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Abstract Recent fire activity throughout Alaska has increased the need to understand postfire impacts on
soils and permafrost vulnerability. Our study utilized data and modeling from a permafrost and ecosystem
gradient to develop a mechanistic understanding of the short- and long-term impacts of tundra and boreal
forest fires on soil thermal dynamics. Fires influenced a variety of factors that altered the surface energy
budget, soil moisture, and the organic-layer thickness with the overall effect of increasing soil temperatures
and thaw depth. The postfire thickness of the soil organic layer and its impact on soil thermal conductivity
was the most important factor determining postfire soil temperatures and thaw depth. Boreal and tundra
ecosystems underlain by permafrost experienced smaller postfire soil temperature increases than the
nonpermafrost boreal forest from the direct and indirect effects of permafrost on drainage, soil moisture,
and vegetation flammability. Permafrost decreased the loss of the insulating soil organic layer, decreased
soil drying, increased surface water pooling, and created a significant heat sink to buffer postfire soil
temperature and thaw depth changes. Ecosystem factors also played a role in determining postfire thaw
depth with boreal forests taking several decades longer to recover their soil thermal properties than
tundra. These factors resulted in tundra being less sensitive to postfire soil thermal changes than the
nonpermafrost boreal forest. These results suggest that permafrost and soil organic carbon will be more
vulnerable to fire as climate warms.

1. Introduction

Soils in boreal and arctic regions store large amounts of organic carbon in permafrost that are vulnerable to
thaw and wildfire [Schuur et al., 2008; Balshi et al., 2009; O’Donnell et al., 2011a]. Wildfires are increasing in
these regions [Kasischke and Turetsky, 2006; Hu et al., 2010; Rocha et al., 2012] and can enhance permafrost
thaw through processes that increase soil temperature and thaw depth over a variety of timescales [Harden
et al., 2006; Kasischke et al., 2010]. Wildfires remove vegetation, decrease the thickness of the insulating
soil organic layer, decrease albedo through surface charring, alter the surface energy balance, modify snow
cover and depth, and change soil moisture [Liu and Randerson, 2008; Rocha and Shaver, 2011]. While each factor
contributes to postfire soil warming, their relative influence on soil temperature remains poorly understood.
However, determining the impact of each factor on soil warming is important and has implications for
understanding the timescales in which fire alters the soil environment. For example, if albedo plays a large role
in postfire soil warming, then postfire effects on soil temperature and thaw depth will be short lived and
depend on the rate of canopy recovery. However, if decreases in organic-layer thickness play a large role in
postfire soil warming, then postfire effects on soil temperature and thaw depth will be long lived and depend
on both canopy recovery and the rate of soil organic matter accumulation [Harden et al., 1997, 2006, 2012].

Fires can alter soil temperatures directly or indirectly through combustion of the organic layer. A reduction in
the organic-layer thickness can directly impact soil temperature by increasing the efficiency in which heat is
transferred through the soil, a process known as the thermal conductivity. Thermal conductivity is also influenced
by other soil properties including soil texture and moisture. Interactions between the water-absorbing
organic layer and soil moisture can indirectly impact soil temperature by increasing soil moisture and
thermal conductivity. Generally, postfire impacts on organic-layer thickness and soil moisture increase soil
temperature and deepen thaw depth, but the magnitude of this effect depends on whether soil thermal
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conductivity responds linearly or nonlinearly to soil moisture and organic-layer thickness changes [Yoshikawa
et al., 2003; Liljedahl et al., 2007].

Postfire changes to the surface energy balance can also affect soil temperature through changes in energy
availability. Changes to the surface energy balance influence both soil and surface temperature in a variety of
ways. Fires destroy the vegetation canopy, char the surface, and decrease surface albedo [Chambers et al.,
2005; Rocha and Shaver, 2009]. Surface albedo reductions can either increase or decrease available energy
and surface temperature. The magnitude of these impacts depends on surface-atmosphere coupling and
postfire energy partitioning toward latent and sensible heat fluxes [Chambers et al., 2005]. The destruction
of the vegetation canopy typically decreases surface roughness and surface-atmosphere coupling with
the direct impact of decreasing available energy and increasing surface temperature. Postfire soil moisture
changes also may indirectly influence soil and surface temperatures by altering energy partitioning. The
destruction of the water-absorbing organic layer may increase surface moisture and cool the surface
and increase available energy. Postfire interactions among energy availability, surface temperature, and
soil temperatures are poorly understood but are thought to be largely dependent on postfire soil and
ecosystem properties.

Postfire impacts on soil temperature and thaw depth also can vary across high-latitude ecoregions [Rocha
et al., 2012; Shur and Jorgenson, 2007] from differences in the presence or absence of permafrost. Arctic
tundra is located in the continuous permafrost zone, and soil moisture is commonly at or near saturation
[Giblin et al., 1991]. In this region, high water tables atop the impervious permafrost may prevent large
postfire changes to soil moisture or organic-layer thickness. In the boreal region of Alaska, the lack of
permafrost may cause a greater reduction in the organic-layer thickness and a larger change in soil
moisture, due to low water tables from deeper soils and the lack of an impervious permafrost layer [Liu and
Randerson, 2008]. Permafrost and soil moisture interactions may play a large role in the recovery of postfire
soil thermal conductivity because mosses and the organic layer recover more quickly (~10–20 years) in
poorly drained soils than in well-drained soils [Yi et al., 2009a; Johnstone et al., 2010; Jafarov et al., 2013].
Understanding the direct and indirect postfire impacts on soil temperature across permafrost and
nonpermafrost Alaskan ecosystems has important implications for determining permafrost vulnerability to
a future warmer world.

It is clear that postfire soil temperatures and thaw depth are influenced by the presence of permafrost, but
the mechanisms behind these influences remain poorly understood, especially over long timescales. Here we
use a soil thermal model [Jiang et al., 2012] to examine both the short- and long-term postfire soil thermal
dynamics in three contrasting regions including (1) an arctic tundra burn severity gradient located in the
continuous permafrost zone, (2) a boreal forest fire chronosequence underlain by permafrost, and (3) a boreal
forest fire chronosequence without permafrost. The goals of this study are to (1) validate a soil thermal model
across different Alaskan ecosystems with field observations; (2) use both model parameters and field
observations to determine the sensitivity of soil temperature to postfire surface temperature, organic layer,
and soil moisture changes; and (3) use the model to determine postfire recovery time of soil temperature and
thaw depth in tundra and boreal forests.

2. Methodology and Data Preparation
2.1. Field Observations

Soil temperature, soil moisture, and thaw depth measurements were collected from three study regions in
Alaska (Figure 1). In arctic tundra on Alaska’s North Slope, three sites were set up along a burn severity
gradient (severe, moderate, and unburned) at the 2007 Anaktuvuk River fire scar to monitor surface energy
exchange [Rocha and Shaver, 2011], soil temperature, and soil moisture. All three sites were underlain by
permafrost and were characterized as poorly drained sites (Table 1). The entire soil organic layer was 3.8 and
5.8 cm thinner in the moderate and severe burn, respectively, than in the unburned site (control) [Bret-Harte
et al., 2013]. Soil temperature and soil moisture profiles were measured from 2008 to 2012. Soil temperature
measurements at 2 and 6 cm depth were obtained using the averaged values from two soil thermocouples
(TCAV-L; Campbell Scientific) [Rocha and Shaver, 2011]. Volumetric soil moisture (%) was measured at 2.5 cm
depth using a CS616 soil moisture probe (Campbell Scientific). We will herein refer to the Anaktuvuk River sites
as the tundra sites for clarity.
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The second set of soil temperature andmoisture data were compiled from three upland sites near Hess Creek
[O’Donnell et al., 2011a], located in Alaska’s boreal region north of Fairbanks (Figure 1). Soil temperature and
moisture were measured between 2007 and 2009 at an unburned mature black spruce (Picea mariana)
stand and two stands that varied with time since fire (40 year burn and 4 year burn). Soil moisture was logged
every 2 h using ECH2O Smart Soil Moisture probes routed to a HOBO microstation (Onset, Inc., Bourne, MA,
USA). Soil moisture probes were installed in distinct soil organic layers at each site, and also in the A mineral
layer at the 4 year burn. Specifically, soil moisture was measured at depths 3, 7, and 22 cm for the unburned
stand; at 18 cm for the 40 year burn; and at 6, 10, 18 cm for the 4 year burn. All three sites were located in
north facing black spruce forests that were poorly drained and underlain by ice-rich permafrost. Relative to
the control, the observed organic-layer thickness was ~10 cm thinner in the 4 year burn and 9 cm thinner
in the 40 year burn. The maximum annual thaw depth was measured in late August at replicate locations
within the control (n=32), 4 year (n=21), and 40 year (n= 9) stand ages. We will herein refer to the Hess Creek
sites as the permafrost boreal forest for clarity.

The third data set was compiled from three boreal forest sites across a chronosequence near Delta Junction
in interior Alaska measured between 2002 and 2004 (Figure 1) [Liu et al., 2005; Liu and Randerson, 2008].
A 1999 fire represented a 3 year old burn, a 1987 fire represented a 15 year old burn, and a ~1920 fire site
represented a ~80 year old burn. Because data from an unburned site were unavailable at Delta Junction, a
~80 year stand was used as the unburned control. All three sites were well drained, underlain by coarse
alluvial deposits, and generally lacked permafrost [Welp et al., 2007] though they were located in the
discontinuous permafrost zone (50–90% of land area underlain by permafrost [Harden et al., 2006]). At all
three sites, soil temperature wasmeasured at 0, 2.5, 5, 10, and 20 cm using thermocouples [Liu and Randerson,

Figure 1. Map of Alaska with points showing the locations of the nine sites from three study regions: Anaktuvuk River
(tundra), Hess Creek (permafrost boreal), and Delta Junction (nonpermafrost boreal).
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2008]; soil moisture (volumetric soil water content) was measured at 2, 4, 11, and 37 cm by time domain
reflectometry soil moisture sensors (CS615, Campbell Scientific, Inc.), as described in Welp et al. [2007]. The
observed organic-layer thickness was 18.5 cm thinner in the 3 year and 16.3 cm thinner in the 15 year stand
relative to the control (Table 1). We will herein refer to the Delta Junction sites as the permafrost boreal forest
for clarity.

2.2. Model Simulations

We employed a soil thermal model [Jiang et al., 2012] to estimate the postfire changes in soil thermal
conductivity and soil temperature at the tundra, permafrost, and nonpermafrost boreal forest. The model fully
couples water flow and heat transport and is able to provide numerically stable, energy- andmass-conservative
solutions [Hansson et al., 2004] and has been previously employed in boreal and tundra systems to simulate
soil temperature gradients [Jiang et al., 2012]. Briefly, soil temperature was simulated numerically by solving a
modified Richard equation [Hansson et al., 2004; Saito et al., 2006]. The governing equation for water flow is as
follows [e.g., Fayer, 2000; Noborio et al., 1996]:

∂θu hð Þ
∂t

þ ρi
ρw

∂θi Tð Þ
∂t

¼ ∂
∂z

KLh hð Þ∂h
∂z

þ KLh hð Þ þ KLT hð Þ∂T
∂z

þ Kvh θð Þ∂h
∂z

þ KvT θð Þ∂T
∂z

� � (1)

where θ is the volumetric liquid water content (%), θu is the volumetric unfrozen water content (%), θi is
the volumetric ice content (%); h is the pressure head (m), t is time (units), z is depth (m); T is the absolute
temperature (K); ρi is the density of ice (931 kgm�3) and ρw is the density of liquid water (1000 kgm�3);
KLh (m s�1) and KLT (m

2 K�1 s�1) are the isothermal and thermal hydraulic conductivities for liquid-phase
fluxes due to gradients in h and T, respectively; Kvh(m s�1) and KvT(m

2 K�1 s�1) are the isothermal and thermal
vapor hydraulic conductivities, both are functions of water content and temperature. The equations to
calculate Kvh and KvT are derived from Saito et al. [2006] (supporting information).

The governing function for heat transport is as follows:

∂CpT
∂t

� Lfρi
∂θi
∂t

þ L0 Tð Þ∂θv Tð Þ
∂t

¼ ∂
∂z

λ
∂T
∂z

� �
� Cw

∂qlT
∂z

� Cv
∂qvT
∂z

� L0 Tð Þ∂qv
∂z

(2)

where Cp (J m
�3 K�1) is the volumetric heat capacity of the soil and Cw (4.18 × 106 Jm�3 K�1) and

Cv (1.2 × 103 Jm�3 K�1) are the volumetric heat capacities of the liquid and vapor phases, respectively; L0
is the volumetric latent heat of vaporization of liquid water (Jm�3), and Lf is the latent heat of freezing
(3.34 × 105 J kg�1); λ is the apparent thermal conductivity of soil (Jm�1 s�1 K�1), which is a function of the
ice (θi) and water (θ) contents indirectly related to soil temperature and freezing conditions (equation (3),
where Ci (i= 1,…,5), F1, and F2 are parameters); qL and qv are the flux densities of liquid water and water
vapor (m s�1), respectively; qL and qv are both functions of water content and temperature as calculated
in Fayer [2000].

λ ¼ C1 þ C2 θ þ Fθið Þ
� C1 � C4ð Þexp � C3 θ þ Fθið Þ½ �C5

n o
; and F ¼ 1þ F1θ

F2
i

(3)

We solved equations (1) and (2) numerically using a finite difference method for both spatial and temporal
discretization. Measured daily ground surface temperatures were used as the model driver and the upper
temperature boundary condition, while the measured soil moisture by the lowermost sensor as the upper
boundary for the soil water cycle. Initial conditions for model runs were established through linear
interpolation for the observed soil temperature profile.

In the model, the top 3.5m of the soil profile was discretized into six layers (moss, fibrous, amorphous, and
A/B/C mineral layers). The thickness of each layer was determined separately for each study site, based on
field measurements [Hinkel and Nelson, 2003; Bret-Harte et al., 2013; O’Donnell et al., 2011a, 2011b; Manies
et al., 2004]. The soil physical properties (e.g., volume fraction of solid) were implicitly accounted for in the
parameterization for calculating thermal conductivity in each soil layer. To take into account the soil moisture
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data, in the model simulations we linearly interpolated the measured soil moisture through the vertical soil
profile for the upper layers in which measured moisture was available. Because soil moisture measurements
were only available at 2.5 cm depth for the three tundra sites, we added measured soil moisture (at 9, 12,
38, 39, and 68 cm) from a nearby unburned Toolik Lake site (68°37′22.9″N, 149°36′35.4″W, http://soils.usda.
gov/survey/smst/alaska/Toolik/ [Hinkel and Nelson, 2003]) to distribute the moisture through the vertical soil
profile during the observation period.

Parameters used for all simulations at all sites were presented in Table S1 in the supporting information. For
each of the six layers at each site, we calibrated the seven parameters (Ci (i= 1,…, 5), F1, and F2) governing the
thawed and frozen thermal conductivity in equation (3), to fit the modeled soil temperatures to in situ
measurements. We did not recalibrate the parameters for calculating hydraulic conductivity but kept using
the values for the tundra (Toolik Lake), permafrost boreal forest (Hess Creek), and nonpermafrost boreal
forest (Bonanza Creek) sites studied in Jiang et al. [2012] (Table S2). The reasons were the following: (1) we
prescribed soil moisture based on measurements for each depth in the layers where measurements were
available. For the tundra and permafrost boreal forest sites, these measurements were the same data used to
constrain the calibration of the hydraulic parameters in Jiang et al. [2012]. (2) For deep layers where moisture
measurements were not available, we assumed that the corresponding tundra, permafrost boreal forest,
and nonpermafrost boreal forest sites studied in Jiang et al. [2012] were representative in terms of soil
type and porosity. This assumption would not significantly influence the results and conclusions of our
study. (3) Calibrating hydraulic parameters to fit the soil temperature may cause overparameterization of the
water cycle.

In the fitting for thermal conductivity, the fire-caused change in water cycle was taken into account through
the prescribed soil moisture in the upper soil layers based on measurements. In particular, we prescribed
the soil moisture at all depths within the uppermost 68 cm soil at the three tundra sites based on in situ
measurements, while soil moisture below 68 cm was estimated according to model water balance equation
with measured soil moisture at 68 cm as upper boundary condition. Similarly, we prescribed the soil moisture
of all depths in top 18, 18, and 22 cm soil of the 4 year, 40 year and unburned Hess Creek stand, respectively.
For all three Delta Junction stands, we prescribed the soil moisture of the top 37 cm and simulated the
soil moisture below 37 cm by solving the water balance equation. For all simulations, we assumed nowater flux
at lower boundary. Soil temperature was calculated by solving the heat transfer equation with measured
surface temperature or the uppermost sensor (if no surface temperature was measured) as upper boundary

condition. We set the lower boundary condition as a heat flux of λ θð Þ ∂T∂z .
For layers with measurement, we recalibrated the model parameters; while for layers with no measurement,
we kept using the default parameter values. In the calibration, we first conducted 10,000 sets of ensemble
simulations, each with a unique combination of parameter values produced from a Latin Hypercube sample
algorithm [Iman and Helton, 1988]. In the sampling process, each parameter was sampled uniformly across its
range (±90% of the default value) and was assumed independent with each of the other parameters. We
calculated the root-mean-square error (RMSE) between measured and modeled soil temperatures in each of
the 10, 000 Monte Carlo simulations. Then we selected the 500 simulations with the lowest RMSEs among the
ensemble simulations and calculated the covariance matrix among all calibrated parameters. Because no
significant covariance was found among any pairs of parameters, no significant overparameterization existed.
Eventually, the “optimal” parameters were determined by the set of parameters that minimized the RMSE.
Our calibration scheme cannot guarantee to find the best set of parameters that completely avoided the
possible overfitting issue, but it should be able to find a set close to the best. Moreover, because our study
focused on the relative comparisons with the same methodologies, the overfitting issue should not
significantly impact our results.

Using the optimized parameters, we first conducted simulations to estimate the soil thermal states at
each study site, driven by the measured surface temperature. For the tundra sites, winter gaps in data
(i.e., surface temperature and soil moisture) were filled using measurements from the unburned Toolik Lake
site mentioned above. We then conducted sensitivity analyses to investigate the relative impact of postfire
surface warming, reduction in organic-layer thickness, and moisture change on soil temperature. We focused
our analyses on near-surface soil layers (top 20 cm), which contained most of the organic layer across all
three control sites that we studied (Table 1). In particular, we assessed the responses of the mean thermal
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conductivity of the top 20 cm (K20cm) and soil temperature at 20 cm (T20cm) to a set of manipulated
perturbations of ground surface temperature, organic-layer thickness, and soil moisture. For the sensitivity
analyses, changes in ground surface temperature, organic-layer thickness, and soil moisture based on
observed variations from the study sites were prescribed to the model runs (Table 1). For the tundra sites,
we imposed increases of summer daily surface temperature ranging from 0 to 1.1°C in 0.1°C intervals,
organic-layer thickness ranging from 9 to 20 cm in 1 cm intervals, and soil moisture from 30% to 50%with 1%
intervals. These ranges were determined by the maximum and minimum values from field measurements
[Rocha and Shaver, 2011]. Similarly, based on measurements at the permafrost boreal forest and using the
same increments used for the tundra burn, surface temperature was increased by 0 to 2°C, the remaining
organic-layer thickness ranged from 13 to 25 cm, and the soil moisture ranged from 29% to 65%. At the
nonpermafrost boreal forest, surface warming increased 0 to 7°C, the organic-layer thickness ranged from
4 to 22 cm, and the soil moisture ranged from 33% to 14% after fire. The measured summer surface
temperature, organic-layer thickness, and soil moisture at the control sites were used as the base values upon
which the corresponding perturbations were prescribed.

To predict the future thaw depth in each study site throughout the next 100 years after observations, we
conducted simulations under four HadCM3 climate change scenarios (A1FI, A2, B1, and B2 [Intergovernmental
Panel on Climate Change, 2007]). The soil moisture was calculated by solving the water balance equation with
upper boundary condition forced by the global climate model-derived precipitation and potential
evapotranspiration. No lateral water fluxes were included and zero water flux was assumed at the lower
boundary. The postfire recovery rate of the moss layer was based on an empirical function [Yi et al., 2009a,
2010; Yuan et al., 2012; Jafarov et al., 2013]. In particular, the moss layer thickness (cm) was calculated as

dmoss ¼ dmoss;max
ysf

ysf þ yhalf

where dmoss,max was the maximum thickness of moss (cm), ysf was number of years since fire, and yhalf was
number of years needed for moss to reach half of the maximum. In our study, dmoss,max was determined for
each study region based on the measurements at the control site; yhalf was assigned 5 for the nonpermafrost
boreal forest based on Yi et al. [2009b], and 3 for tundra and permafrost boreal forest based on the assumption
that moss layer recovery in the poorly drained soils (~10–20 years) is faster than in well-drained soil [Yi et al.,
2009a; Johnstone et al., 2010; Jafarov et al., 2013]. For the fibrous and amorphous layers, we used a similar
function as in Kasischke and Johnstone [2005]

d ¼ a� 200
bþ ysf

where d is the thickness of fibrous or amorphous layer, parameters a and b are fitted separately in the
permafrost and nonpermafrost boreal forest, and the value b for tundra was assumed to be similar to the
permafrost boreal forest. During the long-term simulations, the parameters used to calculate hydraulic
conductivity were kept constant. Therefore, the effect of moss recovery on the hydraulic conductivity was
through the changes in soil temperature and soil moisture.

2.3. Quantifying Postfire Impacts

Postfire changes to soil temperature, thaw depth, and thermal conductivity were determined as differences
(Δ) between the burned and unburned site for each location [Rocha and Shaver, 2011]. This was done to
isolate the postfire impact on soil thermal properties, directly compare the burned sites to an unburned
control, and minimize differences in climate among the boreal and tundra sites. A positive Δ indicated that
fire increased a particular variable, whereas a negative Δ indicated that the fire decreased a particular
variable. A zero Δ indicates postfire recovery of the particular variable.

3. Results
3.1. Comparison Between Modeled and Measured Soil Temperatures

Modeled soil temperatures (Figure 2) agreed well with the measurements at each site, with fairly small RMSEs
(~1 to 3°C) that increased slightly with soil depth (Table 2). The model overestimated soil temperatures when
soils were close to freezing (e.g., by about 1–3°C at the 5 cm soil, Figure 2) at the three tundra sites. At the
burned permafrost boreal forest, especially at the more recent 4 year burn, the model predicted slightly
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higher soil temperatures during spring and a faster thaw than observations. At the control stand in permafrost
boreal forest, the model underestimated soil temperatures during spring thaw when observations indicated
that soil temperatures hovered around 0°C for about 2months. The model performed well in simulating
summer soil temperatures across all depths and sites with no systemic bias (Figure 2).

3.2. Postfire Changes in Surface and Soil Temperatures
3.2.1. Comparison of Measured Postfire Surface Temperature Among Different Ecosystems
Generally, postfire surface warming was greater in the boreal forest than in tundra (Figure 3b). In the severely
burned tundra surface temperatures were ~1.0°C higher the year after the fire and decreased over time
with a cooler surface than the control in the last 3–5 years. Measured surface temperatures in the moderate
tundra burn were slightly lower than the control with a slight cooling trend throughout the five postfire years.

Figure 2. Comparison between the simulated and observed soil temperature at all study sites. F = February, M =May, A = August, and N =November. S = Severe,
M =Moderate, and U = Unburned; “P” is permafrost, “NP” is nonpermafrost, and “BR” is boreal forest.

Table 2. The Root-Mean-Square Error (RMSE, °C) Values From the Linear Regression Between Modeled and Measured
Soil Temperatures (°C) Across the Tundra (Anaktuvuk River Sites), the Permafrost Boreal Forest (Hess Creek), and the
Nonpermafrost Boreal Forest (Delta Junction) Stands

Depth ARF-S ARF-M ARF-U HC03 HC67 HCCN DJ99 DJ87 DJ-C

3 cm 0.72 1.11 0.81
5 cm 1.38 1.50 1.54 2.77 0.80 1.29 0.85
6 cm 1.48
8 cm 0.79
10 cm 1.83 2.25 2.14 0.79 1.41 0.81
11 cm 2.26
13 cm 1.23
16 cm 1.67
20 cm 2.49 2.77 2.23 1.90 1.82 1.91 1.64
30 cm 2.38 3.01 1.92
40 cm 2.74 2.91 2.64
51 cm 2.42
74 cm 2.71
81 cm 0.49
200 cm 1.75
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In contrast, at the permafrost boreal forest, the measured mean summer (June through August) surface
temperatures were 0.8–1.5°C higher at the 40 year old stand, and 0.3–1.6°C lower at the 4 year stand
(Figure 3b), relative to the control. At the nonpermafrost boreal forest, observed surface temperatures were
4.5°C warmer at the 15 year stand and 5.8°C warmer at the 3 year stand, relative to the control (Figure 3b).
3.2.2. Thermal Conductivity
Postfire soil thermal conductivity within the upper 20 cm (K20cm) increased in burned areas across all three
studied regions. At the tundra sites, modeled summer (June through August) K20cm was 0.04–0.06Wm�1 K�1

higher at the moderately burn site, and 0.05–0.12Wm�1 K�1 higher at the severely burned site, relative to
the control (0.11–0.14Wm�1 K�1). At the permafrost boreal forest, K20cm was 0.12–0.16Wm�1 K�1 higher in
the 40year stand, and 0.21–0.26Wm�1 K�1 higher in the 4 year stand, relative to the control (~0.12Wm�1 K�1).
At the nonpermafrost boreal forest, K20cm was 0.14–0.24Wm�1 K�1 higher at the 15 year stand, and
0.25–0.35Wm�1 K�1 higher at the 3 year stand, relative to the control (0.19–0.22Wm�1 K�1, Figure 3c).
Generally, postfire increases in soil thermal conductivity were smaller in tundra than in the boreal
forest (Figure 3c).

Modeled frozen thermal conductivity in winter was higher than the summer thawed thermal conductivity
(Table 3). Summer andwinter thermal conductivity differences were larger at the burned sites for both tundra
and permafrost boreal forest, mainly because of the higher ice content at the burned sites. Burned

permafrost boreal forest had
slightly higher summer and winter
thermal conductivity differences
than burned tundra.
3.2.3. Soil Temperature
Postfire summer soil temperatures
were warmer at the burned sites,
especially at the severe tundra burn
immediately after fire, and at the
young boreal forest stand
(Figure 3d). In tundra, summer soil
temperatures at 20 cm (T20cm) were
1.3–2.0°C higher in the moderately

Figure 3. Differences between burned and unburned sites in (a) summer mean albedo, (b) summer surface temperature,
(c) summer thermal conductivity of the top 20 cm soil, and (d) summer soil temperature at 20 cm, from 2008 to 2012 at the
tundra fire scar, from 2008 to 2009 at the permafrost boreal forest, and from 2002 to 2004 at the nonpermafrost boreal
forest. Each bar represents a specific year. It should be noted that the albedo for the 15 year stand in nonpermafrost boreal
forest is measured in 1999 by Chambers and Chapin [2002], and for the 3 year stand is the 3 year mean value.

Table 3. The Simulated Summer and Winter Soil Thermal Conductivities and
the Difference (Δ) Between Winter Frozen Conductivity and Summer Thawed
Conductivity in Sites Underlying by Permafrost

Region Site

Summer Thermal
Conductivity
(Wm�1 K�1)

Winter Thermal
Conductivity
(Wm�1 K�1) Δ

Tundra Severe 0.22 0.53 0.31
Moderate 0.18 0.47 0.29
Control 0.13 0.38 0.25

Permafrost
boreal forest

4 year 0.35 0.72 0.37
40 year 0.32 0.89 0.57
Control 0.12 0.35 0.23
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burned site, and 2.4–3.2°C higher in the severely burned site, relative to the control. At the permafrost boreal
forest, T20cm were 3.0–3.4°C higher at the 40 year stand and 4.9–5.4°C higher at the 4 year stand relative to the
control. At the nonpermafrost, T20cm were 6.7–7.5°C warmer at the 3 year stand and 2.2–3.2°C warmer at
the 15 year old stand (Figure 3d).

Postfire summer soil warming was greater in the boreal forest than in tundra (Figure 4). As a result, postfire
summer thaw depths were also deeper in the boreal forest than in the arctic (Figure 4). During snow-covered
periods, soil temperatures were lower at the burned sites relative to the unburned control (Figure 4). However,
an exception occurred at the 4 year burn in the permafrost boreal forest, where higher upper (0–10 cm) soil
temperatures were observed in the winter and spring (Figure 4d).

3.3. Sensitivity Analysis

The effects of postfire organic-layer thickness and soil moisture on soil thermal conductivity in the top
20 cm were partitioned by sensitivity analyses. In tundra, reductions in the organic layer resulted in a
0.16Wm�1 K�1 increase in K20cm, while increased soil moisture (i.e., by 20%) resulted in a 0.08Wm�1 K�1

increase in K20cm (Figure 5). At the permafrost boreal forest, the organic-layer reduction (i.e., 12 cm loss)
resulted in a 0.19Wm�1 K�1 increase in K20cm, while increased soil moisture (i.e., by 36%) resulted in a
0.14Wm�1 K�1 increase in K20cm (Figure 5). At the nonpermafrost boreal forest, the organic layer reduction
resulted in a 0.39Wm�1 K�1 increase in K20cm, while increased soil moisture (i.e., by 19%) resulted in a
0.10Wm�1 K�1 increase in K20cm (Figure 5).

The effects of postfire organic-layer thickness, surface warming, and soil moisture on soil temperatures in the
top 20 cm were partitioned by sensitivity analyses. In tundra, postfire organic layer losses increased T20cm by
up to 2.2°C, whereas increased soil moisture caused a 1.1°C increase in T20cm. Surface warming only had a
minor effect at the tundra and permafrost boreal forest, causing <0.5°C increase in T20cm (Figure 5). Postfire
reductions in organic-layer thickness were the most important factor determining soil temperature changes
at the nonpermafrost and permafrost boreal forest. Surface warming played the second largest role in soil
temperature changes at the nonpermafrost boreal forest (Figure 5).

When perturbations to the organic layer and soil moisture were combined, the impact of the organic layer
reduction was more pronounced in moist soil across all tundra and boreal regions. For example, a 12 cm
loss in the organic layer caused a 2.6°C increase in T20cm with 30% soil moisture, but a 5.9°C increase in T20cm

Figure 4. Difference in simulated soil temperatures between burned sites and the control for the top 20 cm of soil, at the severely andmoderately burned sites in the
tundra, the 4 year and 40 year stands at the permafrost (P) boreal forest (BR), and the 3 year and 15 year stands at the nonpermafrost (NP) boreal forest. F = February,
M =May, A = August, and N =November.
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when soil moisture was 65% (Figure 5). Across all sites, increased soil moisture exhibited a positive nonlinear
soil temperature change response that saturated at high soil moisture, while soil temperature changes
exhibited a nonlinear and nonsaturating positive response to organic-layer thickness.

Comparing soil temperature sensitivities to changes in surface warming, soil moisture, and organic-layer
thickness revealed striking differences among ecosystems (Figure 6). In general, tundra was less sensitive to
changes in postfire soil properties than the permafrost and nonpermafrost boreal forest. A 1°C surface
temperature increase in tundra resulted in a 0.25°C increase in T20cm, but a 0.55°C increase in T20cm in the
nonpermafrost boreal forest. A 1% soil moisture increase in tundra resulted in a 0.08°C increase in T20cm, but a
0.15°C increase in T20cm in the nonpermafrost boreal forest. A 1 cm decrease in organic-layer thickness in

Figure 5. (top) Sensitivity of the mean thermal conductivity in the top 20 cm of soil to soil organic horizon loss and volumetric moisture content change; (middle)
sensitivity of soil temperature change at 20 cm to surface warming, soil organic horizon loss, and volumetric moisture content change; (bottom) sensitivity of soil
temperature change to the combined perturbations of soil organic horizon loss and volumetric moisture content change over the three studied ecosystems. P
represents permafrost, NP represents nonpermafrost, and BR represents boreal forest.

Figure 6. The sensitivity of soil temperatures at the 20 cm soil to per unit change in surface warming (°C), soil moisture (%), and soil organic-layer thickness (cm) in
tundra, permafrost boreal forest and nonpermafrost boreal forest.
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tundra resulted in a 0.17°C increase in T20cm, but a 0.25°C increase in the nonpermafrost boreal forest.
T20cm sensitivities for the permafrost boreal forest fell in between those observed for tundra and the
nonpermafrost boreal forest.

3.4. Long-Term Postfire Thaw Depth

Model simulations indicated that the postfire thaw depth increases required decades to recover to unburned
levels under all projected warming scenarios. Thaw depth recovery at the severe tundra burn lagged the
moderate burn by two decades. At the permafrost boreal forest, both the 4 and 40 year burns required almost
a century to recover to unburned levels (Figure 6). A stronger warming scenario generally resulted in a longer
thaw depth recovery period.

4. Discussion

In general, the model performed well at each site and closely tracked variations in summer and winter
soil temperatures at various depths (Figure 2). In some instances, simulated temperatures deviated
from observations, particularly during seasonal transitions in spring and autumn. During these periods,
the model underestimated soil temperatures and either froze or thawed soil earlier than was observed
(Figure 2). This difference between observed and modeled ground temperature has been reported
elsewhere [e.g., Romanovsky and Osterkamp, 1997, 2000] and could be attributed to a high latent
heat content in permafrost soils or insulation from snow cover that allows soils to stay warmer for a
longer period of time. The model was able to simulate summer temperatures reasonably well, and
this provided confidence in the comparison of soil thermal states across the different Alaskan ecosystems
in summer.

Because we prescribed soil moisture in the top soil layers which included the fire-impact layers, the lack of
calibration for hydraulic parameters will not significantly influence the simulations for postfire soil thermal
states. For the long-term simulations, the direct effect of moss recovery on hydraulic conductivity was
not considered. However, the moss changes may not have strong effect on the water cycle at tundra sites,
where the near-surface soils were always highly saturated [Giblin et al., 1991]. In permafrost boreal forest,
the increase in soil moisture at burned stand may be partly due to the fire-caused change in hydraulic
conductivities of the near-surface soil. Therefore, the parameters we used for hydraulic conductivities may
underestimate the soil moisture at the top layer. Based on our sensitivity analysis (Figure 5), it may cause
at most 2°C underestimation of T20cm assuming the fire-caused increase in soil moisture was completely
due to changes in hydraulic conductivity. However, as the moss and organic layer recovered, the impact
of the underestimation of soil moisture on soil thermal state became smaller and it will not significantly
influence the timing of the recovery of thaw depth.

Our study utilized a permafrost and ecosystem gradient to develop a mechanistic understanding of the
short- and long-term impacts of tundra and boreal forest fires on soil thermal dynamics. Data and modeling
indicated that (1) fires affect soil temperature and thaw depth for decades (Figures 3 and 7), (2) soil moisture
interacts with the surface energy budget and soil thermal regime to both positively and negatively
impact soil and surface temperature (Figures 3, 5, and 6), and (3) permafrost played a large role in buffering
postfire soil and surface temperature increases (Figures 3, 4, and 6).

4.1. How Did Fire Influence Soil Temperature and Thaw Depth?

Fire increased both soil temperature and thaw depth across tundra and boreal forest ecosystems (Figures 3
and 4). These increases were largely attributed to soil organic layer combustion losses that increased soil
thermal conductivity for decades after fire (Figures 5 and 7). The organic layer is less conductive than the
underlying mineral layer, and its loss increased the efficiency of heat transfer throughout the soil column,
resulting in warmer and deeper soils after fire [Yoshikawa et al., 2003; O’Donnell et al., 2009]. The importance
of the organic layer in determining postfire soil temperatures, and thaw depth indicates that greater
attention should be paid on its loss through increased burn severity. Comparison across the three ecosystems
indicates that burn severity was greatest in the nonpermafrost boreal forest and lowest in the tundra. These
burn severity differences likely arose from the presence of higher water tables at the permafrost sites and
differences in flammability between boreal and tundra ecosystems. A greater loss of the organic layer
has consequences for postfire recovery of soil temperature and thaw depth in these systems. For example,
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both the boreal forest and the severely burned tundra will require several decades longer than moderately
burned tundra to remove the fire effect on soil temperature and thaw depth because of the deeper burning
of the soil organic layer (Figure 7).

4.2. What Other Factors Influenced Soil Temperature and Thaw Depth?

Soil temperature and thaw depth were also influenced by soil moisture, changes to the surface energy
budget, and the presence of permafrost. In many cases, interactions among these three factors made
attribution of their effect on soil temperatures and thaw depth difficult. However, the combination of
modeling and in situ measurements across the three ecosystem types allowed us to assess their relative
impact on postfire soil temperature and thaw depth changes. In general, increased soil moisture and
surface temperature increased soil temperatures with soil moisture changes having a larger role than
surface temperature. Increased soil moisture directly impacted soil temperature by increasing soil thermal
conductivity, while surface temperature indirectly impacted soil temperatures by altering energy availability
to warm the soil. These changes to energy availability were largely realized by postfire alterations to
energy partitioning as evidenced by warmer postfire soil temperatures that persisted beyond the recovery
of albedo (Figure 3).

Postfire soil moisture changes were inconsistent across ecosystems with some experiencing large changes in
soil moisture and others little change (Table 1). Average postfire soil moisture did not vary in tundra, even
though greater surface water pooling was observed at the burned sites [Rocha and Shaver, 2011; A. V. Rocha,
personal observation, 2012]. The inability of soil moisture measurements to capture these dynamics may be
attributed to measurement limitations in characterizing the heterogeneous landscape. At the permafrost
boreal forest, postfire increases in soil moisture were observed at both the 3 and 40 year old stand. These
increases likely resulted from reduced rates of transpiration from decreased canopy leaf area, poor surface
drainage from the presence of permafrost, and energy budget changes at the top of the soil [Moody and
Martin, 2001]. At the nonpermafrost boreal forest, postfire soil moisture slightly decreased at the young
stands likely because of the loss of the water-absorbing organic layer and the deep soils which allowed for
greater drainage.

Soil moisture also influenced the energy balance with large impacts on surface temperatures. Summer
surface temperatures greatly increased after fire at the nonpermafrost boreal forest, but only slightly
increased or decreased in tundra and permafrost boreal forest. At the tundra fire scar, surface temperature
differences were mostly attributed to changes in energy partitioning (Table 1). At the burned tundra sites,
latent heat flux increased ~14.0–15.6W/m2, Rocha and Shaver [2011] after fire from the evaporation of
surface water pools. This effect limited surface warming and resulted in similar surface temperature across
the burn severity gradient. In the boreal forest, the presence of permafrost impacted surface temperatures

Figure 7. The difference in simulated thaw depth (cm) between burned and unburned site in the tundra and the
permafrost boreal forest after the fire year under four projected future climate scenarios, with considering the recovery
of moss, fibrous, and amorphous organic horizons.
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with the effect of cooling the surface. Permafrost cooled the surface by creating a large heat sink, impeding
drainage, increasing surface water pooling [Harden et al., 2006; Osterkamp and Burn, 2002; Jorgenson and
Osterkamp, 2005] (Figure 3b). Like tundra, greater postfire surface water pooling increased evapotranspiration
and cooled the surface in the permafrost boreal forest. The lack of permafrost at the nonpermafrost
boreal forest resulted in the highest postfire surface temperature changes observed across the three
ecosystems (Figure 3).

4.3. What Are the Implications of Our Findings?

The difference between summer (unfrozen) and winter (frozen) thermal conductivity gives rise to the
“thermal offset” (the difference in mean annual temperatures at the permafrost table and at the ground
surface [Burn and Smith, 1988; Romanovsky and Osterkamp, 1997]). Thermal offset is generated by the
difference in frozen and unfrozen thermal conductivities at a site. Compared with dry sites, wet sites tend to
have higher thermal offsets because the difference in thermal conductivity in summer and winter is larger
[Burn and Smith, 1988; Osterkamp and Burn, 2002]. Thermal offset has great implications on the ground
thermal regime in permafrost areas. For example, it allows for annual mean ground surface temperatures
warmer than 0°C to exist over multiyear periods while still preserving permafrost [Osterkamp and Burn, 2002].
At the burned site, the increased active layer thickness can lead to larger thermal offset [Romanovsky and
Osterkamp, 1997]. Meanwhile, the postfire changes in soil moisture also have important effect on thermal
offset. In this study, the postfire wetting in upland stands (e.g., the burned Hess Creek sites) may reduce rates
of further thaw, because of the increased thermal offset. As a consequence, less C will transfer from a frozen
to thawed state, and thus lower decomposition. Moreover, the saturation and anoxic conditions caused
by postfire wetting can also reduce postthaw C loss from the soil. In contrast, a possible postfire drying
(lower thermal offset) condition can increase the vulnerability of permafrost to future thaw and increase
the C loss from the soil. This mechanism emphasizes that the postfire changes in thermal offset reflect
local changes in soil thermal properties that can facilitate recovery or further degradation of permafrost
following disturbance.

Our results highlight important differences in postfire soil temperatures and thaw depths among tundra, and
permafrost and nonpermafrost boreal forests. These differences have important implications for the
vulnerability of permafrost and feedbacks to future climate change. Permafrost is especially vulnerable
following fires because of the long-term warming impacts that are dependent upon the thickness of the soil
organic layer and its ability to reform. Results from the climate and ecosystem gradient utilized here indicates
that soil temperatures will be more sensitive to postfire changes in soil properties under a warmer climate
(Figure 6). Warmer ecosystems without permafrost tend to lose more of their organic layer and alter their
energy balance to increase soil temperatures more than ecosystems with permafrost. Ecosystems in colder
climates also more buffered against postfire soil temperature increases because permafrost formation in
these regions are dictated by climate rather than ecosystem factors [Shur and Jorgenson, 2007]. Consequently,
tundra permafrost is also less sensitive to postfire soil changes than in the boreal forest because its
reformation is driven more by the continuing cold air temperatures than by moss and the organic-layer
thickness recovery. However, in some parts of the boreal forest, permafrost is largely maintained by
ecosystem factors such as the insulating organic layer. In these areas, postfire decreases to the organic layer
can result in irreversible loss of the underlying permafrost. As climate warms, permafrost in these areas will be
increasingly sensitive to postfire changes to soil properties, highlighting the importance of understanding
interactions among climate, organic-layer thickness losses, and its recovery.
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