increases land surface roughness, thereby reducing wind speeds (Gray and
Prowse, 1993). Any changes to forest canopy structure will subsequently alter snow
processes in forest environments.

Recent studies have identified forested areas of western North America as highly
susceptible to natural disturbances such as insect infestation (Hicke and Jenkins, 2008)
and wildfire (Littell et al., 2009) under warmer air temperatures and prolonged drought
conditions (Overpeck et al., 1990; Westerling et al., 2003; Macias Fauria and Johnson,
2008). Understanding how forest cover changes with different types of natural
disturbance, and its subsequent impact on snow accumulation and the rate and timing of
snowmelt, is important for water supplies in disturbance-susceptible areas; however, this

has received only modest attention in the literature.



Research has shown that disturbed forests have higher snow accumulation and
more rapid melt than mature healthy forests (Koivusalo and Kokkonen, 2002; Gelfan et
al., 2004; Winkler and Boon, 2009; Boon, 2009), which can result in higher spring
stream flow (Winkler et al., 2005). This can cause severe flooding (Swanson et al.,
1998), disturb communities and/or productivity of aquatic ecosystems (Fausch et al.,
2001; Dunham et al., 2003), and adversely affect the quantity and quality of water for
downstream users (Swank et al., 2001; Silins et al., 2009b). Because forests are subject to
a range of land uses and natural disturbances that result in a mosaic of stand types across
watersheds (Jost et al., 2007), it is necessary to understand the impact of each individual
forest disturbance type. While forest disturbance generally opens the forest canopy,
specific structural impacts vary between disturbance types, with different effects on snow
processes. To date, there is a wealth of literature quantifying differences in snow process
between open areas and forests (Koivusalo and Kokkonen, 2002; Spittlehouse and
Winkler, 2002; Gelfan et al., 2004; Winkler et al., 2005). Natural disturbance effects are
largely unknown, although this is changing with recent studies evaluating mountain pine
beetle (Dendroctonus ponderosae) (MPB) (Boon, 2007; Boon, 2009; Bewley et al.,
2010).

Our understanding of post-wildfire snow processes is very limited: only two
studies have examined wildfire impacts on snow accumulation (Farnes, 1996; Silins et
al., 2009a), and no studies have examined the post-wildfire snowmelt energy balance.
This research is particularly timely because wildfire frequency and area burned in Canada
have been increasing since the early 20™ century (Podur et al., 2002). By the end of the

century, increases of 74-118% in forest area burned, and in wildfire duration and severity,



are predicted for Canadian forests (Flannigan et al., 2005). These effects are especially
pronounced in the mid-elevation areas of the Canadian Southern Rockies, which account
for approximately 60% of recent wildfire increases (Westerling et al., 2006).

The main goal of this thesis is to quantify differences in snow accumulation, snow
surface energy balance, and the timing and magnitude of seasonal snowmelt in a burned
relative to a healthy forest stand. The specific objectives of the thesis are to:

1) Design a field program to collect snow and meteorological data in the stands of
interest;

2) Develop a snowmelt model to simulate the energy balance over a melting sub-
canopy snow surface;

3) Run the model using collected field data as input, assess potential model
uncertainties using sensitivity analyses and validate model output; and

4) Use model output to characterize the snowmelt energy balance in a burned
compared to a healthy forest stand.

The 2003 Lost Creek fire area in the Crowsnest Pass, Alberta (AB) provides an
ideal location to study hydrologic response to disturbance in a snowmelt-dominated
watershed. The Crowsnest Pass is part of the headwaters of the Oldman River Basin
(ORB) which has seen a mean annual temperature increase of 2°C in the last century
(Schindler and Donahue, 2006); natural and anthropogenic water demands in this semi-
arid basin are extremely sensitive to changes in stream flow (Rood et al., 2005). Two
forest stands with similar topographic location and larger scale surrounding forest
characteristics were evaluated: healthy (control) and burned. Snow and meteorological

data were collected over the 2009 and 2010 spring snowmelt periods in both forest



stands, and were used to run a snowmelt energy balance model and validate model
output.

Hydrological model accuracy is greatest, and uncertainty lowest, when the
physics of the energy balance are simulated over relatively small research stands (Marks
et al., 1999); therefore, this study modelled the snowmelt energy balance at the stand
scale. The model was developed specifically to use the collected field data, so snowmelt
processes could be understood using direct field investigations, which have declined in
the hydrology community (Sidle, 2006). This model was designed to quantify vegetation
influences on snowmelt processes, and is applied specifically to assess the effects of
wildfire on the sub-canopy snowmelt energy balance. This model is easily transferable to
other environments because it is based on physically represented processes and clearly
defined parameters that can be adjusted for other locations. Similar models have
previously been applied to assess the effects of forest harvesting and mountain pine
beetle infestation on sub-canopy snowmelt processes (Spittlehouse and Winkler, 2002;
Boon, 2009). This stand scale research is important for the parameterization of numerical
models designed to simulate watershed scale runoff response to forest disturbance,
specifically when forests are composed of a variety of stand types. Although this research
is small in scale, monitoring snow and meteorological variables at fine spatial and
temporal scales allows for more detailed process-based understanding of differences in
snow hydrology among varying landscapes.

This thesis has seven chapters, the first of which is this introduction chapter.
Chapter 2 — Snow Accumulation and melt in forests, is a review of the pertinent

literature. This chapter includes a summary of the current literature available, related to



the role of the forest canopy and its impact on snow accumulation, the snowmelt energy
balance and the rate and timing of snowmelt, and our current knowledge of forest
disturbance effects on snow processes. Chapter 3 — Study area, describes the hydrologic
significance and biogeoclimatic characteristics of the study area, provides a background
to the Lost Creek wildfire, and characterizes the specific location of both forest stands.
Chapter 4 — Methods, outlines the development of the specific field program and
snowmelt model used to calculate the energy balance over a melting sub-canopy
snowpack. Chapter 5 — Modelling the snowmelt energy balance over a sub-canopy
snowpack, presents and discusses model sensitivity and performance. This chapter is
critical to the remainder of the thesis, as it is required to validate model output and
confirm that the model can accurately simulate the rate and timing of snowmelt in both
forest stands. Chapter 6 — Wildfire effects on the sub-canopy snowmelt energy balance,
quantifies differences in snow accumulation, the snowmelt energy balance, and snowmelt
between the burned and healthy forest stands. Chapter 7 — Conclusions, summarizes the

main research findings and makes recommendations for the direction of future research.



Chapter 2

Literature review - Snow accumulation and melt in forests ~

This chapter summarizes the current state of knowledge regarding snow
hydrology processes in forest environments, focusing on the role of the forest canopy in
snow accumulation, the snowmelt energy balance and the rate and timing of snowmelt.
Given increasing rates of forest disturbance and the subsequent effects on forest canopies,
this chapter presents our current knowledge of forest disturbance effects on snowmelt

processes.

2.1 Introduction

Snow accumulation and melt dominate the hydrology of many western Canadian
watersheds; spring snowmelt produces an annual hydrograph peak typical of most alpine
fed rivers and streams (Pomeroy and Gray, 1995). The forested headwaters of many of
these large watersheds play a major role in the hydrologic cycle, partitioning water into
fluxes and stores such as snowmelt, transpiration, canopy interception loss, and soil
moisture storage (Chang, 2003). Forests are currently undergoing significant changes in
canopy structure as a result of natural and anthropogenic disturbances (Hélie et al., 2005),
with subsequent effects on forest hydrology and snow processes.

Recent studies have identified forested areas of western North America as highly

susceptible to natural disturbances under greater air temperatures and prolonged drought

" A portion of this chapter has been accepted for publication: Boon, S. & Burles, K. 2010. Snow
hydrology. In Singh, V., Singh, P., & Haritashya, U.K., Eds. Encyclopedia of Snow, Ice, and Glaciers.
Heidelberg: Springer-Verlag.



conditions (Westerling et al., 2003; Macias Fauria and Johnson, 2008). This includes
natural disturbances such as insect infestation (Hicke and Jenkins, 2008) and wildfire
(Littell et al., 2009). Naturally disturbed areas affected by insect infestations such as
mountain pine beetle (MPB; Dendroctonus ponderosae) can be left as standing dead
timber, or managed via salvage harvesting, which results in complete removal of the
forest canopy. If left standing, dead trees provide a dry crown and litter layer that may
increase the risk of forest fire, particularly when coupled with predicted shifts in climate
(Intergovernmental Panel on Climate Change, 2008). The majority of beetle-killed forests
are located in snowmelt-dominated hydrologic regimes, within forest ecosystems
historically driven by fire (Hélie et al., 2005). Wildfire frequency and area burned in
Canada have been increasing since the early 20" century (Podur et al., 2002). By the end
of the century, increases of 74-118% in forest area burned, and increases in wildfire
duration and severity, are predicted for Canadian forests (Flannigan et al., 2005).

Insect infestation, salvage harvesting, and wildfire open the forest canopy
(Winkler et al., 2005; Boon, 2007; Carlyle-Moses, 2007), which then alters sub-canopy
hydrological processes such as snow accumulation, the energy balance, and snowmelt.
Thus, tree mortality as a function of natural or anthropogenic disturbance changes the
amount of snow accumulating on the ground surface and enhances snow surface energy
inputs (Adams et al., 2010).

Properly managing water resources in forested headwaters with snowmelt-
dominated hydrologic regimes is critical to sustaining water supplies and water quality to
downstream ecosystems and users. It is known that increased snow accumulation

combined with more rapid melt conditions can result in high magnitude stream flows



which can cause flooding, alter aquatic ecosystems, and impact municipal water supplies
(Winkler et al., 2005). In Canada, forests cover the majority of the landmass (Buttle et
al., 2009), and are subject to a range of land use and natural disturbance that results in a
mosaic of stand types across watersheds (Jost et al., 2007). This high spatial variability in
forest stand types makes it difficult to quantify the watershed-scale effects of forest cover
change on snowmelt processes. Therefore, accurate modelling of the rate and timing of
snowmelt in disturbed forests at the stand scale provides valuable process information

required for modelling runoff from large forested watersheds.

2.2 Snow hydrology
Snow hydrology includes the study of precipitation in the form of snow and its
role in the water balance during two distinct periods: snow accumulation and melt. The
accumulation period is characterized by an increase in snow water equivalent (SWE)
prior to the snowmelt period. During this time, net inputs of energy are negligible, while
average air temperatures are decreasing and SWE is increasing. The melt period is
initiated when net energy becomes positive, air temperatures begin to rise, and SWE
begins to decrease. This process can be separated into three phases (Dingman, 2002):
1) Warming: average snowpack temperatures increase until the snowpack is
isothermal at 0°C.
2) Ripening: melting begins to occur but meltwater remains within the
snowpack. At this time the snowpack is isothermal and said to be ripe (cannot

hold any more liquid water; all available pore spaces are saturated).



3) Output: any energy inputs result in more melt and meltwater begins to leave

the snowpack.

The average snowpack will not necessarily follow this exact sequence. In many
cases, meltwater will occur on the snowpack surface prior to the snowpack becoming
isothermal, in which case it will either percolate downwards through the snowpack and
freeze, or the snow surface may refreeze until it becomes warm again and melting
continues (Dingman, 2002). At the upper surface of the snowpack, where melt normally
occurs, the rate and timing of snowmelt are determined by the amount of energy available
(Pomeroy and Goodison, 1997). In forest environments, the snowpack — and snowmelt
period — are influenced by the upper and lower boundary of the forest canopy and ground

surface.

2.3 Snow accumulation in forests

Snow accumulation is characterized by its depth and density, which can vary
significantly across spatial scales and across a range of environments. These variables are
used to calculate SWE, a standardized term to quantify the depth of water contained
within a snowpack.

Snow accumulation is governed by meteorology, topography, and vegetation.
Regional and local meteorology are largely controlled by topography and vegetation.
Higher elevations generally accumulate greater SWE (Hardy et al., 2001) due to more
frequent snow storms, lower air temperatures, and decreased evaporation and mid-winter
melting events (Gray and Prowse, 1993). Slope and aspect can also affect snow

accumulation: less snow will accumulate on slopes orientated in the prevailing wind



direction, while more snow will accumulate on leeward slopes and in depressions (Gray
and Prowse, 1993). In open areas, snow accumulates directly on the ground surface
without any interception. In forests, however, snow accumulation is controlled by the
interception capacity of the forest canopy, resulting in high variability in snow
accumulation.

The interception of snow by the forest canopy is a critical factor driving the
spatial distribution of the sub-canopy snowpack (Hedstrom and Pomeroy, 1998).
Snowfall intercepted by the needles and branches of trees can be stored; unloaded as
accumulated snow and meltwater to the ground surface; resuspended and redistributed by
high winds; or sublimated back into the atmosphere (Pomeroy and Goodison, 1997). The
primary cause of snow loss in forest regions is sublimation from the canopy (Schmidt et
al., 1988; Lundberg and Halldin, 1994; Parviainen and Pomeroy, 2000) which accounts
for up to 45% of annual snowfall loss in western Canada (Pomeroy et al., 1998). Figure
2.1 describes the disposition of winter snowfall in forests.

Increasing forest canopy density increases the interception efficiency of the forest
canopy (Suzuki et al., 2008). Deciduous forests intercept less snow than coniferous
forests because they lose their foliage in the winter (Gray and Prowse, 1993). In
coniferous forests, specific tree characteristics such as branch orientation and strength,
needle configuration and orientation, mass, surface area, age, and density, as well as
meteorological conditions such as snowfall intensity and duration, wind speeds, and
temperature, affect snowfall interception (Schmidt and Troendle, 1992; Gray and Prowse,
1993). High winds can decrease snow accumulation on the forest canopy and increase

sub-canopy snow accumulation (Gray and Prowse, 1993). Higher temperatures increase
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the elasticity of tree branches, making them less able to support the mass of intercepted
snow (Schmidt and Pomeroy, 1990). Increasing air temperature, snowfall, time since
snowfall, and initial canopy snow load prior to fresh snowfalls all decrease the
interception efficiency of the forest canopy (Hedstrom and Pomeroy, 1998). If a forest
canopy reaches its maximum snow holding capacity, snow will be unloaded onto the

ground surface.

Sublimation
Snowfall

Resuspension

\ apour deposition

Unloading

|

Figure 2.1: Disposition of winter snowfall in a forest environment (modified from
Pomeroy and Schmidt, 1993)

Redistribution

Melt/drip

Snow Surface

Snow accumulated on the ground surface can also be redistributed by strong
winds. Higher wind speeds are required to redistribute wet snow (7 to 14 m s™) than dry
snow (4 to 11 m s*) because the top layer of the snowpack is more cohesive (Li and
Pomeroy, 1997). Although blowing snow is not a large contributor to snow loss in boreal

forests, it is significant in prairie and alpine environments (Pomeroy et al., 2007).

11



2.4 Snowmelt modelling approaches

Once snow has accumulated on the ground, the rate and timing of snowmelt is
determined mainly by the amount of available energy (Pomeroy and Goodison, 1997),
which varies with topography (elevation, aspect), climate and meteorological conditions
(maritime, continental; rain-on-snow events, chinooks), and vegetation cover (open, sub-
canopy, shrub, glacier surface). South-facing slopes have higher melt rates than north-
facing slopes given increased radiation inputs (Shook et al., 1993), while lower
elevations melt earlier than high elevations due to higher air temperatures (Gray and
Prowse, 1993). In maritime climates, rain-on-snow events enhance snowmelt (Marks et
al., 1998; Floyd and Weiler, 2008), while in continental climates with frequent fohn
(chinook) events, winter melt can occur (Hayashi et al., 2005). Vegetation cover plays a
significant role in altering the energy reaching the snow surface (Link and Marks, 1999);
thus, melt processes are often divided into open versus forested environments. In open
environments (prairie, clearcut, glacier surface), melt is driven by a combination of both
radiative and turbulent fluxes (Gray and Landine, 1987; McGregor and Gellatly, 1996;
Winkler et al., 2005). In forested environments, however, turbulent fluxes are
significantly reduced, and radiative fluxes are much more complex (Koivusalo and
Kokkonen, 2002; Boon, 2009). Shrub environments, however, lie between open and
forested environments, with reduced longwave radiation inputs relative to a forest, but
only slightly reduced turbulent fluxes, and very similar shortwave radiation inputs to

open environments.
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2.4.1 Temperature index melt calculations
Snowmelt has historically been calculated using temperature index (degree-day)
methods, where snowmelt is calculated as a function of average air temperature
(Anderson, 1973):
MLT =M(T, -T, ) when T, =T _ (2.1)
MLT =0 when T, <T,, (2.2)

where MLT is snowmelt (m hr%), M is the melt factor or rate of melt per degree per unit
time (m °C™* hr') , and Taand Ty, are the temperature of the atmosphere and melting
temperature of the snowpack, respectively (°C). This approach assumes that, during melt,
snow temperature is at or near 0°C, that energy inputs to the snowpack from long-wave
and turbulent energy are linear functions of air temperature, and that solar radiation
correlates well with air temperature (Braithwaite, 1984). The melt coefficient can be
difficult to determine and is dependent on latitude, elevation, aspect, forest cover, and
day of year, all of which must be empirically measured or assumed for various
watersheds (Gray and Prowse, 1993).

Temperature index models are most commonly used because air temperature is
the most readily available meteorological variable, and they have minimal computational
requirements. However, these models are highly calibrated (Walter et al., 2005) and are
limited to larger spatial scales and longer periods (i.e., exceeding hourly and daily
intervals). They are most commonly used in large scale watershed modelling with limited
data sets. Examples of temperature index models include: HBV (Bergstrom, 1995), SRM
(Martinec and Rango, 1986), UBC Watershed Model (Quick and Pipes, 1977),

GENESYS (MacDonald et al., 2009) and SWAT (Fontaine et al., 2002). Although these
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models represent snowmelt processes simplistically, they have been validated in large
scale watershed studies (Beven, 2001).

To improve the physical basis of degree-day models, researchers have defined
modified degree-day methods that incorporate additional variables such as snow surface
albedo (e.g., Hock, 1999; Pellicciotti et al., 2008). While these models require additional
input data and are more computationally intensive than the standard temperature index
method, they remain more accessible than energy balance approaches, which can require

significant amounts of input data and processing time.

2.4.2 Energy balance melt calculations

Energy balance models are physically based and follow the fundamental physical
principles of conservation of mass and energy. Designed for short term forecasts under
more extreme conditions, and highly data intensive (Gray and Prowse, 1993), energy
balance models are the most thorough and accurate method for calculating stand scale
snowmelt in forest environments. The sub-canopy snowmelt energy balance consists of
the sum of energy fluxes from radiation, convection, conduction, and advection minus the
change in internal snowpack energy (Gray and Prowse, 1993). Figure 2.2 shows a

schematic of the vertical direction of energy fluxes during snowmelt.
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Figure 2.2: Schematic of the vertical directions of energy fluxes (modified from Gray
and Prowse, 1993).

Q, =Q +SHF + LHF +GHF +Q, -Q,, (2.3)

where Qn is energy available for melt, Q* is net radiation, SHF is convective transport of
sensible heat between the air and snowpack, LHF is latent heat released through
condensation of water vapour onto the snowpack or lost through evaporation, GHF is
conduction of heat between the snowpack and the ground, Q; is advective energy mainly
heat transferred to the snowpack through rain, and Qy is change of internal energy in the

volume per unit surface area per unit time (all in units of J m? d™* or W m™).
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Net radiation (Q¥*) is the sum of net short-wave (K*) and net long-wave (L*)
radiation fluxes and is the dominant energy flux contributing to snowmelt in forested
environments (Link and Marks, 1999; Woo and Giesbrecht, 2000; Koivusalo and
Kokkonen, 2002; Spittlehouse and Winkler, 2002). K* is the total amount of incoming
short-wave radiation (K|) minus outgoing short-wave radiation (K71).

K| is representative of the total amount of solar radiation reaching the ground or
snow surface. This includes the portion which is not reflected by clouds, or absorbed and
scattered by the atmosphere (direct beam (S)) and the portion that is scattered by the
atmosphere or surface objects such as trees (diffuse solar radiation (D)). K| decreases
with increasing percent forest canopy cover. In dense conifer forests only a small portion
(approximately 10%) of above-canopy K| is transmitted to the snow surface, although
even leafless deciduous forests can only transmit approximately 50% of K| (DeWalle
and Rango, 2008). K| is not limited to the snow surface, but can penetrate up to 10 cm
into the snowpack (Brock et al., 2000b), and reach the ground surface in shallow packs
(DeWalle and Rango, 2008) increasing ground temperature (Buttle and McDonnell,
1987) which subsequently increases snowmelt rates.

K7 is the amount of solar radiation reflected by the Earth surface (Geiger et al.,
2003) and is a function of the snow surface albedo (a). K1 is highly dependent on the
nature of the earth surface; typical values for a are given in Table 2.1. Albedo decreases
as snow ages and melts, as it is affected by snow grain size (Wiscombe and Warren,
1980), and organic and inorganic debris accumulating on the snow surface (Link and

Marks, 1999; Melloh et al., 2001; Winkler et al., 2010). Albedo can also change
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significantly later in the melt season, when the snowpack becomes patchy and the
underlying ground surface is exposed (Liston, 1995).

Table 2.1: The range of albedo values for various surfaces (from Gray and Prowse,

1993).
Surface Typical range in albedo
New snow 0.80-0.90
Old snow 0.60-0.80
Melting snow-porous-fine grained 0.40-0.60
Forests-conifers, snow 0.25-0.35
Forests-green 0.10-0.20
Water 0.05-0.15
Snow ice 0.30-0.55

Black ice: intact—candled—granulated 0.10—0.40—0.55

K* in forest environments can be calculated and measured using several
techniques. In early studies the portion of K| transmitted through the forest canopy was
calculated as a function of leaf-area index (LAI), the surface area of leaves/needles per
unit ground area (Jarvis et al., 1976; Rauner, 1976; Baldocchi et al., 1984). Other
approaches apply Beer’s law-based models to calculate S, and a constant transmission
fraction for D to calculate K| (Federer, 1971; Link and Marks, 1999). If short-wave
radiation data above the forest canopy are available, K* can be modelled based on
average forest structure parameters:

K=Kirzl-a) (2.5)
where canopy transmissivity (z;) is the proportion of K| transmitted through the forest

canopy and is largely dependent on tree type, stand characteristics, stand age, and stand

productivity (Geiger et al., 2003). The technique selected to model K* is dependent on
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the study and available meteorological data. Instead of modelling K*, researchers also use
measurements collected with net radiometers and pyranometers.

L* is the sum of long-wave radiation emitted downward by the atmosphere (L])
minus the amount emitted upward by the earth’s surface (L1). In the absence of clouds,
L] depends on atmospheric temperature and emissivity (ea), the latter of which is
dependent on atmospheric distributions of temperature, water vapour, and carbon dioxide
(Oke, 1987). Similar to L|, L1 from the snow surface is dependent on surface
temperature and emissivity.

In forest environments L* is the sum of L| from the atmosphere, L| from the

canopy, L| from the tree stems, and L1 from the snow surface:

L' =7, L4 +(1-7,)s.0T.* +(H,/H)e,0T," -5 0T "

o (2.6)
L* is based on the Stefan-Boltzmann law and is a function of the sky view factor (z,)
which is the proportion of hemisphere visible beneath the forest canopy, the hypothetical
hemisphere surface area affected by long-wave radiation from the tree trunk (Hy) and the
hypothetical hemispherical area emitting long-wave radiation to a point on the snow
surface located at a distance from the tree trunk (H), the emissivity of the forest canopy,
tree trunks, and snow surface (e, &, &ss), and the temperature of the forest canopy, tree
trunks, and snow surface (T, Ty, Tss).

L] is a significant contributor to the energy available for snowmelt in forests,
where a high proportion of incident K| is absorbed by the canopy and emitted downward
to the snow surface as long-wave radiation, and when low clouds occupy an area

restricting the escape of long-wave radiation emitted by the ground or snow surface (1)

(Gray and Prowse, 1993). In coniferous forests, up to 90% of the short-wave flux incident
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at the top of the canopy may be absorbed by the canopy (Gray and Prowse, 1993). T, and
T; can be greater than T, during periods of strong K|, increasing L onto the snow surface
(Pomeroy et al., 2009). Snow can more effectively absorb long- than short-wave
radiation, resulting in higher snowmelt rates near tree trunks (Reifsnyder and Lull, 1965)
and high spatial variability in those melt rates (Bohren and Thorud, 1973). Pyrgeometers
can directly measure L*, but they emit radiation making it difficult to separate radiation
emitted from the sensor and surrounding area and they are also relatively expensive
compared to pyranometers (Duarte et al., 2006). Therefore, they are not commonly used
in field programs.

The turbulent fluxes of SHF and LHF represent the exchange of energy between
the snow surface and overlying air due to differences in temperature and vapour pressure,
respectively (Andreas, 2002). Under dense forest canopies, where wind speeds are low,
turbulent heat transfers are small (Woo and Giesbrecht, 2000). However, SHF and LHF
can dominate the snowpack energy balance, producing high short term melt rates, when
strong warm winds occur (Moore, 1983).

While several methods are available to quantify turbulent heat exchange in forest
environments, the suitability of the required instrumentation, site maintenance, and data
processing depends on site specific conditions and the environments of interest. Eddy
covariance (EC) is the most accurate method as it directly measures turbulent heat
exchange using absolute values for eddy diffusivities (Ky and Kg) (Baldocchi et al.,
1988). However, EC can be difficult to use in remote complex terrain due to expensive

instrumentation and rigorous equipment maintenance (McKay and Thurtell, 1978; Reba
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et al., 2009), and is rarely used to measure turbulent heat transfers over sub-canopy
snowpacks.

An alternative method for calculating turbulent fluxes is the bulk aerodynamic
method. This method has been used extensively to calculate SHF and LHF at the snow
surface (Moore, 1983; Andreas, 2002), is less data intensive and has been used in a range
of environments including forested areas (Price and Dunne, 1976; Boon, 2009). The bulk
aerodynamic method requires measurements of T,, wind speed (u), relative humidity
(RH), and atmospheric pressure at one height. This method uses bulk transfer coefficients
for sensible heat (Dy), and latent heat (Dg) instead of absolute values for the eddy

diffusivities (Ky, Kg). These fluxes are calculated as:

SHF :panaDH (Ta _Tss) (27)
LHF = paﬂ'vDE[Oﬁ—Pzzj(ea _ess) (28)

where p, is the density of air (kg m™), C,ais the heat capacity of air (J kg™ K™*), Dy and
De are the bulk transfer coefficient for sensible and latent heat (m s™), Tgis the
temperature of the snow surface (°C), Ay is the latent heat of vapourization (2.48 x 10°J
kg ™), P is the atmospheric pressure (kPa), and e, and e are the atmospheric and snow
surface vapour pressure (kPa), respectively. The bulk transfer coefficients for latent and
sensible heat vary with atmospheric condition. Under neutral atmospheric conditions, Dy

= Dg:

D,=Dp=c—— (2.9)
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where k is von Karman’s constant (0.40), u is the wind speed (m s), z. is the height of
the wind measurement (m), and z, is the roughness length of the snow surface (m). z,
values summarized by Moore (1983) varied between 0.0002 to 0.02 m, with the highest
roughness lengths calculated over old snow.

Air temperatures over melting snow are generally >0°C, resulting in stable
atmospheric conditions (de la Casiniere, 1974). Two methods are available to correct the
bulk transfer coefficients for stable atmospheric conditions over a melting snow surfaces:
the Monin-Obukhov length scale (L) (Obukhov, 1971), and the bulk Richardson number
(Rb) (Moore, 1983). The calculation of L requires the calculation of SHF to be
incorporated into the stability correction which is already dependent on L. Studies that
have used L must first calculate SHF for neutral conditions and then use this value to
calculate L which is then used to recalculate SHF under stable and unstable atmospheric
conditions (Brock and Arnold, 2000). However, Rb can be calculated directly using u and
Ta, in which case the calculation of L is not needed (Moore, 1983; Greuell and
Konzelmann, 1994; Boon, 2009).

Ground heat flux (GHF) is the energy exchange between the snow surface and the
ground caused by conduction. In comparison to Q*, SHF, and LHF, GHF makes a
relatively small daily energy contribution (0 to 6 W m) and many authors either do not
consider it or apply a constant value when using the energy balance equation (e.g., United
States Army Corps of Engineers, 1956; Melloh, 1999). Over short time periods, GHF
effects on snowmelt are small and can be ignored (Gray and Prowse, 1993); however,
over an entire winter season snowmelt can be influenced by the cumulative effects of

GHF and should be considered (Pomeroy and Goodison, 1997).
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GHF can be estimated using soil temperature and moisture data (Gray and

Prowse, 1993):

GHE =kG(‘;T3j (2.10)

where kg is the thermal conductivity of the soil (W m™ K™), AT is the change in
temperature of the soil (K), and ds is depth of measurement below the ground (m). kg
depends on soil texture, soil density, and moisture content, and varies through space and
time (Oke, 1987).

Advective energy (Qy) is the energy supplied to the snowpack by rainfall during
the snowmelt period, and is measured as the ratio between rainfall energy content while
airborne before contacting the surface, and its energy content on reaching thermal
equilibrium within the pack (Gray and Prowse, 1993). Three situations where rainfall can
influence the snow surface energy balance are: (1) rainfall on an isothermal pack where
the rain does not freeze, resulting in sensible heat additions; (2) rainfall on a frozen pack
(< 0°C) at which point the rain freezes, releasing the latent heat of fusion; and (3)
condensation on the snow surface due to high humidity associated with rain events
(DeWalle and Rango, 2008). The advective energy from (1) and (2) can be calculated
using:

er = IOWCWPI' (Tr _Tss) (211)

Q,, =P uis (2.12)
where py, is the density of liquid water (~1000 kg m™), C, is the heat capacity of water
(~4190 J kg K ™), P, is the rainfall intensity (m s), T, is the temperature of rain (K), Tss

is the temperature of the snow surface (K), and 4; is the latent heat of fusion (~0.334 x
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10% J kg™). Q; can be large in maritime forests that are impacted by moist frontal systems
(Marks et al., 1998); rain-on-snow (ROS) events on deep coastal snowpacks can rapidly
melt the snowpack and generate peak flow events (Floyd and Weiler, 2008).

Finally, Qy is the change of internal energy in the snowpack (Gray and Prowse,
1993). Within deep snowpacks internal energy changes can be relatively small in
comparison to other energy fluxes and in most studies are considered negligible because
the snowpack temperature during ablation is close to 0°C. However, if snow melts during
the day and freezes overnight, large changes in internal energy can occur within shallow
snowpacks and the upper layers of deep snow. Qy is calculated using:

Qo =(pC +p,C. +2,C, AT s (2.13)
where pj is the density of snow and ice (kg m™), Ciis the specific heat capacity of snow
and ice (~2102 J kg K ™), py is the density of water vapour (kg m™), C, is the specific
heat capacity of water vapour (J kg* K ™), AT is the change in snow temperature (K),
and s is the snow depth (m). Internal changes in snowpack temperature can also be
measured using thermistor strings, or modelled using one-dimensional snow temperature
and energy balance models such as SNTHERM (Jordan, 1991; Melloh, 1999).

Once the total energy available for melt (Qn) is modelled, the depth of melt water
can be quantified. Some researchers have successfully used snowmelt lysimeters to
measure melt water output from the snowpack to validate the snowmelt energy balance

(Storck et al., 2002; Winkler et al., 2005).
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2.5 Forest disturbance effects on snow hydrology

The snow surface energy balance in a forested environment is highly complex,
given the ability of the forest canopy (e.g., density, height to live crown, crown depth and
diameter, tree condition) to absorb and reflect incoming short-wave radiation, emit long-
wave radiation, and alter snow surface albedo (Link and Marks, 1999). The forest canopy
also increases land surface roughness, thereby reducing wind speeds (Gray and Prowse,
1993). Any changes to forest canopy structure will alter the amount of energy available
for snowmelt.

Forest disturbances are categorized as either anthropogenic or natural.
Anthropogenic disturbances are associated with land use change, primarily forest clearing
and harvesting. Natural disturbances include insect infestations, wildfire and disease, as
well as blow down. In cleared forests the canopy is completely removed. In MPB-killed
stands needles are shed to the snow and ground surface, but larger branches and stems
remain intact for up to 10 years post-infestation (Mitchell and Preisler, 1998). Burned
forest stands are a unique disturbance type, where needles and small branches are
completely removed and all that remains are dead standing trunks and branches;
however, burn severity can vary depending on wildfire intensity and duration. In MPB-
killed and burned forests dead standing trees are retained that continue to intercept
snowfall and short-wave radiation, and reduce wind speeds.

Currently, snow accumulation and melt processes are well understood in forests
versus clearcuts (Koivusalo and Kokkonen, 2002; Spittlehouse and Winkler 2002; Gelfan
et al., 2004; Winkler et al. 2005). Opening of the forest canopy due to forest clearing

ultimately results in an increase in snow accumulation of between 4 to 118% (Golding
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and Swanson, 1986; Toews and Gluns, 1986). This variation is partially a result of the
size of the forest clearing, which plays a large role in the amount of snow that
accumulates on the ground surface. Small clearings will be sheltered by the surrounding
forested area, whereas larger clearings can lose snow as a result of wind erosion and
blowing snow (Pomeroy et al., 2002). Melt rates in healthy forests can be 30-300% lower
than nearby in cleared areas (Pomeroy and Granger, 1997; Murray and Buttle, 2003;
Winkler et al., 2005; Lopez -Moreno and Stahli, 2008).

Studies evaluating the effects of natural disturbances such as MPB-killed and
wildfire remain limited (Boon, 2007; Boon, 2009; Bewley et al., 2010). Recorded
increases in peak SWE in MPB-infested stands compared to clearcut forests range from
28 to 128% (Winkler and Boon, 2009), depending on the location, year, stand age, and
level of attack. In mature, older green/red attacked stands, where the majority of foliage
is intact, average SWE is 25% less than in the clearings. In mature, older grey attacked
stands where over half of the foliage has been lost, average SWE is 13% less than in the
clearings. Only one study has examined wildfire impacts on snow accumulation, and
predicted a 37% increase in peak SWE in a lodgepole pine stand in Yellowstone National
Park after a 1988 wildfire (Farnes, 1996). Melt rates in MPB-infested forests are lower
compared with clearings, with average melt rates reduced by 31 and 38% for mature
red/green and grey attack stands, respectively (Winkler and Boon, 2009). Boon (2009)
found snowmelt rates were 14 to 17% greater in grey attack relative to healthy forest
stands. No studies have evaluated snowmelt rates in post-wildfire regions.

Higher rates of snowmelt in disturbed forests are a result of enhanced snow

surface energy inputs caused by opening of the forest canopy (Winkler et al., 2005;
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Koivusalo and Kokkonen, 2002; Boon, 2009). In disturbed forests, Q* is driven by
incoming shortwave radiation, as open forest canopies attenuate less incoming short-
wave radiation (Ni et al., 1997). Removing the forest canopy decreases canopy density
and subsequently decreases the amount of L| emitted from the canopy. Disturbance may
result in negative values of L*, because L1 from the snow surface is not compensated by
L] from the forest canopy (Boon, 2009). The lack of forest canopy will also decrease
land surface roughness and increase wind speeds relative to healthy forests, which would
enhance turbulent heat transfers. Studies have shown that turbulent heat fluxes are higher
in forest clearings and MPB-killed stands than in forested areas (Koivusalo and

Kokkonen, 2002; Boon 2009).

2.6 Summary

Seasonal snowpacks experience two main periods: snow accumulation and melt.
At the stand and watershed scale, sub-canopy snow accumulation and melt is strongly
influenced by the forest canopy. Forest disturbance ultimately opens the forest canopy
which subsequently increases snow accumulation and alters the rate and timing of
snowmelt compared to mature healthy stands. To date, snow processes in forest clearings
are well understood and recent studies have improved our understanding of natural
disturbance effects; however, studies of wildfire effects on the snowmelt energy balance

and the rate and timing of snowmelt are lacking and require further investigation.
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Chapter 3

Study Area

Research for this thesis was conducted in two forest stands situated in the Oldman
River Basin headwaters, Crowsnest Pass, Alberta (AB), Canada; approximately 12 km
south of Coleman at the northern edge of the 2003 Lost Creek wildfire. This chapter
describes the hydrologic significance of the study area within the Oldman River Basin,
defines the biogeoclimatic characteristics of the Crowsnest Pass region, and provides a
background to the Lost Creek wildfire and the subsequent research goals of the Southern
Rockies Watershed Project (SRWP). Finally, the specific location of forest stands where

meteorological and snow data collection for this thesis took place are characterized.

3.1 Oldman River Basin
The Oldman River basin is located in southwestern AB with a small southern

portion located in northwestern Montana (MT), USA (Figure 3.1).
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Figure 3.1: Location of the Oldman River Basin (inset), the nearest Federal
meteorological station and Provincial snow pillow, the study stands, and the 2003 Lost
Creek Wildfire boundary.

The catchment area is approximately 27000 km? at the confluence of the Oldman
River and Bow River which, past this point, drains into the South Saskatchewan River.
The main tributaries of the Basin, from north to south, are the Livingston, Oldman,
Crowsnest, Castle, Waterton, Belly, and St. Mary Rivers. The western portion of the
Basin is comprised of east facing slopes of alpine, subalpine, and montane deciduous and
coniferous forests (Natural Resources Canada, 2007; Oldman Watershed Council, 2010).

The central and eastern semi-arid portions, which form approximately 80% of the surface
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area of the Basin, consist of Plains that support grassland and prairie vegetation (Oldman
Watershed Council, 2010). The forested headwaters of the Oldman River, located in the
Canadian Rockies, generate the majority of downstream streamflow from deep
snowpacks that replenish and maintain surface and groundwater supplies (Schindler and
Donahue, 2006), and provide water to the low lying semi-arid regions of the Basin. The
Basin has three major reservoirs including the Oldman, Waterton, and St. Mary’s, which
store spring snowmelt and provide surface water for domestic water supply, irrigated
agriculture, industry, water recreation, and fisheries in the semi-arid Southern Prairies
region (Byrne et al., 2006).

Regional social and economic pressures result in high water usage and demand in
Southern Alberta (AB). This region is also sensitive to drought, which can impact stream
flow and water supply by increasing evapotranspiration, and reducing both snow
accumulation and soil moisture recharge (Nkemdirim and Weber, 1998; Fang and
Pomeroy, 2007). Currently, 97% of water license allocations in the Oldman River Basin
are from surface water sources (Oldman Watershed Council, 2010). Ecological and
human water demands in the semi-arid eastern portion of the Basin are extremely
sensitive to changes in stream flow (Rood et al., 2005).

Global climate change models for the Canadian Southern Rockies region predict
the following by the mid-21*' century: decreased snow cover, especially in spring;
increased midwinter warming events; earlier spring freshet; decreased soil moisture
recharge; and lower base flows (Intergovernmental Panel on Climate Change, 2008).
Increased spring temperatures will result in earlier snowmelt and lower water availability

in the late summer months, potentially causing drought which is unfavourable for a
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longer growing season (Saunders and Byrne, 1994). Southwestern AB has seen a mean
annual air temperature increase of 2°C in the last century (Schindler and Donahue, 2006),
and recent studies have noted that higher air temperatures and prolonged drought are
drivers for increased tree mortality (Allen et al., 2010), including insect infestation
(Hicke and Jenkins, 2008) and wildfire (Littell et al., 2009). The sensitivity of this region
to environmental change makes it an ideal location to conduct forest disturbance

research.

3.2 Crowsnest Pass

The Crowsnest Pass is located in the Oldman River Basin headwaters in the rain
shadow of the Canadian Rocky Mountains. The Crowsnest Pass is within the Montane
Cordillera Ecozone and the Northern Continental Divide Ecoregion (Natural Resources
Canada, 2007). Environment Canada’s nearest climate station to the study area is located
in Coleman at 1341 m elevation, where annual average (1971-2000) air temperature is
3.5°C (Figure 3.1). Monthly average air temperatures range from 14.5°C in July and
August to -7.8°C in January. Winter (Dec, Jan, Feb) extreme average maximum and
minimum daily air temperatures are 13.5°C and -41.0°C, respectively. Winter air
temperatures in the Crowsnest Pass are highly variable, largely due to chinook (féhn)
events which occur when cold continental air masses from northern Canada converge on
warm air in the west, creating strong, warm westerly winds (Nkemdirim, 1996; Hauer et
al., 2007). Annual precipitation at Coleman is approximately 57.7 cm, of which 30%
occurs as snowfall. The snow pillow measurement site closest to the research area is

Alberta Environment’s South Racehorse Creek station, located at an elevation of 1920 m
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(Figure 3.1). Annual average snow water equivalent (SWE) at this location peaks in early
to mid-April at 40.0 cm, with the approximate date of snowpack removal at the end of

May.

3.3 Lost Creek fire and Southern Rockies Watershed Project

The Lost Creek fire burned approximately 21,000 hectares in the headwater
regions of the Castle and Crowsnest Rivers from July to August of 2003 (Kulig et al.,
2009). This fire was one of the most severe forest fires to occur on the upper eastern
slopes of Alberta in many decades.

The Southern Rockies Watershed Project (SRWP) was initiated in 2004 to
evaluate post-wildfire hydrology, water quality and aquatic ecology (Silins et al., 2009a).
Seven watersheds (three burned, two burned and subsequently salvage logged, and two
unburned) were instrumented for baseline hydrometeorological monitoring (Silins and
Wagner, 2007). Snow surveys were completed annually in two watersheds and discharge,
water quality, meteorological data, soil, and vegetation measurements have been
collected at several stations. Preliminary results show that mean snowpack depth near the
time of peak SWE and mean SWE are approximately three times greater in burned than
in healthy unburned forests (Silins and Wagner, 2007). The processes driving these snow
accumulation differences are poorly understood, highlighting the need for more detailed
studies to evaluate the effects of wildfire on sub-canopy snow accumulation and melt.

Two of the seven SRWP instrumented watersheds were selected for study: North

York (829 ha) was not burned during the wildfire, while South York (359 ha) was
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severely burned. Both watersheds drain into the Crowsnest River, which flows into the

Oldman River.

3.4 Study stands

During the winter seasons of 2009 and 2010, snow and meteorological
measurements were collected in two forest stands: healthy (control) and burned (Figure
3.2). Both forest stands are located in the subalpine forest region (Alberta Sustainable
Resource Development, 2010). Research stands and meteorological station locations
were selected such that both stands had similar topographic characteristics (Table 3.1)
and larger-scale surrounding forest cover. Both stands have north facing aspects, are
located within 100 m elevation of each other, and are in close proximity (< 1 km) (Figure
3.3). The healthy (control) stand is at 1680 m elevation and the burned stand is at 1775 m
elevation. Based on Alberta Sustainable Resource Development (ASRD) forest inventory
maps, the pre-wildfire structural characteristics of both stands were similar. The burned

stand is representative of the most severely burned forest in the Lost Creek fire area.



Figure 3.2: Photographs of forest stands: (a) burned and (b) healthy.

Table 3.1: Summary of study stand characteristics

Burned Healthy
stand stand
Watershed South York  North York
Aspect NNE 45° NNW 340°
Elevation 1775 1680
(m)
UTM 0678687 N 0679102 N
(11V) 5494107 E 5494786 E
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Figure 3.3: Study area region and location of the research stands.
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Chapter 4

Methods

This chapter outlines the methods used to collect field data and develop a
snowmelt model to calculate the energy balance over a melting sub-canopy snow surface.
The specific objectives are to: 1) outline the field instrumentation and sampling program;
2) define the equations, assumptions, and parameters incorporated into the model; and 3)
outline the methods for testing the sensitivity of the model to specific model inputs and

the validation of model output using (1).

4.1 Field measurements

4.1.1 Meteorological and snowpack instrumentation

In October 2008, a 10 m Campbell Scientific (CSC) meteorological tower was
installed in each of two forest stands to collect data required to calculate the snowmelt
energy balance. Both meteorological towers recorded 20-minute and 24-hour averages of
1-minute readings of air temperature (T,), relative humidity (RH), wind direction and
speed (u), atmospheric pressure (P), incoming (K|) and reflected (K1) short-wave
radiation, incoming (L) and outgoing (L1) long-wave radiation, net radiation (Q*), snow
surface albedo (), snow surface temperature (Tss), internal snowpack temperature (Tsq),

snow depth (s), soil heat flux at a fixed depth (Gq), soil moisture content (VWC), and soil
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temperature (Ts), using CSC CR1000 data loggers. See Table 4.1 for the vertical position
and accuracy of the instrumentation.

Table 4.1: Instruments, accuracy and measurement height on each 10 m meteorological

tower.
Height
above
(below)
the
Instrument used for ground
Variable measurement Accuracy (m)
Shielded HMP45C212 +0.01°C 2.10
Taand RH  (Vaisala Inc.)* +2% RH (0- 90%)
+3 RH (90 - 100%)
P 61205V +0.05 kPa 1.30
(RM Young Company)*
U 81000 Ultrasonic anemometer +0.05ms™ 1.98
(RM Young Company)*
Q* NR Lite Net Radiometer +10% 5.30
(Kipp & Zonen)*
Q*K*, L*, CNR1 Net Radiometer +10% 3.20
a (Kipp & Zonen)*
Tes IRR-P infrared sensor +0.5°C 1.98
(Campbell Scientific Canada Ltd.)*  Ts (-40 - 70°C)
S SR50A sonic ranging sensor lcm 1.98
(Campbell Scientific Canada Ltd.)*
Tsd Thermistor-based temperature +0.5°C 0.00 -
acquisition cable (Beaded Stream)# T (-10 - 85°C) 2.00
Ts TCAV soil temperature probes +3% (0.02 and
(Campbell Scientific Canada Ltd.)* 0.06)
VWC CS616 water content reflectometer +3% (0.03)
(Campbell Scientific Canada Ltd.)*
Gy HFPO1SC soil heat flux plates +3% (0.08)
(Hukseflux)*

NOTE: * = instrument purchased from Campbell Scientific (Canada) Corp, Edmonton, Alberta, Canada; #
= instrument purchased from Beaded Stream LLC, Anchorage, Alaska, USA

4.1.2 Snow surveys
Peak snow accumulation and snowpack depletion were measured as snow water

equivalent (SWE) during the 2009 and 2010 snow seasons using a combination of snow
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tube and snow pit measurements. Sampling technique selection was dependent on snow
conditions, particularly the age, density, and depth of the snowpack.

Previous studies have determined that n > 30 density measurements give a power
of approximately 0.9 to detect at least 30% differences in peak SWE between a mature
and juvenile forest stand (p = 0.05) (Spittlehouse and Winkler, 1996). To maintain this
level of statistical power or greater, snow density measurements were collected at 36
permanent snow survey stakes located on a grid (2500 m?) at 10 m intervals in each
stand. Snow depth measurements (n = 121) were collected at 5 m intervals within the
same sampling grid, using a graduated metric snow probe. Average snow depth (cm) and
density (g cm™) were multiplied to calculate stand scale SWE (cm). Snow surveys were
completed in early and mid February, early March, and then weekly until complete
snowpack removal.

In both field seasons, snow density was measured with both the standard Federal
(GeoScientific Ltd, Vancouver, British Columbia, Canada) and Snow-Hydro (Snow-
Hydro, Fairbanks, Alaska, USA) snow tubes. Both snow tubes are fitted with a cutting
head that will cut through ice and consolidated snow layers within the snowpack and into
the ground surface to obtain a dirt plug that helps to retain the snow sample (core). The
length of each core must be >80% of snow depth at the sample point; in cases where the
core was shorter, it was resampled. The Federal snow tube has a radius of 2.07 cm and a
calibrated scale that allows SWE and snow density to be determined immediately by
weighing the sample tube. Sampling with the Federal snow tube was most effective at the
beginning of the snow season when the snowpack was relatively shallow with a fairly

homogenous crystal structure. Sampling with the Snow-Hydro snow tube was most
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effective when the snowpack became heterogeneous. This snow tube has a larger radius
of 3.09 cm and is more successful at cutting through frozen and saturated layers; core
lengths >90% of snow depth were easily obtained. However, the Snow-Hydro snow tube
does not have a calibrated weighing scale; thus, samples were collected and weighed
gravimetrically at the end of each snow survey to calculate snow density and SWE.
When the snowpack was too shallow (<20 cm) to use either snow tube, a bulk
sampling method was applied. With this method, a snow sample was extracted with a 50
cm length of PVC pipe with a 5.08 cm radius. As the PVC pipe is not fitted with a cutting
head, it is difficult to obtain a dirt plug; therefore, the snow around the PVC was removed
and a shovel was inserted under the PVC to retain the sample. Snow-Hydro samples
collected concurrently with the bulk method at ~50% of sampling locations across the
snow survey grid indicated that the bulk method underestimated snow density by ~5%
relative to the snow tube. When the snowpack was too deep (>140 cm) to use the Snow-
Hydro tube and too heterogeneous to use the Federal tube, snow pits were dug to measure
snow density. Density was sampled in two pits per stand at 10 cm depth intervals using a
250cc density cutter (SnowMetrics, Fort Collins, Colorado, USA) (e.g., Adams and Barr,
1974). Later in the snow season when the snowpack was shallower (~50 cm), additional
snow pits were dug and three Snow-Hydro cores were collected near the pit wall to
compare snow density measurements. Snow pits over-estimated snow density by ~5%,

relative to the Snow-Hydro measurements.
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4.1.3 Snowmelt lysimeters

Two 2.9 m? snowmelt lysimeters with 460 mL tipping buckets (each tip = 0.016
cm meltwater outflow) were installed in each of the burned and healthy forest stands in
the fall of 2009 (Winkler, 2001; Winkler et al., 2005). One lysimeter in each stand was
installed within 2 m of the snow survey grid to be representative of the snow survey data.
The second lysimeter in each stand was positioned within 25 m of the meteorological
tower.

Lysimeters were constructed from 2.4 x 1.2 m sheets of marine grade plywood,
with 15 cm sidewalls to minimize collection of meltwater flowing laterally at the base of
the snowpack from the adjacent snowpack (Kattelmann, 1984). The plywood base was
covered in several layers of clear fiberglass and painted white to mimic the thermal
characteristics of the snowpack: low thermal conductivity and high a (Winkler, 2001).
For field installation, organic material and understory vegetation were removed and the
exposed mineral soil was levelled, then sloped to ensure ground contact with the entire
lysimeter base and aid in drainage. The custom-built tipping buckets were connected to
Hobo pendant event loggers (UA-003-64, Onset Computer Corporation, Pocasset,
Massachusetts, USA) that recorded instantaneous bucket tips. Tipping buckets were
placed in pits dug below the surface, on top of rocks and levelled to ensure good
meltwater drainage. A drainage ditch was also dug from the pit to prevent localized
pooling of water. Each pit was covered with an insulated plywood lid to prevent
meltwater freezing.

The lysimeters were connected to the tipping bucket using standard ABS piping,

with all pipe connections glued with ABS pipe glue and siliconed to prevent leakage.
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Following installation, discharge tests determined no leaks and <10 mL water trapped in
the ABS piping after each test. Piping was then covered in insulation and mineral soil to

prevent overwinter freezing.

4.1.4 Forest mensuration

Forest structure characteristics were measured using standard forest mensuration
techniques (BC Ministry of Forests and Range, 2007) to quantify differences between
stands; data were also used to parameterize the snowmelt energy balance model described
in Section 4.2. Measurements were collected in circular fixed area plots, with a plot
center defined by one permanent snow sampling location in the centre of the snow survey
grid, in each stand. The radius of each fixed plot was defined based on the plot area
required to include > 40 and < 60 trees. Measurements of tree height (m) and height to
base of live crown (m) were collected using a calibrated VL400 Vertex Laser (Haglof,
Oscommerce Pacforest Supply Company, Springfield, Oregon, USA). Tree diameter at
breast height (DBH; cm) was measured with a metric fabric diameter tape (Forestry
Suppliers Inc, Jackson, Mississippi, USA). Tree species and crown condition (dead or
alive) were recorded for each tree within the fixed plot. Stem density (number of trees per

100 m™) and canopy depth (m) were calculated from these data.

4.1.5 Classification of soils
Soil characteristics were quantified for use in the ground heat flux calculations

outlined in Section 4.2.5. In July 2009, two soil pits were dug in each forest stand. Soil

40



depth and texture were measured in situ, and soil porosity and bulk density were
measured in the lab for each soil horizon (A, B, and C) (see Klute, 1986). Soil samples
were dried in an oven for 48 hours at 105°C to determine the bulk density. In the lab, soil
samples were used to calibrate the soil VWC (%) measured from the soil water content
reflectometer by incrementally adding a known volume of water to a known volume of

soil.

4.2 Snowmelt model
Differences in snowmelt energy balance characteristics between the burned and
healthy forest stands were calculated using the energy balance equation:

Q, = L*+K*+SHF + LHF + GHF -Q_ (4.1)

where Qn, is energy available for snowmelt, L* is net long-wave radiation, K* is net
short-wave radiation, SHF is sensible heat, LHF is latent heat, GHF is ground heat, and
Q.. is the cold content of the snowpack (all in W m™). All energy balance components are
considered positive when directed towards the surface, as per the snow research
convention (e.g., Etchevers et al., 2004). Qy, is calculated as the residual of the surface
energy balance fluxes minus the amount of energy required to raise the snowpack to the
melting point (Qcc) (0°C). Internal snowpack energy storage was not calculated directly;
however, a post-hoc calculation of Q.. was used to calculate the amount of energy
required to raise the temperature of the snowpack to the melting point. Rain-on-snow
(ROS) was not observed during the 2009 snowmelt period, while in 2010 it was observed
twice in the healthy stand (May 9 and 26). The first was a morning snowfall event that

melted out of the forest canopy as liquid rain, and the second was a small afternoon rain
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event. These events did not cause rapid snow surface melting in the continuous snow
depth record from the SR50A. Therefore, advective energy (energy supplied to the

snowpack by rainfall) was not considered in the model.

4.2.1 Net long-wave radiation
Hourly L* was quantified by calculating L] from the atmosphere, forest canopy,

and tree trunks, and L1 from the snow surface (all in W m™):

L* =z, ¢,0T, +(1-7, )e,oT.' +(H, / H)g,oT," -5 0T, 4.2)

To calculate L] from the atmosphere, the sky view factor (z.: fraction of hemisphere
visible from beneath the canopy) was calculated from hemispherical photos taken in close
proximity to the meteorological station and the forest mensuration plot center using a
Canon EOS 5D digital SLR camera with full-frame sensor and a Sigma 180° true fisheye
lens on a leveled tripod. Hemispherical photos were processed using edge detection
software (SideLook 1.1.01 for Windows, retrieved from www.appleco.ch) (Nobis, 2005)
and Gap Light Analyzer (GLA) (Institute of Ecosystem Studies, Simon Fraser University,
Burnaby, British Columbia, Canada) (Frazer et al., 1999). The Stefan-Boltzmann (o)
constant used in Equation 4.2 is equal to 5.67 x 10° W m™? K. Emissivity of the

atmosphere (&,) was calculated based on Prata (1996) for clear sky conditions:

e, =1-(1+ w)exp{— (1.2+3.0w)°'5} (4.3)
where w is the precipitable water content of the atmosphere (cm), estimated as (Leach
and Moore, 2010):

w=465*[e, /(T, +273.2)] (4.4)
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where e, is atmospheric vapour pressure (kPa) and T is the air temperature (°C).
To calculate L] from the forest canopy, the emissivities of the forest canopy (&) and tree
trunks/stems (&;) were set to 0.96 (Link and Marks, 1999). Canopy and trunk
temperatures (T and T, in °C) were not measured directly, but were based on measured
T,. In continuous stands, T, is a good surrogate for T, (Pomeroy et al., 2009); therefore in
the healthy stand it was assumed that T = T, In discontinuous and/or dead forest stands,
T and T values can be 4 to 38°C greater than T,, with the greater values measured during
periods of high incoming short-wave radiation (Derby and Gates, 1966; Essery et al.,
2008; Pomeroy et al., 2009). Thus in the burned stand where the forest canopy is
discontinuous, it was assumed that both Tcand T;= T, + 5.

H«/H was calculated as (Woo and Giesbrecht, 2000):

H,/H =r, sin?{tan*(h—s/d,)}/ d, (4.4)
where the ratio of the hypothetical hemispherical surface area receiving long-wave
radiation from the tree trunk (H;) to the hypothetical hemispherical area emitting long-
wave radiation to a point on the snow surface (H) located at a distance (d;, in m) from the
tree trunk is a function of the tree radius (r;, in m), height of the canopy above the ground
(h, in m), and snow depth (s, in m). H/H was calculated using forest mensuration and
snow data, and was based on average tree characteristics from each fixed area plot.
Although H¢/H values are relatively insensitive to changes in s, they are very sensitive to
di. As Hy/H can only be calculated for individual trees, the model assumes that, at any
given point on the snow surface, L] from trunks is emitted from the nearest tree trunk.

To calculate L1 from the snow surface, the emissivity of the snow surface (ess)

was set to 0.97 (Hardy et al., 1997) and T was measured directly.
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4.2.2 Net short-wave radiation
Hourly net short-wave radiation, K*, was simulated using:
K=K{r(l-a) (4.5)

In the absence of direct measurements of above-canopy K|, it was calculated using
measured K| in the burned stand multiplied by 1.18 (based on 1 minus the sky view
factor in the burned stand (1 — 0.82)). Comparison of calculated above-canopy K| with
above-canopy K| measured over a two-week period in fall 2009 showed good
correspondence between the two. zis the canopy transmissivity of short-wave radiation.
In the burned stand, z. was assumed to equal 7, because there were no needles to restrict
transmission of incoming short-wave radiation (K|, in W m™). In the healthy stand,
however, 7. was calculated using a 60-day average ratio of 20-minute measurements of
K| above the forest canopy to K| measured beneath the healthy forest canopy. Average

daily albedo («) was calculated from CNR1 data in each stand.

4.2.3 Sensible heat
The hourly exchange of energy between the snow surface and overlying air due to
differences in temperature was calculated using the bulk aerodynamic method (Andreas,
2002):
SHF = ,C,,D,, (T, - T,)) (4.6)
where p, is the density of air (kg m™), C,ais the heat capacity of air (J kg™ K*), and Dy is

the bulk transfer coefficient for sensible heat (m s™).
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4.2.4 Latent heat
The hourly exchange of energy between the snow surface and overlying air due to
differences in vapour pressure was also computed using the bulk aerodynamic method

(Andreas, 2002):

LHF = paAVDE(&PZZj(ea -e.) 4.7

where J, is the latent heat of vapourization (2.48 x 108 J kg™), Dk is the bulk transfer
coefficient for latent heat (m s™), P is atmospheric pressure (kPa), e, is the atmospheric
vapour pressure (kPa), and e is the snow surface vapour pressure (kPa).

Assuming, under neutral conditions, that the bulk transfer coefficients for sensible
heat (Dy), latent heat (Dg ), and momentum (Dy) (all in m s™) are equal (D= Dg = Dy)

they are given by (Moore, 1983):
D =D, =D, = > (4.8)
z
ZO

where k is von Karman’s constant (0.40), u is wind speed (m s™), z, is the height of the

wind measurement (m), and z, is the roughness length of the snow surface (m).
Maximum z, values for seasonal snow covers (0.005) and undulating wet snow (0.007)
(Moore, 1983) are most representative of the snow characteristics in the study stands;
therefore, a value of 0.006 was used for this study.

The Richardson bulk stability parameter (Rb is dimensionless) was used to correct

the bulk transfer coefficients (Equation 4.8) for stratified atmospheric conditions:

Rb — M (4.9)
T.u
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where g is the gravitational acceleration (m s) and Ty is the mean temperature of the air
layer (K). Atmospheric conditions are stable when Rb > 0.3, and unstable when Rb < 0.3
(Andreas, 2002).

During the snowmelt period, SHF (Equation 4.6) and LHF (Equation 4.7) were
calculated using corrected bulk transfer coefficients (Price and Dunne, 1976):

D, = D,, /(1+10Rb) (4.10)
where Dys = Dy = De and Dy is the bulk transfer coefficient for momentum under stable
atmospheric conditions when Rb > 0.3.

When atmospheric conditions became unstable (Rb < 0.3), Dy, = Dy = Dg (Price
and Dunne, 1976):

D,,, = D,, (1-10Rb) (4.11)
where Dy is the bulk transfer coefficient for momentum under unstable atmospheric
conditions when Rb < 0.3. Unstable atmospheric conditions over melting snow are
uncommon (de la Casiniere, 1974). In both 2009 and 2010, only 1 and 7% of hourly time

steps were corrected for unstable conditions in the burned and healthy stand, respectively.

4.2.5 Ground heat flux
GHF is the energy exchange between the snow surface and the ground as a result
of conduction. Gg (W m™) data from the heat flux plates were corrected for the heat

capacity of a moist soil (Cs, in J kg™ K™) and heat storage of a moist soil (Sy, in J m?s™)

Cs = pbcd + evacw (412)
S, = g (4.13)
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GHF =G, +S, (4.14)

where py, is the soil bulk density (kg m™) calculated as an average value from samples
collected in each soil horizon (A, B, and C) of the soil pits dug in July 2009 (Klute,
1986); Cq is the heat capacity of a dry soil (~840 J kg™ K™) (Hanks and Ashcroft, 1980);
6, is the soil water content on a volume basis (dimensionless) using measured soil VWC
data corrected for the specific soils found in the stands; p,, is the density of liquid water
(~1000 kg m™); and C,, is the heat capacity of water (~4190 J kg™ K™). To calculate Sy,
ATy is the change in soil temperature (in, K) over the output interval (t); ds is the depth
below the surface where G4 measurements were collected (m); and t is the output interval
(s). Sk (in W m?, also J m? s) was added to Gq to calculate GHF (W m™) at the soil

surface (Equation 4.14).

4.2.6 Cold content of the snowpack

Once Qn was determined, the cold content (Qc.) of the snowpack was calculated
and incorporated as a post-hoc calculation. Q. is the amount of energy (J m™) required to
raise the average snowpack temperature to the melting point (Dingman, 2002):

Q. =-C,p, SWE(T, -T,,) (4.15)
where C; is the heat capacity of ice (~2102 J kg™ K™), Ty is the average temperature of
the snowpack (K), and Ty, is the melting point temperature (273.2 K). SWE for each time
step was calculated using continuous measured snow depth (m) from the SR50A and
measured average snow density from snow surveys (kg m™). Tsq was calculated based on
automated measurements of snow surface and soil temperature (Tsg = (Tss + Ts)/2). In

2010, Tsg was measured with a thermistor string (TAC) in both stands. During the
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snowmelt period, however, TAC measurements were problematic due to preferential melt
around the sensor, which resulted in the thermistor string measuring T,. Therefore, Ty
was calculated from average Tss and Ts for both 2009 and 2010. Q.. was then divided by

the hourly output interval (in s), to convert it to W m™ for use in Equation 4.1.

4.2.7 Snowmelt
Following calculation of Qn, minus Qcc, hourly meltwater production (MLT, in m

hr') was calculated (Pomeroy and Goodison, 1997):
MLT =Q, /(0,4 B;) (4.16)

where Qp, is in units of (J m™? h™* converted from W m), J is the latent heat of fusion
(~0.335 x 10° J kg), and B; is the thermal quality of snow (fraction of ice in a unit mass of
wet snow; generally 0.95 - 0.97) (Male and Gray, 1981). B; was set to 0.95 for the
duration of the snowmelt period, as model output was relative insensitive to it. The model
was initialized with maximum measured SWE, then run to complete snowpack removal.
For snowfall events that occurred during the snowmelt period, the measured SWE record
(m) using continuous measured snow depth (m) from the SR50A and measured average
snow density from snow surveys (kg m™®) was used to determine the amount of SWE that
accumulated during these snowfall events. These values were then added to the simulated

SWE record.

4.2.8 Data quality assessment and selection of input data
All instruments in the study stand were calibrated and installed as directed by the

manufacturer (Campbell Scientific, Edmonton, Alberta, Canada); however, data

48



verification and quality control were necessary. NR Lite measurements of Q* were
corrected for wind speeds >5 m s™, and snow depth measurements were corrected for T,
as per manufacturer’s instructions. Measurements from the water content reflectometer
were calibrated to the specific soils found in the stands (see Section 4.1.5). All recorded
20-min data greater than two standard deviations from the mean (duration of the
snowmelt period) were removed and thus not used as input to the energy balance model.
Less than 5% of data were removed, with sufficient data remaining to apply a 1-hour
modelling interval. Due to snow accumulating on the CNR1 during and after snowfall,
the CNR1 heater was used when T, < 1°C and RH > 95%. Therefore, calculated short-
wave radiation at the top of the forest canopy (K| ) based on CNR1-measurements of K|
in the burned stand were removed when the heater were used. Missing hourly data were
then infilled using the previous 3-day average of the corresponding 1-hour period. Less
than 10% of hourly average above-canopy K| data were infilled for both years.

Data inputs to the model were specifically matched to the field program; thus, the
snowmelt energy balance model was not calibrated to improve model fit. Input variables
include those simulated by the energy balance calculations described in the previous
section (Table 4.2). Final model parameters listed in Table 4.3 were either measured or

obtained from the literature.
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Table 4.2: Variables used as input data in the model, and variables output by the model

in both stands.

Input variables

Output variables

Air temperature (T, in °C)

Snow surface temperature (Tss, in °C)

Relative humidity (RH, in %)
Incoming short-wave radiation (K|, in W m?)  Sensible heat flux (SHF, in W m™)

Albedo («, in ratio)

Air pressure (P, in kPa)
Wind speed (u, in ms™)
Soil temperature (Ts, in °C)

Net long-wave radiation (L*, in W m™)
Net short-wave radiation (K*, in W m™)
Latent heat flux (LHF, in W m™)

Ground heat flux (GHF, in W m™)

Cold content of snowpack (Qc, in W m’
Energy available for melt (Qp, in W m™)
Snowmelt (MLT, in m)

Soil volumetric water content (VWC, in %)
Soil heat flux (Gg, in W m™®)
Maximum measured snow water equivalent

(SWE, in m)

Accumulated precipitation (SWE, in m)

Table 4.3: Parameters used in the energy balance model for each stand in each year. Note
the reference from which each parameter was obtained, or from which the equation to
calculate each parameter was taken.

Parameter  Burned Healthy = Referenced in literature or calculated

Zo 0.006 0.006 Moore, 1983

Tc 0.82 0.09 Calculated from CNR1 K| and K1 data

Ess 0.97 0.97 Hardy et al., 1997

&t 0.96 0.96 Link and Marks, 1999

&c 0.96 0.96 Link and Marks, 1999

L 0.82 0.18 Calculated as per Nobis, 2005; Frazer et al., 1999
T. (°C) Ta+5 Ta Pomeroy et al., 2009

T (°C) Ta+5 Ta+5 Pomeroy et al., 2009

H/H 0.018 0.035 Calculated as per Woo and Giesbrecht, 2000

4.3 Sensitivity analysis of model output

The sensitivity of model output (Qn) to the under- or overestimation of model

inputs was tested in the healthy stand in 2009 because snowmelt is most complex under a
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healthy forest canopy (Link and Marks, 1999). Model parameters that were either
calculated or taken directly from the literature were also tested. Tests were used to: (1)
estimate the effect of input data error; (2) examine the relative stability of variables and
parameters; and (3) estimate the effect of errors in variables and parameters on model
output.

With the point-based snowmelt energy balance model used in this study,
calculations of K* and L* require more parameterization than any other flux, therefore
the sensitivity of all parameters used to simulate Q* were tested. In addition, z, was
tested because of the large range of values given in the literature. Finally, the over- or

under-estimation of Ty was tested because it was based on average T and Ts.

The model was run iteratively through a range of values for each of the variables
and parameters. Ranges were either selected from the literature or were based on the full
range of potential under- or over-estimations (i.e., the ratios z. and 7, range from 0 to 1)
(Table 4.4). After each model run, and prior to applying additional sensitivity tests,
parameter values were returned to those used in the baseline simulation (Table 4.3). This
ensured that any measured differences were a function only of the changed parameter.
The sum of Qn (MJ m? h™) from each model run was plotted against the variable or
parameter value used in that run to quantify its relative sensitivity. Results were also
compared with total Qn, calculated for the 2009 snowmelt period (3 April — 2 June) using

the baseline model described in Section 4.2.
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Table 4.4: Range, number of iterations, and iterative change used for sensitivity analysis
of each parameter during the 2009 snowmelt period (3 Apr to 2 Jun) in the healthy stand.
NOTE: & is the °C added to T, to represent T, and T.

Parameter Range Number of iterations
(Iterative change)
7. (ratio) 0.0-1.0 19 (0.05)
7. (ratio) 0.0-1.0 19 (0.05)
&g (ratio) 094-1.0 31 (0.002)
& (ratio) 094-1.0 31 (0.002)
& (ratio) 094-1.0 31 (0.002)
T. (Ta + &) (°C) 0.5-38.0 76 (0.5°C)
Ti(Ta+ &) (°C) 0.5-38.0 76 (0.5°C)
H¢/H (ratio) 0.005-0.5 100 (0.005)
Zo(m) 0.0002-0.02 3(0.0002, 0.002, 0.02)
(tor-)Ty(°C) -15-40 12 (0.5°C)

4.4 Model performance

Model performance was assessed by comparing measured and simulated: (1) Q*
and (2) rate and timing of snowmelt. Only time steps with corresponding measured Q*
data from both the CNR1 and NR Lite radiation sensors were compared to ensure the
same sample size between all datasets. The simulation performance of the rate and timing
of snowmelt was assessed by comparing continuous records of measured and simulated
SWE. While snowmelt data from the lysimeters would have been the most accurate
dataset to validate the model output, the success of the lysimeters in 2010 was
compromised by the antecedent soil moisture conditions and event logger and/or tipping
bucket failure. In the burned stand, saturated soils and poor soil infiltration resulted in
flooding of the tipping buckets. In the healthy stand, both event loggers malfunctioned
resulting in both lysimeters not recording any tips. Therefore, measured SWE was
derived from the continuous snow depth record (SR50A) and snow survey density

measurements averaged across each stand. SR50A measurements of snow depth were
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representative of the average snow depth measured during snow surveys in each stand

(Figure 4.1). While snow survey measurements are higher than SR50 measurements by

an average of 17 cm in the burned stand during the snowmelt period, they follow the

same trend.
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Figure 4.1: Average snow depth measurements from the SR50A and from the weekly
snow surveys during the 2009snowmelt period: (a) burned and (b) healthy stand. Error

bars denote one standard deviation from the average.

Descriptive statistics for measured and simulated Q* and SWE were collated, and

results were summarized to compare values. Goodness-of-fit between the measured and
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simulated time series was determined using two quantitative measures of performance-

coefficient of determination (r?) and root mean square error (RMSE):

(1) r* describes the proportion of variance in the simulated values explained by

the regression of measured versus simulated values (Krause et al., 2005):

) St 2\~ 22) (4.17)

r?2 =
N P N SN Py

(2) RMSE is the measure of the square root of the variance of the residuals

(average difference between the measured and simulated values):

2
RMSE = M (4.18)

Goodness of fit between measured and simulated SWE was also tested with the

coefficient of efficiency (E) (Nash and Sutcliffe, 1970):

(3) E determines the predictive power of the simulated values:

E =1-M (4.19)
2:1( 0 _zo)

In Equations 4.17 to 4.19, n is the number of timesteps, y, is the measured hourly Q* or
measured SWE, xs is the simulated hourly Q* or SWE, and ;(_0 is the average measured

hourly Q* or measured SWE.

4.5 Defining the snowmelt period
The snowmelt period for each year was defined as the date of measured peak

SWE to the date the snowpack was completely removed using the snowmelt simulation.
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All between year and between stand comparisons of snow accumulation, snowmelt

energy balance, and rate and timing of snowmelt were summarized for this period.

4.6 Differences between years and between stands

Differences in snow accumulation and snowmelt between the healthy and burned
stands were graphically assessed using notched box plots of peak SWE (cm) and daily
snowmelt (cm d™). Shapiro-Wilks” W test was used to confirm the data were normal
(Shapiro et al., 1968) and Levene’s test was used to test the homogeneity of variances
between comparisons (Hill and Lewicki, 2007). Overlapping notches between boxes
indicates that the median values are not significantly different at p = 0.05 (Chambers et

al., 1983); this was confirmed using two tailed t-tests for independent samples.
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Chapter 5

Modelling the snowmelt energy balance over a sub-canopy snowpack

This chapter presents and discusses the results of the sensitivity analyses and
model performance tests to assess potential model uncertainties. The specific objectives
are to: 1) define model sensitivity to parameters and variables selected in Chapter 4; 2)
validate the simulated net radiation and snowmelt energy balance using data from

Chapter 4; and 3) discuss model sensitivity and performance.

5.1 Sensitivity analysis

Note that the axes of the following figures are not standardized.

5.1.1 Forest canopy transmissivity and sky view factor

Although values of canopy transmissivity (z.) and sky view factor (z.) were
calculated using published techniques (Sections 4.2.1, 4.2.2), the potential error
associated with these estimates was high in the healthy stand (Figure 5.1 and 5.2). Values
of 7. and 7. are used in the calculation of net short- and long-wave radiation, respectively.
Although they are closely related, the sensitivity analysis was designed specifically to
isolate and test the sensitivity of individual parameters. Therefore, these two parameters
were not changed congruently.

In forest environments, forest canopy density can vary significantly over small

spatial scales and subsequently affect snowmelt. The model was very sensitivity to
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changes in 7, used in the calculation of net short-wave radiation. An over-estimation of z.
results in an over-simulation of Qp (~34 MJ m™ h™ or 29% per 0.05 z.) (Figure 5.1).

(a) 800

600 —j

Energy available for melt (Q,) (MJ m2h)
N
3
|

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Canopy transmissivity (Ratio)

Figure 5.1: Sensitivity test results for the forest canopy transmissivity (z;) parameter in
the healthy stand. The dashed line represents the total energy available for snowmelt (Qn)
in 2009 (117.25 MJ m? h'Y).

The model was also sensitive to values of 7 used in the calculation of net long-wave

radiation. An over-estimation of 7 results in an under-simulation of Qn (~6 MJ m?h™ or

5% per 0.05 7).
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Figure 5.2: Sensitivity test results for the sky view factor (z.) parameter in the healthy
stand. The dashed line represents the total energy available for snowmelt (Qr) in 2009
(117.25 MI m™ h'™h).

5.1.2 Emissivity of the snow surface, tree trunks, and forest canopy

Calculations of long-wave radiation emitted by the snow surface, tree trunks, and
forest canopy rely on values of &g, &, and &, which are difficult to measure and in most
models are estimated based on values from the literature. This could cause large over or
under-estimations in model output (Figure 5.3) In forest environments, if & IS over-
estimated by even 0.01 over the snowmelt period, Qp, is reduced (~10 MJ m? h™ or 8.5%
per 0.01 &); the inverse is true for over-estimation of ¢.. The simulation appears

relatively insensitive to &.
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Figure 5.3: Sensitivity test results for the emissivity of the snow surface (&), tree trunks

(1), and forest canopy (e;) parameters in the healthy stand. The black dashed line
represents the total energy available for snowmelt (Qy) in 2009 (117.25 MJ m™ h'™%).

5.1.3 Estimation of forest canopy and tree trunk temperature

Air temperature is generally a suitable surrogate for T under conditions of low K|
(Pomeroy et al., 2009), but is more problematic under periods of high insolation.
Previous studies have determined that T, could be 0 to 30°C higher than T, (Derby and
Gates, 1966; Pomeroy et al., 2003; Essery et al., 2008). T and T; were not measured
directly for this study and were corrected based on T,. Qn is very sensitive to increases in
T., but is relatively insensitive to increases in T; (Figure 5.4). Although canopy and tree
trunk temperatures of T, + 30°C may seem unrealistic, the most extreme example is a
well-exposed dead tree in a discontinuous forest stand which reached T, + 38°C
(Pomeroy et al., 2009). Overall, the model is very sensitive to over-estimates of T;

however, Qp, is less sensitive to over-estimates of 1 to 10°C (up to ~14 MI m?h™ or
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11.9% per 1°C increase in T;) and more sensitive to over-estimates of 27 to 38°C (up to

~21 MIm?h™ or 17.9% per 1°C increase in Tc).
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Energy available for melt (Q,) (MJ m2h?)

0

Air temperature correction (°C)

Figure 5.4: Sensitivity test results for the correction of forest canopy (T.) and tree trunk
temperature (T;) based on the air temperature (T,) in the healthy stand. The dashed line
represents the total energy available for snowmelt (Qy,) in 2009 (117.25 MJ m? h™).

5.1.4 Long-wave radiation emitted from the tree trunks

It is difficult to quantify the physical processes affecting snowmelt around
individual trees, where long-wave radiation emitted by tree trunks can cause localized
melt. To calculate net radiation from tree trunks, the fraction of the L* flux emitted from
the tree trunk is estimated using Hi/H (Woo and Giesbrecht, 2000). Maximum H¢/H is
determined to be 0.5, as only half of the hemisphere can receive radiation from a trunk.
An average value was calculated (0.035) for the model using tree structure data from

2009 and snow depth data collected at specific points for both 2009 and 2010. The
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simulation appears to be very sensitive to Hi/H, as a 0.01 increase in H/H increases Qp,
by ~10 MJ m? h™* or 8.5% (Figure 5.5).
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Hemispherical flux emittted from tree trunks (Ratio)

Figure 5.5: Sensitivity results for Hi/H in the healthy stand. The dashed line represents
the total energy available for snowmelt (Qy) in 2009 (117.25 MJ m h™).

5.1.5 Snow surface roughness

In the absence of field measurements of z,, a value was selected from the range
given in the literature. Although other studies have noted that increasing roughness of the
snow surface should be considered when the snowpack becomes patchy or understory
vegetation appears (Metcalfe and Buttle, 1998), similar to Boon (2009) the healthy forest

simulation of Qy, is relatively insensitive to z, (Figure 5.6).
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Figure 5.6: Sensitivity results for snow surface roughness (z,) in the healthy stand. The

dashed line represents the total energy ava;lablle for snowmelt (Qn) in 2009 (117.25 MJ
m™h™).

5.1.6 Average snowpack temperature

Finally, simulation of model sensitivity to estimates of Tg using average Tssand
Ts was tested. Qn, appears to be more sensitive to under- than over-estimation of T. If the
snowpack is colder than estimated (<Ts), less Qm Wwould be available for melt because
more energy would be required to raise the snowpack temperature to 0°C before melt
could occur. The greatest sensitivity is associated with under and over-estimation in the

range of 0.5°C (Figure 5.7).
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Figure 5.7: Sensitivity results for under or over-estimation of average snowpack
temperature (Tsg) in the healthy stand. The dashed line represents the total energy

available for snowmelt (Q) in 2009 (117.25 MJ m? h™).

5.2 Model performance

5.2.1 Net radiation

The model accurately simulated sub-canopy Q* in the burned forest stand (Table

5.1). High coefficients of determination for both comparisons in both years indicate that

the simulation explained over 80% of the variance in the measured data. Regression

coefficients were less than unity for all comparisons, indicating a slight under-simulation

of the Q* trend. Positive y-intercepts suggest the simulated Q* data was of a slightly

higher magnitude than measured Q* for all comparisons. The largest RMSE was
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calculated for the NR Lite comparisons in both years, while lower RMSE values were

calculated for CNR1 comparisons (Table 5.1).

Table 5.1: Simulated Q* compared with Q* measured by the CNR1 and NR Lite sensors

in the burned stand (2009 and 2010 snowmelt periods: 3 Apr — 25 May; 13 Apr — 14

May).
CNR1 NR Lite

Year 2009 2010 2009 2010
n (hours) 1169 677 1191 768
Coefficient of determination (r?) 0.87 0.84 0.81 0.88
Regression coefficient (standard error) 0.85 0.83 0.65 0.71

(0.01)  (0.01) (0.01) (0.01)
Regression intercept (standard error) 11.51 11.45 13.91 8.68

(1.19)  (1.76)  (1.43)  (1.39)
RMSE (W m'z) 39.97 38.05 67.31 53.44

Figure 5.8 presents average hourly simulated Q*, with data from the CNR1 and

NR Lite in the burned stand over the 2009 and 2010 snowmelt periods. Simulated Q*

shows the greatest divergence from measurements between 10:00 — 15:00 h, but is closest

from 16:00 — 23:00 h and 0:00 — 9:00 h. Q* is under-simulated when compared with NR

Lite measurements (Figure 5.8), as evidenced by the RMSE (Table 5.1). Simulated Q*

was closest to CNR1-measured Q*, as seen in the high slope and lower RMSE (Table

5.1). In 2009, the average hourly minimum and maximum difference between all

comparisons was 0.55 and 95.21 W m™, respectively. In 2010, the average hourly

minimum and maximum difference between all comparisons was 0.56 and 137.67 W m?,

respectively. The maximum average hourly difference occurred at ~14:00 h in both years,

when incoming short-wave radiation was greatest (Figure 5.8).
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Figure 5.8: Average (2009 and 2010 snowmelt periods: Apr 3 — May 25; Apr 13 — May
14) hourly net radiation (Q*) during the snowmelt period in the burned stand: (a) 2009
and (b) 2010.
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The relationship between measured and simulated Q* was weaker beneath the
healthy forest canopy (Table 5.2). Although the coefficient of determination was low for
all comparisons, results show stronger correlations with CNR1 than NR Lite values.
Similar to the burned stand, regression coefficients were less than unity for all
comparisons, indicating a slight under-simulation of the trend of Q* in the healthy stand.
The y-intercept for all comparisons was higher in the healthy than burned stand, and
suggests the simulated Q* data was of a higher magnitude than measured Q* for all
comparisons. For both years, calculated RMSE values were lower with the CNR1 than
the NR Lite measurements. Although RMSE values for all comparisons were lower in the
healthy than in the burned stand, average Q* in the healthy stand was significantly lower;
thus RMSE values formed a greater percentage of total net radiation. Thus, errors
associated with the larger RMSE values in the burned stand were not as significant as
those associated with the smaller RMSE values in the healthy stand.

Table 5.2: Simulated Q* compared with Q* measured by the CNR1 and NR Lite sensors
in the healthy stand (2009 and 2010 snowmelt periods: Apr 3 —Jun 2; Apr 13 — May 28).

CNR1 NR Lite
Year 2009 2010 2009 2010
n (hours) 1246 941 1464 1104
Coefficient of determination (r) 0.54 0.58 0.46 0.47

Regression coefficient (standard error) 0.58 0.90 0.45 0.45
(0.02) (0.03) (0.01) (0.01)

Regression intercept (standard error) 17.07  13.05 18.70 16.18
(0.73) (0.77) (0.66) (0.72)

RMSE (W m?) 28.07 2720 39.31 38.80
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Hourly averages of simulated and measured Q* in the healthy stand during the
2009 and 2010 snowmelt periods did not compare as well as in the burned stand (Figure
5.9). Hourly averages of CNR1 and NR Lite-measured Q* were more variable than the
simulated Q* in 2009, with the greatest average hourly peak Q* values measured by the
NR Lite (14:00 - 15:00 h) in both years. Simulated Q* values are more comparable to
CNR1 values in both years (Table 5.2). The minimum and maximum average hourly
differences between simulated and CNR1-measured Q* were 2.57 and 39.58 W m™.
Figure 5.9 shows that the model over-simulates Q* during periods of low solar angles,

and under-simulates peak Q* at midday (14:00 — 15:00 h).

67



(a

~—

Net radiation (Q*) (W m?)

(b)

Net radiation (Q*) (W m?)

160

120

80

160

120

80

40

Simulated
CNR1-measured
NR Lite-measured

6 8 10 12
Hour of day

6 8 10 12
Hour of day

14

16

18

Figure 5.9: Average (2009 and 2010 snowmelt periods: Apr 3 —Jun 2; Apr 13 — May 28)
hourly net radiation (Q*) during the snowmelt period in the healthy stand: (a) 2009 and

(b) 2010.
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5.2.2 Rate and timing of snowmelt

For snowmelt simulations in the burned stand, mean hourly SWE over the
snowmelt period was over-simulated by 19% in 2009 and under-simulated by 8% in 2010
(Table 5.3). The coefficient of determination for the burned stand was weaker in 2009
than 2010. The high coefficient of determination in 2010 indicates that simulated values
explain the majority of variance in the measured SWE. The regression coefficient was
less than unity indicating under-simulation of the trend of SWE in 2009. In 2010,
regression coefficients were close to unity, indicating a slight over-simulation of the trend
of SWE. The y-intercept was positive in 2009 suggesting the simulated SWE was of a
higher magnitude than measured SWE, whereas in 2010 the y-intercept was negative
suggesting the simulated SWE was of a lower magnitude than measured SWE. The E
value was lower in 2009 than in 2010. The 2010 E value of 0.89 indicated that the
predictive ability of the simulation was high. The 2010 simulation also had lower average
model-prediction error, as indicated by the RMSE (Table 5.3).

Measured and simulated SWE are more closely associated for individual
snowmelt events in 2010 than 2009 (Figure 5.10). Although in 2010 the energy balance
model simulated the rate and timing of snowmelt with reasonable accuracy in the burned

stand, the 2009 comparison was weaker.
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Table 5.3: Simulated versus measured SWE in the burned stand (2009 and 2010
snowmelt periods: Apr 3 — May 25; Apr 13 — May 14).

Burned Stand

Year 2009 2010
n Hours 1260 777
Maximum measured SWE cm 31.29 23.49
Mean Measured 19.17 10.66
(cm)
Simulated 23.29 9.84
(cm)
% 19% -8%
difference
Variance Measured 50.95 33.57
(cm)
Simulated 52.40 41.82
(cm)
% 3% 22%
difference
Coefficient of determination r? 0.66 0.96
Regression coefficient (standard error) Slope 0.75 1.12

(0.02)  (0.01)

Regression intercept (standard error) y-intercept 9.29 -2.50
(0.32) (0.10)
Coefficient of efficiency E 0.33 0.89
RMSE cm 6.15 1.89
Date of complete snowpack removal Measured 24 May 15 May
(Date)
Simulated 25 May 14 May
(Date)
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Figure 5.10: Simulated and measured snow water equivalent (SWE) in the burned stand:

(@) 2009 and (b) 2010.
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In the healthy stand, mean hourly SWE over the snowmelt period was under-
simulated by 3% and 7% in 2009 and 2010, respectively (Table 5.4). As in the burned
stand, the variance was higher for simulated relative to measured values for both 2009
and 2010. The coefficient of determination between measured and simulated SWE in
both years indicates that — as in the burned stand in 2010 — simulated values explain
almost all of the variance in the measured SWE. Regression coefficients were near or at
unity, suggesting a very good simulation of snowmelt rates. In 2009 and 2010, y-
intercepts were close to 0, suggesting that the simulated and measured values of SWE
were of a similar magnitude. In the healthy stand, E values were high for both years,
indicating the high predictive ability of the model (Table 5.4). The RMSE was lower in
the healthy than the burned stand for both years, indicating low average model-prediction
error in the healthy stand.

Measured and simulated SWE in the healthy stand in 2009 and 2010 showed
close relationships between the rate and timing of snowmelt (Figure 5.11). The energy

balance model simulated snowmelt in the healthy stand with a high level of accuracy.
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Table 5.4: Simulated versus measured SWE in the healthy stand (2009 and 2010
snowmelt periods: Apr 3 —Jun 2; Apr 13 — May 28).

Healthy Stand
Year 2009 2010
n hours 1453 1091
Maximum measured SWE cm 24.61 19.21
Mean Measured 20.17 12.65
(cm)
Simulated 19.50 11.85
(cm)
% -3% -71%
difference
Variance Measured 24.46 26.13
(cm)
Simulated 36.25 28.54
(cm)
% 39% 7%
difference
Coefficient of determination r’ 0.93 0.98
Regression coefficient (standard error) Slope 0.99 1.02
(0.01) (0.01)
Regression intercept (standard error) y-intercept 0.09 -0.87
(0.16) (0.06)
Coefficient of efficiency E 0.95 0.96
RMSE cm 1.39 1.08
Date of complete snowpack removal Measured 31 May 28 May
(Date)
Simulated 02 Jun 28 May
(Date)
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Figure 5.11: Simulated and measured snow water equivalent (SWE) in the healthy stand:
(@) 2009 and (b) 2010.
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5.3 Discussion of model sensitivity and performance

The most challenging issue inherent in modelling is quantifying the source and
amount of uncertainty, as model accuracy is affected by uncertainties in model
representation of inputs, process descriptions, and model assumptions and parameters
(Sivapalan et al., 2003). Modelled Qy, is most sensitive to the parameters used in the
simulation of Q*, the largest contributor to snowmelt in forest environments. Q* was
simulated based on a combination of parameters measured in the snow survey grid (z, 7.,
H¢/H) and selected from the literature (ess, &, &), and variables measured at the
meteorological tower (T,, Tss, , K|). The largest potential error in the calculation of Qp,
is associated with z¢, highlighting the model’s sensitivity to changes in the forest canopy.
The measured under-simulation of Q* at peak K| could be the result of over-estimating
canopy density (under-estimating z.); however, that would also result in an under-
simulation during periods of reduced K|, which was not evident. The under-simulation of
Q= is likely due to the model not accurately representing short-wave radiation
transmission through the complex canopy matrix during daylight hours.

Model output of Qr, was also very sensitive to &, &, T¢, and Hi/H, which are used
to calculate L*. Accurate values of these parameters are fundamental to simulating L*,
especially in the healthy stand where L] is emitted by the canopy. Q* was over-
simulated during low periods of Q*. This could be the result of under-estimating 7,
which would have over-estimated the amount of | emitted by the forest canopy.

In the healthy stand, Q* appears to be under-simulated when the solar angles are
highest (14:00-15:00). Transmission of short-wave radiation through the canopy varies

with canopy leaf area and the size and distribution of canopy gaps. Thus K| measured at
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high time resolution (e.g., hourly) would be noisy due to the interaction between sun
angle and the arrangement of branches in the vicinity of the sensor, whereas coarser time
resolutions would average these local variations (Roujean, 1999). Poor comparisons
between simulated and measured hourly Q* may, therefore, be a function of these noisy
measurements in the healthy stand. In the burned stand, however, the fit between
simulated and measured Q* was stronger, likely because the forest canopy had been
removed and there was less variability in forest structure parameters. In both stands and
in both years, simulated Q* values were more comparable to CNR1- than NR Lite-
measured values, likely because the CNR1 independently measures the four components
of Q* (K|, K1, L], L?), and is more accurate than older net radiometers such as the NR
Lite (Blonquist et al., 2009).

Sensitivity analyses showed that the model was most sensitive to a 0.5°C over- or
under-estimation of Ty, which also corresponds with the resolution of T and Tsg Sensors
used in this study. Although calculating Tsg from T and Ts may not accurately represent
average T under specific circumstances, it represents a best approximation of this value
given the available data set. Direct measurements of snowpack temperature are difficult
to obtain as in situ instruments often experience preferential melt, thus providing T,
rather than Ty values. This highlights the importance of accurately measuring Tsg and
considering internal snowpack processes in snowmelt models.

Model validation of SWE was used to test the temporal correspondence between
simulated and measured values. The energy balance model simulated snowmelt
accurately in both forest stands; however, the 2009 comparison in the burned stand was

weaker. In 2009, snowmelt in the burned stand was simulated well until the snowfall
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event on April 22, after which snowmelt was under-simulated (Figure 5.12 (a)).
Immediately after this snowfall, T decreased by ~15°C in < 1 day (April 24) (Figure
5.12). This dramatic decrease subsequently decreased average snowpack temperature (Tsy
= (Ts + Ts)/2); thus, more energy was required to raise the average snowpack temperature
to the melting point (0°C) (Figure 5.12 (c)).

In the healthy stand in 2009, snowmelt was also under-simulated immediately
following snowfall events. Very few studies have quantified the effects of snowmelt
season snowfall events on snowpack cold content, particularly the ability of fresh
snowfalls to either insulate the melting pack or allow penetration of cold air temperatures.
Snow is an excellent thermal insulator, with new snow (density of ~0.14 kg m™) having
the lowest average thermal conductivity (0.07 W m™K™) (Sturm et al., 1997). It is likely
that the low T did not penetrate far into the snowpack during this short period. The
under-simulation of snowmelt is therefore a result of Tgy being colder than in reality,

leading to an over-calculation of Q. and subsequent under-simulation of Q.

77



€] 35
30
25
20
15

10

— — Simulated
—— Measured

Snow water equivalent (SWE) (cm)

0 I | I | I | I | I | I | I

'I_\

>
o]

=4

11-Apr 21-Apr 1-May 11-May 21-May 31-May 10-Jun
Date (Days)

(b)

Snow surface temperature (T,) ('C)
AR
o

-25
| | | |

22-Apr 24-Apr 26-Apr 28-Apr 30-Apr 2-May
Date (Days)

© 1600

1200 —| —— Cold content of snowpack (Q.)
_ —— Energy available for melt (Q,,)

Energy (W m-?)
[0}
3
|

0
| | | | |

22-Apr 24-Apr 26-Apr 28-Apr 30-Apr 2-May
Date (Days)

Figure 5.12: Under-simulation of snowmelt during a period of cold snow surface
temperatures (Tss),high cold content of the snowpack(Q..) and low energy available for
snowmelt (Qn): (a) 2009 simulated and measured snow water equivalent (SWE) in the

burned stand. Inset represents the Apr 23 — 29 time period. (b) T in the burned stand
(Apr 23 —29). (¢) Q¢ and Qp, in the burned stand (Apr 23 — 29).
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Following the two snowfall events in both years, snowmelt was significantly
under-simulated. While this could be a result of over-estimating Q.. as described above, it
could also be a result of the failure of the model to include snow redistribution processes.
Average hourly wind speeds in the burned stand were up to 96% greater than in the
healthy stand as a result of the discontinuous forest canopy in the burn. Field
observations note significant wind redistribution of snow, resulting in some snow loss by
sublimation (Pomeroy et al., 2002). In 2010, wind redistribution was not as significant
because snowfall events in 2010 fell onto a warmer snowpack. Cohesion between snow
particles is greater with higher T (Hosler et al., 1957; Schmidt, 1980); thus, fresh
snowfalls would have adhered to the existing snow surface. Also, higher wind thresholds
are required to transport warm wet snow (7 to 11 m s™) than cold dry snow (4 to 11 m s™)
(Li and Pomeroy, 1997). As most snowfall events in 2010 occurred during higher air
temperatures, snow transport would have been limited, resulting in reduced wind
redistribution in 2010 than in 2009.

The energy balance model simulated the timing of snowpack removal accurately
in both forest stands, although snowmelt rates were over-simulated at the end of the melt
season. This may be a function of comparing snowmelt measured at a point (SR50A)
with snowmelt simulated with radiation data integrated over a much larger area (~3200
m?; Campbell Scientific (Canada) Corp., 2008). The large footprint of the CNR1 sensor
would have incorporated lower albedo values caused by observed spatial heterogeneity in
the shallower snow cover at the end of the snowmelt period, with patchy snow cover
characterized by large snow free areas around trees and more snow in open areas. While

this spatial heterogeneity was greater in the healthy stand, simulated SWE in the burned
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stand would be more sensitive to input albedo values given its overall greater Q*. Thus,
although SR50A measurements were representative of the average snowpack in each
stand, the spatial variability in snowmelt rates is difficult to extrapolate from a single
point, making it difficult to quantify the exact date of snowpack removal. Given that the
model simulated the date of complete snowpack removal within one to two days in both
stands in both years, | have confidence in the simulated rate and timing of snowmelt in
the burned and healthy stands.

In conclusion, sensitivity analyses of modelled Qr, and the comparison of
simulated and measured Q* values highlight the complexity in quantifying K* and L* at
the snow surface in sub-canopy environments. This study shows that accurate calculation
and selection of parameters is fundamental to accurately model Q*. Although snowmelt
is under-simulated following snowfall events as a result of over-simulation of Q.. and/or
the failure to include redistribution processes and is over-simulated at the end of the
snowmelt period because of the spatial heterogeneity of the shallow snowpack at the end
of the melt period, overall the energy balance model accurately modelled snowmelt

processes without calibration.
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Chapter 6

Wildfire effects on the sub-canopy snowmelt energy balance

A comprehensive field program (described in Chapter 4) was executed to collect
meteorological and snow data in a burned and healthy forest stand. The snowmelt energy
balance model (also described in Chapter 4) used the collected field data as input. Results
from Chapter 5 determined that the model accurately simulates the rate and timing of
snowmelt in a burned and healthy forest stand without calibration. Therefore, it can be
assumed that the model provides accurate surface energy balance fluxes used to calculate
the energy available for melt. This chapter characterizes the snowmelt energy balance in
a burned relative to a healthy forest stand in 2009 and 2010. The specific objectives of
the chapter are to: 1) compare forest structure, soils, meteorology, snow accumulation,
modelled energy balance components, and the rate and timing of snowmelt between the
burned and healthy stands; 2) discuss the differences in snow accumulation, the snowmelt
energy balance, and the rate and timing of snowmelt between years and between stands;
and 3) compare results from this study with results from other forest disturbance-related

studies.

6.1 Forest structure and soils
The forest canopy and ground surface represent the boundary conditions for
energy fluxes occurring at the top and bottom of the snowpack. Thus it is important to

quantify forest structure, forest floor, and soil characteristics in each forest stand.
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Both forest stands possess similar topographic characteristics. The healthy
(control) and burned stands have similar north facing aspects, are located in close
proximity (< 1 km apart), and are within 100 m elevation (1680 and 1775 m,
respectively). Based on Alberta Sustainable Resource Development (ASRD) vegetation
inventory maps, both stands are located in the subalpine forest region and had similar
pre-wildfire structural characteristics. In the fall of 2009, six years after the wildfire, post-
wildfire forest structure was characterized using forest structure data collected from both
hemispherical photos and fixed-area plots covering 201 and 79 m? in the burned and
healthy stands, respectively (Table 6.1).

Table 6.1: Summary of forest structure characteristics in each stand

Burned Healthy

Tree height (m) Average 8.6 9.9
Range 1.6-20.3 1.6-28.7
Canopy depth (m) Average n/a 9.1
Range n/a 4.3-11.9
Canopy transmissivity (zc) Average 0.82 0.09
Sky view factor (z.) Average 0.82 0.18
Tree density (per 100 m%) 23.4 67.5
Basal area (m” ha™) 49.6 127.1
Diameter at breast height (DBH) Average 13.6 125
(cm) Range 22-433  26-441

In both stands, the dominant tree species was subalpine fir (Abies lasiocarpa),
with a small portion of white spruce (Picea glauca) and lodgepole pine (Pinus contorta
var. latifolia). Average tree height and diameter at breast height (DBH) were similar for
both stands, suggesting the approximate age and size of trees is comparable between

stands. The range of tree heights was larger in the healthy relative to the burned stand
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likely because taller trees experience higher rates of blowdown during high winds
observed in the burned stand. Forest canopy depth averaged 9.1 m for the healthy stand.
No canopy data were collected for the burned forest stand as it was completely removed
during the wildfire and the trees in this stand are primarily burned trunks with no
branches. Tree density was approximately three times lower in the burned compared to
the healthy stand due to the large number of fallen trees following the wildfire. Forest
structure parameters z. and z, were also significantly higher in the burned relative to the

healthy stand (Figure 6.1).

Figure 6.1: Examples of hemispherical photos taken in the each stand: (a) burned and (b)
healthy.
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Both forest stands had similar topographic and forest structure characteristics,
confirming that they would have been classified as the same forest type before the
wildfire. Thus, the main current difference between stands can be attributed to lower tree
density and forest canopy removal as a result of tree mortality caused by the 2003 Lost
Creek wildfire.

Soil texture and type in both stands was a silty clay Brunisol, commonly found
below coniferous forests (Agriculture and Agri-Food Canada Soil Classification Working
Group, 1998). The healthy stand had a thick litter-humic-fibric (LHF) horizon of up to 14
cm composed of decomposing bryophytes, small herbaceous plants, needles and
branches, and a ~10 cm A horizon. The burned forest stand, six years post-wildfire, had
very little LHF and a less than 4 cm A horizon, as the wildfire burned all organic matter
on the forest floor down to the mineral soil layer (Silins et al., 2009a). The bulk density
was higher and the porosity lower in the burned than healthy stand for the A and B soil

horizons.

6.2 Meteorology

Trends in daily average T,, Tss, and u were similar between stands in both years,
suggesting that both stands responded similarly to large scale weather conditions (Figure
6.2). However, average daily Ty, T, and u were observed to be more episodic during the

snowmelt period in 2009 than 2010.
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Figure 6.2: Daily average air temperature (T,), snow surface temperature (Tss), and wind
speed (u) in each stand: (a) 2009 and (b) 2010.

Average hourly air temperature (T, ) was comparable between stands in 2009, but

was slightly higher in the burned than in the healthy stand in 2010 (Table 6.2). Minimum

hourly T, was lower in 2009 than in 2010 in both stands. Average hourly T was lower in

the burned than in the healthy forest stand in both years, and minimum snow surface

temperature (Tss) was lower in 2009 than in 2010 in both stands. Average hourly wind

speed (u) in each stand was similar in both years, but was more variable and of higher

magnitude in the burned than in the healthy stand. The range of hourly above-canopy

short-wave radiation (K|) was slightly greater in 2010 in both stands. In the healthy
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stand, average hourly K| was slightly greater in both years due to the longer snowmelt
period. Average hourly relative humidity (RH) and vapour pressure (e,) did not vary
significantly between years; however, values of both were measured to be higher in the
healthy stand. Maximum and minimum hourly e, were similar between years and stands.
In both stands, average hourly soil temperature (Ts) was ~0°C in both years (Table 6.2).
Average hourly soil volumetric water content (VWC) was higher in 2010 than in 2009 in
both stands, and average hourly VWC was overall greater in the healthy than in the
burned stand.

Table 6.2: Average and range of hourly meteorological conditions in both stands (2009

burned and healthy snowmelt period: Apr 3 — May 25; Apr 3 —Jun 2, and 2010 burned
and healthy snowmelt period: Apr 13 — May 14; Apr 13 — May 28).

Burned Healthy
2009 2010 2009 2010

Ta(°C) Average 2.3 3.0 2.1 2.2

Range -13.2-16.1 -7.7-16.7 -139-216 -7.1-185
T (°C) Average -2.6 -2.4 -1.3 -0.7

Range -208-6.9* -13.7-6.8* -134-16 -7.0-04
u(ms? Average 1.2 1.0 0.4 0.4

Range 0.1-39 0.2-39 01-12 01-11
Above canopy  Average 195.7 199.6 207.0 200.4
K| (W m-z) Range 0.0-10159 0.0-1091.5 0.0-1080.5 0.0-1091.5
RH (%) Average 61.8 63.1 72.3 771

Range 17.6-100.0 17.5-100.0 19.5-100.0 25.6-100.0
ea (kPa) Average 0.41 0.42 0.48 0.51

Range 0.1-0.6 0.1-0.6 0.1-0.6 0.2-0.6
T:(°C) Average 0.1 0.3 0.2 0.3

Range  -04-52  00-06 -02-53  00-21

VWC (%) Average 16.0 32.2 34.7 42.9
Range 9.4-263 265-59.7 164-443 344-50.6

NOTE: * = high measurements of average hourly snow surface temperature (Tg) occurred at the end of
the snowmelt period when the ground surface was observed to be partially exposed.
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6.3 Snow accumulation

2009 was an average snow year, with peak snow water equivalent (SWE) at South
Racehorse Creek (1920 m elevation) at 94% of normal conditions (Alberta Environment,
2009). Within the research stands, large snowfall events occurred in late-November
through early January, with no subsequent events observed until early March. Peak SWE
was observed on April 3, based on the continuous snow depth record from the SR50A
and density measurements collected during the snow surveys.

2010 was a below average snow year, with peak SWE at South Racehorse Creek
at 86% of normal conditions (Alberta Environment, 2010). The snow accumulation
period was characterized by smaller snowfall events that began in early October and
continued through mid-January. Similar to 2009, very little new snow accumulated from
mid-January through mid-March, but a large snowfall event was observed at the end of
March. Peak SWE (calculated from the SR50A data and snow density measurements)
was observed on April 13, approximately 10 days later than in 2009.

Peak SWE comparisons between years and between stands were also completed
using SWE data collected during snow surveys on April 1, 2009 and March 31, 2010.
While these datasets were normally distributed, some comparisons had unequal
variances. As the difference in variances is small, two tailed t-tests conducted for both
equal and unequal variances yielded similar p-values. Notched box plots and two tailed t-
tests showed significant differences in peak SWE both between years and between stands

(p < 0.001) (Figure 6.3).
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Figure 6.3: Notched box plots of peak SWE from annual snow survey data (April 1,
2009; March 31, 2010). Data were derived from average snow density (n = 36) and
individual snow depth measurements (n = 121) in each stand. The box denotes the 25"
and 75" percentile of the data (inter-quartile range; IQR), the notch represents the
median, the bars show non-outlier maximum and minimum values, and the asterisks
indicate outliers. Outliers are defined as > 1.5 times the IQR.

Maximum measured SWE was 49 and 41% higher in 2009 than in 2010 in the burned and
healthy stands, respectively. Maximum observed SWE was 58 and 50% greater in the
burned than in the healthy stand in 2009 and 2010, respectively. As snow surveys were
designed to detect > 30% differences in SWE between stands, the observed differences

were greater than the sampling error.
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6.4 Modelled snowmelt

6.4.1 Total energy available for snowmelt and cold content

Total energy available for snowmelt (Qn) became positive in both stands
approximately 1-2 days after peak SWE (April 3, 2009; April 13, 2010), in both years.
The snowmelt period was longer in 2009 than in 2010, requiring 20% more energy to
melt the snowpack in both stands. Average hourly Qr, in the burned and healthy stands

followed a similar trend; however, the magnitude of Qr, was lower in the healthy stand

(Figure 6.4).
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Figure 6.4: Daily average energy available for snowmelt (Qp) in each stand from
snowmelt energy balance model calculations: (a) 2009 and (b) 2010.

Average daily T, was < 0°C more frequently and Ts was lower at the onset of
snowmelt in 2009 relative to 2010 (Figure 6.2), resulting in a greater cold content of the
snowpack (Qc) in 2009. Thus, more energy was required to raise the average daily
snowpack temperature (Tsg) to the melting point in each stand (Figure 6.5). At the onset
of snowmelt in 2010, higher average daily T, and T in both stands (Figure 6.2) resulted

in the majority of Qn contributing to snowmelt.
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Figure 6.5: Daily average cold content of the snowpack (Qc) in each stand: (a) 2009 and
(b) 2010.

6.4.2 Energy balance fluxes

Differences in forest structure (Table 6.1) and associated micrometeorological
conditions (Table 6.2) between stands resulted in approximately 30% more energy
available for melt, and energy balance fluxes of a greater magnitude, in the burned than

in the healthy stand in both years (Figure 6.6).
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Figure 6.6: Total energy balance fluxes (2009 and 2010 snowmelt periods: Burned: Apr
3 — May 25; Apr 13 — May 28, Healthy: Apr 3 —Jun 2; Apr 13 — May 28) (in MIm?h™)
in each stand for each component of the calculated energy balance: (a) 2009 and (b)
2010.

Snowmelt was largely driven by net short-wave radiation (K*) and sensible heat
flux (SHF) in the burned stand, and a combination of K* and net long-wave radiation
(L*) in the healthy stand. Contributions of individual energy balance components to

snowmelt were similar between 2009 and 2010 in both stands (Figure 6.7 and 6.8).
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Figure 6.7: Daily average simulated fluxes of: (a) net short-wave radiation (K*), (b) net
long-wave radiation (L*), (c) sensible heat (SHF), (d) latent heat (LHF), and (e) ground
heat (GHF) during the 2009 snowmelt period in the burned (Apr 3 — May 25) and healthy

stand (Apr 3 —Jun 2).
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Figure 6.8: Daily average simulated fluxes of: (a) net short-wave radiation (K*), (b) net
long-wave radiation (L*), (c) sensible heat (SHF), (d) latent heat (LHF), and (e) ground
heat (GHF) during the 2010 snowmelt period in the burned (Apr 13 — May 14) and
healthy stand (Apr 13 — May 28).
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Daily average K* at the onset of snowmelt was slightly lower in 2009 than in
2010. This could be a combination of: (1) cloudier conditions that resulted in lower K|
above the forest canopy in 2009, as observed in the average hourly K|; and (2) daily
average snow surface albedo («) being ~18 and 14% higher in 2009 than in 2010 in the

burned and healthy forest stands, respectively (Figure 6.9).
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Figure 6.9: Measured albedo () in each stand: (a) 2009 and (b) 2010.

Total L* in the burned stand was 35% lower in 2009, and in the healthy stand was
31% higher in 2009 relative to 2010. Although the trend of L* was similar between
stands, overall it was 211% more negative in the burned relative to the healthy stand.

Daily average SHF in each stand was less positive and average daily latent heat
flux (LHF) less negative in 2010 than in 2009 (Figures 6.7 and 6.8). Although hourly
average u and hourly average gradients of air temperature and vapour pressure between
the snow surface and overlying air were comparable between years in each stand (Table
6.2), daily average Ta, Tss, and u were less episodic during the snowmelt period in 2010
relative to 2009 (Figure 6.2). Episodes of greater u were observed more frequently
resulting in more enhanced turbulent heat transfers in 2009 than in 2010. Overall,

turbulent heat fluxes were up to two orders of magnitude lower in the healthy than in the
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burned stand. In the burned stand, total LHF was 150% more negative and total SHF was
191% more positive than in the healthy stand in both years.

Ground heat flux (GHF) was small and did not significantly contribute to the total
energy available for snowmelt in either stand in either year (Figure 6.4). GHF values
were slightly more positive in 2009 than in 2010 in both stands, due to greater hourly

maximum Ts and lower volumetric water content (VWC) (Table 6.2).

6.5 Rate and timing of snowmelt

The 2009 snowmelt period lasted approximately two months, with complete
snowpack removal observed at the end of May. The 2010 snowmelt period began
approximately ten days later than in 2009, and was 21 and 15 days shorter than the 2009
melt period in the burned and healthy stands, respectively (Table 6.3). The trends of both
snowmelt periods were similar to the record from the South Racehorse Creek snow
pillow. Greater Q, in the burned than in the healthy stand resulted in a shorter snowmelt
period in the burned stand in both years. Average snowmelt rates were slightly greater in
2010 than in 2009 in the burned stand, but were more comparable between years in the
healthy stand. The ratio of snowmelt in the healthy relative to that in the burned stand
was slightly higher in 2010 (0.45) than in 2009 (0.44).

Table 6.3: Summary of snowmelt timing, duration, and rate for 2009 and 2010 in each
stand.

Burned Healthy
2009 2010 2009 2010
Measured start of snowmelt (date)  Apr3 Aprl3 Apr3  Apri3
Simulated snow removal (date) May25 May1l4 Jun2 May 28
Simulated snowmelt duration (days) 52 31 61 46
Average snowmelt rate during 1.28 1.54 0.56 0.70
snowmelt period (cm d™)
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Notched box plots and two tailed t-tests identified significant differences in
snowmelt rates between stands in both years (p < 0.001). Although average hourly
snowmelt rates in the burned stand were greater in 2010 than in 2009, the difference was
not statistically significant (p = 0.371). No significant difference was observed between
years in the healthy stand (p = 0.885) (Figure 6.10). In the burned stand, non-outlier

maximum melt rates were greater in 2010; however, more outlier values were observed in
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Figure 6.10: Notched box plots of daily snowmelt rate (cm d™*) based on simulated
values in each stand in each year. Note that the snowmelt period varied between stands
and years. Values are based on daily simulated snowmelt rates from the energy balance

model (n = simulated snowmelt duration in days; Table 6.3). The box denotes the 25"
and 75" percentile of the data (inter-quartile range; IQR), the notch represents the
median, the bars show non-outlier maximum and minimum values, and the asterisks
indicate outliers. Outliers are defined as values > 1.5 times the IQR.
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6.6 Discussion

6.6.1 Differences between years

Snow accumulation, the snowmelt energy balance, and snowmelt rates vary with
seasonal snow and meteorological conditions. This research allowed for the comparison
of snow processes in both average (2009) and below average (2010) snow years. Since
peak SWE was greater and the snowmelt period was 21 and 15 days longer in 2009 than
in 2010, more energy was required to melt the snowpack. Thus, more total energy from
all components of the energy balance was required during the 2009 snowmelt period.
However, notable differences in the trends of individual energy fluxes between years
were affected by seasonal meteorological conditions.

In 20009, at the onset of snowmelt, T, and Tss were relatively low resulting in a
greater Q. than in 2010. Thus, more energy was required to warm the snowpack to the
melting point, leaving less energy to contribute to snowpack melting. In 2010, Q. was
significantly lower throughout the snowmelt period; thus, Qn, was greater at the onset of
snowmelt than in 2009. This was largely driven by annual meteorological conditions,
including more frequent cloud free conditions, lower «, higher T, and Ts, and more
constant u in 2010 than in 2009. These conditions resulted in higher Q* and reduced
turbulent heat fluxes in 2010 than in 2009.

Despite the variability in meteorological conditions, both stands behaved similarly
in terms of the relative contribution of each energy balance component to the total energy
available for snowmelt. Additionally, snowmelt rates were not significantly different
between 2009 and 2010 in both forest stands. This suggests that, regardless of annual
meteorological and snow conditions, the two stands maintained their differences in the
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amount of energy available for snowmelt and the rate of snowmelt between years. Since
greater differences were observed between forest stands than between years during this

two year study, the remainder of the chapter focuses on differences between stands.

6.6.2 Differences between stands

Given the close proximity of the two study stands, they are exposed to very
similar weather conditions and receive the same total precipitation. Thus, the higher peak
SWE in the burned than in the healthy stand in both years is directly related to forest
canopy differences. Lower snow accumulation in the healthy stand is likely due to snow
being intercepted by the healthy forest canopy and subsequently sublimated from the
canopy surface. The greater maximum observed SWE (58 and 50%) in the burned than
the healthy stand suggests that in both years, approximately half the total snowfall was
sublimated from the healthy forest canopy. This is consistent with studies indicating that
up to 45% of annual snowfall in western Canada is sublimated from the canopy (Pomeroy
et al., 1998). While snow surface sublimation and wind redistribution in the burned stand
did not completely offset the greater accumulation due to reduced interception, greater
wind speeds as well as reduced stem and canopy density in the burned stand suggest that
sublimation and wind re-distribution likely play a role in snow accumulation differences
between stands. Model results also indicate the significance of these processes during the
2009 snowmelt period (Chapter 5), suggesting that they be considered in future studies.

The largest contributor to Qn, was K* in both stands. In the burned stand, the lack
of forest canopy and lower tree density resulted in more K| reaching the snow surface

(higher 7). Snow surface albedo (a) was lower on average in the healthy stand, likely
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because field observations during snow surveys noted more litter accumulated on the
snow surface in the healthy than in the burned stand. Consequently, lower K| being
transmitted through the canopy in the healthy stand meant o played a minimal role in K*.
More K| was absorbed by the forest canopy (lower z.) in the healthy stand, resulting in
greater L| emission from the forest canopy and tree trunks onto the snow surface,
contributing to melt. In the burned stand, however, L1 from the snow surface was not
compensated by L| from the forest canopy (higher z.) given the burn severity and
substantial forest canopy loss. The resulting negligible L| values and higher L1 led to
overall negative L*.

Pomeroy et al. (2009) highlighted the importance of evaluating the emission of |
by standing dead trees impacted by wildfire and mountain pine beetle (MPB) and its
importance in the snowmelt energy balance. Although forest canopy and tree trunk
temperature (T and T;) were not directly measured to quantify the absolute contribution
of L| from burned trees, model output suggests that Z| did not contribute significantly to
Qmin the burned stand. However, in both years, when T, was > 10°C, increased L] was
observed and L* approached 0 W m™. Field observations during snow surveys also noted
snow-free areas observed around blackened trees were larger than those around burned
trees that had shed their bark and become a silver-grey colour. The lower « of the
blackened trees relative to the silver-grey coloured stems would likely absorb more K|,
resulting in higher T, and T and subsequently higher L| to the snow surface. This
suggests that L| from burned trees could offset L1 from the snowpack in years with high
K| and/or T,, reducing energy loss from the pack. However, additional field data

collection is required to validate this hypothesis.
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L* contributions to snowmelt may also change significantly over the years post-
wildfire. Forest mensuration completed in the summer of 2009 noted significant
blowdown in the burned stand. Field observations in 2010 indicate that additional
blowdown occurred since measurements were completed in 2009. Thus, the simulation of
Q™* in 2010 may be missing key forest structural changes between years that would assist
in the interpretation of L* data and forest structure impacts on Q* over time. In future
studies, forest mensuration should be completed after each snow season to assess
potential changes in forest structure and subsequent changes to Q*.

The removal of the forest canopy and blowdown of dead trees reduced land
surface roughness resulting in higher wind speeds in the burned relative to the healthy
stand. This enhanced SHF and LHF, increasing their role in the snowmelt energy
balance. Greater temperature gradients between the snow surface and overlying air, as
well as greater u (Table 6.2) were measured in the burned than in the healthy stand and
resulted in more significant turbulent fluxes. In years with higher intensity u, greater
turbulent heat transfer would be expected from burned than in healthy stands. Although
differences in peak SWE between stands suggest that more intercepted snow was
sublimated from the healthy than the burned forest canopy. Enhanced LHF in the burned
stand suggests that there was more sublimation from the snow surface during the
snowmelt period in the burned than in the healthy stand.

While GHF did not significantly contribute to Qy, in either forest stand, it was
greater in the burned stand due to higher bulk density, lower hourly average VWC, and
higher hourly maximum T than in the healthy stand. Because the forest floor in the

burned stand was burned to the mineral soil, the LHF, A, and B horizons were completely
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removed. Even six years post-wildfire, very little new soil had developed, resulting in a
higher soil bulk density and lower porosity in the burned than the healthy stand. The
lower VWC measured in the burned than the healthy forest stand was likely a result of
the lower soil porosity. Also, higher soil temperature in the burned than the healthy stand
could be a function of the lower VWC in the burned stand: air has a lower heat capacity
than water, thus less energy is required to increase the temperature of a dry versus a wet
soil.

Changes in forest structure resulted in higher snow accumulation and more energy
available for snowmelt in the burned than in the healthy stand in both years, resulting in
significantly higher melt rates in the burned stand. These greater melt rates resulted in
complete snowpack removal nine and fifteen days sooner in the burned than in the

healthy forest stand in 2009 and 2010, respectively.

6.6.3 Implications for disturbance research

Inter-annual hydro-climatic variability plays a significant role in snow
accumulation and melt; therefore, it is difficult to make comparisons with other studies
conducted under different geographic, snow, and meteorological conditions. However,
comparing the ratio of snow accumulation and melt between controls (clearings or
healthy stands) to different disturbance types reduces the influence of year and
geographic location (Winkler and Boon, 2009). Most studies compare ratios of forest
(disturbed or healthy) to clearings, making it difficult to compare results of this research
to the literature. Where ratios of healthy to disturbed forests were not available, either the

range or the absolute percent difference was used to make comparisons between studies.
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The ratio of peak SWE in healthy versus burned forest stands (0.55 and 0.60)
compares well with the lower range of healthy versus cleared forest stands (0.60 -1.0)
(Golding and Swanson, 1986; Toews and Gluns, 1986; Faria et al., 2000). Because
wildfire completely removes the forest canopy, snowmelt rates are higher than those in
mountain pine beetle-killed stands, and are closer to those reported for cleared forest
areas. Comparison of the ratio of snowmelt rates in the healthy to the burned stand (0.44
and 0.45) indicates that the burned stand has significantly higher values than those
reported for healthy to MPB-killed grey attack stands (0.85 - 0.83) (Boon, 2009). Melt
rates in the burned stand (1.28 and 1.54 cm d'™*) were higher than the range of melt rates
for MPB-grey attack (0.21 to 0.97 cm d™*), where over half of the foliage has been lost
and for green/red attack to grey attack (0.25 to 0.85 cm d™*), where the majority of foliage
is intact (Winkler and Boon, 2009). Interestingly, the absolute difference in snowmelt
rates were 46 and 44% lower in the healthy relative to the burned stand, which are
comparable to the lower range of studies that found snowmelt to be 30-300% lower in
healthy than in cleared stands (Pomeroy and Granger, 1997; Winkler et al., 2005; Lopez-
Moreno and Stéhli, 2008).

The dominant energy balance component contributing to snowmelt in the healthy
stand was Q*, similar to studies in boreal forests (Price and Dunne, 1976; Link and
Marks, 1999). As in beetle-killed and cleared stands, wildfire disturbance resulted in
negative L*, as L1 from the snow surface was not compensated by | from the forest
canopy (Boon, 2009); therefore, the dominant energy balance component contributing to
snowmelt in the burned stand was K*. Results are similar to those from other studies in

mature forest environments, which found that turbulent heat transfers played a very small
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role in the snowmelt energy balance of healthy forest stands and a larger role in the
snowmelt energy balance of disturbed forest stands (Koivusalo and Kokkonen, 2002;
Boon, 2009).

Approximately 30% more Qy, was simulated in the burned relative to the healthy
stand in both years. Link and Marks (1999) concluded that in boreal forests, land use
changes may have larger impacts than climate shifts on seasonal snowpacks given the
significant impact of forest canopies on Q*. This study also suggests that forest canopy
removal increased the amount of energy available for snowmelt in burned forests,
particularly increasing K* and turbulent heat transfers. In the burned stand, greater hourly
average T, and T at the onset of snowmelt and smaller SWE resulted in higher average
snowmelt rates, with complete snowpack removal occurring twelve days earlier in 2010
than in 2009. In the healthy stand, greater hourly average T, and Tss was also measured at
the onset of snowmelt and the snowpack was shallower in 2010 than in 2009; however,
average snowmelt rates were more comparable in both years and complete snowpack
removal in 2010 occurred within five days of 2009. Results between 2010 and 2009
suggest that the burned stand was more sensitive to interannual variability in
meteorological and snow conditions than in the healthy stand. Therefore, it may also be
more sensitive to predicted increases in air temperature and reductions in snowfall under
climate change; however, additional research is required to incorporate a larger range of
hydro-climatic variability and confirm this hypothesis.

In conclusion, this study provides insights into the effect of the forest canopy and
forest disturbance on snow accumulation and melt. In the burned stand, more snow

accumulated on the ground surface, there was more energy available for snowmelt, the
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snow melted more rapidly, and complete snowpack removal occurred sooner than in the
healthy stand. Although results are comparable to cleared forest stands, standing dead
trees in burned forest stands will continue to attenuate incoming short-wave radiation,
wind speed, temperature, and snow accumulation on the surface. Thus, burned forest

stands should be considered a separate land cover type in larger scale watershed models.
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Chapter 7

Conclusion

Given predicted climate change, Canadian forests will experience an increase in
forest area burned, and in wildfire duration and severity (Westerling et al., 2003;
Flannigan et al., 2005). Although research quantifying wildfire effects on the forest
canopy and its subsequent impacts on snow accumulation have had some mention in the
literature (Farnes, 1996; Silins et al., 2009b), the rate and timing of snowmelt and the
snowmelt energy balance in burned forests are poorly understood. Research has shown
that disturbed forests have higher snow accumulation and more rapid snowmelt than
mature, healthy forests (Koivusalo and Kokkonen, 2002; Gelfan et al., 2004; Winkler and
Boon, 2009). Therefore, understanding snow processes in wildfire disturbed watersheds
is important for managing water supplies in disturbance-susceptible regions. The purpose
of this thesis was to quantify snow accumulation, snow surface energy balance, and the
timing and magnitude of seasonal snowmelt in a burned relative to healthy forest stand
during two snow seasons. Chapter 1 outlined the specific objectives for this research:
1) Design a field program to collect snow and meteorological data in the stands of
interest;
2) Develop a snowmelt model to simulate the energy balance over a melting sub-
canopy snow surface;
3) Run the model using collected field data as input, assess potential model

uncertainties using sensitivity analyses and validate model output; and
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4) Use model output to characterize the snowmelt energy balance in a burned
compared to a healthy forest stand.

The two forest stands selected for this research were representative of a larger,
relatively homogeneous forest region in the sub-alpine forest of the Crowsnest Pass,
southwestern Alberta. Forest mensuration and hemispherical photos were used to
quantify differences in forest structure between stands. Before the 2003 Lost Creek
wildfire, the two forest stands had similar topographic and forest structure characteristics.
After the fire, therefore, the main differences between stands were lower tree density and
forest canopy removal in the burned stand. High resolution meteorological data indicated
that the two stands reacted similarly to large-scale weather conditions.

A field program was designed to collect meteorological and snow data during the
snow accumulation and melt periods. Snow survey data were collected using a
combination of snow tube samples, bulk sampling, and snow pits. Measured
meteorological variables included: air temperature, relative humidity, wind direction and
speed, atmospheric pressure, incoming and reflected short-wave radiation, incoming and
outgoing long-wave radiation, net radiation, snow surface albedo, snow surface
temperature, internal snowpack temperature, snow depth, soil heat flux at a fixed depth,
soil moisture content, and soil temperature. Snowmelt lysimeters (e.g. Storck et al., 2002;
Winkler et al., 2005) were also installed in 2009 to measure melt water outflow from the
snowpack; however, their success was compromised by antecedent soil moisture
conditions and event logger and/or tipping bucket failure.

Meteorological data were used as input to a simple, process-based snowmelt

model (e.g., Spittlehouse and Winkler, 2002; Boon, 2009) and snow data were used to
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validate model output. The snowmelt model was based on the basic energy balance
equation and was designed to simulate sub-canopy snowmelt at a point. The model was
parameterized using forest and snow measurements as well as values from the literature
and validated with measured snow water equivalent derived from the continuous snow
depth record and density measurements from snow surveys.

Model output of energy available for snowmelt was relatively insensitive to
values that remain constant throughout the modelling period (parameters) such as snow
surface roughness, as well as input data (variables) of tree trunk temperature. However,
model output was very sensitive to certain parameters including canopy transmissivity,
sky view factor, emissivity of the snow surface and canopy, the hemispherical long-wave
radiation flux emitted from tree trunks, and the canopy temperature variable. This
highlighted the complexity of calculating net short- and long-wave radiation at the snow
surface in sub-canopy environments.

While the model accurately simulated net radiation in the burned stand, net
radiation measurements in the healthy stand were complicated by the complexity of the
forest canopy in the vicinity of the radiation sensor. In the healthy stand, net radiation
appears to be under-simulated when the solar angles are highest (14:00 — 15:00), which
may be a function of noisy measurements of incoming short-wave radiation beneath the
forest canopy. Net radiation was over-simulated in the healthy stand during periods of
low solar angle, which could result from over-estimation of parameters and variables
used to calculate long-wave radiation. The higher correlation between simulated and
measured net radiation in the burned stand is likely due to forest canopy removal and

reduced variability in measured incoming short-wave radiation.
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The predictive ability of the model was high (E > 0.89) and showed high
correlation between simulated and measured snow water equivalent (r? > 0.93) for most
comparisons in both stands and both years; however, the 2009 comparison in the burned
stand was not as strong (E = 0.33; r* = 0.66). This was the result of two issues: (1)
snowmelt was under-simulated following new snowfalls as a result of over-simulating
snowpack cold content; and (2) failure to include snow redistribution and/or sublimation
processes.

Over-simulating snowpack cold content was a result of an under-estimation of
average snowpack temperature when temperatures dropped immediately following
snowfall events. Although our method of calculating average snowpack temperature as an
average of snow surface temperature and soil temperature may not accurately represent
average snowpack temperature under specific circumstances, it represents a best
approximation of this value given the available data set. Results suggest that internal
snowpack processes are important to monitor when modelling snowmelt processes.

Field observations noted significant wind redistribution of snow, resulting in
some snow loss by sublimation. These processes occur when wind speeds are high and
the snowpack is cold and dry, which characterized the 2009 snowmelt season in the
burned stand.

In most comparisons snowmelt was over-simulated at the end of the snowmelt
period, likely a result of comparing snowmelt measured at a point with snowmelt
simulated using radiation data integrated over a much larger area. This large area
incorporated lower albedo areas caused by observed spatial heterogeneity in the

shallower snow cover at the end of the snowmelt period. Thus, the over-simulation of
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snowmelt rates was greater in the burned stand, as higher net radiation made it more
sensitive to changing albedo.

Generally, simulated snowmelt accurately represented measured snowmelt. This
snowmelt energy balance model therefore shows strong potential as a hypothesis-testing
tool to better understand the effects of forest cover change on snowmelt, provided snow
redistribution and sublimation are not major drivers of the local snowmelt energy
balance.

Similar to other disturbance research, this thesis confirmed that changes in forest
structure result in changes to snow accumulation, snowmelt energy balance, and the rate
and timing of snowmelt (Koivusalo and Kokkonen, 2002; Gelfan et al., 2004; Winkler et
al., 2005; Boon, 2009). Despite the variability in meteorological conditions between
years, both stands behaved similarly in terms of the relative contribution of each energy
balance component to the total energy available for snowmelt, and snowmelt rates were
not significantly different. Therefore, rather than focusing on between-year differences,
this thesis focused on the differences between plots.

The burned stand had significantly different snow accumulation and melt patterns
than the healthy stand in both years. Significantly more snow water equivalent
accumulated at peak in the burned than the healthy stand in both years (p < 0.001).
Snowmelt was largely driven by net short-wave radiation and sensible heat flux in the
burned stand, and a combination of short-wave radiation and net long-wave radiation in
the healthy stand. Short-wave radiation was the largest contributor to snowmelt in both
forest stands, with 107% greater inputs in the burned than in the healthy stand. The

removal of forest canopy caused the long-wave flux to be 211% more negative in the

109



burned than in the healthy stand. Higher wind speeds and surface-atmosphere
temperature gradients resulted in 150% more positive sensible heat fluxes and 191%
more negative latent heat fluxes in the burned than in the healthy forest stand. Ground
heat flux contributions to snowmelt were minimal, but were observed to be 123% higher
in the burned stand, corresponding with warmer ground temperatures and lower soil
moisture. Snowmelt rates were significantly greater in the burned than in the healthy
stand (p < 0.001). The snowpack in the burned stand melted more rapidly, resulting in
complete snowpack removal earlier than in the healthy stand.

Understanding differences in snow processes between disturbance types is very
important to water resource managers, particularly when the forested areas consist of a
mosaic of stand types (Jost et al., 2007). Ratios of snow accumulation in the healthy to
burned stand (0.55 and 0.60) were comparable to the lower range of healthy to cleared
forest stand ratios (0.60 — 1.00) (Golding and Swanson, 1986; Toews and Gluns, 1986;
Faria et al., 2000). This study simulated greater snowmelt rates in the burned stand than
those observed in mountain pine beetle (MPB) killed stands five years after death
(Winkler and Boon, 2009), and in the lower range of those observed in cleared forest
stands (Pomeroy and Granger, 1997; Winkler et al., 2005; L6pez-Moreno and Stahli,
2008). Although snow accumulation and melt results are comparable to cleared forest
stands, standing dead trees in burned forest stands will continue to attenuate incoming
short-wave radiation, wind speed, and snow accumulation on the snow surface.
Therefore, burned forest stands should be considered a separate forest type when
simulating watershed scale runoff with stand scale data used to parameterize larger

watershed-scale models.

110



Link and Marks (1999) concluded that in boreal forests, land-use changes may
have greater impacts on seasonal snowpacks than climate shifts given the significant
impact of forest canopies on net radiation. This thesis also suggests that forest canopy
removal increased the amount of energy available for snowmelt in burned forests,
particularly increasing short-wave radiation and turbulent heat transfers. In the burned
stand, greater hourly average air and snow surface temperature at the onset of snowmelt,
in combination with a shallower snowpack, resulted in higher average snowmelt rates and
complete snowpack removal occurred twelve days earlier in 2010 than in 2009. In the
healthy stand, the difference in meteorological and snow conditions between years was
the same as in the burned stand; however, average snowmelt rates were more comparable
between years, and complete snowpack removal in 2010 occurred within five days of
2009. Results between 2010 and 2009 suggest that the burned stand was more sensitive to
interannual variability in meteorological and snow conditions than in the healthy stand.
Therefore, it may also be more sensitive to predicted increases in air temperature and
reductions in snowfall under climate change; however, additional research is required to
incorporate a larger range of hydro-climatic variability and test this hypothesis.

Higher snow accumulation and more rapid melt in burned relative to healthy
mature healthy forests could reduce infiltration of meltwater into the soil profile, causing
spring runoff to primarily follow surface or near surface pathways (Murray and Buttle,
2005). These conditions may promote higher runoff peaks from snow-dominated
watersheds, which may have severe hydrologic implications such as severe flooding
(Swanson et al., 1998), disturbed communities and/or productivity of aquatic ecosystems

(Fausch et al., 2001; Dunham et al., 2003), and adverse effects on the quantity and
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quality of water for downstream users (Swank et al., 2001; Silins et al., 2009b). This
research not only improves our understanding of snow accumulation and melt in a burned
forest stand, but also contributes valuable information to forest watershed management.
Although burned stands are comparable to cleared stands, standing dead stems continue
to exert controls on snow accumulation and melt processes. Retaining standing dead
stems instead of salvage harvesting disturbed forests may be a more viable option for
minimizing adverse hydrologic effects. Post-wildfire salvage harvesting may exacerbate
the effects of wildfire on spring runoff.

Although the model developed in this thesis simulated snowmelt with a high level
of accuracy and provided key information on differences in the snowmelt energy balance
between the burned and healthy forest stand, the following research recommendations
and additional considerations are provided to improve snowmelt modelling at the stand-
scale in both disturbed and healthy forest environments.

1) Model output of total energy available for snowmelt is very sensitive to
parameters used in the calculation of net radiation. Thus, stand specific values of
canopy transmissivity, canopy and tree trunk temperature, and forest structure
should be measured for all types of forest stands instead of selecting values from

the literature.

2) The field program could be adjusted to improve the accuracy of model output by

providing better data for model parameterization and validation. For example:

a. Internal snowpack processes should be monitored, particularly internal
snowpack temperature. As demonstrated in Chapter 5, snowmelt was

under-simulated during and immediately after a snowfall event, when the
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temperature of the snow surface decreased significantly over a short time
period. This resulted in a high snowpack cold content and low energy
available for snowmelt. However, the low snow surface temperature likely
did not penetrate far into the snowpack during this short period; thus,
average snowpack temperatures were estimated to be colder than in
reality. High-resolution measurements of internal snowpack temperature
would increase the accuracy of the average snowpack temperature used in

the calculation of snowpack cold content.

The installation of a network of net radiometers across the forest stand
would assist in measuring the spatial distribution of short-wave and long-
wave radiation, and validating model output of net radiation. In Chapter 5,
the poor comparison between simulated and measured net radiation in the
healthy stand may have been a function of: (1) noisy net radiometer
measurements at fine temporal scale under a heterogeneous forest canopy;
(2) inaccurate model representation of short-wave radiation transmission
through the complex canopy matrix during daylight hours; and/or, (3)
model over-simulation of long-wave emissions from the forest canopy. A
net radiometer network would help to quantify which of these three
hypotheses led to the poor comparison. The model was also very sensitive
to canopy transmissivity; thus collecting multiple measurements to
estimate an average value of this parameter beneath a heterogeneous forest
canopy may improve the comparison between simulated and measured net

radiation.

113



c. Quantifying long-wave radiation emission from different dead tree types
in the burned forest stand and their importance in the snowmelt energy
balance. Chapter 6 described field observations during snow surveys that
noted snow-free areas around blackened trees larger than those around
burned trees that had shed their bark and become silver-grey. It was
hypothesized that the lower albedo of the blackened trees would absorb
more short-wave radiation, resulting in higher forest canopy and tree trunk
temperatures and subsequent greater long-wave emission to the snow
surface relative to the silver-grey coloured tree trunks. More accurate
measurements of forest canopy and tree trunk temperature of different

types of standing dead trees are required to validate this hypothesis.

d. Accurate snowmelt lysimeter measurements to properly quantify
snowmelt water output from the snowpack. In Chapter 4, the construction
and installation of snowmelt lysimeters were described. Snowmelt data
from these lysimeters would have been the most accurate dataset to
validate the model output; however, the success of the lysimeters was
compromised by environmental conditions and event logger and/or tipping
bucket failure. Lysimeter measurements from 2009 may have had a better
fit with simulated snowmelt in the burned stand, as the measured
snowmelt record from the lysimeter would have integrated snow re-

distribution and sublimation into the snowmelt record.

3) This thesis presents results from a severely burned forest stand where the forest

canopy was almost completely removed. Depending on the severity of the
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4)

5)

6)

wildfire, the amount of defoliated forest canopy will vary. Also, some wildfires
are primarily ground fires that only burn the understory vegetation, litter layer,
tree roots or the organic soils, while the forest canopy remains intact. Additional
studies are required to evaluate the impacts of a range of burn severities on

snowmelt processes.

Collection of additional years of data to further quantify the impact of inter-
annual hydro-climatic variability and forest regeneration and/or continued forest
structure change (including blowdown) after wildfire on snow processes. Chapter
6 described field observations from 2010 that indicated additional blowdown in
the burned stand since forest measurements were completed in 2009. Therefore,
the simulation of net radiation in 2010 may have missed key forest structural
changes between years that would assist in quantifying net long-wave radiation

processes and forest structure impacts on net radiation over time.

Collecting the same field data in a forest clearing near the burned and healthy
stands. Comparing snowmelt processes between a cleared, a burned, and a healthy
stands would make it easier to compare results from this thesis to other studies
that have compared disturbed forests to clearings. These comparisons would also
provide additional insights into the impacts of forest management options such as

post-wildfire salvage harvesting.

Stand scale data could be used to parameterize large scale (e.g., watershed) runoff
models and stand scale modelling results could be used to assess if assumptions

inherent in large scale runoff models are correct. This would increase the
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accuracy of large scale models evaluating runoff processes from disturbed forest

stands.

This thesis presented a model designed to simulate sub-canopy snowmelt at a
point based on both field data and information from the literature. Snowmelt simulated
with this model compared well with measured snowmelt, providing confidence in the
model’s ability to simulate snowmelt energy balance processes in sub-canopy
environments provided wind redistribution and sublimation are not major drivers in the
local energy balance. This allowed for the quantification of wildfire disturbance effects
on snow accumulation and melt. Removal of the forest canopy in burned stands resulted
in significantly different snow processes in burned relative to healthy forest stands.
Although results were comparable to cleared forest stands, burned forest stands should be
considered a separate forest type. Stand scale data from burned stands should be used to
parameterize larger scale watershed models and stand scale results should be used to
validate assumptions inherent in these models. Although this thesis provides insights into
the effect of wildfire on snow accumulation, the snowmelt energy balance, and the rate
and timing of snowmelt at the stand scale, additional studies could improve stand scale
snowmelt models and large scale runoff models in both disturbed and healthy forest

environments.
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