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Abstract

Increasing wildfire frequency and severity in high-elevation seasonal snow zones presents a considerable water resource man-

agement challenge across the western U.S. Wildfires can affect snowpack accumulation and melt patterns, altering the quantity

and timing of runoff. While prior research has shown that wildfire generally increases snow melt rates and advances snow dis-

appearance dates, uncertainties remain regarding variations across complex terrain and the energy balance between burned and

unburned areas. Utilizing multiple paired in-situ data sources within the 2020 Cameron Peak burn area during the 2021–2022

winter, we found no significant difference in peak snow water equivalent (SWE) magnitude between burned and unburned areas.

However, the burned south aspect reached peak SWE 22 days earlier than burned north. During the ablation period, burned

south melt rates were 71% greater than unburned south melt rates, whereas burned north melt rates were 94% greater than

unburned north aspects. Snow disappeared 7 to 11 days earlier in burned areas than unburned areas. Net energy differences at

the burned and unburned AWS sites were seasonally variable, with the burned area losing more energy during the winter but

gaining significantly more energy during the spring. Net shortwave radiation was 56% greater at the burned area during the

winter and 137% greater during the spring driving a ˜60% greater cumulative net energy at the burned site during May. These

findings emphasize the need for post-wildfire water resource planning that accounts for aspect-dependent differences in energy

and mass balance to accurately predict snowpack storage and runoff timing.
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Key Points: 14 

 The burned south site reached peak snow water equivalent 22 days earlier than all other 15 

sites, which occurred simultaneously. 16 

 Burned site melt rates were similar between aspect but exceeded unburned sites by 71–17 

94%. Burned sites became snow free 7–11 days earlier.  18 

 Burned site net shortwave increased from 56–137% greater during ablation, and net 19 

longwave was consistently lower, than the unburned site.  20 
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Abstract 21 

Increasing wildfire frequency and severity in high-elevation seasonal snow zones presents a 22 

considerable water resource management challenge across the western U.S. Wildfires can affect 23 

snowpack accumulation and melt patterns, altering the quantity and timing of runoff. While prior 24 

research has shown that wildfire generally increases snow melt rates and advances snow 25 

disappearance dates, uncertainties remain regarding variations across complex terrain and the 26 

energy balance between burned and unburned areas. Utilizing multiple paired in-situ data 27 

sources within the 2020 Cameron Peak burn area during the 2021–2022 winter, we found no 28 

significant difference in peak snow water equivalent (SWE) magnitude between burned and 29 

unburned areas. However, the burned south aspect reached peak SWE 22 days earlier than 30 

burned north. During the ablation period, burned south melt rates were 71% greater than 31 

unburned south melt rates, whereas burned north melt rates were 94% greater than unburned 32 

north aspects. Snow disappeared 7 to 11 days earlier in burned areas than unburned areas. Net 33 

energy differences at the burned and unburned AWS sites were seasonally variable, with the 34 

burned area losing more energy during the winter but gaining significantly more energy during 35 

the spring. Net shortwave radiation was 56% greater at the burned area during the winter and 36 

137% greater during the spring driving a ~60% greater cumulative net energy at the burned site 37 

during May. These findings emphasize the need for post-wildfire water resource planning that 38 

accounts for aspect-dependent differences in energy and mass balance to accurately predict 39 

snowpack storage and runoff timing. 40 

Plain Language Summary 41 

Wildfires are occurring more often at high-elevations, complicating efforts to accurately predict 42 

when snowmelt runoff will occur and the amount of water that will melt from the snowpack. 43 

Following wildfire, the amount of snow available for melt varies based on the study location, but 44 

generally snow melt occurs earlier in the year and at a faster rate. However, in complex, 45 

mountainous terrain, it is not well understood how the magnitude of these changes may differ 46 

between neighboring slopes. During the 2021–22 winter in the Cameron Peak burn area (2020) 47 

in Colorado, we found that in a high-elevation snowpack there was no difference in the amount 48 

of water accumulated in the snowpack between areas that were burned by the fire and areas that 49 

were not. But in areas that burned, the amount of water in the snowpack reached its greatest 50 

amount 22 days earlier than the areas that did not burn. The snowpack melted faster on both 51 

south and north facing slopes in the burned area compared to the unburned area, causing the 52 

burned areas to be snow free 7 to 11 days earlier. These results highlight the need to account 53 

complex terrain in water resource planning.  54 
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1 Introduction 55 

Across North America, 60% of seasonal snow accumulates in mountainous regions, 56 

causing distinct seasonal hydrologic cycles in snow-dominated watersheds (Bales et al., 2006; 57 

Wrzesien et al., 2018). For these basins, 60–80% of spring and summer streamflow is derived 58 

from liquid water stored in seasonal snowpacks (Li et al., 2017). Consequently, quantifying 59 

seasonal snow accumulation and ablation dynamics can help inform the management of 60 

downstream water supplies, hydropower generation, and agricultural production (Barnett et al., 61 

2005; Viviroli et al., 2007; Li et al., 2017; Sturm et al., 2017). However, over the last century, 1 62 

April SWE has declined by ~20% across the western U.S. (Mote et al., 2005, 2018), and in the 63 

last 50 years melt has initiated 1–3 weeks earlier (Cayan et al., 2001; McCabe and Clark, 2005; 64 

Clow, 2010; Hall et al., 2015; Dudley et al., 2017; Wagner et al., 2021), resulting in reduced melt 65 

rates, increased evapotranspiration, and reduced runoff generation (Barnhart et al., 2016; 66 

Musselman et al., 2017). Additionally, the hydrology within snow-dominated watersheds is 67 

bifurcating based on elevation with the lowest elevations moving toward dramatically declined 68 

peak SWE (14–45%), while peak SWE at high elevations is predicted to remain unchanged 69 

(Marshall et al., 2019; Hammond et al., 2023).  70 

The changing timing and increased proportion of rain and earlier snowmelt/spring runoff 71 

within these snow-dominated watersheds reduces water storage and soil moisture, increasing the 72 

potential for wildfire activity during subsequent summers (O’Leary et al., 2016; Westerling, 73 

2016; Hale et al., 2023; Hammond et al., 2023). Additionally, the increased aridity of the western 74 

U.S., along with a history of fire suppression, has led to a rapid growth in wildfire burn area, 75 

greater fire severity, and higher median elevation of wildfires over the last half-century, with an 76 

additional pronounced increase since the early 2000s (Westerling et al., 2006; Alizadeh et al., 77 

2021; Iglesias et al., 2022; Shi and Touge, 2023). Between 1984–2017, western U.S. forests 78 

above 2500 m experienced a 270% increase in wildfire activity, with the median burned 79 

elevation increasing by 250 m (Alizadeh et al., 2021). Model projections indicate a 63–107% 80 

increase in mean annual wildfire burn area by the end of the century (Westerling et al., 2011; 81 

Mueller et al., 2020; Alizadeh et al., 2021). The expansion of wildfire into high-elevation forests 82 

has impacted seasonal snow zones greatly, with 70% of western U.S. ecoregions experiencing a 83 

significant increase in burned area within the late season snow zone (Kampf et al., 2022).  84 

High-elevation forests regulate the accumulation and melt of seasonal snowpacks by 85 

altering wind speed, precipitation, and energy fluxes (Williams et al., 1972; Dozier, 1980; 86 

Troendle and King, 1985; Elder et al., 1989, 1991; Liston et al., 2007; Painter et al., 2007; 87 

Trujillo et al., 2007, 2009; Musselman et al., 2008; Biederman et al., 2014; Roth and Nolin, 88 

2017). Thus, disturbances by wildfire have the potential to significantly alter the mass and 89 

energy balances of snow-dominated watersheds. The four primary alterations following wildfire 90 

include: (i) a reduction in canopy snowfall interception (Harpold et al., 2014; McGrath et al., 91 

2023) and (ii) an increase in shortwave radiation reaching the snow surface (Burles and Boon, 92 

2011), both due to canopy loss, (iii) a lower snow surface albedo from the accumulation of 93 

soot/burned debris (Gleason et al., 2013; Gleason and Nolin, 2016; Uecker et al., 2020), and (iv) 94 

increases in turbulent fluxes because of higher wind speeds due to the more open forest structure 95 

(Boon, 2009; Molotch et al., 2009). In most seasonal snow burned areas, these competing 96 

changes to the mass and energy balances decrease peak SWE while increasing melt rates, 97 

(Loiselle et al., 2020; Maina and Siirila-Woodburn, 2020; Smoot and Gleason, 2021; Giovando 98 
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and Niemann, 2022) yet the impact varies between ecoregions, as well as across snow zones (e.g. 99 

early vs late; Giovando and Niemann, 2022; Kampf et al., 2022). Further, the loss of canopy due 100 

to wildfire mimics forest harvest impacts by reducing summertime evapotranspiration, increasing 101 

soil moisture recharge, and ultimately increasing runoff (Troendle and King, 1985). 102 

While a consensus is emerging on the primary impacts of wildfire on snow, prior work has 103 

not thoroughly evaluated how these impacts might vary across the complex topography that 104 

characterizes high-elevation mountain environments in the western U.S. Furthermore, few 105 

studies have assessed how the changes in forest structure post-fire influence all components of 106 

the snowpack energy balance. Our work addresses these two key knowledge gaps:  107 

(i) How do snowpacks vary across complex terrain following wildfire? Aspect exerts a 108 

strong control on seasonal snowpacks (e.g., Elder et al., 1991; Anderson et al., 2014), 109 

but most previous post-wildfire snowpack studies have not focused on identifying the 110 

way changes in quantity and date of peak SWE, and melt rates are modulated by 111 

complex terrain in wildfire burned areas. In the limited number of studies that 112 

incorporated differences in aspect, the greatest declines in snow depth and advances 113 

in snow disappearance dates occurred on south-facing slopes (Maxwell et al., 2019; 114 

Moeser et al., 2020). 115 

(ii) How does wildfire affect the energy balance (shortwave radiation, longwave 116 

radiation, and turbulent fluxes) of the snowpack? Prior studies have consistently 117 

attributed the observed increases in melt rates post-fire to an increase in shortwave 118 

radiation reaching the snow surface and a decrease in snow surface albedo (Burles 119 

and Boon, 2011; Gleason et al., 2013; Harpold et al., 2014). However, the other 120 

components (longwave radiation, turbulent fluxes) of the energy balance have not 121 

been systematically assessed post-fire.  122 

We address these knowledge gaps using multiple sources of data including bi-weekly 123 

manual snowpack measurements and two continuous automatic weather stations paired across 124 

aspect and burn condition in the Cameron Peak burn scar, Colorado, during the 2021–22 winter. 125 

2 Study Site 126 

 We established a study area at an elevation of ~3050 m within the sub-alpine zone of the 127 

Cache la Poudre watershed approximately 5 km north of Cameron Pass in northcentral Colorado 128 

(Figure 1a and Figure 1b). The 2 km
2
 study area is situated in a mixed forest of subalpine fir 129 

(Abies lasiocarpa), Douglas fir (Pseudotsuga menziesii), and Engelmann spruce (Picea 130 

engelmannii) and is within the persistent seasonal snow zone (SSZ; Moore et al., 2015). The 131 

study area sampled the range of burn severities present in the burned SSZ, but given the burn 132 

conditions in the study area, oversampled high-burn severities and under sampled low- to 133 

moderate burn severities (Figure 1f). Similarly, the study site spanned the range of northness 134 

values (defined below) present within the burned SSZ (Figure 1g).  135 

In the study area, we installed an automated weather station (AWS) in January 2021 in a 136 

high burn severity location (Burned – AWS; Figure 1). In November 2021, we installed an 137 

additional AWS in a ~5 m by 5 m forest gap representative of unburned forests in the area 138 

(Unburned – AWS). Additionally, we measured snow depth at an under-canopy location 139 

(Unburned – UC) with an automated sonic snow depth sensor. These three sites have comparable 140 
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southeast aspects with northness values ranging between –0.12–0.02 and slope angles between 141 

2.8–6.3° (Table 1). In November 2021, we established three additional sites to measure snow 142 

depth with time-lapse cameras and snow depth poles on sloped terrain (Burned – North, Burned 143 

– South, Unburned – North: Table 1; Figure 1b and Figure 1c). Four ~500 m snow depth 144 

transects were also established and covered a range of aspects in burned and unburned locations 145 

(Figure 1b and Figure 1c).  146 

The Joe Wright SNOTEL (ID 551) is located about 80 m higher and 3.5 km southwest of 147 

the main study area. The SNOTEL measured average winter SWE accumulation, with a 148 

maximum SWE of 632 mm on 10 May compared to the 1991–2020 median of 622 mm on 6 149 

May. Snow disappearance at the site occurred on 15 June 2022, just two days earlier than the 17 150 

June 30-year median snow disappearance date (SDD). 151 
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 152 

Figure 1. (a) Study area location within 2020 Cameron Peak wildfire burn area and the persistent 153 

seasonal snow zone (SSZ; Moore et al., 2015). (b) Maxar optical imagery of the study with study 154 

site locations overlaid. (c) Northness (10 m resolution) for the study area. (d) Burned-area AWS. 155 

(e) Unburned-area AWS. (f) Histogram of binned differenced normalized burn ratio (dNBR) 156 

within the SSZ impacted by the Cameron Peak fire (orange) and the repeat snow depth transect 157 

locations (green). On the dNBR scale, moderate–low severity burn values range from 270–439 158 
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and moderate–high burn severity values are between 440–659. (g) Histogram of northness values 159 

within the burned SSZ (orange) and the sampled locations (green). Northness values greater than 160 

0 are north-facing, while values less than 0 are south-facing. 161 

 162 

Table 1. Study site locations, difference normalized burn ratios (dNBR), elevations, and 163 

topographic characteristics.  164 

Site Name 

Coordinates 

(degrees) 

dNBR 

(unitless) 

Elevation 

(m a.s.l.) 

Aspect 

(deg) 

Slope 

(deg) 

Northness 

(–1 to 1) 

Burned –AWS 
(40.564,  

–105.867) 
373 3009 65 2 0.02 

Burned – North 

(Camera) 

(40.561,  

–105.879) 
355 3095 40 13 0.16 

Burned – South 

(Camera) 

(40.558,  

–105.879) 
464 3102 220 20 –0.26 

Unburned – AWS 
(40.563,  

–105.870) 
– 3019 175 7 –0.12 

Unburned – 

North (Camera) 

(40.560,  

–105.867) 
– 2991 15 24 0.39 

Unburned – 

Under-Canopy 

(UC) 

(40.564,  

–105.868) 
– 3010 170 5 –0.08 

3 Materials and Methods 165 

3.1 Automated Weather Stations 166 

The burned and unburned AWS measure air temperature and relative humidity (Campbell 167 

Scientific HydroVUE5), snow depth (Campbell Scientific SR50A), snow/soil temperature and 168 

relative permittivity (Campbell Scientific SoilVUE10; unburned, 1 m length; burned, 0.5 m 169 

length), wind speed and direction (RM Young 05103 Wind Monitor), barometric pressure 170 

(Campbell Scientific CS100; burned only), and four-component net radiation (Apogee SN500SS). 171 

The AWS sites were programmed to collect data every minute and logged the fifteen minute and 172 

hourly mean values. The UC site was instrumented with a standalone sonic snow depth sensor 173 

(A2 Photonic Sensors SPICE).  174 

We also measured snow depth at the two AWS sites and at three additional snow depth 175 

sites using time-lapse cameras (Wingscapes TimelapseCam Pro) and snow depth poles with 10 176 

cm gradation (Figure 1b). At the time-lapse sites, we installed three snow depth poles at 177 

locations without a weather station and one pole at the AWS sites. We programmed the time-178 

lapse cameras to capture an hourly photo between 0700 and 1900. Using the photos from noon 179 

(1200) or the next interpretable photo, we manually recorded daily snow depths with 5 cm 180 

precision and calculated the average daily snow depth for the site.  181 
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3.2 Manual Snowpack Measurements 182 

From 14 November – 13 June, we collected snow pit and snow depth transect data 183 

approximately every other week. The snow pit observations were co-located with the two AWS 184 

and three snow depth camera sites and included vertical profiles (10 cm increments) of snow 185 

density, dielectric permittivity, and temperature, as well as snow stratigraphy, and grain size 186 

profiles by layer. Pits were dug with the measurement wall facing north to minimize ambient 187 

weather effects on the measurements. We dug the snow pits in the same general location each 188 

time but shifted them ~1 m behind the previous pit wall and backfilled the pits following data 189 

collection to minimize the influence of the previous pit face.  190 

Snow depths along each of the four transects were collected during the same week as 191 

snow pit observations. Snow depths were measured using a 3 m Snowmetrics probe with 1 cm 192 

gradations and taken in a 1 m five-point “star” pattern (Harpold et al., 2014), every ~15 m along 193 

the transects. Each measurement was geolocated using a Juniper Systems Geode GNSS receiver 194 

(<30 cm horizontal accuracy), allowing us to collect snow depth in repeat locations throughout 195 

the winter. Mean snow depth for each location was calculated using the five snow depths and 196 

slope, aspect, and burn condition was assigned to each location based on the post-fire 2021 lidar-197 

derived DEM (0.7 m resolution) and the post-fire difference Normalized Burn Ratio (dNBR) 198 

burn severity map (Woodward and Vorster, personal communication). We subsequently refer to 199 

these distributed measurements as “probe-derived.” While completing snow depth transects, bulk 200 

snowpack density measurements were also collected using a Snow-Hydro SWE Coring Tube at 201 

six locations (Figure 1b and Figure 1c). 202 

3.3 Snow Surface Albedo Measurements 203 

 To reduce noise in the unburned AWS shortwave radiation data, we calculated daily 204 

albedo from median hourly values between 1000–1400 each day and applied a 7-day median 205 

smoothing function at both weather stations. 206 

Spectral albedo observations were also collected in the burned forest and an open 207 

unburned meadow near the burned and unburned AWS sites under clear-sky conditions on 15 208 

May. We used a Malvern Panalytical/Analytical Spectral Devices (ASD) FieldSpec 4 Standard-209 

Res spectroradiometer (3 nm VNIR, 10 nm SWIR resolution) at six locations evenly split 210 

between the burned and the unburned areas. At each of the locations, five upwelling and five 211 

downwelling measurements were taken within 2 hours of solar noon using the ASD remote 212 

cosine reflector on an outstretched 60 cm metal arm to the south of a tripod. Each of the five 213 

manually triggered observations collected five automated measurements. Albedo was calculated 214 

as the ratio of the mean upwelling and downwelling radiation measurements and is presented 215 

here as the mean albedo at the burned and unburned sites. 216 

3.4 Snow Water Equivalent Calculations 217 

Using the density profiles from each snow pit, we calculated the bulk snow density. 218 

Combining the bulk pit densities with density from the six SWE tube locations, we calculated the 219 

mean density for each aspect and burn condition. Bulk snowpack density was then linearly 220 

interpolated between sampling dates to attain an estimate of daily bulk density. Mean daily SWE 221 

was calculated for each aspect and burn condition by multiplying the daily bulk density by the 222 

probe depth measurements. The mean SWE was then calculated for each aspect and burn 223 
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condition by grouping the sites by aspect and burn condition. Mean continuous SWE 224 

measurements were calculated for each burn condition and aspect using the continuous snow 225 

depth measurements from the time-lapse cameras and sonic snow depth sensors. To calculate the 226 

SWE, we applied the linearly interpolated snow densities by burn condition and site aspect. 227 

These continuous sites will be referred to as “continuous SWE.” 228 

3.5 Terrain and Cold Content Analysis 229 

As a measure of terrain aspect, we calculated northness (Molotch et al., 2005), 230 

𝑁𝑜𝑟𝑡ℎ𝑛𝑒𝑠𝑠 =  cos(𝑎𝑠𝑝𝑒𝑐𝑡 (°))  × sin(𝑠𝑙𝑜𝑝𝑒 𝑎𝑛𝑔𝑙𝑒 (°)) . #(1)  

To determine the slope angle and topographic aspect at each point, we used a USGS 231 

LiDAR-derived DEM with a 0.7 m spatial resolution. While the 0.7 m resolution DEM was used 232 

in all analysis, we down-sampled the northness raster to 10 m resolution for clarity in Figure 1.  233 

Cold content is a measure of the snowpack energy deficit, which depends on the 234 

snowpack’s temperature and mass. This deficit must be overcome before snowmelt runoff can 235 

occur. We calculated cold content for each study site as:  236 

𝐶𝐶 =  𝑐𝑖𝜌𝑠𝑑𝑠(𝑇𝑆 − 𝑇𝑚), #(2)  

where 𝐶𝐶 is the snowpack cold content (MJ m
-2

), 𝑐𝑖 is the specific heat of ice (2.1x 10
-3

 MJ kg
-1

 237 

°C
-1

), 𝜌𝑠 is the density of snow (kg m
-3

), 𝑑𝑠 is snow depth (m), 𝑇𝑆 is the depth weighted 238 

snowpack temperature (°C), and 𝑇𝑚 is the melting temperature of snow (0 °C). To be more 239 

representative of the study area, we calculated cold content using the median probe snow depth 240 

in each burn condition (burned/unburned) and aspect (north/south) instead of using the snow pit 241 

depth. 242 

3.6 Snowpack Energy Balance Analysis 243 

Using the AWS station observations at both the burned and unburned AWS sites, we 244 

calculated the total energy using a simple one-dimensional (vertical) model:  245 

𝑄 = 𝐾 + 𝐿 + 𝐻 + 𝐿𝑣𝐸 + 𝑅 + 𝐺#(3)  

where 𝑄 is the total energy available, 𝐾 is the net shortwave radiation, 𝐿 is the net longwave 246 

radiation, 𝐻 is the sensible heat flux, and 𝐿𝑣𝐸 is the latent heat flux. The energy inputs from 247 

rainfall (𝑅) and the ground heat flux (𝐺) were not included since no rain was observed during the 248 

observational period, and the ground heat flux is assumed to be negligible (Boon, 2009). All 249 

terms have units of W m
-2

. 250 

3.6.1 Shortwave and Longwave Radiation 251 

For each site, we calculated 𝐾 and 𝐿 from the mean hourly observations using:  252 

𝐾 = 𝐾𝑖𝑛 − 𝐾𝑜𝑢𝑡#(4)  

and,  253 
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𝐿 =  𝐿𝑖𝑛 − 𝐿𝑜𝑢𝑡 #(5)  

where 𝐾𝑖𝑛 and 𝐿𝑖𝑛 are the incoming radiation components (W m
-2

), while 𝐾𝑜𝑢𝑡 and 𝐿𝑜𝑢𝑡 are the 254 

outgoing radiation components (W m
-2

). Hours with incoming shortwave radiation values less 255 

than outgoing shortwave radiation were removed since these are not physically realistic and are 256 

likely due to snow covering the upward-looking sensor. As a result, for days with less than six 257 

hours of recorded shortwave data, we did not assess the energy balance at that site (n=17; Figure 258 

S1). 259 

3.6.2 Turbulent Energy Flux Modeling 260 

We measured wind speed at two locations, the burned AWS and the unburned AWS. 261 

Wind speed and air temperature were measured 3 m above the ground surface at the burned and 262 

unburned sites. We logarithmically extrapolated wind speeds and linearly extrapolated air 263 

temperatures to the height of the snow surface to calculate the sensible and latent heat fluxes 264 

(Boon, 2009; Mandal et al., 2022).  265 

For each of the sites, hourly 𝐻 and 𝐿𝑣𝐸 were calculated as a function of the temperature, 266 

vapor pressure, and wind speed gradients above the surface of the of the snow, 267 

𝐻 = 𝜌𝑎𝐶𝑝𝐷𝐻(𝑇𝑎 − 𝑇𝑠𝑠), #(6)  

𝐿𝑣𝐸 =  𝜌𝑎λ𝑣𝐷𝐸
0.622

10𝑃𝑎
(𝑒𝑎 − 𝑒𝑠), #(7)  

where 𝜌𝑎 is the air density at the sites (kg m
-3

),  268 

𝜌𝑎 = 
0.34722 × 𝑃𝑎

𝑇𝑎
, #(8)  

where 𝑃𝑎 is the air pressure (mbar) at each site. Since air pressure was only recorded at the 269 

burned AWS and both sites are within 500 m of each other and at similar elevations, the burned 270 

AWS air pressure was used at both sites. The specific heat capacity of air (𝐶𝑝) was set as 1005 J 271 

kg
-1

 K
-1

. 𝑇𝑎 is the air temperature (ºK) and the snow surface temperature (𝑇𝑠𝑠; ºK) was calculated 272 

using, 273 

𝑇𝑠𝑠 = (
𝐿𝑜𝑢𝑡
𝜀𝑠𝜎

)

1
4
, #(9)  

where the emissivity (𝜀𝑠) of the snow surface is assumed to be 0.97 (Hardy et al., 1997), and σ is 274 

the Stefan-Boltzmann constant (5.67 × 10−8 W m
-2

 K
-4

).  275 

The latent heat of vaporization (λ𝑣; MJ kg
-1

) was given by, 276 

λ𝑣 = 2.501 − 0.002361(𝑡𝑠𝑠), #(10)  

where 𝑡𝑠𝑠 is the snow surface temperature in degrees Celsius. 277 
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Using Teten’s formula (Murray, 1967), we calculated the saturation vapor pressure of the 278 

air (e𝑎𝑠𝑎𝑡) and the snow surface (e𝑠𝑠𝑎𝑡) in kPa, 279 

e𝑎𝑠𝑎𝑡 𝑜𝑟 e𝑠𝑠𝑎𝑡 =

{
 

 6.11 × 𝑒𝑥𝑝 (
17.27𝑡𝑎 𝑜𝑟 𝑠𝑠
𝑡𝑎 𝑜𝑟 𝑠𝑠 + 237.3

) ; 𝑡𝑎 𝑜𝑟 𝑠𝑠 > 0℃

6.11 × 𝑒𝑥𝑝 (
21.87𝑡𝑎 𝑜𝑟 𝑠𝑠
𝑡𝑎 𝑜𝑟 𝑠𝑠 + 265.5

) ; 𝑡𝑎 𝑜𝑟 𝑠𝑠 ≤ 0℃

,#(11)  

where 𝑡𝑎 𝑜𝑟 𝑠𝑠 is either the air temperature (𝑡𝑎) or snow surface temperature (𝑡𝑠𝑠) in degrees 280 

Celsius. We assumed the snow surface vapor pressure (𝑒𝑠) was always saturated, giving 𝑒𝑠 =281 

 𝑒𝑠𝑠𝑎𝑡, but to determine the air vapor pressure (𝑒𝑎), we used,  282 

𝑒𝑎 =
𝑅𝐻

100%
× 𝑒𝑎𝑠𝑎𝑡 , #(12)  

where 𝑅𝐻 is the hourly measured relative humidity (%) at each AWS site. 283 

Finally, 𝐷𝐻 and 𝐷𝐸 are the bulk transfer coefficients of sensible and latent heat (m s
-1

). 284 

Under neutral atmospheric conditions, 𝐷𝐻 and 𝐷𝐸 are assumed to be equivalent to each other and 285 

calculated as: 286 

𝐷𝐻 = 𝐷𝐸 =
𝑘2𝑢

[ln (
𝑧𝑢
𝑧0
)]
2 , #(13)  

where 𝑘 is the von Karman constant (0.4) and 𝑧0 is the roughness length (m). Due to a lack of 287 

field measurements, we assumed all roughness lengths to be 0.006 m following Boon (2009). 288 

The wind speed measurement height (𝑧𝑢) is the time-varying height (m) above the snowpack 289 

surface at each site. 290 

To account for the stability of the surface boundary layer and correct the turbulent fluxes 291 

under highly variable conditions we used the Richardson number (𝑅𝑖; Brutsaert, 1982) : 292 

𝑅𝑖 = 𝑔
(𝑇𝑎 − 𝑇𝑠𝑠) 𝑧𝑢

𝑇𝑎𝑢
2

, #(14)  

where 𝑔 is gravitation acceleration (9.81 m s
-2

), 𝑢 is the hourly average wind speed (m s
-1

) 293 

measured at each site. Due to substantial variability, potential hysteresis, and a wide-range in 294 

published values and approaches in the determination of the 𝑅𝑖 critical number (Andreas, 2002), 295 

and a sizable portion of the 𝑅𝑖 values falling below zero, turbulence was dampened when 𝑅𝑖 was 296 

not between –0.4 and 0.3 (Andreas, 2002; Boon, 2009; Mandal et al., 2022). The turbulence was 297 

dampened for stable atmospheric conditions using,  298 

𝐷𝐻𝐶 = 𝐷𝐸𝐶 =
𝐷𝐻

(1 + 10𝑅𝑖)
. #(15)  

4 Results 299 

Wildfire directly changes canopy and forest structure, thereby altering the snowpack 300 

energy balance. To provide insight as to how snowpacks change across complex terrain 301 

following wildfire, we use the periodic in-situ data to address differences in i) the quantity and 302 

date of peak SWE and ii) the melt rates and snow disappearance dates. Second, using the paired 303 
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burned and unburned AWS data, we assess iii) how components of the seasonal snowpack 304 

energy balance vary between burned and unburned sites.  305 

4.1 Aspect Influence on Quantity and Timing of Peak SWE 306 

4.1.1 Quantity and Timing of Peak SWE 307 

Our measurements fall into four categories based on aspect (north, south) and burn 308 

condition (burned, unburned). Bulk snowpack density from snow surveys exhibited similar 309 

temporal trends on all aspects throughout the observation period. The average density on burned 310 

north aspects was ~10% greater than unburned north aspects and ~15% greater on burned south 311 

aspects compared to unburned south aspects (Figure 2a). Density in the burned and unburned 312 

areas were consistently similar between north and south aspects with the greatest variability in 313 

density occurring within the unburned areas.  314 

The median SWE of the probe transects was greater on both north and south aspects in 315 

the burned area relative to the same aspect in the unburned area throughout the accumulation 316 

period except for 28 November and 28 December on south aspects (Figure 2b and Figure 2c). 317 

However, median probe-derived SWE was only significantly different (Wilcoxon t-test; p < 318 

0.05) between burned and unburned areas for one survey date on north aspects and four survey 319 

dates on south aspects during this period (Figure 2b and Figure 2c). Median probe-derived SWE 320 

was significantly greater (p < 0.05) on north aspects relative to south aspects in both the burned 321 

(54% greater SWE) and unburned (59% greater SWE) areas. We also found burned north aspects 322 

held a mean 19% less SWE than unburned north aspects for all survey dates, while burned south 323 

aspects were 16% lower than unburned south aspects. Additionally, we found the difference in 324 

median interquartile range (IQR) of probe-derived SWE was significantly greater (p < 0.05) on 325 

north burned aspects relative to north unburned areas, and on north aspects compared to south 326 

aspects within the burned area during accumulation. 327 

For the majority of aspect/burn categories, the AWS and camera-derived SWE was 328 

comparable to the median probe-derived SWE measurements during the accumulation period 329 

(less than 13% median absolute difference). The one exception was the burned north aspect 330 

(camera) site which consistently had greater SWE (25% median absolute difference), likely due 331 

to wind deposition and the persistence of early season snow (Figure 2b and Figure 2c).  332 

The burned south aspect camera site (Burned–South Camera) reached peak SWE on 15 333 

April, 22 days earlier than the other four sites (Burned–North Camera, Burned AWS, Unburned 334 

AWS, and Unburned–North Camera), which reached peak SWE on 7 May (Figure 2b and Figure 335 

2c). Probe snow depths collected on 6 May show the north burned transect had accumulated 19 336 

mm (3%) more SWE than the north unburned transect, while south burned aspects had 34 mm 337 

(9%) less SWE than unburned south sites (Figure 2b and Figure 2c). Around the time of peak 338 

SWE at the Burned–South Camera, the burned south aspect snow survey on 6 April had 9 mm 339 

(2%) greater peak SWE than the snow survey near peak SWE on the unburned south aspect (6 340 

May). However, these observed differences in peak SWE were not statistically significant (p < 341 

0.05). After peak SWE was reached on the burned south aspect but prior to ablation at all other 342 

aspects (yellow period in Figure 2b and Figure 2c), SWE declined at a rate of 4 mm d
-1

. In 343 

contrast, burned north, and unburned north and south locations gained SWE at 2, 3, and 1 mm d
-1

 344 

during this period. 345 
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 346 

Figure 2. (a) Mean density for each aspect and burn condition calculated from the snow pit and 347 

SWE tube bulk densities. The number of sites included for each aspect and burn condition is 348 

indicated in the legend. Probe-derived and continuous SWE based on burn condition for (b) 349 

north and (c) south aspects. Wilcoxon significant difference of medians between burned and 350 

unburned areas are indicated with the red asterisks (p < 0.05). The period between burned south 351 

peak SWE (15 April) and all other sites peak SWE (7 May) is shown in yellow. The melt period 352 

for all sites is shown in orange. Note: Burned-north SWE until mid-December is calculated from 353 

snow pit observations only.  354 

4.1.2 Melt Patterns 355 

The differences in snowpack properties between the burned and unburned sites were most 356 

apparent during the melt period. Between peak SWE (7 May for most categories) and 20 May, 357 

when a five-day storm cycle began which added ~30 cm snow depth, the mean melt rates at the 358 

burned north and south sites were both 19 mm d
-1

, while unburned north and south aspects were 359 

12 and 8 mm d
-1

 (Figure 3a and Figure 3b). Between probe surveys on 6 May and 19 May, the 360 

average daily rate of SWE loss in the burned areas (31 mm d
-1

 north; 29 mm d
-1

 south) was 361 

approximately double unburned areas (16 mm d
-1

 north; 17 mm d
-1

 south; Figure 3a and Figure 362 

3a). Between the 26 May to 3 June probe surveys, north unburned areas lost 16 mm d
-1

 and south 363 

unburned areas lost 11 mm d
-1

, while in the burned areas, north aspects lost 20 mm d
-1

 and south 364 

aspects lost 6 mm d
-1

 (Figure 3a and Figure 3a). 365 
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On the probe survey dates of 19 May, 26 May, and 3 June, the median difference 366 

between burned and unburned transects were 178, 213, and 244 mm on north aspects and 192, 367 

231, 186 mm on south aspects (Figure 2b and Figure 2c). While differences between comparable 368 

aspects in the burned and unburned areas were similar during this period, median SWE was 369 

lower on burned south aspects (0–49 mm) than on burned north aspects (157–316 mm). During 370 

the melt period, the IQR expanded on burned north aspects (Figure 2b), with the burned north 371 

IQR growing 246 mm (78%) greater than the IQR on unburned north aspects. Similarly, burned 372 

south IQR was 32 mm (29%) greater than comparable unburned areas.  373 

Snow disappearance occurred on south burned aspects 3 June and on north burned 374 

aspects on 10 June, while all unburned sites became snow free on 14 June (Figure 2b and Figure 375 

2c). The steeply sloped south aspects (low northness values) were snow free on 19 May, prior to 376 

the 5-day spring snowstorm, and became snow free for the season on 1 June following several 377 

small storms in late May. 378 

4.2 Snowpack Cold Content 379 

Snowpack cold content exhibited a distinctive seasonal pattern, with an increase in cold 380 

content from November through January, maximum cold content in early February, followed by 381 

a decline until all sites were isothermal in early May (Figure 3c). Cold content was greatest on 382 

the north burned aspect through 27 December, while the three other sites were similar (Figure 383 

3c). Beginning with the 24 January survey, cold content showed greater similarities based on 384 

aspect rather than burn condition, with north aspects having greater cold content than south 385 

aspects (Figure 3c). All sites reach a maximum cold content during the 9 February survey. 386 

Aspect-driven similarities continued until 21 March when snowpack cold content in the burned 387 

areas decreased at a greater rate than unburned areas. All sites were isothermal at 0
o
C on the 7 388 

May survey (Figure 3c). 389 

4.3 Wind Speed Following Wildfire 390 

Wind speeds at the burned site AWS were generally higher than those at the unburned 391 

AWS. Specifically, the burned AWS recorded median seasonal windspeeds of 1.76 m s
-1

 while 392 

the wind speeds at the unburned AWS were significantly lower (p < 0.05; 0.45 m s
-1

). At the 393 

burned AWS, 40% of all hourly windspeeds were greater than 2 m s
-1

 while there were no 394 

occurrences greater than 2 m s
-1 

at the unburned AWS (Figure 3d and Figure 3e). Predominant 395 

wind directions were south–southwest at both sites (Figure 3d and Figure 3e).  396 
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 397 

Figure 3. Mean daily change in SWE based on burn condition for (a) north and (b) south aspects. 398 

The bars represent the daily change at each of the continuous sites while the horizontal bars show 399 

the average daily SWE change between probe surveys. (c) Timeseries of the mean snowpack 400 

cold content based on aspect and burn condition. Wind rose showing hourly windspeed and 401 

direction for each weather station, (d) unburned AWS and (e) burned AWS. 402 

4.4 Energy Balance Following Wildfire 403 

Since wildfire directly alters forest structure and canopy, all aspects of the snowpack 404 

energy balance are impacted following wildfire. Below we present results for the energy balance 405 

components (Eqn. 3), based on observations from the burned and unburned AWS sites. 406 

4.4.1 Shortwave Radiation (K) 407 

Mean daily net shortwave radiation was low (47 W m
-2

 burned; 31 W m
-2 

unburned) from 408 

1 December through 28 February, then gradually increased to maximum values of 133 W m
-2

 409 

(burned) and 59 W m
-2

 (unburned) from 1 March through 31 May. The burned site consistently 410 

received significant increases (p < 0.05) in mean net shortwave radiation relative to the unburned 411 
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site (Figure 4a). The magnitude of this increase in net shortwave radiation varied seasonally, 412 

with a greater increase in the spring than in mid-winter. The average mean daily incoming 413 

shortwave radiation at the burned site was 52% greater than the unburned site from 1 December 414 

to 28 February, and 125% greater during the spring (1 March–31 May; Figure 4a). Cumulative 415 

mean daily incoming shortwave energy was ~200% greater at both sites during the spring period 416 

than during mid-winter. However, the cumulative mean daily net shortwave energy was 56% 417 

greater at the burned site than the unburned site through the mid-winter (4 kW m
-2

 burned; 2.5 418 

kW m
-2 

unburned) and 137% greater during the spring (12 kW m
-2

 burned; 5 kW m
-2 

unburned). 419 

In total, there was a 110% increase in cumulative mean daily net shortwave radiation between 1 420 

December and 31 May at the burned site relative to the unburned site. 421 
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Figure 4. (a) Mean daily net shortwave, (b) longwave, and (c) radiation flux for the burned and 423 

unburned AWS sites. Mean daily (d) sensible, (e) latent, and (f) total turbulent heat fluxes for the 424 

burned and unburned AWS sites. (g) mean daily net energy at the burned and unburned AWS 425 

sites. (h) Daily difference between the mean daily net energy at the burned and unburned sites 426 

(burned minus unburned), and the proportion of the net difference attributed to each energy 427 

balance component. 428 

4.4.1.1 Snow Surface Albedo 429 

The median broadband albedo (upward-looking, 385 nm to 2105 nm; downward-looking, 430 

295 nm to 2685 nm) at the unburned AWS (0.53) was 29% lower than the median burned albedo 431 

(0.74) from 1 December through 28 February (Figure 5a). The median albedo remained greater 432 

at the burned site (0.69) than the unburned site (0.55) between 1 March and 31 May. However, 433 

median snow surface albedo changed rapidly at both sites between 1 May and 15 May with the 434 

albedo at the burned site falling from 0.67 to 0.36 while the unburned albedo fell from 0.54 to 435 

0.30. Both sites rebounded to 0.67 (burned) and 0.54 (unburned) during the late-May storm 436 

cycle, before falling to 0.16 (burned) and 0.33 on 1 June. 437 

We collected distributed spectral albedo measurements on 15 May, however, a strong 438 

low-pressure system in mid-April led to the wet deposition of dust at all sites (Figure 5c and 439 

Figure 5d). Comparing the spectral albedo on 15 May, we found the spectral albedo in the 440 

burned area was 37% less (p <0.05) than the spectral albedo in the unburned areas across all 441 

measured wavelengths (350–2500 nm; Figure 5b). In the visible wavelengths (400–700 nm), we 442 

found there to be a significant difference (p < 0.05) in the median albedos – the burned area 443 

albedo (0.44) was 42% lower than the unburned area albedo (0.76). In the measured NIR 444 

spectrum (700–2500 nm), the burned area median albedo (0.14) was 26% less (p < 0.05) than the 445 

unburned area (0.19).  446 
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 447 

Figure 5. (a) Seven-day rolling mean of broadband (upward-looking, 385 nm to 2105 nm; 448 

downward-looking, 295 nm to 2685 nm) albedo at the burned and unburned automated weather 449 

stations. Albedo was calculated as the median value between 1000 and 1400 hours. (b) Spectral 450 

albedo in burned and unburned locations on 15 May. (c) Snow surface at a burned ASD 451 

measurement location. (d) Unburned snow surface and the ASD remote cosine receptor and 452 

tripod. Note: Snow samples were taken after all measurements were collected. 453 

4.4.2 Longwave Radiation (L) 454 

Differences in mean daily net longwave radiation between the sites was more temporally 455 

consistent than shortwave radiation, as the burned site was always more negative. Between 456 

December through February, the burned site balance was –46 W m
-2

, while the unburned was –457 

16 W m
-2

 and between March through May, the burned site was –45 W m
-2

 whereas the 458 

unburned was –13 W m
-2 

(Figure 4a and Figure 4b). 459 

This difference in net longwave was primarily due to differences in incoming longwave 460 

radiation between the sites. During mid-winter (1 December–28 February), there was a 16% 461 

decrease in cumulative mean daily incoming longwave (p<0.05) at the burned site relative to the 462 

unburned site, while in the spring (1 March–31 May) there was a 14% decrease at the burned site 463 

compared to the unburned site. Cumulative mean daily outgoing longwave radiation was lower at 464 

the burned area by 4% during the mid-winter period and 2% during the spring period compared 465 

to the unburned site.  466 
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4.4.3 Net Radiation Flux (R)  467 

The direction of energy flux between the snowpack and atmosphere varied seasonally at 468 

both the burned and unburned AWS sites. From 1 December through 28 February, the net 469 

radiation flux was negative on approximately 92% of days at the burned AWS and 74% of days 470 

at the unburned AWS site (Figure 4c). Between 1 March and 31 May, net radiation was positive 471 

on 76% and 81% of days at the burned and unburned AWS sites, respectively. The magnitude of 472 

net radiation flux was primarily a function of burned/unburned condition. Specifically, between 1 473 

December and 28 February, the cumulative mean daily net radiation at the burned site (–2.5 kW 474 

m
-2

) was 2 kW m
-2

 (360%) more negative than the unburned site (–0.5 kW m
-2

; Figure 4f). From 475 

1 March through 31 May, the cumulative net radiation at the burned site (2.7 kW m
-2

) was 1.2 476 

kW m
-2

 (77%) greater than the unburned site (1.5 kW m
-2

).  477 

4.4.4 Turbulent Heat Fluxes (H, LvE) 478 

Turbulent fluxes also varied based on the season at both sites. The average mean daily 479 

sensible heat flux at the burned AWS was 19 W m
-2

 (snowpack gained energy) between 1 480 

December and 28 February, while at the unburned site, the sensible heat flux was –1 W m
-2

 481 

(snowpack lost energy; Figure 4d). During the spring, the magnitude of average daily sensible 482 

heat flux decreased at both the burned (8 W m
-2

) and unburned sites (–0.5 W m
-2

; Figure 4d). 483 

The magnitude of average daily latent heat flux increased from the winter to the spring at the 484 

burned site (–22 W m
-2

 winter; –34 W m
-2

 spring) but decreased slightly at the unburned sites (–485 

9 W m
-2

 winter; –7 W m
-2

 spring; Figure 4e).  486 

Both sensible and latent heat fluxes varied considerably during different weather 487 

conditions, with the lowest magnitude sensible and latent heat fluxes during periods of snowfall 488 

and the greatest values during periods of high pressure. From 1 December to 31 May, sensible 489 

heat flux added a cumulative total of 2.4 kW m
-2

 at the burned site while the unburned site lost 490 

0.1 kW m
-2

, while the cumulative latent heat flux removed energy from both sites (–5.2 kW m
-2

 491 

burned; –1.5 kW m
-2

 unburned). In general, the magnitude of latent fluxes exceeded sensible 492 

fluxes, causing the net turbulent flux to be negative on 78% of the days during the study period 493 

at the burned site, 90% at the unburned. In the burned area, increased daily turbulent flux led to a 494 

greater loss of cumulative turbulent energy at the burned site (–2.8 kW m
-2

) compared to the 495 

unburned site (–1.6 kW m
-2

). 496 

4.4.5 Daily Net Energy (Q) 497 

The daily net energy at both the burned and unburned sites was consistently negative 498 

(99% of days at the burned; 100% unburned) from 1 December through 28 February. During this 499 

time, the cumulative mean daily net energy was –5.5 kW m
-2

 and –2.8 kW m
-2

 at the burned and 500 

unburned sites (96% greater deficit). From 1 March through 31 May, the daily mean net energy 501 

was positive on 62% of days at the unburned site but only 31% at the burned site. The daily 502 

mean net energy became consistently positive at the unburned site on 14 April and at the burned 503 

site on 1 May (Figure 4f). Before 14 April, the differences between burned and unburned areas 504 

were primarily due to changes in the net longwave and turbulent flux components of the energy 505 

balance, which reduced the energy balance in the burned area compared to the unburned area 506 

(Figure 4g). The primary component of the difference between the burned and unburned sites 507 

then became the net shortwave radiation through April and May, causing the net energy at the 508 

burned site to become greater than at the unburned site (Figure 4g). Between 14 April and 31 509 
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May at the burned site, the increased net shortwave radiation at the burn site drove a 19% greater 510 

cumulative mean energy balance at the burned site (2.6 kW m
-2

) compared to the unburned site 511 

(2.2 kW m
-2

). During May alone, the cumulative mean energy balance was 59% greater in the 512 

burned area than the unburned area. 513 

5 Discussion 514 

5.1 Snowpack Accumulation and Ablation 515 

5.1.1 Peak SWE Timing and Quantity  516 

Our results highlight the important, but nuanced, role of aspect on the timing of peak 517 

SWE. At the burned south site, peak SWE occurred 22 days earlier than the unburned south site, 518 

while this date was the same for burned/unburned north aspects. These timing changes are 519 

outside the average 6–10 day range reported in previous literature for the western U.S (Smoot 520 

and Gleason, 2021; Giovando and Niemann, 2022). One possible explanation for the difference 521 

on south aspects is that previous studies examined SNOTEL sites which are typically in open 522 

meadows with low surface slopes, while our sites have slopes between 2 and 24 degrees. 523 

Continued study over multiple years would help illuminate whether the coincident peak SWE 524 

date on north aspects was due to synoptic scale weather patterns or if peak SWE is minimally 525 

affected post-fire on north slopes. 526 

Additionally, we found no difference in peak SWE magnitude between our probe snow 527 

surveys in burned and unburned areas (Figure 2). This finding differs from previous western U.S. 528 

studies, which have reported decreases of 10 to 50% in peak SWE post-fire (Harpold et al., 2014; 529 

Smoot and Gleason, 2021; Giovando and Niemann, 2022). Additionally, these results differ from 530 

2020–2021 winter observations within the same study area where peak SWE was 17–25% less in 531 

burned sites relative to unburned sites (Kampf et al., 2022; McGrath et al., 2023). The 532 

discrepancies in peak SWE between the 2020–2021 and 2021–2022 winters within the study area 533 

could represent sensitivity to interannual snow accumulation patterns. Although both winters 534 

were average when compared to the 30-year median, snow accumulated consistently during the 535 

2020–2021 winter, while the 2021–2022 winter was characterized by long dry periods 536 

punctuated by short periods of rapid snow accumulation. Additionally, the use of more 537 

automated sites and more extensive probe transects during the 2021–2022 winter could have 538 

contributed to the observed differences. In contrast to the differences in peak SWE between the 539 

2020–2021 and 2021–2022 winters in this study area, the change in SDD between burned and 540 

unburned areas (7–11 days) was consistent between the years (11–13 days; McGrath et al., 541 

2023), and were similar to the average for the Southern Rockies (11.7 days; Giovando and 542 

Niemann, 2022), but are less than the 23 days reported by Gleason et al. (2013) from the High 543 

Cascades. 544 

5.1.2 Aspect Influence 545 

While we found increased impacts on south aspect slopes and earlier melt dates within 546 

the burned area, the greatest difference in SWE accumulation and melt rates occurred based on 547 

aspect regardless of the burn condition. This finding matches the previous literature in burned 548 

and unburned forests who illustrate the variability in SWE accumulation and ablation patterns 549 

based on aspect and canopy cover (Anderson et al., 2014; Maxwell et al., 2019; Moeser et al., 550 
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2020). Following peak SWE, melt rates increased in the burned areas on both north and south 551 

slopes, with the greatest increases occurring on burned south aspects (Figure 6). The increased 552 

average daily probe-derived melt rates in the burned areas prior to the late-May snowstorm and 553 

the earlier peak SWE on burned south slopes caused earlier snow disappearance in the burned 554 

area on all aspects (Figure 6). On these south-facing slopes, the growing season is lengthened 555 

due to the earlier snow-free dates, but the growth of revegetation may be water limited, slowing 556 

recovery of forest canopy following wildfire (Stevens-Rumann and Morgan, 2019; Webb et al., 557 

2023).  558 

We found that the north burned aspects held consistently greater snow depths during the 559 

probe snow depth surveys throughout the entire study period. To investigate this further, we 560 

analyzed Sentinel-2 and Landsat-8 satellite imagery from late fall 2022, which revealed that 561 

accumulation from an early October snowstorm had completely melted from burned south 562 

aspects by 25 October but was still present on burned north aspects. The presence of forest 563 

canopy made observations in unburned areas inconclusive, but it appeared that steep south-564 

facing unburned slopes had melted completely, while all other unburned slopes retained snow. 565 

While we do not know the depth of snow that remained, we attribute the relatively consistent 566 

difference in snow depth identified throughout the accumulation period to aspect-dependent 567 

energy balance differences following this early season snowfall along with preferential wind 568 

deposition of snow to this area during accumulation, which was observed during the periodic site 569 

visits.  570 

5.2 Snowpack Energy Balance 571 

While prior studies have documented changes to peak SWE, peak SWE date, melt rates, 572 

and SDD, few studies have directly compared all components of the energy balances between 573 

burned and unburned sites. We found that incoming shortwave radiation increased significantly 574 

at the burned site compared to the unburned site and the magnitude of this difference increased 575 

through the season as the length of day and zenith angle increased. The increased incoming 576 

shortwave radiation resulted in a 110% increase in cumulative mean net shortwave radiation at 577 

the burned site compared to the unburned site between 1 December and 31 May (Figure 6a and 578 

Figure 6b).  579 

This increase in net shortwave radiation was primarily due to the loss of canopy, which 580 

dramatically increased the magnitude of shortwave radiation reaching the snow surface. Like 581 

Gleason and Nolin (2016), we observed a higher albedo at the burned site compared to the 582 

unburned site during the accumulation period. We attribute the lower albedo in the unburned site 583 

during the accumulation period to two factors: i) the accumulation of leaf litter on the snow 584 

surface (Figure S3), and ii) the integrated signal from both snow and trees within the sensor’s 585 

field of view. During the peak melt season, the burned site had a slightly lower minimum albedo 586 

but unlike previous studies (e.g., 40% and 60% decreases identified by Gleason and Nolin (2016) 587 

and Hatchett et al. (2023) during melt), our stations did not document a comparable precipitous 588 

decline in snow albedo. The darkening of the snow surface from fallen soot and debris post-fire 589 

relative to unburned conditions (Burles and Boon, 2011; Gleason et al., 2013, 2022; Gleason and 590 

Nolin, 2016; Gersh et al., 2022) was potentially minimized at our study site due to a widespread 591 

dust on snow event that affected all areas equally, as well as a late-season snowstorm that 592 
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increased the albedo across all sites for a ~5-day period in late May. These late season events are 593 

a common occurrence for this eco-region (e.g., McGrath et al., 2023).  594 

In contrast to the station data, the spectroradiometer observations that were collected on 595 

15 May revealed more distinct differences between the burned and unburned sites. Visible 596 

wavelength albedo at the burned sites were 42% less than comparable unburned areas, which is 597 

comparable to previous studies, including the 40% decline found during prior winter (the first 598 

post-fire) at this site (McGrath et al., 2023). These observations coincided with a period in the 599 

melt season when the burned station albedo was 18% greater than the unburned site.  600 

Importantly, as wildfires lead to the loss of canopy, snow albedo plays an outsized role in 601 

the snowpack’s post-fire energy balance due to the dramatic increases in incoming shortwave 602 

radiation reaching the snow surface. Although our station data did not show a consistent decline 603 

in snow albedo, the loss of canopy in the burned area, coupled with a low albedo during the melt 604 

period, led to a 110% increase in cumulative net shortwave energy, highlighting the 605 

transformative and long-lasting role that fires can have on the snowpack energy balance. 606 

Unlike net shortwave radiation, the net longwave radiation difference between the burned 607 

and unburned sites was consistent throughout the entire study period, which is attributed to the 608 

loss of tree canopy at the burn site. Trees absorb shortwave radiation and re-emit longwave 609 

radiation (Rouse, 1984), so the loss of canopy greatly reduced incoming longwave radiation and 610 

shifted net longwave markedly more negative at the burned site. We have observed consistent 611 

melt-out patterns in the burned site during the first two winters post-fire, where snow first 612 

disappears in the immediate vicinity of the remaining trunks before expanding radially (Figure 613 

S2). While this pattern could be the result of lower snow accumulation or a more positive 614 

shortwave balance due to a lower albedo, we hypothesize that the remaining trunks are a major 615 

longwave energy source, therefore modifying the energy balance in the immediate vicinity of the 616 

trees in a way that is not being accurately captured by the station data.   617 

The seasonal variability in the magnitude of net shortwave radiation differences drove the 618 

seasonally dependent net radiation differences between burned and unburned areas. This 619 

seasonality is highlighted by the more negative net radiation in the burned area through the 620 

winter, followed by a more positive net radiation balance during the spring. These results 621 

emphasize the importance of the increased shortwave radiation incident on the snowpack 622 

following wildfire in the Southern Rockies, but also that increased longwave radiation losses 623 

partially counter this increase, particularly leading up to March. The pronounced difference in 624 

net radiation following 1 March underscores the importance for management solutions that have 625 

been shown to reduce the severity of wildfire and improve the likelihood of tree regeneration 626 

following the disturbance so that forests regrow, reducing the likelihood of permanent alterations 627 

to forest vegetation, particularly on southerly aspects and steep slopes (Rother and Veblen, 2016; 628 

Stevens-Rumann and Morgan, 2019; Rodman et al., 2020; Davis et al., 2023; Webb et al., 2023).  629 

The net energy was a story of two seasons for both the burned and unburned sites with 630 

the change in sign occurring at the burned site later than at the unburned site. The daily and 631 

cumulative net energy became positive at the burned site approximately one week after the 632 

unburned site. This difference is driven mainly by the increased magnitude of net longwave 633 

radiation losses which required additional incoming shortwave energy to flip the direction of the 634 
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net energy. This early season difference in net energy manifested as greater early season cold 635 

content in the burned area snowpacks compared to the unburned snowpacks through mid-March. 636 

The increased cold content in the burned snowpacks during the early portion of the season could 637 

be a result of the more negative net longwave radiation observed at the burned sites, which is 638 

primarily attributed to the widespread loss of biomass in these locations. However, net energy 639 

may not always be a reliable indicator of snowpack cold content, as cold content integrates both 640 

mass and energy balance components. At our sites, cold content and net energy become 641 

decoupled in mid-February with the snowpack steadily losing cold content (i.e., gaining energy) 642 

while the net energy balance was still negative (Figure 2 and Figure 3). The pattern of snowpack 643 

cold content development we identified early in the season follows the findings of Jennings et al. 644 

(2018), who found that cold content was primarily developed through new snowfall. From mid-645 

December until mid-January we saw rapid snowpack and cold content development within all 646 

four aspect and burn categories. Yet, from mid-February through mid-April our snow pit data 647 

indicated a decline in cold content although the net energy balance was negative, suggesting 648 

increases in cold content. Snow accumulation (i.e., mass gain) slowed substantially during this 649 

period, with long dry periods between storms, which may have played a role in the decoupling of 650 

cold content and the net energy balance. 651 

  652 

Figure 6. Snowpack energy balance for a clear-sky, daytime condition (a) without wildfire and 653 

(b) following wildfire based on aspect where arrow and icon size represents relative change. 654 

Changes in the snowpack mass balance and timing on (c) north and (d) south burned aspects 655 

where blue indicates unburned areas, black is burned areas, arrow size indicates the magnitude of 656 

the change following wildfire, and horizontal bars indicate no significant difference between the 657 

unburned and burned areas. 658 

 659 
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 5.2.1 Influence of Snow Regime 660 

Our observations from a continental snow regime may vary from other locations in the 661 

western U.S., where accumulation patterns and climate differ. Our study site is characterized by 662 

frequent, low magnitude storm events that continue through the melt season, thereby frequently 663 

re-setting the snow surface albedo (Figure 2; McGrath et al., 2023). In contrast, in the Sierra 664 

Nevada, where storms tend to be less frequent but of larger magnitude, extended periods of high 665 

pressure can lead to the accumulation of soot/debris on the snow surface. This lower albedo can 666 

lead to significant mid-winter melt within wildfire burned areas as shown by Hatchett et al. 667 

(2023). In areas like the Pacific Northwest, longwave energy can dominate the energy balance 668 

and regulate the timing and rate of snow melt (Kraft et al., 2022). In these areas, the loss of 669 

longwave energy from the canopy might alter the snowpack similarly to what was observed in 670 

this study, where the lack of longwave energy resulted in greater cold content during the early 671 

portions of the accumulation season. However, the loss of this canopy could then lead to 672 

significantly greater melt rates than pre-wildfire due to a shift from longwave to shortwave 673 

radiation as the dominant energy balance component (Uecker et al., 2020). As fires increasingly 674 

impact seasonal snowpacks that accumulate in high-elevation forests (Kampf et al., 2022), it is 675 

imperative that we develop a thorough understanding of how snow regime and climate modulate 676 

snow accumulation and melt patterns post-fire. 677 

5 Conclusions 678 

Using season-long paired in-situ and automated weather station measurements, we 679 

investigated the mass and energy balance impacts following wildfire to a high-elevation seasonal 680 

snowpack in complex terrain. Our research shows that complex terrain in post-wildfire burned 681 

areas can modulate the impacts of the wildfire, with south burned aspects showing the greatest 682 

impact to peak SWE timing, melt rates, and snow disappearance date. This comparison indicated 683 

that south aspect burned areas reached SDD at least 11 days before south unburned aspects while 684 

burned north aspect SDD occurred 4 days earlier to similar unburned areas. We found no 685 

significant difference in peak SWE quantity between burned and unburned areas with similar 686 

aspects. 687 

Through a comparison of the paired AWS data, we found that the net energy at the 688 

burned site was significantly different than the unburned site over the entire winter season, 689 

however the sign of that change varied across the season. During the winter (before 1 March), 690 

the loss of energy from net longwave and net turbulent fluxes resulted in a significantly more 691 

negative net energy at the burned site compared to the unburned site. However, following 1 May, 692 

the energy balance at the burned site surpassed the unburned site due to the increased shortwave 693 

energy that was available and absorbed by the burned snowpack.  694 

Incorporating aspect-based analysis of SWE accumulation and melt following wildfire 695 

and paired energy balance analysis between burned and unburned areas furthers our 696 

understanding of how wildfire alters the physical processes within high-elevation seasonal 697 

snowpacks. This work will allow for better operational and scientific understanding of hydrology 698 

following wildfire in snow dominated watersheds, which is essential due to the importance of 699 

these snowpacks for downstream water users and the rapid increases in wildfire at these 700 

elevations since 2000 (Alizadeh et al., 2021; Iglesias et al., 2022; Kampf et al., 2022). By 701 

analyzing the alteration of the mass and energy balances following wildfire across complex 702 
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terrain within a high-elevation continental snow zone, our research provides a nuanced 703 

assessment of these impacts that can help inform decision making for water resource and 704 

snowmelt flood risk management following wildfire. 705 

706 
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