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[1]1 Soil temperature and moisture are important factors that control many ecosystem
processes. However, interactions between soil thermal and hydrological processes are not
adequately understood in cold regions, where the frozen soil, fire disturbance, and soil
drainage play important roles in controlling interactions among these processes. These
interactions were investigated with a new ecosystem model framework, the dynamic organic
soil version of the Terrestrial Ecosystem Model, that incorporates an efficient and stable
numerical scheme for simulating soil thermal and hydrological dynamics within soil profiles
that contain a live moss horizon, fibrous and amorphous organic horizons, and mineral soil
horizons. The performance of the model was evaluated for a tundra burn site that had both
preburn and postburn measurements, two black spruce fire chronosequences (representing
space-for-time substitutions in well and intermediately drained conditions), and a poorly
drained black spruce site. Although space-for-time substitutions present challenges in model-
data comparison, the model demonstrates substantial ability in simulating the dynamics of
evapotranspiration, soil temperature, active layer depth, soil moisture, and water table depth in
response to both climate variability and fire disturbance. Several differences between
model simulations and field measurements identified key challenges for evaluating/improving
model performance that include (1) proper representation of discrepancies between air
temperature and ground surface temperature; (2) minimization of precipitation biases in the
driving data sets; (3) improvement of the measurement accuracy of soil moisture in surface
organic horizons; and (4) proper specification of organic horizon depth/properties, and soil

thermal conductivity.

Citation: Yi, S., et al. (2009), Interactions between soil thermal and hydrological dynamics in the response of Alaska ecosystems to
fire disturbance, J. Geophys. Res., 114, G02015, doi:10.1029/2008JG000841.

1. Introduction

[2] Soil temperature is considered one of the most
important environmental factors affecting soil organic mat-
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ter decomposition [Davidson and Janssens, 2006]. In eco-
system models, decomposition of soil carbon is usually
described as an exponential response with temperature. Soil
moisture is also an important environmental factor as very
low and very high soil moisture inhibit soil microbial
activities, and thus decomposition [Robinson, 2002];
decomposition in soil carbon is maximized when soil
moisture is between 50% and 75% volumetric soil moisture
content [Wickland and Neff, 2007]. Northern high-latitude
terrestrial ecosystems (arctic tundra and boreal forest) have
accumulated more than 40% of global soil carbon because
of cold and wet soils [Tarnocai, 2000]. This soil carbon
storage is vulnerable as high latitudes are expected to
experience more pronounced warming than other regions
of the globe during the next century [ACIA, 2004]. In
addition to an increase of soil temperature in a warming
climate, permafrost, defined as ground (soil or rock) that
remains at or below 0°C for at least 2 consecutive years, is
vulnerable to degradation. Once thawed, the soil carbon
previously protected at depth in frozen soils is subject to
decomposition [Goulden et al., 1998]. Changes in soil
temperature and soil moisture can also affect nutrient
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availability [van Cleve et al., 1983] and plant phenology
[van Wijk et al., 2003].

[3] There are two primary ways in which soil moisture
can influence soil thermal dynamics: (1) the thermal con-
ductivity of a dry organic soil (i.e., organic soil horizon
composed of greater than 18% organic C) is substantially
lower than that of a wet organic soil, which makes dry
organic soil a good heat insulator [Yi et al., 2007]; (2) the
seasonal amplitude of soil temperature is damped through
the release and absorption of latent heat. Conversely, the
thermal state of soil can also influence hydrology: (1) frozen
soils have limited infiltration capacity, which results in a
large runoff during spring snowmelt [Shanley and Chalmers,
1999]; and (2) the base flow depends on the extent of
unfrozen soil in the hydrologically active zone. For example,
deeper unfrozen soil layers are thought to contribute to an
increase in winter discharge from rivers flowing into the
Arctic Ocean [Oelke et al., 2004]. The interactions between
soil thermal and hydrological dynamics are generally imple-
mented in third generation land surface models, which are
used in general circulation models to simulate the lower
boundary water, heat and momentum fluxes [ Verseghy, 1991;
Bonan, 1996; Oleson et al., 2004]. However, these interac-
tions are generally neglected in most large-scale ecosystem
models where one or two soil layers are used to simulate soil
moisture dynamics in ecosystem models [e.g., Sitch et al.,
2003], and analytical or empirical functions are used for
simulating soil thermal dynamics [e.g., Bond-Lamberty et al.,
2005]. Large-scale ecosystem models have considered verti-
cal soil thermal dynamics (e.g., the Terrestrial Ecosystem
Model, TEM [Zhuang et al., 2001, 2002, 2003; Euskirchen et
al., 2006]), or the effects of soil moisture on biogeochemical
dynamics [e.g., Zhuang et al., 2004], but have not fully
included a coupling between soil thermal and vertical soil
moisture regimes.

[4] The active layer is the top portion of the soil that
thaws during summer and freezes again during autumn in
permafrost regions. Most physical, chemical and biological
processes happen in the active layer. A change in active
layer depth (ALD) may have substantial implications for
ecosystem carbon balance [Goulden et al., 1998]. The
position of water table is an important indicator of soil
wetness, and water table depth (WTD) is an important
control on soil carbon decomposition [Dunn et al., 2007].
Wildfire disturbances and drainage are important factors
that influence soil thermal and hydrological regimes to
affect ALD and WTD [Harden et al., 2000, 2006]. Wildfire
not only reduces the thickness of organic horizons, but also
alters the surface properties [Liu and Randerson, 2008]. Soil
drainage not only affects the hydrological dynamics of soil
directly, but also influences the soil thermal dynamics
indirectly through effects on the thickness of organic
horizons that result from the responses of ecological pro-
cesses and fire disturbance to drainage [Harden et al.,
2006]. For example, poorly drained ecosystems usually
have thicker organic horizons than well drained ecosystems
because they experience less frequent and less severe fires
[Harden et al., 2000]. However, the effects of drainage and
wildfire are seldom considered in the simulation of soil
temperature, active layer, soil moisture, and water table
dynamics by ecosystem models [see Zhang et al., 2002;
Bond-Lamberty et al., 2007; Ju and Chen, 2008].
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[5] In this study, we use a process-based modeling
approach to investigate interactions between soil thermal
and hydrological dynamics in the response of Alaska
ecosystems to fire disturbance. Such an approach requires
a modeling framework that incorporates the interactions
among organic horizon thickness and properties, soil tem-
perature, and soil moisture into an ecosystem model. It is
the main goal of this paper to build on the progress of
previous versions of the Terrestrial Ecosystem Model
(TEM) as represented by Zhuang et al. [2002, 2004] to
(1) incorporate different types of organic horizons, i.e., live
moss, and fibrous and amorphous organic horizons, into the
soil structure; (2) differentiate the effects of drainage by
incorporating two broad drainage classes, i.e., moderately
well drained and poorly drained; and (3) develop and
evaluate an efficient and stable numeric scheme for simu-
lating soil thermal and hydrological dynamics within het-
erogeneous soil. We used the new version of TEM to
investigate the following questions: (1) What is the effect
of organic horizon thickness on soil thermal and hydrolog-
ical dynamics? and (2) How does soil drainage influence
interactions between soil thermal and hydrological dynam-
ics? To address these questions we conducted a sensitivity
analysis of how modeled active layer depth and water table
depths responded to changes in important parameters and
atmospheric driving data.

2. Methods
2.1. Background and Overview

[6] The Terrestrial Ecosystem Model (TEM) is a process-
based ecosystem model designed to simulate the carbon and
nitrogen pools of vegetation and soil, and carbon and
nitrogen fluxes among vegetation, soil, and atmosphere
[Raich et al., 1991]. While previous model development
efforts have improved the soil thermal and hydrological
processes in TEM for application in high-latitude regions
[Zhuang et al., 2001, 2002, 2003, 2004; Euskirchen et al.,
2006], soil thermal and hydrological processes are not
comprehensively coupled, and fire disturbance reduced the
amount of soil carbon without affecting organic soil thick-
ness and associated changes in the thermal and hydrological
properties of organic soil [e.g., see Balshi et al., 2007].
Zhuang et al. [2002] conducted model experiments that
demonstrated that changes in organic matter horizons dur-
ing and after fire potentially have important influences on
soil temperature and moisture, but subsequent modeling
efforts have not dealt with the issue of dynamic changes in
organic horizons. Therefore, the model development re-
search reported here is focused on the explicit coupling of
soil thermal and hydrological processes in the context of a
changing organic horizon, which is a necessary step toward
dynamically simulating how changes in organic matter
horizons during and after fire influence the interactions
among soil thermal, hydrologic, and biogeochemical
processes.

[7] In this study, we first describe the new environmental
module (hereafter EnvM) that is responsible for simulating
soil thermal and moisture dynamics in the dynamic organic
soil framework of TEM (DOS-TEM). We then describe the
field sites that were used to evaluate the EnvM. We also
describe the information required for the operation of the
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Table 1. Description of Sites Used in This Study
Location Major Vegetation Mineral Soil Latest Burn References
K2 Kougarok, Seward Peninsula Tussock tundra loess 2002 Liljedahl et al. [2007]
(65°25'N, 164°38'W)
FBKS Fairbanks (64°52'N, 147°51'W) Black spruce loess na Kim et al. [2007]
DFTC Twelve mile Creek, Black spruce Silty loams over ~1920 Manies et al. [2004]
near Delta Junction sand and gravel
(63°54'N, 145°40'W)
DFT87 As DFTC Aspen As DFTC 1987 As DFTC
DFT99 As DFTC Black spruce As DFTC 1999 As DFTC
DFCC As DFTC Black spruce Loess overlying glacial ~1885 Harden et al. [2006]
till and outwash
DFC99 As DFTC Black spruce As DFCC 1999 As DFCC

EnvM including site-specific parameters and atmospheric
driving data. We then describe the validation data used to
evaluate the model and the sensitivity analyses we con-
ducted to better understand interactions between soil ther-
mal and hydrological dynamics that are influenced by fire
disturbance and soil drainage.

2.2. Model Development

[8] The detailed descriptions of the water and energy
fluxes among the atmosphere, canopy, snow and soil, and
within the soil are provided in Appendices A—E. In the
EnvM, the ground surface is represented by a snow horizon,
three soil organic horizons, two mineral soil horizons, and a
rock horizon. Each horizon is further divided into layers that
are explicitly treated with respect to energy and moisture
exchange. For example, the snow horizon can consist of up
to five snow layers.

[v9] The organic soil horizons include live moss, fibrous
organic soil, and amorphous organic soil. For accurate
simulation of soil temperature and moisture, the soil hori-
zons near the surface are divided into thin layers (e.g., layers
are a few centimeters thick in the live moss horizon), and
layers become thicker as the distance from the surface gets
deeper (e.g., layers are approximately 10 m thick in the rock
horizon). The number of layers is variable among the three
organic soil horizons, which can consist up to 7 layers.

[10] Following the method used in land surface models,
e.g., the Canadian Land Surface Scheme [Verseghy, 1991],
the EnvM considers upper and lower mineral soil horizons.
Each mineral soil horizon is 1 of 11 mineral soil types as
defined by Beringer et al. [2001]. The upper mineral soil
horizon consists of 2 layers with thicknesses of 10 and
20 cm. The lower mineral soil horizon consists of 3 layers
with thickness of 50, 100, and 200 cm. Thus, the total
thickness of the mineral soil is 3.8 m in EnvM. The rock
horizon consists of 5 layers. The total thickness of the soil
and rock horizons is around 50 m.

[11] During model simulations, a freeze-thaw front, using
Stefan’s algorithm, is introduced into each layer to over-
come computational problems associated with heteroge-
neous thicknesses of the layers. Each layer can contain an
unlimited number of fronts. The temperature of each layer is
updated daily, and the phase changes can only happen in
layers of the snow and soil horizons. The water content can
only be updated in layers for which the temperature is above
0°C. Each model run spans 1901-2006, with the years
before 1999 used for model spin-up.

2.3. Description of Sites Used for Model Evaluation

[12] Data from seven sites in Alaska were used to
evaluate the EnvM in this study (Table 1): a tussock
(Eriophorum vaginatum) tundra site located at Kougarok
(K2) on the Seward Peninsula; a poorly drained black
spruce (Picea mariana) site (FBKS) located near Fairbanks,
Alaska; and two black spruce fire chronosequences located
in Donnelly Flats near Delta Junction, Alaska (DFTC,
DFT87, and DFT99; DFCC and DFC99), which represent
well drained (DFTC, DFT87, and DFT99 sites) and inter-
mediately drained (DFCC and DFC99 sites) conditions. The
K2 site, which is located in an area of transition between
continuous and discontinuous permafrost, experienced a
severe to moderate burn in 2002, which removed 7-9 cm
of organic soil between the Eriophorum vaginatum tussocks
[Liljedahl et al., 2007]. The K2 site is unique in that it has
soil temperature and moisture measurements obtained from
the same location both before and after the fire [Liljedahl et
al., 2007].

[13] The FBKS site, which is located on the campus of
the University of Alaska Fairbanks, is a poorly drained
black spruce forest. The dominant overstory vegetation is
Picea mariana with a forest floor that is a mixture of
tussocks, vascular plants, shrubs, Spaghnum moss, feather
mosses, and lichen. These plants include Betula glandulosa,
Ledum palustre, Vaccinium vitis-ideae, Carex lugens,
Sphagnum spp., Hylocomium splendens, Thuidium abieti-
num, and Cladina stellaris [Kim et al., 2007]. There is about
50 c¢m of organic soil overlying loess, with 8 cm of feather
and Sphagnum spp. mosses on top of the organic soil.

[14] The DFTC, DFT87, and DFT99 sites are part of a
well drained fire chronosequence located in Donnelly Flats,
which is near Delta Junction, Alaska; with the most recent
stand replacing fires in ~1920, 1987, and 1999, respectively
[Liu and Randerson, 2008]. The tower control site in
Donnelly Flats, DFTC, has an overstory of mature 80-year
old black spruce trees and an understory dominated by
feathermoss (Hylocomium splendens, Pleurozium schreberi,
and Aulacomnium spp.) and lichen (genera: Cetraria, Cla-
donia, Cladina, and Peltigera). We treat the Donnelly Flats
Tower Control (DFTC) site as the control site for nearby
sites that burned in 1987 (DFT87) and in 1999 (DFT99).
The DFT87 site has a heterogeneous overstory of aspen
(Populus tremuloides) and willow (Salix spp.) with patches
of moss (Ceratodon purpureus and Polytrichum spp.) in
open areas; this vegetation is typical of black spruce forests
that experience a severe fire in which most of the surface
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Table 2. Projected Leaf Area Index, From January to December,
of the Different Sites Simulated in This Study®

K2 DFTC/DFCC/FBKS DFT99/DFC99 DFT87
Jan 0.52 1.1 0.05 0
Feb 0.52 1.15 0.05 0
Mar 0.52 1.2 0.05 0
Apr 0.52 1.2 0.05 0.5
May 0.52 1.3 0.05 0.8
Jun 0.52 1.9 0.05 1.8
Jul 0.52 2 0.05 2.5
Aug 0.52 2 0.05 2
Sep 0.52 1.5 0.05 1.5
Oct 0.52 1.3 0.05 1
Nov 0.52 1.15 0.05 0
Dec 0.52 1.15 0.05 0

“Based on Beringer et al. [2005] for K2, TEM simulations for the DFTC,
DFCC, and FBKS sites, an assumption of 0.05 for the DFT99 and DFC99
sites, and satellite data for the DFT87 site.

organic horizons are consumed [Johnstone and Kasischke,
2005]. The DFT99 site consists of standing dead black
spruce boles killed by a fire in 1999. By 2002, ~30% of
the surface at DFT99 was covered by grasses (Festuca
altaica), evergreen shrubs (Ledum palustre and Vaccinium
vitis-ideae), and deciduous shrubs (V. uliginosum). While
the DFT99 site experienced a severe fire where most of
the surface organic horizon had been removed by fire,
recruitment of aspen seedlings was low, most likely
limited by low soil moisture [Kasischke et al., 2007].

[15] The DFCC and DFC99 sites are part of the interme-
diately drained fire chronosequence located in Donnelly
Flats along Donnelly Creek. We treat the Donnelly Flats
Creek Control (DFCC) site, which last burned in 1885, as
the control site for DFC99, which burned in 1999. The
ground cover is dominated by feather moss (Hylocomium
splendens, Pleurozium schreberi, and Aulacomnium spp.)
at DFCC and by the early successional postfire mosses
Ceratodon purpureus and Polytrichum spp. at DFC99.
These two sites were underlain by permafrost within 1 m
of the soil surface at the time of the fire in 1999.

2.3.1. Site-Specific Input Parameters

[16] Site-specific parameters, including monthly pro-
jected leaf area index (LAI, Table 2) and organic soil
thicknesses (Table 3), were used by EnvM in this study.
For LAI of the K2 site, the value of 0.52 was used for all
seasons based on Beringer et al. [2005]. The simulated
monthly LAI from a previous version TEM for mature black
spruce, which ranged from 1.1 to 2.0, were used for the
DFTC, DFCC, and FBKS sites. For the DFT99 and DFC99

Table 3. Organic Horizon Thicknesses of the Different Sites
Simulated in This Study

Fibric Amorphous
Site Live Moss (cm)  Organic (cm)  Organic (cm)  Total (cm)
K2 0.0 (0)* 4 (0) 10 (7) 14 (7)
FBKS 3 15 32 50
DFTC 2 10 10 22
DFT87 0.0 0.0 5.7 5.7
DFT99 0.0 0.0 35 35
DTCC 3 10 12 25
DFC99 0 4 9 13

“The data in parenthesis are for years after that burn at the K2 site.
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sites, we assumed that the LAI was 0.05 after the fire in
1999. The monthly LAI values of DFT87 were estimated
based on satellite data [Liu and Randerson, 2008].

[17] The organic soil thicknesses were specified from
field measurements of live moss, fibrous organic soil that
includes dead moss or Oi horizons, and amorphous organic
soil that includes mesic Oe or amorphous Oa horizons. For
the K2 site, the soil organic horizons were 14 cm thick in
year 2000, half of which was burned in 2002 [Liljedahl et
al., 2007]. At the FBKS site, the soil organic horizons are
50 cm thick. The mean thicknesses of organic horizons of
the DFCC and DFTC sites are 20 and 10 cm, respectively.
After the fires in 1999, only 10 and 3.5 cm organic soil
remained at the DFC99 and DFT99 sites, respectively
[Manies et al., 2001, 2004]. The values in Table 3 for the
Donnelly Flats sites represent the organic horizon thick-
nesses of the soil cores collected at the locations of soil
moisture and temperature measurements.

[18] We used the measured fraction of fine root produc-
tion at a black spruce site of the Bonanza Creek Long-term
Ecological Research Program [Ruess et al., 2006] to repre-
sent the root distribution used for estimating transpiration.
Since we could not identify measurements of root distribu-
tion for aspen and tussock tundra in Alaska, the rooting
distributions of balsam poplar and black spruce from Ruess
et al. [2006] were used to specify root distributions for the
DFT87 and K2 sites, respectively (Table 4). We assumed
that there were no fine roots in the live moss horizon.
2.3.2. Atmospheric Driving Data

[19] The monthly climate data, including air temperature,
precipitation, vapor pressure, and surface solar radiation,
were retrieved from the Climate Research Unit (CRU) data
sets [Mitchell and Jones, 2005] for the period 1901—-2002.
The CRU data sets do not include the period 2003—2006, so
the anomalies of the National Center for Environmental
Prediction (NCEP) reanalysis data sets [Kanamitsu et al.,
2002] were used to extend CRU data sets through 2006
[Hayes et al., 2009]. For the period 1996—2006, the CRU-
based atmospheric driving variables were replaced by site
observations or nearby meteorological station measure-
ments if they were available.

[20] For the K2 site, the mean monthly air temperature is
about 10°C in summer and about —15°C in winter for
the period 1999-2006 (Figure la). The precipitation in
winter is around 20 mm/month and that of summer is around
36 mm/month (Figure 1d).

Table 4. Percent of Fine Root Production in Each Depth Interval
for the Top 1 m of Soil Below the Live Moss Horizon Based on
Ruess et al. [20006]

Depth Interval (cm)

Black Spruce (%) Balsam Poplar (%)

0-10 26.34 0.022
10-20 54.57 46.41
20-30 13.48 33.11
30-40 2.64 11.59
40-50 0.6 2.37
50-60 0.58 1.7
60-70 1.79 0.87
70-80 0 0.87
80-90 0 0.32
90-100 0 0.56
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Figure 1. Monthly air temperature (Ta) and precipitation (P) of the Kougarok, on the Seward Peninsula,

Fairbanks, and Delta Junction (DJ).

[21] For the Donnelly Flats sites, the mean monthly air
temperature is about 15°C in summer and about —14°C in
winter for period 2000—2005 (Figure 1c). The precipitation
in winter is very low, around 10 mm/month, while in
summer it is around 60 mm/month (Figure 1f). From
January to March of 2003 and 2004, the monthly precipi-
tation is nearly 0 mm. The atmospheric driving data for the
Fairbanks site are similar to those of the Donnelly Flats sites
(Figures 1b and le).

2.3.3. Implementation of the N Factor

[22] The N factor (n) is used to estimate temperature at
the ground surface, either the soil surface or the snow
surface, from atmospheric surface temperature [Klene et
al., 2001]. To our knowledge, snow surface temperature has
never been measured for this purpose. Therefore, we de-
fined as n to be 1.00 when snow is present. When snow is
not present, we defined n as the ratio between thawing
degree day sums of approximately 2 m air temperature and
the ground surface. We found that n was 0.66, 0.94, and
1.10 for DFTC, DFT87 and DFT99, respectively, based on
measured air temperature and surface soil temperatures. For
the K2 site, n was assumed to be 1.00 since there were no
measurements of ground surface temperature. For DFCC
and DFC99, n was assumed to be 0.66 and 1.10, respec-
tively, to be consistent with the stand age based estimates
for DFTC and DFT99. Because the FBKS site is a mature
black spruce site, we assumed that » was 0.66 to be
consistent with the estimates for the other mature black
spruce sites in the study.

2.3.4. Validation Data

[23] Eddy covariance measurements of water fluxes are

available for DFT99, DFT87, and DFTC during the years

2002—-2004. Seasonal variations and site differences in the
closure of the surface energy balance were summarized by
Liu and Randerson [2008]. In general, seasonal mean
values of the closure ranged from 0.69 to 0.81 for the
DFT99 site, from 0.75 to 0.86 for the DFT87 site, and from
0.71 to 0.87 for the DFTC site. The closure estimates are
within the range of these reported by FLUXNET commu-
nity [Wilson et al., 2002]. These data were summed to daily
resolution if there were more than 30 valid half-hour
measurements in one day, otherwise, the daily water flux
was considered as missing. Similarly, daily estimates were
aggregated to make monthly estimates. The simulated
monthly evapotranspiration, canopy evaporation, sublima-
tion, transpiration, snow sublimation, and soil evaporation
were summed and compared with the field-based estimates
of water fluxes [Liu and Randerson, 2008] to evaluate the
performance of the EnvM in estimating these water fluxes.

[24] Soil temperature and moisture measurements were
available for all seven sites at different depths (2—100 cm)
and for different periods (1999-2006). The soil temperature
and moisture estimates were output from the EnvM at the
same depth as each measurement for purposes of compar-
ison. The thaw depth was measured approximately monthly
using a permafrost probe at DFTC, DFT99, DFCC, and
DFC99.

2.4. Sensitivity Analysis

[25s] A sensitivity analysis was performed to investigate
the effects of changes in parameters and driving data on
model estimates for both a moderately well drained and a
poorly drained black spruce forest. The baseline thicknesses
of the live moss, fibrous organic and amorphous organic
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Figure 2. Scatterplots and linear regression lines of
simulated and measured monthly evapotranspiration (ET)
for the DFTC, DFT87, and DFT99 sites from 2002 to 2004.

horizons were set to 2, 7, and 5 cm for the moderately well
drained forest, and to 3, 17, and 14 cm for the poorly
drained forest based on the mean organic horizon thick-
nesses of black spruce stands in Manitoba, Canada [Manies
et al., 2006; Yi et al., 2009] and Alaska [Manies et al.,
2003]. For the baseline simulation, the 2006 atmospheric
driving data of the Donnelly Flats sites were used to run
EnvM without changing any parameters. Changes to indi-
vidual driving data inputs or parameters were then applied
for each simulation of the sensitivity analysis. The input
data and parameters considered in this sensitivity analysis
are: atmospheric warm season temperature (i.e., monthly
temperature > 0°C), snow, rain, surface solar radiation,
organic soil thickness, LAI, topography factor, maximum
drainage rate, minimum soil thermal conductivity, maxi-
mum snow density, snow albedo, and minimum soil evap-
oration ratio. The results of the equilibrium state after
100 years of simulation were analyzed in the sensitivity
analysis.

[26] Because of the importance of active layer depth
(ALD) and water table depth (WTD) on biogeochemistry
of high-latitude terrestrial ecosystems, we focused the
sensitivity analysis on evaluating the sensitivity of ALD
and WTD to changes in the chosen input data and param-
eters. We evaluated the sensitivity of ALD and WTD using
a sensitivity index similar to that used by Friend et al.
[1993]. As an example, the sensitivity of ALD to air
temperature (S, p) is defined as:

Taa — Tab1
T[lb[

ALD, — ALDy,
Sap =

ALDy,

where ALD,, is the simulated baseline ALD which used 7a,,
as the baseline air temperature driver and ALD, is the
simulated ALD using the 7a, as the altered air temperature
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driver. Here the absolute value of the relative change in air
temperature is used so that the sensitivity index provides
information on whether ALD increased or decreased.

3. Results
3.1. Evapotranspiration

[27] The monthly field-based estimates of evapotranspi-
ration (ET), which were available for sites of the tower
chronosequence from 2002 to 2004, were substantially
different among the DFTC, DFT87, and DFT99 sites
(Figure 2). The simulated ET explained 80, 89, and 83%
of the variability of the field-based ET estimates for the
DFTC, DFT87 and DFT99 sites, respectively. The slope of
the regressions between simulated and observed was less
than 1 for both the DFTC and DF87 sites because of
underestimation of ET in summer (Figure 2). The intercepts
of the regressions between simulated and observed were not
different from 0 at any of the three sites. See Table S1 in the
auxiliary material for more detail.'

3.2. Freezing and Thawing Fronts

[28] In the EnvM, the freeze-thaw fronts were explicitly
simulated using the Stefan algorithm. At the K2 site, the
simulated prefire ALD reached 0.8 m in 2001 (Figure 3a).
ALD measured at the nearby circumpolar active layer
monitoring (CALM) network [Brown et al., 2000] site
was 0.56 = 0.14 cm in 2001. In 2002, half of the 14 cm
organic soil horizons at the K2 site was lost in the fire, and
in 2003, the simulated ALD is more than 1.3 m. Both the
reduction of organic soil horizons and warmer summer air
temperature at the K2 site (Figure la) contributed to the
deeper ALD in 2003.

[29] The simulated maximum ALDs of DFTC and
DFT99 in 2001 were around 0.65 and 1.8 m, respectively
(Figures 3c and 3d). Similarly, the simulated maximum
ALD at the DFCC and DFC99 sites are about 0.6 m and
1.4 m, respectively (Figures 3e and 3f). The simulated and
seasonal ALDs agree well at DFTC and DFCC in all
months except September (Figures 3¢ and 3e) The ALD in
September is underestimated at DFTC and overestimated at
DFCC, however, the simulation is within 1 standard devi-
ation of measurement, 37 and 11 cm for DFTC and DFCC,
respectively. At the recently burned sites, DFT99 and
DFC99, the simulated thaw depth is similar to the observed
thaw depth in April and May, but is deeper than observed in
June, July, and September (Figures 3d and 3f), The accurate
measurement of thaw depth at these sites in July, August,
and September was constrained by the existence of shallow
gravel layer that prevented the permafrost probe from
penetrating deeper. Soil pits excavated shortly after the fire
in 1999 indicated that the permafrost table at DFT99 and
DFC99 were deeper than 2 m and 1 m, respectively [Harden
et al., 2006].

[30] Additional simulations were conducted for DFTC,
DFT99, DFCC, and DFC99 with the assumption that n
factor equals 1.00. The simulated ALDs are about 0.8, 1.5,
0.8, and 1.3 m for DFTC, DFT99, DFCC, and DFC99,
respectively. Differences in organic soil depths between

'Auxiliary materials are available in the HTML. doi:10.1029/
2008JG000841.
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