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Abstract This paper examines albedo perturbation and radiative forcing after a high-severity fire in a
mature forest in the Oregon Cascade Range. Correlations between postfire albedo and seedling, sapling,
and snag (standing dead tree) density were investigated across fire severity classes and seasons for years
4–15 after fire. Albedo perturbation was 14 times larger in winter compared to summer and increased with
fire severity class for the first several years. Albedo perturbation increased linearly with time over the study
period. Correlations between albedo perturbations and the vegetation densities were strongest with
snags, and significant in all fire classes in both summer and winter (R<�0.92, p< 0.01). The resulting annual
radiative forcing at the top of the atmosphere became more negative linearly at a rate of �0.86Wm�2 yr�1,
reaching �15Wm�2 in year 15 after fire. This suggests that snags can be the dominant controller of postfire
albedo on decadal time scales.

1. Introduction

Climate change is predicted to increase the severity and/or frequency of ecosystem disturbances, including
wildfire [Westerling et al., 2006], drought [Williams and Funk, 2011], insect outbreaks [Raffa et al., 2008], and
severe storms [Bender et al., 2010]. Large wildfire occurrence is increasing in the western United States [Dennison
et al., 2014] and is predicted to continue increasing as changing precipitation and temperature patterns increase
the duration of the fire season [Westerling et al., 2006; Yue et al., 2013]. Similar patterns are expected in the
circumpolar boreal forests [Flannigan et al., 2009]. In boreal Canada, wildfire coverage is predicted to double in
area under a 3×CO2 scenario [Amiro et al., 2009]. Ecosystem disturbances can feed back to climate by altering
surface-atmosphere greenhouse gas and radiation exchange through several mechanisms. Net primary
productivity is reducedwhen live photosynthetic tissue (e.g., leaf area) is reduced and transferred to dead pools,
which enhances respiratory losses of carbon. Reduction in leaf area also affects surface reflectance if soils are
exposed and bright (e.g., sandy), and in environments that experience snow [Huete et al., 1985]. These effects
vary across ecosystem and disturbances types and are dynamic in time [O’Halloran et al., 2012].

To date, the majority of research on the climate impacts of ecosystem disturbances has focused on the
greenhouse gas and albedo impacts of wildfire [Randerson et al., 2006; Lyons et al., 2008; Jin et al., 2012a;
Tsuyuzaki et al., 2009; Jin and Roy, 2005; Rogers et al., 2012]. Wildfire is perhaps the most severe disturbance
type, because perturbations to the surface energy balance and effects on net carbon uptake are relatively
large and occur almost instantaneously [Amiro et al., 2010]. Themagnitude of those changes and the recovery
rate to prefire values vary widely across biomes. For example, in Australia, albedo perturbation (reduction) is
proportional to fire severity, which increases as the dry season progresses [Jin and Roy, 2005]. In forested
areas that experience snow, canopy removal by disturbance tends to increase albedo [Lyons et al., 2008] since
branches and foliage absorb radiation that would otherwise efficiently reflect off the high-albedo surface
of underlying snow [Betts and Ball, 1997; Gleason et al., 2013]. Other factors that alter postfire albedo include
the vegetation destruction and the ash and charcoal left behind [Jin et al., 2012a], differences in fuel combustion
and consumption [Jin and Roy, 2005], and vegetation succession [Lyons et al., 2008; Jin et al., 2012b, 2012a;
Randerson et al., 2006]. In boreal fires in Alaska, postfire summer albedo increases have been attributed to early
succession of grasses, herbaceous and deciduous species, and the recovery of surviving understory trees
[Lyons et al., 2008; Tsuyuzaki et al., 2009; Randerson et al., 2006; Jin et al., 2012a]. Thus, most studies have
focused on vegetation recovery in controlling postfire albedo, and to our knowledge, little attention has been
paid to the potential importance of snag attrition.
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The number of standing dead trees (snags) created by forest disturbances depends on the density of
preexisting trees, as well as disturbance type and severity. For example, high-severity fire may lead to 90–100%
tree mortality, with low-stemwood combustion (<5%) and high-litter and foliage combustion (e.g., 100%)
[Campbell et al., 2007; Meigs et al., 2009]. Low-severity fires may scorch tree boles without producing tree
mortality [Campbell et al., 2007; Meigs et al., 2009]. Tree mortality often increases when insects and diseases
attack trees weakened by fire in the years after fire occurrence. Tree mortality from mountain pine beetle
infestation also ranges from near zero to total stand replacement, depending on the distribution of host species
and ages [Shore et al., 2006].

Snag fall rate (attrition rate) also varies greatly across landscapes and is strongly affected by salvage activities
since harvest removes the larger snags. Snag attrition often begins after the first 3 years postdisturbance
[Mitchell and Preisler, 1998; Russell et al., 2006]. Older, more structurally damaged snags tend to fall faster than
younger, less damaged snags [Huggard, 1999]. Other factors controlling snag attrition can include tree
size [Bull, 1983], tree species [Landram et al., 2002], mortality cause [Raphael and Morrison, 1987], soil type
[Keen, 1955], stand density [Mitchell and Preisler, 1998], and wind events [Schmid et al., 1985]. Half-lives
(the time it takes for 50% attrition) of 5–15 years are typical in beetle and fire-killed coniferous trees in western
North America [Harrington, 1996; Russell et al., 2006], although large snags (>100 cm) stand for several decades
[Bull, 1983; Cline et al., 1980; Everett et al., 2000].

In this study we use field surveys of vegetation after a fire, combined with Moderate Resolution Imaging
Spectroradiometer (MODIS) albedo data, to evaluate the hypothesis that snag attrition exerts a significant
control on albedo in addition to vegetation recovery following fire.

2. Methods
2.1. Site Description

The Charlton Fire occurred in August 1996, adjacent to Waldo Lake in the central Cascade Range of Oregon.
The fire was caused by lightning and burned >3700 ha. Fire severity varied spatially, with >95% tree
mortality occurring on most of the area [Salix Associates, 1998; Gardner and Whitlock, 2001] (Figure 1). The
study area elevation is approximately 1700m and typically has snow cover from mid-November until
mid-June or later [Acker et al., 2013]. Maximum snow depth at the nearby Irish Taylor Snotel site [United States
Department of Agriculture Natural Resources Conservation Service, 2011], between 2006 and 2013 (the period

Figure 1. Photo of a severe, crown-consumed region of the burn site in 2011, approximately 15 years after fire.
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of record), averaged 2990mm. Prefire vegetation in the area
consisted of late successional evergreen needleleaf forest,
dominated by mountain hemlock, with an understory of
grouse huckleberry (Vaccinium scoparium Leib. ex Coville)
and a sparse herbaceous layer [Salix Associates, 1998].

2.2. Field Measurements

We investigated the postfire dynamics of snags and tree
regeneration across four fire severity classes: (1) unburned
(>90% surviving trees), (2) partial mortality (>10% and
<90% surviving trees), (3) high mortality, scorched crowns
(<10% surviving trees), and (4) high mortality, consumed
crowns (<10% surviving trees).

We used preexisting permanent plots and randomly located
additional plots to sample three replicates of each fire
severity class (12 plots total). Sampling occurred annually
from 1997 through 2006, and again in 2011. Plots are circular
with a 17.84m (0.1ha.) radius. Within each plot, we
established two-belt transects, 2 × 14 m each, divided into
seven, 2 × 2 m quadrats. In each quadrat we recorded the
number and size of seedlings and saplings, while snags were
measured over the entire 0.1 ha plot. Seedlings (<1.37m tall)
were tallied in 10 cm height classes and saplings in diameter
classes up to 5 cm. Snags were grouped into three size
classes based on diameter at breast high (DBH) (small:
DBH< 14.9 cm; medium: 14.9 cm<= DBH< 35.5 cm;
large: DBH>= 35.3 cm).

The pattern of canopy disturbance resulting from the
Charlton Fire was characterized using postfire aerial

photographs, with interpretation aided by low-level flights over the area shortly after the fire [see Acker
et al., 2013, Figure 1].

2.3. MODIS Albedo

MODIS broadband shortwave blue-sky albedo data (MCD43A, 500m spatial resolution) [Schaaf et al., 2002]
were extracted for a 26.5× 26.5 km area that encompassed the burn and adjacent unburned areas during years
2000–2011 using the MODIS subsetting tool [Oak Ridge National Laboratory Distributed Active Archive
Center, 2014]. An aerosol optical depth of 0.2 was used in the calculation of blue-sky albedo [O’Halloran
et al., 2012; Loranty et al., 2014], and data were only included that passed the quality control filters. Albedo
data in the burn area were aggregated and averaged by fire severity class using the fire severity map
[Acker et al., 2013], which was downscaled to the same spatial resolution as the albedo data using bicubic
interpolation. The resulting number of MODIS pixels available for each fire class was 12, 6, and 79 for partial
burn, scorched crowns, and consumed crowns, respectively. Relative to FLUXNET tower measurements, MODIS
Collection 5 shortwave albedo has a bias of �0.008 and standard error of 0.023 [Wang et al., 2010].

Control albedo values were produced by averaging albedo data in a 2.5 × 2.5 km (25pixel) area of unburned,
mature forest, 4 km south of the burn. An albedo perturbation was calculated at each time step by
subtracting the mean control albedo from the mean severity class albedo. Using a local, unburned site to
provide control albedo values accounts for interannual variability in snow depth and timing, which is a
strong control on albedo. For each albedo average, gaps in the 8 day time series were filled by averaging
values linearly interpolated across gaps with values taken from the 12 year ensemble average for that
fire severity class, which has the benefit of constraining the local information provided by the interpolation
with phenological and climatological information included in the ensemble average. This helps reduce
interpolation errors from the discontinuities caused at the edges of snowy periods, where the albedo
changes abruptly [O’Halloran et al., 2012; Loranty et al., 2014]. For the radiative forcing calculations, the

Figure 2. Time series of (a) snag and (b) seedling
density within the three fire classes (partial burn; high
severity, scorched crowns; high severity, consumed
crowns). (c) Time series of snag density by size class,
averaged across burned plots. The fire occurred in
August 1996.
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8 day MODIS values were averaged to monthly resolution. Summer
(180≤ day of year (DOY)≤ 280) and winter (340≤DOY≤ 366;
1≤DOY≤ 80) albedo averages were also produced to quantify
snow-free and snowy conditions, respectively.

2.4. Radiative Forcing

The top-of-the-atmosphere (TOA) radiative forcing caused by the
measured perturbations to surface albedo was calculated using the
radiative kernel technique [Shell et al., 2008; Soden et al., 2008;
O’Halloran et al., 2012; Vanderhoof et al., 2014]. The radiative kernel
represents changes to TOA fluxes caused by incremental changes in
monthly average surface albedo from present-day values at 2.5°
resolution. It essentially represents a climatology of the sensitivity of
TOA net shortwave radiation to incremental changes in albedo at
the surface, neglecting feedbacks. The radiative forcing is then
calculated at a monthly time step from perturbations in forest
albedo caused by the disturbance relative to an undisturbed control
stand. We report uncertainty ranges in the radiative forcing that
include 10% for accuracy in albedo measurements and an
additional 10% associated with the radiative kernel technique.

2.5. Correlation Analysis

Pearson’s correlation coefficient (R) was used to examine the
variance in annual postfire albedo perturbation explained by
vegetation metrics. Statistical significance was set at α= 0.05.

3. Results
3.1. Fire and Biota Results

Snags dominated vegetation structure throughout the study period. One year after the fire, snag densities
averaged 600, 470, and 900 per ha on partial, scorched-crown, and consumed-crown plots, respectively
[Acker et al., 2013]. Live trees were about half as abundant as snags on the partial mortality plots (347/ha) and
were sparse (20/ha) to absent on the scorched-crown and consumed-crown plots [Acker et al., 2013]. Initial
snag attrition was slow, especially on partial mortality and scorched-crown plots, and dominated by small
diameter snags (Figure 2c). By the end of the study period, snag density converged across fire classes to
approximately 350–400 per ha (Figure 2a).

Vegetation regeneration consisted primarily of seedlings throughout the study period (Figure 2b). At year 15,
seedling densities averaged between about 2000 and 9000 per ha, depending on fire severity class; sapling
densities averaged about 200 per ha on both partial mortality and scorched-crown plots and were not
detected on consumed-crown plots (data not shown). Seedling abundance increased on scorched-crown
and consumed-crown plots and decreased on partial mortality plots over the course of the study. In year 15,
the most abundant sizes of seedlings on partial mortality plots were 20 to 29 cm height, while sizes up to
9 cm in height were the most abundant in both scorched-crown and consumed-crown plots. The density
of seedlings on the Charlton Fire is low in comparison to the nearby Warner Creek Fire, where observations
were restricted to seedlings greater than 10 cm in height and at 14 years after fire ranged from 1530 to
392,000 per ha [Brown et al., 2013].

3.2. Albedo Results

The response of albedo following fire was significantly greater in winter than summer (Figure 3a and Figure S1
in the supporting information). The initial albedo perturbation in summer was nearly identical across burn
severities, and only +0.006 at the start of the albedo record (4 years following fire) and increased gradually
to +0.03 at 15 years after fire. Averaged over the fire severity classes, and the 12 years of available data,
the albedo response was 14 times greater in winter (compared to summer) and peaked at +0.34 in year 13
after fire. For the first several years following fire, winter albedo perturbation varied across fire class,

Figure 3. (a) Time series of MODIS albedo
perturbation (burn minus control) in winter
and summer in the three fire classes and
(b) time series of resulting annual top of the
atmosphere shortwave radiative forcing for
each fire class with linear regression model
and associated statistics.
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with higher-fire severity corresponding with greater albedo
perturbation. However, the winter perturbations converged by
year 10 following fire.

The resulting TOA annual radiative forcings were not significantly
different across fire severity classes (e.g., partial versus consumed
crown: two-sided Student’s T test; t=0.855; p=0.402) because
summer albedo perturbations, which more heavily weight the
annual forcing, were not significantly different across fire classes.
The resulting annual radiative forcing (Figure 3b) was large, starting
at approximately �6Wm�2 in year 4 after fire and decreasing
(becoming more negative) linearly by �0.86Wm�2 yr�1 thereafter
(Figure 3b; R2 = 0.87, p< 0.001). By year 15, values had reached
approximately �15Wm�2.

3.3. Albedo-Vegetation Correlations

While the winter and summer albedo perturbation varied
significantly in magnitude, both exhibited a nearly monotonic
increase over the 12 year period. Subsequently, correlations
between albedo and vegetation metrics were similar between the
two seasons (Figure 4; scatterplots are provided in Figures 2 and 3
in the supporting information).

Because albedo perturbations increased with time, positive
correlations occurred when vegetation density also increased
with time. Significant positive correlations existed between the
number of saplings and albedo (summer and winter) in
scorched-crown areas only. Seedlings in scorched-crown and
consumed-crown areas were significantly correlated with

summer albedo perturbation only. This suggests that the increase in summer albedo is partially
explained by the reestablishment of young vegetation, consistent with previous findings [Randerson
et al., 2006].

Seedling density increased the first few years after disturbance, and then decreased with time in partially
burned areas, possibly due to higher root competition for water with surviving trees. Partial burn was the
only area in which seedlings decreased after the first few years. Subsequently, albedo perturbation was
significantly negatively correlated with seedling density in the partial burn. The only vegetation attribute
exhibiting significant correlations with both summer and winter albedo perturbation in all three burn
types was snags. These correlations were strongly negative and significant (R<�0.92, p< 0.01 in
all cases).

4. Discussion and Conclusions

The unburned mature mountain hemlock stand maintained very low albedo (~0.15) in winter even with
significant snow on the ground. Removal of the canopy by fire initially increased albedo greatly during
winter (e.g., +0.35 in consumed-crown areas) by exposing underlying snow to the atmosphere. Strikingly,
we found that winter albedo then increased nearly monotonically for the rest of the data record, up to
15 years after fire. This increase strongly correlates with the density of snags, which decreased with time as
snags fell (e.g., R2 = 0.97, 0.87, and 0.85 for partial burn, scorched crowns, and consumed crowns, respectively).
Snags likely controlled winter albedo at this site because they provide the dominant absorbing surfaces
when seedlings are short enough to be buried by snow, as they were during the study period. We
hypothesize that winter albedo will continue to increase until seedlings and saplings are tall enough to
extend above the snowpack and reach a density that decreases albedo more than any continued increase
through snag attrition.

It is interesting to note that the subcanopy effect of fire is to decrease albedo through deposition of burned
woody debris (BWD) onto the snow surface [Gleason et al., 2013]. Combined with increased transmission of

Figure 4. Pearson correlation coefficients
between seasonal albedo perturbations and
densities of saplings, seedlings, and snags
for each fire class. Dashed lines indicate the
threshold of significance at p< 0.05.
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radiation to the snow surface, this accelerates snowmelt and impacts local hydrology [Gleason et al., 2013;
Winkler, 2011]. However, from the perspective of the atmosphere, the increased reflectance from removing
the canopy and exposing the snow surface greatly outweighs any snow darkening from BWD. Additionally,
this effect only occurs during the snow ablation period, because fresh snow buries BWD during the period
of snow accumulation.

While previous studies have documented albedo increases during snowy periods in the years following
fire [Lyons et al., 2008; Jin et al., 2012a], and hypothesized that “losses of standing dead boles” may
explain such observations [Jin et al., 2012b], none have presented simultaneous observations of albedo
and snags to test this hypothesis. In the interior of Alaska, decadal averages of early spring albedo
increased to a peak in years 21–30 after fire [Lyons et al., 2008]. Ongoing measurements of snag
longevity within this region (near Delta Junction) suggest that snags fall at an average rate of 4% per
year, leading to a half-life of approximately 12 years (K. Manies, personal communication, 2014). Over a
very large latitudinal transect of central Canada, Jin et al. [2012a] found early spring albedo increased for
9 years after fire in the southern zone, and 14 years in the northern zone. Corresponding changes in
enhanced vegetation index suggested vegetation recovered much faster in the southern area, leading to an
earlier onset of the declining period in albedo. This supports our hypothesis that postfire snow-influenced
albedo is controlled by a balance of recovering vegetation, which tends to lower albedo, and snag attrition,
which tends to increase it.

Other studies of postfire snag persistence in coniferous or mixed coniferous-hardwood forests in North
America have demonstrated rates of persistence similar [Chambers and Mast, 2005; Russell et al., 2006;
Brown et al., 2013] to somewhat less [Angers et al., 2011; Ritchie et al., 2013] than those we observed. Large
snags tend to persist longer, and species can differ significantly in their tendency to remain standing
[Chambers and Mast, 2005; Russell et al., 2006; Angers et al., 2011; Brown et al., 2013; Ritchie et al., 2013]. For
example, on the east slope of the Cascade Range in Washington State, longevity of snags <41 cm
diameter was greater for subalpine fir and lodgepole pine than for Douglas fir, but for larger snags,
Douglas fir was more persistent than other species [Everett et al., 2000]. Thus, we hypothesize that snag
control of albedo during the snowy season could be a common, but mostly overlooked, consequence
of wildfires in boreal and temperate forests, particularly where fires burn larger trees of species likely to
persist as snags (e.g., Populus tremuloides [Angers et al., 2011] and Pseudotsuga menziesii [Russell et al., 2006;
Brown et al., 2013]).

Several geographic factors contribute to making this, to our knowledge, the largest (most negative)
fire-induced albedo radiative documented forcing to date. The value presented here is nearly double
that reported by Randerson et al. [2006] for a fire in Alaska. This is mostly attributable to significantly
higher average insolation at our midlatitude site (2.48 versus 4.28 kW h m�2 d�1, NASA Surface
meteorology and Solar Energy https://eosweb.larc.nasa.gov/). The snow period at this elevation is
approximately 240 days, compared to 140–240 days for the majority of global boreal forests [Ménégoz
et al., 2013]. This causes high values of radiative forcing in the spring months, when snow is still lying
and insolation is increasing. While this case probably represents a near upper bound on the magnitude
of albedo radiative forcing caused by wildfire in forests, we note that the lower values of radiative
forcing typically found in boreal regions are likely more significant to climate because they occur over a
larger area.

Similar to fire, mountain pine beetle outbreaks also generate large numbers of snags that persist from 5 to
15 years on average [Mitchell and Preisler, 1998]. Measured increases in winter albedo following beetle
outbreaks have also been attributed to snag attrition, suggesting this mechanism is not specific to fire
[O’Halloran et al., 2012; Vanderhoof et al., 2014].

It is well established that snag attrition after fire is a large source of downed coarse woody debris and
therefore an important control on the forest carbon balance for decades after fire (see review by Harmon et al.
[2011]). The importance of snags and burned woody debris in controlling snowmelt and hydrology has also
recently been shown [Gleason et al., 2013]. Since we show that snag attrition additionally exerts a strong
control on surface albedo (and therefore the surface energy balance) after fire, we suggest that snag attrition
is a key process that should be included in coupled land-atmospheremodels as they attempt to represent the
climate impacts of forest disturbances, such as wildfire and insect outbreaks.
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