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ABSTRACT

THE EFFECTS OF WILDFIRE ON TREE TEMPERATURES AND TREE WELL

DEVELOPMENT IN THE SEASONAL SNOW ZONE

The western United States is experiencing unprecedented increases in wildfire activity in
mountainous regions. Some of these fires are burning high elevation watersheds of the Rocky
Mountains, impacting downstream water quality and availability for both ecosystems and human
use. Wildfires can affect the magnitude of snow accumulation and timing of snow melt in these
ecosystems, causing earlier peak runoff and extended periods of drought. Prior research on
energy budget changes after a wildfire have predominantly focused on altered shortwave
radiation and the resulting consequences for the snowpack, but little is known about how the
darker tree surfaces of burned trees alter radiation and snow processes in a wildfire-impacted
forest. This study quantified how temperatures of burned trees compared to those of unburned,
live trees during the snow season in the Cache la Poudre River Watershed in Northern Colorado.
This study also analyzed the tree well development and resulting snow melt rates around burned
trees compared to open regions. My results showed that burned trees had surface temperatures
2.9-7.3 °C warmer, on average, than live trees during daytime hours. At night, burned trees'
surface temperatures were 1.8—4.7 °C cooler than live trees. Tree wells developed and persisted
primarily during the peak ablation period in the spring, when the average tree surface
temperature remained above freezing and snow depth and snow water equivalent (SWE)

decreased from day to day. For a given date, the size of the tree trunk was strongly correlated

i



with tree well diameter (mean R? value of 0.78), and over the peak ablation season, the
cumulative tree surface temperature strongly correlated with well diameter (mean R? value of
0.82). Snow melt volume calculations revealed that the area directly surrounding burned trees
had a daily mean of 38% less snow than an open area of the same size during peak ablation. The
snow melted 64% faster, on average, around trees than in open areas, resulting in a mean snow-

free date 13 days earlier directly next to burned trees compared to open regions.

These results indicate that tree surface temperature plays a critical role in the total
radiation budget of a burned forest. The lack of canopy and increased shortwave radiation
coupled with char on burned tree surfaces drives the increase in surface temperature, resulting in
more longwave radiation emitted from burned tree trunks during the day. This longwave
radiation melts the snow surrounding the trees to create tree wells. Further analyses of wildfire’s
impact on snowpack and water availability should consider the cumulative influence of
longwave radiation from burned trees on the snow energy budget and resulting melt rates. This
information will help to improve snow energy budget and snowmelt runoff models, providing
critical improvements in water planning and management throughout regions of the west that

rely on snow as a primary water source.
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1. INTRODUCTION

1.1 Background Information

In the Rocky Mountains of Colorado, over 60% of annual precipitation falls as snow
(Serreze et al., 1999). As winter ends, snow melts and turns into streamflow, generating about
80% of the annual water for Colorado (Barnett et al., 2008). This snowmelt water is potentially
threatened by increased wildfire activity in the western United States (Westerling, 2016; Kampf
et al., 2022). Some of these fires are burning in high-elevation watersheds of the Rocky
Mountains and impacting downstream water quality and availability (Kampf et al., 2022). Such
wildfires can affect the amount of snow that persists into the spring, as well as the annual peak
snow water equivalent (SWE) (Gleason et al., 2013) by causing snow to melt earlier in the
spring. This earlier melt shifts peak runoff timing, potentially lengthening the drought season
from midsummer through the fall (Barnett et al., 2005). Decreased snowpack can also reduce
water availability to communities downstream. These dynamics highlight the importance of
addressing the relationship between wildfires, snowpack depths, and melt rates of forested,

snow-covered regions.

When considering the relationship between wildfires, snow depth, and snowmelt rates,
the sources of energy initiating snowmelt are critical to understand. In an unburned, snow-
covered forest, the sun provides a primary source of energy in the form of incoming shortwave
radiation (Hardy et al., 1997). Incoming and outgoing shortwave radiation from snow; longwave
radiation from the atmosphere, forest canopy and snow surface; and sensible and latent heat

fluxes are other contributing factors to the total energy budget of a forest (Davis et al., 1997;



Seyednasrollah & Kumar, 2014). Disturbances such as wildfires or beetle infestations shift the
components of the snowpack surface energy budget. In unburned conditions, the forest canopy &
tree trunk play a critical role in the energy budget — canopy cover absorbs and reflects incoming
shortwave radiation, and the trees emit longwave radiation from their trunks and branches
(Pomeroy et al., 1998; Link & Marks, 1999). In a moderate to high severity burned forest, the
shortwave radiation inputs to the snowpack increase and longwave radiation inputs decrease
because fewer trees are left standing; char covers parts or all the standing tree surfaces; and the
canopy is significantly decreased. These changes lead to more energy being absorbed by the
snowpack and earlier snow-free dates post-fire (Wiscombe & Warren, 1980; Gleason et al.,
2013). The increase in solar energy absorption by snowpack in burned forests has increased as
much as four-fold in wildfire-impacted forests of Colorado, Utah and Wyoming over the past
two decades (Gleason et al., 2019).

While the effects of shortwave radiation changes on the snowpack energy budget of
burned forests are well documented, the effects of wildfire on longwave radiation fluxes from
trees have not yet been studied in detail. In unburned, forested regions where tree trunks are
exposed to increased solar radiation, Pomeroy et al. (2009) found that sunlit tree trunks can have
temperatures 10 to 20 °C higher than that of local air temperature, leading to enhanced longwave
radiation. After fires, trees may warm even more the charred bark has a lower surface albedo,
meaning that they absorb more incoming shortwave radiation and convert this to heat. The
higher emissivity of char (0.95, on average, compared to 0.7 of live wood) (Kashiwagi et al.,
1987), combined with warmer tree surface temperatures, results in a greater increase in longwave

radiation emitted by burned trees compared to live trees, depending on the extent of dark char



covering the tree surface. This may, in turn, impact the melt rates of snow directly surrounding

charred trees.

In a snow-covered forest, the area surrounding the tree trunk commonly has lower snow
depths than the surrounding open area, creating a tree well. In unburned forests, tree wells have
primarily been attributed to canopy cover’s interception of snow, which reduces the amount of
snow reaching the ground below trees (Hardy & Albert, 1995; Davis et al., 1997; Maxwell et al.,
2019). Longwave radiation emitted by a tree’s canopy and trunk also contribute to well
development (Molotch et al., 2007; Molotch et al., 2016), because the radiation can melt the
snow surrounding the tree (Musselman & Pomeroy, 2017). A moderate to high severity burned
forest has little canopy cover, so canopy interception will have limited effect on tree well
development. This lack of canopy cover in a burned forests means that outgoing longwave
radiation emitted from tree trunks is likely the primary control on well development around
burned trees. The extent of char cover on a burned tree may change the amount a tree warms,

thus affecting the longwave radiation emitted.

Other potential drivers of well development include changes the snowpack albedo’s
albedo inside the tree well and the effects of wind scouring in a burned forest. Gleason et al.
(2013) found that char is often deposited around the trunk of a burned tree. This added char on
the snowpack decreases snow albedo around trees, leading to increased shortwave radiation
absorption and snowmelt directly next to burned trees, which contributes to tree well
development. Where trees are exposed to wind scouring in a burned forest, the wind blowing up
against the side of the tree may also contribute to well development by scooping out and blowing
away some of the snow surrounding the trunk. These wind-developed wells will be asymmetrical

due to wind direction primarily impacting the windward side of the tree.



1.2 Research Objectives and Questions

The overall goal of this project is to quantify how surface temperatures of burned trees
compare to unburned trees and determine how burning affects tree well development and the
resulting snow volume and melt rates around burned trees. This information will help
characterize how wildfire impacts the longwave radiation fluxes of a snow-covered, burned
forest, and how burned tree’s surface temperature and resulting longwave radiation changes
snow ablation rates. This project is broken into three parts: i) tree surface temperature, ii) well

development and iii) snow volume and melt rate comparison.

1.2.1 Tree Surface Temperature

The extent of char cover on a tree can differ depending on if the trees were living or dead
at the time of fire, which dictates their char cover patterns post-fire. For the purpose of this study,
trees that were dead at the time of fire are referred to as dead-burn (DB), trees that were living at
the time of fire and burned in the fire are green-burn (GB), and trees that are unburned and still
living are live trees. DB trees have a darker surface in visible wavelengths, more continuous &
deep dark char coverage on all aspects of the trunk, and fewer branches than trees that were alive
prior to fire (Figure 1b). GB trees typically have superficial char coverage and a pattern of partial
coverage on the tree trunk, which can be aspect-driven due to wind blowing char off the

windward side of trees, while the leeward side maintains char (Figure 1a).



Figure 1. Char pattern and coverage comparison of green-burn (a), dead-burn (b) and live (c)
trees from the research area.

The first part of this project investigates whether the tree surface temperatures differ
between DB, GB and live trees in two distinct snow zones. Darker objects absorb more
shortwave solar radiation than lighter objects and thus warm more during the day (Wiscombe &
Warren, 1980), so I hypothesize that a) DB trees, which are covered entirely with char, will have
higher mean surface temperatures than GB trees, and b) both DB and GB trees will have higher
mean surface temperatures than living trees. Since the total energy radiated is a function of
temperature and emissivity, trees with increased surface temperatures and emissivity will also

have increased outgoing longwave radiation (Pomeroy et al., 2009).

1.2.2 Well Development

The differences in longwave radiation emitted by trees, which is dependent on the tree
surface temperature and emissivity, likely affects the extent of tree well development, the second
part of the study. The objective of the well development section of this project is to determine
when tree wells develop around burned trees, how their size changes over time, and what factors

affect the development of wells. I hypothesized that a) the size of tree wells will be affected by



the size of the tree because larger trees have greater surface areas from which they emit
longwave radiation. I also hypothesize that b) the extent of well development will be greater for
DB trees than for GB trees, and greater for both burned conditions compared to live trees, due to

higher surface temperatures, leading to greater longwave radiation.

1.2.3 Snow Volume and Melt Rate Comparison

The third part of this project aims to quantify and compare the melt rates of areas directly
around burned trees to those of open regions. I hypothesize that a) warmer tree surface
temperature from burned trees further increases the melt rates of snow next to these trees
compared to open areas. This analysis will improve the understanding of tree surface temperature
and resulting longwave radiation changes in a burned forest and how this might impact the

overall ablation rates of wildfire-impacted forests.



2. METHODS

2.1 Site Description

The study area was located in the Cache La Poudre River watershed in Northern
Colorado, west of Fort Collins. This watershed was partially burned during the Cameron Peak
Wildfire, which covered approximately 84,500 hectares from August 2020 through December
2020, and was the largest wildfire in Colorado’s recorded history (Larimer County, 2021). The
study sites included burned and unburned locations in two different snow zones: the persistent
snow zone (PSZ) at 3023 meters and the transitional snow zone (TSZ) at 2750 meters (MTBS,
2022) (Figure 2b). The PSZ consists of areas in which snow cover persists through the winter
into the spring and where, on average, snow covers the ground for at least 75% of the time from
1 January to 3 July. The TSZ has snow cover present throughout the entire winter and spring, but
the snow cover duration changes with elevation. The TSZ is snow covered for 50-75% of the
time on average between 1 January and 3 July (Richer et al., 2013; Moore et al., 2014). This
selected period encompasses the temporal extend of peak snow accumulation through the
entirety of ablation in most parts of the western United States (Hammond et al., 2020). In
mountainous regions, lower elevations areas that still receive snow are predicted to have the
largest changes in snowpack (Adams et al., 2009). Therefore, I chose to observe both the PSZ
and TSZ to compare the burn effects in areas with warmer and colder winter snow conditions.
2.2 Experimental Design

Using National Agricultural Imagery Program (NAIP) imagery (U.S. Department of
Agriculture, 2023) along with burn severity (BAER, 2023), bark beetle mortality (Bode et al.,

2018; Vorster, 2020), and vegetation type (LANDFIRE, 2020) data, I identified potential study



sites within both snow zones that had similar tree species and burn severity. These locations were
then visited in person to choose study sites based on their proximity to weather stations and tree
density. The burned sites were primarily composed of lodgepole pine with moderate-high burn
severity, while the unburned sites were composed of lodgepole pine and spruce-fir (LANDFIRE,
2020; BAER, 2023). Both burned sites had a mixture of GB and DB trees, with varied tree char
coverage patterns, and tree diameters. The DB trees were likely all dead prior to the fire due to
bark beetle infestations (Bode et al., 2018; Vorster, 2020). To the extent possible I attempted to
locate all the sites on similar slope aspects. The PSZ & TSZ burned sites and the TSZ unburned
site aspects are northwest (~315°). The PSZ unburned site aspects is southeast (~150°), but this
site has the advantage of being very close to the burned study site. Differences in aspect and tree
composition between paired sites were unfortunately unavoidable based on the burn pattern and

site access constraints.
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Figure 2. a) Burn severity map with study site locations (blue dots) and b) snow persistence
zones with Cameron Peak Fire area (yellow outline) from Hammond (2020) and study site
locations, including both weather stations and study areas with sensors (blue dots).



2.3 Data Collection and Analysis

2.3.1 Tree Surface Temperature

To observe the temperature differences between burned and live trees, I monitored both
DB and GB trees at the burned sites and live trees at the unburned sites from December 2023
through the snow-free dates of each snow zone, collecting mean temperature data at 15-minute
intervals on data loggers (Table 1). Temperature sensors (Campbell Scientific 105-E
thermocouple) were placed in 0.02-m deep and 2-m high drill holes in the bark of each tree then
secured with ClearWeld professional grade epoxy. One sensor was placed on the north and south
sides of each DB, GB and live tree, to investigate whether aspect influenced tree surface

temperature (Figure 3, Table 1).

north
c)

y E Al b ‘ﬂqr‘ ~
Figure 3. Sensors installed on green-burn and dead-burn trees: a) green-burn north sensor, b)
green-burn south sensor, ¢) dead-burn north sensor, and d) dead-burn south sensor.
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Table 1. The model of all data loggers used by site, and quantity, type and aspect of all sensors.
All data loggers were manufactured by Campbell Scientific.

Total Number of Sensors
Data Number by Burn Condition & Aspect
Logger | of 105E | Dead-burn (DB) | Green-burn (GB) Live
Site Model Sensors | North South North South North South

Persistent CR500 ] ) ) ) ) 0 0
Burned

Persistent CR1000

Unburned 4 0 0 0 0 2 2
Transitional CRR800 ] ) ) ) ) 0 0
Burned

Transitional | CR1000

Unburned 4 0 0 0 0 2 2

Tree surface temperature data was analyzed from 2 February 2024 through the snow-free
dates of each snow zone, which represented the longest complete period of tree surface
temperature, snow depth, and weather station data for all four sites (PSZ burned/unburned, TSZ
burned/unburned). Temperature patterns varied between day and night, so the 15-minute data
were separated into day and night intervals using the suncalc R package with day hours
accounting for the period from sunrise to sunset (Thieurmel & Elmarhraoui, 2022; R Core Team,
2023).

Our objective in data analysis was to determine if temperatures differed by burn
condition. Both snow zones had two replicates of sensors for each of the following tree positions:
DB south, DB north, GB south, GB north, live south, live north (Table 1). Due to high
correlation between all temperature data, traditional statistical tests could not be run on the data
that was collected, so I used a quantitative comparison approach where mean absolute
differences of tree surface temperature were calculated to show average comparative trends

between burn condition, aspect and day/night temperatures. Using the 15-minute data for each
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snow zone, I computed the mean absolute differences for replicates of each tree position from 2
February through the snow-free date of each snow zone. Based on that initial analysis, mean
values from the replicate sensors were then compared by the following three factors for the

remainder of the analysis: burn condition, aspect and day/night.

2.3.2 Well Development

At each of the PSZ and TSZ burned and unburned sites, 1.5 and/or 3-m snow stakes were
installed near one of the trees with temperature sensors. Spypoint Force-20 trail cameras took a
photo every 30 minutes, capturing changes in snow depth through the accumulation and ablation
season at each snow stake. Data collection began in November 2023 and continued through 6
June 2024, for all cameras. A secondary source of snow depth data was also collected from a
trail camera at an unburned location near the TSZ burned site with a more representative
snowpack than the location where the TSZ unburned tree temperature sensors were placed; the
unburned TSZ site had abnormally low snow accumulation due to high wind scouring. This
second TSZ unburned camera gathered data from 1 March—6 June 2024. The trail camera
imagery was used to determine maximum snow depths on a daily basis from each 24-hour
period, as well as the ablation time period and snow-free dates. I defined the ablation season as
starting the day after peak SWE, and the peak ablation period occurring when both the SWE and
snow depths were consistently decreasing without any substantial snow accumulation. For all
future references, the “accumulation” period includes the beginning of the ablation season up to
the start of peak ablation. Snow-free dates were identified for (1) the entire region captured in
the trail camera imagery, and (2) individual trees. The snow-free dates for the entire region of

observation represented the date in which there was no longer any snow visible on the ground in
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the imagery. The snow-free date for the tree areas represented the date that the area surrounding
the individual tree no longer had contiguous snow, therefore a well could not be measured.

To evaluate whether tree size increased for larger diameter trees (hypothesis 1.2.2 a)
manual tree well surveys were conducted at the TSZ burned site on 12 April and the PSZ burned
site on 3 May 2024. During these surveys I measured the tree diameter at breast height (DBH)
and well diameter (from east to west) of 13 GB and 5 DB trees at the TSZ burned site and 17 GB
and 1 DB trees at the PSZ burned site (Figure 4c). The number and type of trees surveyed at each
location was constrained by a lack of DB trees left standing in the sites chosen for this part of the
project. To evaluate the effect of tree size, [ used Pearson's correlation test in R to compare tree
diameter to well diameter from the manual well survey data. The tree diameter is used here

because it is easily measured and is related to the surface area of the tree.

To increase the quantity of tree well measurements and gather data for the entire
accumulation and ablation period, trail camera images were used to monitor the well sizes of
three GB and one DB tree per snow zone at the burned sites (Table 2). This number of GB and
DB trees was chosen as it was the most consistent number of trees per burn condition present in
the camera imagery across both zones. Because well development in an unburned forest is harder
to see with canopy cover obstructing the camera’s views, this assessment was not done for live
trees. The images were visually analyzed to assess the timing of well development and see what
dates wells were present or had been reset with new snow at each of the four trees.
SketchandCalc software was used to collect measurements of the diameter of each tree and well
starting on 2 February 2024, once daily through the snow-free dates of each individual tree at
both snow zones’ burned sites (SketchandCalc, 2024). Well diameters were measured on a

consistent horizontal plane, and tree diameters were measured at the snow-tree horizontal
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interface on a daily basis (Figure 4d) to account for vertical variation in tree trunk diameters as
the snow melted. Due to how SketchandCalc’s online software works, some percent error does
exist in measurements (~0.05 m), however this error only exists in where the beginning and end
points of the well were defined. Since all SketchandCalc measurements were compared by
individual tree, the daily calculations represent a change over time for each tree more than a
precise well/tree diameter measurement.

Table 2. Camera imagery analysis tree ID’s, burn conditions (dead-burn (DB), green-burn (GB))

and mean tree diameter (m) for the period of observation from February 2" to the respective
snow-free dates of each tree in the persistent (PSZ) and transitional (TSZ) snow zones.

Burn
Zone | Tree ID Condition Mean Tree Diameter (m)
1 GB 0.44
2 GB 0.18
psz 3 GB 0.16
4 DB 0.13
1 GB 0.19
2 GB 0.10
52 3 GB 0.08
4 DB 0.15

To investigate the relationship between tree temperature and well development
(hypothesis 1.2.2 b) I computed cumulative values of mean daily tree surface temperature during
both the peak ablation period and the accumulation period (including the period of early ablation
before peak ablation started), then evaluated whether these values correlated with well diameters
from the snow camera data. Cumulative temperature values were used instead of mean or
maximum values since well development reflects ongoing input of energy to the snowpack, and
temperature is a common proxy used for representing energy available for snowmelt in snow

hydrology research (Szeitz & Moore, 2023).
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B Tree diameter

Seomm

Figure 4. a) well shape noted around a green-burn tree during manual well survey in the
transitional snow zone on 12 April 2024, b) observation of well shape around a dead-burn tree
and c) a visual of how well and tree diameters were measured from during manual surveys and c)
example of SketchandCalc snow camera imagery analysis, showing how tree/well diameters
were measured for four trees per site.
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2.3.3 Melt Rate Comparison

To test hypothesis 1.2.3 a. and evaluate how tree well development affects overall
snowpack melt rates, I compared the snow volume melt rates of the area directly around the four
trees observed in the snow camera imagery (Table 2) to that of an open area. I conducted these
comparisons for 1.5 m-wide cylindrical shapes surrounding the weather station snow depth
sensor compared to the same shape surrounding each of the monitored trees. The 1.5-meter
cylindrical shape and size was chosen since it was the largest area not impacted by other trees
that encompassed the entire diameter of well development throughout ablation. The snow camera
imagery’s well diameter and snow depth data were used to compute snow volume around the
trees, and sonic distance snow depth sensors (Campbell Scientific SR50-A) were used to
determine snow volumes in open areas. The mean daily snow volume was calculated from 2
February 2024 through the snow-free date around each tree and under the snow depth sensors at
both the PSZ and TSZ burned sites (Figure 5). I used a half-sphere shape to represent the 3D
shape of a tree well. This shape was chosen based on field observation of well shape and the well
measurements taken in the manual survey (Figure 4a & b). The following formulas were used to

calculate the snow volume around each tree and in the open regions below the snow depth

Sensors:
) Vi=Vs-Vy (2.1)
ii) Vi=nrdds (2.2)
iii) Vw=2/3mry’ (2.3)
iv) Vo=mnrddwx (2.4)
Where:

V:= snow volume of cylindrical area around tree
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Vs=volume of 1.5 m area around tree

rs = radius of sphere

rw = radius of well

dsc = snow camera depth

Vw= volume of tree well

V, = snow volume of open area under snow depth sensor

dwx = weather station snow depth

a) Tree area b) Open area

weather station
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/ measurement,
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Figure 5. a) volume of snow calculated around tree, where Vy, = volume of tree well, Vs =
cylinder volume of snow around tree, and Vi = total volume of snow around tree, excluding the
tree well and b) volume of snow calculated under weather station snow depth sensor where V, =
total volume of snow under sensor.

To understand the impacts of snow volume change on the total available snow water
equivalent (SWE), the snow volume was converted to SWE using estimated snow density data

from the Joe Wright (PSZ) and Hourglass Lake (TSZ) SNOTEL sites. The mean daily snow
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depth and SWE data were converted to snow density time series; then the snow density values
were used in combination with the site-specific daily snow depth to estimate SWE for burned
sites. This snow density data was then used to convert the previously calculated snow volume for

open and tree areas to SWE, using the following formulas:

i) SWE=V,*p; (2.5)

ii) SWEs=V;*ps (2.6)
Where:
SWE; = snow water equivalent in tree area
V: = snow volume of cylindrical area around tree
SWE = snow water equivalent in open area
Vs = volume of 1.5 m area around tree

ps = snow density

The mean absolute differences between tree and open areas snow volume and SWE were
calculated for all four trees per site. The mean volume melt rate for tree and open areas were also
calculated by computing the rate of volume change by day, then taking the mean of all days
during the peak ablation period. These values quantified the rate of melt per day next to trees

compared to in an open area.
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3. RESULTS

3.1 Tree Surface Temperature

Before determining how burning affected tree temperatures, I first wanted to quantify the
range of variability between replicate sensors, each measuring the same burn condition/aspect.
Replicates of sensors for each burn condition and aspect had similar temperatures (Figure 6),
with mean absolute differences < 0.8 °C on north aspects and < 2.0 °C on south aspects (Figure
7), with standard deviations < 0.9 °C on north aspects and < 1.4 °C on south aspects (Table Al).
The differences between DB and GB replicate sensors, by aspect, for both snow zones were
within this same small range (0.6—1.6 °C, Figure 7). When the mean of the individual replicate
DB and GB sensors were compared on the same aspect, the differences were still within this
same range for both snow zones (1.1 and 3.0 °C during the day and 0.2 and 0.8 °C at night,
Figure 8), indicating that, contrary to hypothesis 1.2.1 a., the differences in temperature between
DB and GB trees are not clearly distinguishable from the variability between replicate sensors.
The sensors have a stated average uncertainty of 0.04% relative to the temperature reading that
increases with extreme cold and warm temperatures, meaning that a data value of 20 °C would
have less than hundredth of a degree of uncertainty. My findings, while not statistically
confirmed, do show that burned trees are warmer, on average, than live trees, which is consistent
with hypothesis 1.2.1 b. Over the full snow season, burned trees were warmer during the day and
cooler at night, which a mean absolute difference of 5.2 °C (GB) and 7.3 °C (DB) during the day
and 1.8 °C (GB) and 2.6 °C (DB) at night in the PSZ (Figure 8, 9). In the TSZ the pattern
remained the same, with warmer burned tree surface temperatures during the day and cooler at

night compared to live trees. The mean absolute differences were greater at night (3.7 °C (DB)
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and 4.7 °C (GB)) and not as high as in the PSZ during the day (2.9 °C (GB) and 5.7 °C (DB))
(Figure 8, 9). These comparisons by snow zone and day and night used the mean of all duplicate

DB, GB and live sensors.
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Figure 6. Individual sensor temperature comparison by condition (colors) and aspect in the a)
persistent snow zone (PSZ) and b) transitional snow zone (TSZ). Tree 1 is represented by dashed
lines and tree 2 is represented by solid lines. This is a three-day snapshot of time during the
accumulation period from 10 February—12 February 2024.
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Figure 7. Temperature matrix comparing the mean absolute temperature differences (°C) (listed
inside matrix) of replicate dead-burn (DB), green-burn (GB) and live sensors by burn condition

and north (N) and south (S) aspect for the a) persistent snow zone (PSZ) and b) transitional snow
zone (TSZ) from 2 February 2024—the snow-free date of each burned snow zone.
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Figure 8. Temperature matrix comparing the mean absolute temperature differences (°C) (listed
inside matrix) of mean dead-burn (DB), green-burn (GB) and live north (N) and south (S)
sensors for the a) persistent snow zone (PSZ) and b) transitional snow zone (TSZ) from 2
February 2024 — the snow-free date of each burned snow zone.
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Figure 9. Daily mean tree surface temperature by burn condition for day and night groups in the
a) persistent snow zone (PSZ) and b) transitional snow zone (TSZ) from 2 February 2024 — the
snow-free date of each burned snow zone. The solid and dashed vertical line represents the
beginning of ablation and snow-free date for each respective snow zone’s burned site.
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Figure 10. Boxplot of day and night temperature values by burn condition in a) persistent snow
zone (PSZ) and b) transitional snow zone (TSZ) from 2 February 2024 — the snow-free date of
each burned snow zone.
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Comparing MAD of temperatures by aspect, the GB and DB trees had warmer daytime
temperatures on south aspects compared to north aspects (range of 2.5-3.7 °C) for all DB and
GB trees in both the PSZ and TSZ (Figure 8, 11), but the differences by aspect at night were
minimal (range of 0.5—-1 °C). Live trees had limited differences in temperature by aspect during
both day (range of 0.5-0.9 °C) and night (0.3 °C) for both the PSZ and TSZ. The burned trees
had large differences between day and night temperatures for all burn conditions on both north
and south aspects (range of 10.3—11.5 °C and 10.2—11.6 °C for DB and GB trees in both snow
zones, respectively; Figure 9, 10, 12). Live trees had lower temperature variations with an MAD
range of 2.8-4.3 °C between day and night values for both snow zones. This difference of both
DB and GB trees day and night temperatures was the largest temperature variation noted of all

the comparisons (Figure 9, 10, 12).

The day and night temperature data were also separated to assess whether the
temperature variations were different during the entire accumulation and peak ablation periods.
This analysis showed similar patterns between day and night tree surface temperatures and
between burn conditions. The main difference was that average daytime temperatures were

higher and average night temperatures stayed near freezing for all burned conditions (Figure A1).
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Figure 11. Mean daytime tree surface temperature colored by aspect for all dead-burn (DB),
green-burn (GB) and live trees from 2 February 2024—the snow-free date of each burned site in
the a) persistent snow zone (PSZ) and b) transitional snow zone (TSZ). The solid vertical line
represents the beginning of ablation, and the dashed vertical line represents the snow-free date
for each snow zone. Gap in PSZ live data was due to a data logger issue in which data was lost.
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Figure 12. Temperature matrix comparing the mean absolute differences (°C) (listed inside
matrix) of mean DB, GB and day and night temperatures for the a) persistent snow zone (PSZ)
north sensors, b) PSZ south sensors, c) transitional snow zone (TSZ) north sensors and d) TSZ
south sensors from 2 February 2024 — the snow-free date of each burned site.

28



3.2 Well Development

The study’s objective for the well development analysis was to determine when tree wells
developed around burned trees, how their size changed over time, and what factors affected the
development of wells. Hypothesis 1.2.2 stated that the extent of well development would relate
to both tree size (a) and tree temperature (b).

Snow camera data showed that tree wells occasionally formed during the accumulation
season, but the pattern of development was sporadic (Figure 13). The wells would develop
temporarily and then get refilled with new snow. In contrast, during peak ablation, when daytime
air and tree surface temperatures were usually above freezing, and SWE and snow depths were
consistently decreasing, wells developed and continued to increase in diameter until there was no
longer snow surrounding the trees observed in both snow zones (Figure 13). The snow-free dates
of the entire area observed from trail camera imagery for the PSZ and TSZ burned sites were 25
days apart, 15 May and 3 June, respectively. For context, the TSZ unburned site’s snow-free date
was 17 May, two days later than the burned site, while the PSZ’s unburned site’s snow-free date
(from weather station due to data loss at snow camera) was 8 days later than the burned site, on
11 June 2024 (Figure 13). The snow-free dates of the tree wells analyzed below are different
than the snow-free dates of the entire trail camera image, as they represent the point at which

there was no longer consecutive snow around the individual trees observed.
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Figure 13. Maximum daily snow depth (m) from snow cameras and weather station data, mean
daytime tree temperature (°C) of dead-burn and green-burn trees, mean daytime air temperature
(°C) from weather station data, and dates that tree wells were present (black dots) in snow
camera data for burned sites in the a) persistent snow zone (PSZ) and b) transitional snow zone
(TSZ), from 2 February—15 June 2024 (PSZ unburned snow-free date). The grey rectangle in the
background represents the peak ablation period for each respective snow zone.
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Consistent with hypothesis 1.2.2 a., the manual tree well surveys showed that well
diameters were positively correlated with tree diameter in both snow zones (R?>= 0.85 in PSZ,

R?=0.71 in TSZ, p-value < 0.5 for both PSZ and TSZ) (Figure 14).
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Figure 14. Tree diameter and well diameter (m) correlation scatterplots, with data taken from
manual tree well surveys on a) 3 May 2024 for the persistent snow zone (PSZ) and b) 12 April

2024 for the transitional snow zone (TSZ). The shape of dots denotes burn condition, with
squares representing dead-burn (DB) trees and circles representing green-burn (GB) trees.
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My results also confirmed hypothesis 1.2.2 b. — Well diameters did increase with greater
cumulative tree surface temperature during peak ablation. During accumulation, well diameter
was not significantly correlated with cumulative tree surface temperature (mean R? < 0.40; mean
p-value > 0.05) in both snow zones (Figure 15, Table 3). In contrast, during peak ablation,
cumulative daytime tree surface temperature was strongly correlated with an increase in well
diameters in both snow zones, with a mean R? = 0.86 in PSZ and R?> = 0.77 in TSZ and p-values

< 0.05 in both zones (Figure 16, Table 3).
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Figure 15. Well diameter (m) vs. cumulative tree surface temperatures (°C) during accumulation
for four trees (colored by tree) within the site area of a) persistent snow zone (PSZ) and b)
transitional snow zone (TSZ). The shape of dots denotes burn condition, with squares
representing dead-burn (DB) trees and circles representing green-burn (GB) trees.
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Figure 16. Well diameter (m) vs. cumulative tree surface temperatures (°C) during ablation for
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representing dead-burn (DB) trees and circles representing green-burn (GB) trees.
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Table 3. Pearson’s correlation test results of well diameter and cumulative tree surface
temperature (°C) during accumulation and peak ablation for four trees within the site area,
separated by persistent (PSZ) and transitional (TSZ) snow zones. The values highlighted in blue
are the R? results with a strong correlation.

Tree Burn R? P-value R? P-value

Zone ID Condition Accumulation Peak Ablation
1 GB 0.24 0.00 0.85 0.00
PS7 2 GB 0.40 0.00 0.90 0.00
3 GB 0.35 0.00 0.81 0.00
4 DB 0.09 0.00 0.90 0.00
1 GB 0.03 0.17 0.77 0.00
TS7 2 GB 0.03 0.20 0.79 0.00
3 GB 0.09 0.02 0.82 0.00
4 DB 0.05 0.10 0.71 0.00

3.3 Melt Rate Comparison

The final objective of this study was to evaluate the differences of melt rates around trees
compared to open areas. Hypothesis 1.2.3 a. stated that the increased tree surface temperature of
burned trees would increase longwave radiation emitted by trees, leading to greater melt rates
around burned trees relative to open areas. Results are consistent with this hypothesis, although I
did not run statistical tests to confirm due to a small sample size (4 burned trees, 1 open area per
snow zone). Because of variability in tree diameters (mean range of + 0.32 m in the PSZ and +
0.12 m in the TSZ) (Table 2), the melt rate findings are separated by tree in the tables but
averaged for the results summary below. In the PSZ, the areas around trees had 18% lower snow
volume on average compared to the open area during the accumulation and beginning of ablation
season. This pattern continued into the peak ablation period, but the difference was larger, with
tree areas having on average 39% lower snow volume than the open area (Figure 17, Table 4). In
the TSZ, the tree and open areas daily mean snow volumes were similar (5% difference) during

accumulation and the beginning of ablation but showed a marked difference during the peak
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ablation period, when the tree areas had an average of 37% less snow compared to the open area
(Figure 17, Table 4).

Overall, the snow around trees melted 69% faster during peak ablation and disappeared 8
days earlier than in the open area for the PSZ. This was also true in the TSZ, where snow melted
56% faster next to trees and disappeared 4—19 days earlier (range of all 4 trees) than in the open
area (Figure 17, Table 4 & 5). In the PSZ, tree 1 had a diameter that was 0.26—0.36 m larger than
all other trees, which led to substantially greater average difference in melt rates around this tree
compared to the open area (Table 4). The patterns of volume change were similar for all burned
trees, whether DB or GB (Figure 17, Table 4). When the snow volume melt rates were converted
to SWE, the data showed the same pattern as snow volume changes; areas next to trees had

decreased SWE compared to open regions during ablation (Figure B1, Table B1).
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Figure 17. Snow volume time series for open and tree areas for the entire period of observation.
The vertical dashed line represents the beginning of peak ablation period. Note that tree 4 is a
dashed black line because it is a dead-burn (DB) tree, while trees 1-3 are green-burn (GB) in
both plots a) persistent snow zone (PSZ) and b) transitional snow zone (TSZ). The lines that do
not extend to zero had limited data due to the angle of the snow camera, so data are missing for
the last part of the melt period.

Table 4. Mean percent difference between open and tree area snow volume (m?) in the persistent
(PSZ) and transitional (TSZ) snow zones during accumulation and ablation for all four observed
trees per zone. The mean melt rate percent difference is also listed for the ablation season.

Mean Volume Mean Volume

Tree Burn % Difference % Difference

Zone 1D Condition Accumulation Peak Ablation
1 GB 31 38
2 GB 15 37
psz 3 GB 14 37
4 DB 14 36
1 GB 5 54
2 GB 5 39
152 3 GB 5 36
4 DB 5 26
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Table 5. Ablation start and end dates by tree and open area for the persistent (PSZ) and
transitional (TSZ) snow zones trail camera and weather station data. Asterisk (*) indicated trees
where the trail camera’s angle was too high to see the entire period of melt, so the date ranges do
not represent the entire melt out period around the respective trees, but instead the latest date of
observation. The open regions snow-free dates are when the snow depth camera sensors dropped
to zero. The mean melt rate % difference was calculated during the peak ablation period.

Peak Total days of peak Mean Melt
Ablation | Tree Snow-free Date ablation, » Rate %
Zone | Start Date 1D Tree Area | Open Area | Tree Area | Open Area Difference
1] 19 May * 13* 209*
2| 23 May 24 27
PSZ 6 M 31 M 25
v 3| 23 May » 23 20
41 18 May * 12* 20*
1| 24 April 24 90
) 2 9 May 39 31
TSZ 1 April 3 9 May 12 May 39 42 0
4| 23 April 23 81

37




4. DISCUSSION

This study compares tree surface temperatures, tree well development, and snow melt
rates, in burned and live forests in the persistent and transitional snow zones of the Cache la
Poudre River basin. I quantified how burning affected tree temperatures, tree well development
and snowmelt rates to provide insights into how burned trees directly impact the total snow

energy budget of a wildfire-impacted mountain ecosystem.

4.1 Snow Energy Balance

4.1.1 Tree Temperature

The results of this study highlight how burned trees can be a substantial source of energy
to the snowpack post-fire. Their lack of canopy means that burned trees receive substantially
more incoming shortwave radiation than unburned trees (Reis et al., 2024). The darker charred
surface of burned trees absorbed even more incoming shortwave radiation due to their decreased
albedo (Gleason et al., 2013). The increased shortwave absorption, coupled with increased
emissivity (Kashiwagi et al., 1987) and tree surface temperatures result in a total increase in
longwave radiation of burned trees. Although I had hypothesized that the extremely charred DB
trees would warm even more than the trees with less extensive char (GB), the results did not
show substantial differences between these two burn categories when compared by mean
absolute differences (Figure 8 & 9). The higher sun exposure on both DB and GB trees may have
been the primary driver of tree warming, with the extent of char cover having much less impact

on tree temperatures. For all condition and aspects compared, both DB and GB trees were
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warmer than live trees during daytime hours (Figures 9, 10 & 11), which is in alignment with

hypothesis 1.2.1 b.

To further explore the relationship between tree surface temperature and seasonal
changes in air temperature and shortwave radiation, I compared mean daytime tree surface
temperature to mean daytime air temperature throughout the entire period of observation (Figure
18). These comparisons show that during daytime hours of the colder winter months, the tree
surface temperature, air temperature and net shortwave radiation are lower than during spring
months, when the days are longer, shortwave radiation increases and the air temperature is
warmer, on average. The patterns and strong R? values noted in Figure 18 helps explain the
relationship between increased shortwave radiation and increased tree surface temperature on a

seasonal basis.
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Figure 18. Daytime mean tree surface temperature compared to daytime mean air temperature for
the a-c) persistent snow zone (PSZ) and d-f) transitional snow zone (TSZ) from 2 February—the
snow-free dates of each zone. Sub-plots represent the dead-burn (DB), green-burn (GB) and live
burn conditions. The mean daytime values are colored by day of year and sized based on the
mean daytime net shortwave radiation values from each respective snow zone.

Prior research has found that southern, sunlit sides of live tree trunks and canopy
warmed more during daytime hours, resulting in increased longwave radiation from southern
aspects of trees (Pomeroy et al., 2009). In contrast, our results for live tree temperatures did not
show substantial aspect-driven temperature differences (Figure 11). This is likely because the
trees observed had continuous canopy cover on all aspects, shading the tree trunks from solar
radiation. The burned trees are much more affected by aspect-dependent warming compared to

live trees due to greater sun exposure (Figure 8 & 11). This is likely a product of winter months
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in northern Colorado having short days and low sun angles, which creates a greater difference
between north and south aspect daytime temperatures. The decreased north and south aspect
temperature differences during the ablation period (Figure 11) is most likely caused by less of a
sun angle difference in the spring months. More air mixing during longer daytime hours may

also have reduced the aspect-driven temperature difference.

Canopy cover also contributed to differences in diurnal temperature patterns in burned
trees compared to live trees. Live trees had lower daytime temperatures compared to burned trees
(Figure 9 & 10) because of canopy shading (Wiscombe & Warren, 1980; Boon, 2009). Live tree
night temperatures were higher than both DB and GB trees (Figure 9 & 10), likely because
canopy cover in unburned forests insulates the live tree trunks. Live trees are also composed of
approximately 35-50% water (compared to roughly 5% for burned trees), leading to a higher
specific heat capacity and thermal inertia than burned trees, resulted in less heat loss to the
surrounding atmosphere at night and decreased daytime temperatures (Kravka et al., 1999). The
factors produce smaller diurnal temperature changes in unburned trees compared to burned trees,

which had large day and night temperature differences (Figure 12).

4.1.2 Tree Wells

The effect of longwave energy emitted from a tree’s canopy has been related to tree well
development and increased snow melt rates around trees in unburned forests (Molotch et al,
2007; Molotch et al., 2016; Musselman & Pomeroy, 2017). Because unburned trees typically
have more surface area in their canopies than in their trunks, the longwave influence of canopy
cover is significantly higher than that of tree trunks in an unburned forest (Musselman &
Pomeroy, 2017). In contrast, moderate to high severity burned forests lack any substantial

canopy cover, so the longwave radiation that trees emit is primarily from the trunk. This study’s
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results showed that this energy emitted from the tree trunks results in snow melting directly
around the burned trees, leading to the development of tree wells. As addressed in section 1.1,
increased wind throughout burned forests also may lead to well development, although based on
field observations, wind-shaped tree wells predominantly occurred during the accumulation

period and were quickly refilled with new snow.

Manual well surveys showed that tree diameter influences well development, confirming
hypothesis 1.2.2 a (Figure 14). Larger trees have larger well diameters, in part because the tree
trunk takes up a significant portion of the middle of the diameter of a well when the well is
measured from edge to edge on a horizontal plane, as was done in this study. However, the
increased well development around larger trees are primarily because the radiation emitted by
the larger tree trunk is coming from a larger surface area, leading to more energy for melting
snow. Well diameter was found to be positively correlated with increased surface temperature
during peak ablation, which is in agreement with hypothesis 1.2.2 b (Figure 16). Initially wells
develop due to the proximity of snow and the warmer tree trunks, but as wells expand, the snow
at the edge of the well extends farther away from the trunk. Musselman & Pomeroy (2017)
found an exponential decline in potential melt energy from live tree trunks with distance from
the trunk. This finding helps explain why the wells are deepest right next to the tree and

shallower at the outer edges (Figure 4a & b).

4.2 Snow Melt Rates

Prior studies have already found that snow-free dates can be earlier post-fire due to
changes in shortwave radiation (Wiscombe & Warren, 1980; Boon, 2009; Gleason et al., 2013;
Gleason et al., 2019; McGrath et al., 2023), and this study shows that tree wells can advance

snow-free dates around burned trees by 8—16 days compared to open regions. I hypothesized that
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the longwave radiation emitted by burned trees would decrease snow volume directly around
trees compared to open areas of a burned forest, and the results, while not statistically tested, did
agree with this pattern (Figure 17, Table 4). The melt out directly around trees was increased by
warmer tree surface temperatures creating faster melt around the trees. This bare ground’s dark
color after a fire decreases the snow albedo inside a well and further accelerates melt out directly
next to trees. Figure 19 shows a time series of trail camera images, depicting the snowmelt
patterns around trees post-wildfire. Initially the wells are small but the rate of well expansion
increases rapidly as snow depths decrease and bare ground is exposed. Where a burned forest has
a large number of standing trees, the increased melt rates around the trees likely has a very

substantial influence on accelerating the snowmelt rates of a burned forest.

To gather a rough estimate of the extent of tree well’s impact on a larger area, I analyzed
drone imagery and of the TSZ burned site in ArcGIS Pro for a 35-m? region around the sensors
and weather station locations, which had 233 standing burned trees (Figure 20). Using section
2.3.3. methodology, I applied well diameter and snow depth data to the 233 standing burned
trees and the remainder of the open area to calculate snow volume around the trees and in the
remaining open area of the 35-m? region (Figure 21). When the total tree snow volume was
subtracted from the remaining open regions snow volume, there was a 27% total snow volume
loss from the tree wells for the entire period of observation. While assumptions are made by
applying one known tree’s daily well diameter to all the trees, these rough calculations further
suggest that there is a substantial amount of snow volume loss due to tree wells across a forested
region. Therefore, considering the varied snow melt around trees compared to open regions of a

burned forest is critical for better understanding snowmelt patterns post-wildfire.
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Figure 19. Persistent snow zone trail camera imagery from 23 May-3 June 2024, showing the
well development and melt pattern around burned trees compared to open regions.
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area (red outline) in the transitional snow zone with the

standing burned trees represented by pink dots.
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Figure 20. Drone imagery of the 35-m
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Figure 21. Snow volume time series for open and tree areas of a 35-m? area at the transitional
snow zone’s burned site from 2 February—the open regions snow-free date. The vertical dashed
line represents the beginning of peak ablation. The tree area snow volume is the sum of all 233

trees and the open area snow volume is the remaining area’s snow volume not impacted by tree
wells.

In unburned, canopy-covered forests snow may persist longer in open regions compared
to under the tree canopy because of both lower snow accumulation and higher longwave
radiation from the forest canopy that melts snow directly next to trees (Hubbart et al., 2015;
Molotch et al., 2016). In burned conditions, the earlier snow disappearance around trees is
predominantly due to longwave radiation emitted by the warm tree trunks, since the minimal
remaining branches do not effectively intercept snow or emit substantial radiation. Burned
forests may also have increased sublimation compared to unburned forests because of higher
wind speeds (Boon, 2009; Molotch et al., 2009, Reis et al., 2024). However, sublimation is not
likely the dominant process creating tree wells. Wells primary developed during the peak
ablation period, when tree temperatures were well above freezing (Figure 13). These warm

temperatures were high enough to melt the snow surrounding the trees. During the accumulation
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period, some wells appeared to develop during wind events, which might have been the initial
stages of later tree surface temperature-driven well development, but more research is needed to
assess this potential early-season driver of well development. To confirm that the tree wells are
caused by melt, it would be helpful to have snow temperature measurements around the well to
determine if the snow itself has reached 0°C as wells develop. More research into snow density
distributions around tree wells, as well as the cumulative effect of increased snow melt around
individual burned trees, would assist in explaining the patterns of melt rates in burned forests

noted in this study.

Since the tree wells were measured in two different snow zones, the results give some
insight into how the burned tree effect on snow may vary spatially. From the data showing tree
well development dates and tree surface temperature, the snow-free date of tree areas was 23
April — 9 May 2024 in the TSZ, whereas tree areas in the PSZ were snow-free later (18 May—23
May) (Table 5). In the TSZ, the trees were snow-free 3—10 days earlier than the open area,
whereas in the PSZ the trees were snow-free 8—13 days earlier than in the open area. However,
the period that snow existed around trees during the ablation period was 2 days shorter (Table 5),
and the snow melted 23% faster (average of all 4 trees per site) in the PSZ than in the TSZ
(Figure 17, Table 5). Because the ablation period was later in the PSZ, daytime tree surface
temperatures were 2.9 °C warmer, on average, than temperatures during the TSZ ablation period
(Figure 13). The later timing of melt in the PSZ likely led to greater melt rates and greater
advances in snow-free dates than in the TSZ. In the future, these findings could be combined
with forest density data to further improve larger-scale analysis of differences in SWE and snow

melt rates of wildfire-impacted forests.
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4.3 Temporal and Spatial Context

These observations were made in the fourth winter/spring post-fire. Prior research has
shown that the impacts of wildfire can last for decades (Gleason et al., 2019), and these impacts
shift with the years. Decreased albedo due to char on snowpack is primarily found in years 1-3
post-fire years (Gleason et al., 2016). Deadfall increases after 3—5 years (Angers et al., 2011),
and therefore decreased canopy becomes more of a driving factor for increased shortwave
radiation, and the longwave radiation input from trees will decrease. If this research had been
done year-one post-fire, there would have likely been more DB and GB trees left standing,
significantly more char deposited around the tree trunk and on the snow surface, potentially
leading to an even greater difference between burned and live tree’s surface temperature and
resulting well development. As more winters pass, there will likely be even fewer trees left
standing and potentially even less char coverage on standing trees. Without standing trees, tree

wells will no longer develop and accelerate melt rates.

These observations were gathered in the continental snowpack region of the Southern
Rocky Mountains in Colorado — a region that typically has shallower snowpack, larger diurnal
air temperature shifts, and significantly more solar radiation during winter months than the
intermountain or maritime snowpack regions of the western US (Mock & Birkeland, 2020). The
substantial amount of winter solar radiation and diurnal air temperature fluctuations help explain
the trends noted between burned and live tree surface temperatures during the day and night
hours. Regions with larger trees and/or increased tree density that have substantial mid-winter
solar radiation will likely see a net increase in the longwave radiation contribution of trees to the
total snow energy budget of a burned forest, potentially resulting in increased snow volume loss

around trees and even earlier snow-free dates for wild-fire impacted forests. In wildfire-impacted
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regions with less winter solar radiation, the difference between burned and live tree temperatures
and resulting well development might be less important for the overall post-fire snow energy

budget.

4.4 Project Limitations

4.4.1 Study Area

For consistency purposes, I attempted to find burned and unburned sites with similar
aspects. Due to the burn pattern in both snow zones and site access constraints, the PSZ
unburned site’s aspect was southeast (~150°) while the PSZ burned site and TSZ burned and
unburned sites aspect were northwest (~315°). However, because all these sites had low surface
slopes (~ < 5°), it is unlikely that these aspect differences significantly altered the results. The
site with the different aspect (unburned PSZ) also has tree canopy cover, which limits aspect-

driven differences in radiation and snow processes.

The unburned TSZ site with tree temperature sensors and weather station had
significantly lower snow depths than all other sites. This difference was largely topography-
driven, and not a reflection of the relationship between burn pattern and snow persistence. The
TSZ unburned site is located in a wide valley, with the northern end of the Mummy Mountains
sitting directly southwest of the site. This site has high downslope winds that blow snow away
from the snow stake, camera and snow depth sensor. For that reason, a secondary location’s
snowpack depth data was used for the unburned TSZ that was in a more protected area of
unburned trees, near the TSZ burned site (Figure 13). This secondary location was closer to the
TSZ burned site, and more accurately represented the large-scale conditions of an unburned

forest, however it still had lower snow depths than the TSZ burned site for most of the winter
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and spring. This was likely a product of the trail camera being located in a highly forested

pocked where snow did not accumulate well compared to the open region of the TSZ burned site.

4.4.2 Well Development and Snow Volume Calculations

Due to a time constraint and lack of quality imagery of live trees, live tree well
development was not analyzed. This meant that the melt rate comparisons could only be made
around burned trees and in open regions of a burned forest. In the burned tree well
measurements, the well volumes were not noticeably different around DB and GB trees, which is
consistent with the similar temperatures between these two tree types. However, the camera
imagery used for this part of the project only had one DB tree per site available to analyze for
tree wells, and a greater sample size would be needed to definitively determine if there are any

differences in well sizes between DB and GB trees.

This study primarily addresses snow volume instead of SWE because I did not have site-
specific daily snow density data; therefore, a snow volume analysis at each site more accurately
represented this project’s study sites. I did, however, predict differences in SWE melt volume
between treed and open areas based on the snow volume calculations (Table B1, Figure B1). The
predicted snow density values used to calculate SWE melt volume were from two SNOTEL sites
not directly next to my study areas, with different topography and orographic conditions.
Consequently, the SWE melt volume comparisons are more of an estimate than a precise

calculation.
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5. CONCLUSION

Wildfires change snow processes by altering the snow accumulation and ablation rates
and energy budget of a forest. A key, yet often overlooked, component of the post-fire energy
budget is longwave emissions from burned trees. To address this, I quantified tree surface
temperature differences between burned and live trees and the resulting snow volume and melt
rates around burned trees compared to open regions. This allowed us to better understand the
influence of burned trees on the total radiation budget of a post-fire, snow-covered forest. This
research shows that burning impacts the amount of heat retained and emitted by burned trees. I
found that burned trees' daytime temperatures were 2.9—-7.3 °C warmer on average than unburned
trees, with daytime temperatures of burned trees well above freezing for most of the snow
season. Due to these high temperatures, tree wells developed around burned trees, and their size
increased with greater cumulative tree surface temperature and with larger tree diameters.
Because of the tree wells, snow volume around trees decreased 56—69% faster during the
ablation season than in open regions. This led to snow melting 8—16 days earlier directly around
burned trees compared to open areas. Since open areas already have accelerated melt rates
compared to unburned forests, adding in the effect of burned trees further expands the

differences in snow melt rates and snow-free dates between burned and unburned forests.

Future work could benefit from incorporating defined tree surface temperatures and
emissivity of burned trees into radiation flux calculations, using the Stefan-Boltzman law, to
more accurately quantify burned tree’s longwave radiation contribution to the total energy
budget of a wild-fire impacted forest. This would, in turn, provide more context for snow melt

rates in a burned forest compared to that of an unburned forest. These findings can be used to
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improve snow energy budget models and predictions of snowmelt runoff and water availability
in a wildfire-impacted mountain ecosystem. This information will provide critical improvements

to water management throughout regions that are dependent on snow as a main water source.
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Appendix A. Tree Surface Temperatures
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Figure Al. Boxplot of day and night temperature values by burn condition in a) persistent snow
zone (PSZ) and b) transitional snow zone (TSZ) from the accumulation period (2 February—peak
ablation period) and the peak ablation period (when SWE and snow depth continuously
decreased and well diameters increased consistently from day to day — the snow-free date of each
burned site).
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Table Al. Standard deviation of replicate dead-burn (DB), green-burn (GB) and live sensors, by
aspect in the persistent (PSZ) and transitional (TSZ) snow zones, for the period from 2
February—the respective snow-free date of each zone.

Burn Standard Deviation (°C)
Zone | Condition | North Aspect Sensors | South Aspect Sensors
DB 0.6 1.6
PSZ GB 0.9 22
live 0.7 0.6
DB 0.6 1.0
TSZ GB 0.7 1.3
live 0.4 0.4
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Appendix B. Melt Volume Comparison

Table B1. Mean percent difference between open and tree area snow water equivalent (SWE)
(cm) of the persistent (PSZ) and transitional (TSZ) snow zones during accumulation and peak
ablation for all four observed trees per zone, including green-burn (GB) and dead-burn (DB)
burn conditions.

Mean SWE Mean SWE

Tree Burn % Difference % Difference

Zone ID Condition Accumulation Peak Ablation
1 GB 32.5 54.2
PS7 2 GB 14.9 39.3
3 GB 14.2 36.2
4 DB 13.8 26.1
1 GB 4.9 38.5
2 GB 4.8 38.2
52 3 GB 4.7 37.6
4 DB 4.9 37.2
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Figure B1. Rate of change of snow water equivalent (SWE) between open and tree areas for the
entire period of observation in the persistent (PSZ) and transitional (TSZ) snow zones. The
vertical dashed line represents the beginning of the peak ablation period. Note that tree 4 is a
dashed black line because it is a dead-burn tree, while trees 1-3 are green-burn trees in both plots
a) and b).
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