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Abstract. Increases in active-layer thickness and permafrost degradation induced by
climate warming may have profound socio-economic and eco-environmental
consequences. Using a process-based model of Northern Ecosystem Soil Temperature
(NEST) and data from climate records, remote sensing vegetation parameters, and soil
features, we simulated soil temperature and active-layer thickness (ALT) for a region in
western Canada during the twentieth century. The results showed that the region-
averaged annual mean soil temperatures at different depths responded to air temperature
forcing consistently during the twentieth century, but with reduced magnitudes in both
long-term trend and interannual variation. From the 1900s to 1986-1995, ALT increased
124 cm (or 79%) in the isolated and sporadic discontinuous permafrost zones, 59 cm (or
37%) in the extensive discontinuous permafrost zone, and 20 cm (or 21%) in the
continuous permafrost zone based on the current permafrost distribution map. The
simulated results also indicated the disappearance of 17% of the permafrost in the
discontinuous permafrost zone from the 1900s to 1940s, and another 22% from the 1940s
to 1986-1995. General agreements were found when comparing the simulated results
with soil temperature records at climate stations, ALT at survey sites, and rates of
permafrost degradation interpreted from aerial photographs. Owing to differences in
spatial scales, spatial coverage, and time periods, many of the comparisons were not strict

1-to-1 comparisons and should instead be viewed as indirect supporting evidence.
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1. Introduction

Northern high-latitude ecosystems have developed a fragile equilibrium with the
permafrost environment over thousands of years. Several studies [e.g., Morison et al.,
2000; Serreze et al., 2000; Anisimov et al., 2001; Goulden et al., 1998] suggest that
climate change since the industrial revolution may have disrupted this equilibrium.
Increases in air temperature during the 20" century [Zhang et al., 2000; Beltrami and
Mareschal, 1991] may have resulted in increases in active-layer thickness (ALT) and
permafrost degradation, which in turn may damage building foundations and
infrastructure [Nelson et al., 2001], impact on landscapes and ecosystems, and lead to the
release of carbon stored in frozen soils. Key questions in permafrost-climate change
studies are: How widespread has permafrost degradation been in the northern high
latitudes during the 20th century? Will projected climate warming cause increased rates
of permafrost degradation and the associated disruption to northern ecosystems and
lifestyles of the local communities? Answers to these questions are required to estimate
the implication of potential carbon release to the atmosphere and to better prepare

northern communities to adapt to climate change.

Several studies have addressed these important issues using different approaches.
Smith and Burgess [1998] assessed the sensitivity of permafrost to climate warming
based on the buffer layer model of Luthin and Guymon [1974], which qualitatively links
the atmospheric climate to subsurface climate considering the thermal properties of the
ground. Woo et al. [1992] projected the shifts in the boundaries of continuous and
discontinuous permafrost zones assuming surface temperature increases 4-5 °C. Anisimov
and Nelson [1996] estimated the distribution of permafrost in the Northern Hemisphere
under an assumed 2 °C global warming based on a frost index model. Kettles et al. [1997]
assessed the changes in permafrost zones in Canada by comparing the current distribution
of permafrost zones with the results projected by Anisimov and Nelson [1996]. Anisimov
et al. [1997] simulated the changes in ALT in the Northern Hemisphere under climate
change scenarios using a semi-empirical method. Based on this method and the
distributions of soil texture and ground ice, they evaluated the risk of ground subsidence

in the circum-Arctic permafrost region [Nelson et al., 2001; 2002]. Henry and Smith



[2001] produced a map of near-surface ground temperature in the permafrost regions of
Canada based on a functional model of permafrost-climate system. Malevsky-Malevich et
al. [2001] simulated the distribution of soil temperature and ALT in Russia based on
solving a one-dimensional heat transfer equation assuming the monthly air temperature
equals the mean surface temperature. These results are generally for equilibrium
conditions (except Malevsky-Malevich et al. [2001]) and without explicitly considering
the interactions among soil, vegetation, hydrology and climate. In addition, several
researchers have been monitoring the changes in ALT and permafrost distribution based
on in situ measurements and interpretation of aerial photographs (e.g., , Brown et al.,
2000; Thie, 1974; Vitt et al., 2000). It is necessary however, to develop a process-based
model based on these measurements so that we can assess the transient responses of
permafrost conditions to climate change for different tempo-spatial scales, including the

interactions among soil, vegetation and climate.
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Figure 1. The study region (115-95 °W longitude and 50-65 °N latitude) and the
distribution of permafrost types in Canada [Heginbottom et al., 1995].



In this study, a process-based model of Northern Ecosystem Soil Temperature (NEST)
was developed. The model simulates soil temperature by solving the heat conduction
equation, with the upper boundary conditions on the ground surface (or snow surface
during winter) being determined based on energy balance and the lower boundary set at a
depth of 35 m being defined by the geothermal flux. The effects of climate, vegetation,
organic layers, soil texture, snowpack, and soil moisture on ground thermal dynamics are
quantified based on energy and water transfer in soil-vegetation-atmosphere systems.
Detailed description and validation analysis of the model are presented in a companion
paper [Zhang et al., 2003]. In this paper, we report the results of application of the model
to a region in western Canada for the climate effects on soil thermal regimes during the

20" century.
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Figure 2. Spatial distributions of A) soil texture, B) organic material thickness,
C) land cover types, D) summertime leaf area index, E) mean annual air
temperature (1901-1995), and F) averaged annual precipitation (1901-1995).



The region is bounded from 115 °W to 95 °W longitude and from 50 °N to 65 °N
latitude (Figure 1), including the Prairie Provinces, south-eastern Northwest Territories
and south-western Nunavut in Canada. This region was selected because it provides a
good representation of the ranges of climate, soil, vegetation and permafrost conditions,
and climate change over the northern high latitudes; permafrost in this region might be
very sensitive to climate change [e.g., Smith and Burgess, 1998]; and there are more
studies and measurements of permafrost distribution and degradation in this region
(Zoltai, 1971; Thie, 1974; Nelson, 1986; Halsey et al., 1995; Vitt et al., 2000). The mean
annual air temperature in this region ranges from —14 °C to 5 °C, and annual precipitation
varies from 215 mm to 820 mm based on climate data from 1901 to 1995. Surface
organic layer ranges from 0 cm to > 2 m in thickness and it is underlain by different types
of mineral soils. Vegetation types found in this region include deciduous, mixed forests,
coniferous forests and tundra, with summertime leaf area index (LAI) varying from 0 to
4.5 (Figure 2). The region spans the four permafrost zones defined by Heginbottom et al.
[1995] from isolated permafrost to the continuous permafrost zones (Figure 1. Because
permafrost distribution and ALT change with climate conditions, the current boundaries
of the permafrost zones are used as a spatial reference in this study). Annual mean air
temperature increased by up to 4 °C during the 20" century in the center of this region,
while southeastern areas experienced a cooling trend. Changes in soil temperature and
ALT were simulated from 1901 to 1995 for this region at 0.5-degree latitude/longitude
spatial resolution. Data sources and treatment are described in Section 2, followed by the
simulation results in Section 3. Section 4 gives some comparisons with measurements

and other estimates.

2. Data Sources and Treatment
2.1. Vegetation and soil data

Vegetation types were determined based on the 1 km spatial resolution land cover map
of Canada derived from AVHRR [Cihlar et al., 1999]. LAI was derived from AVHRR
10-day composition images [Chen J.M. et al., 2002]. To match the spatial resolution of

climate data, the 1 km resolution images were aggregated to 0.5-degree latitude/longitude



based on the dominant vegetation type in a grid cell for land cover, and based on the
average for LAI. Water bodies are excluded in the calculation.

Soil texture, bulk density and organic content were extracted from the soil landscapes
of Canada database [Shields et al., 1991; Tarnocai and Lacelle, 1996]. There are about
15000 polygons in the database covering Canadian landmass. Each polygon contains up
to 10 components (with area percentage of composition), and each component includes 3
soil layers. The first layer is the surface organic layer for mineral soils or the layers above
the permanent water table for peatlands. So we directly used this layer as the forest floor.
If the organic content in deeper layers was higher than 17%, these layers were considered
as peat layers, other wise they were considered as mineral layers. The thickness of the
forest floor and the peat layers were calculated as the weighted averages of all the
components in a polygon, excluding water bodies and rock. The organic carbon content
in mineral soil layers was estimated as the weighted average of organic carbon content of
the components in their mineral soil layers. The distribution of soil organic carbon in
deeper soils (not available in the database) was assumed to decrease 50% for every 20 cm
following Jobbagy and Jackson [2000]. The soil texture of a polygon was determined as
the soil texture of the dominant component. We first interpolated these polygon data to 1
km spatial resolutions, and then aggregated them to 0.5-degree latitude/longitude grid
cells based on the dominant type in a cell for soil texture, and based on the averages for
forest floor thickness, bulk density and soil organic carbon content.

Excess ice content was set to 10% for both the continuous permafrost and extensive
discontinuous permafrost, 5% for sporadic discontinuous permafrost, and 0% for other
areas, based on the permafrost map of Canada [Heginbottom et al., 1995]. Pollack et al.
[1993] reported a range of 0.02 to 0.056 W-m for the geothermal heat flux in this region.
Since there was no obvious spatial pattern in their reported data, an average value of
0.041 W-m™ was used for the entire region.

2.2. Climate data

The gridded climate data set used in this study had a 0.5° latitude/longitude spatial

resolution globally and a monthly temporal resolution from 1901 to 1995 [New et al.,

2000]. It includes monthly means of air temperature, temperature diurnal range, water



vapor pressure, cloudiness, monthly total precipitation, and monthly total wet-days. This
dataset was interpolated from station measurements considering topographic corrections.
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Figure 3. The scheme for scaling monthly climate data down to 30-minute intervals.

A short time step (e.g., 15-30 minutes) was used to ensure the stability of the
calculation in the NEST model. Since the original climate data have a temporal resolution
of a month, temporal down-scaling was required. First, daily values were estimated based
on monthly data, and then, the diurnal changes were derived from the daily means
(Figure 3). Daily mean temperature, diurnal temperature range, vapor pressure and
cloudiness were linearly interpolated from their monthly means, and then modified for
wet-days (precipitation > 0.1 mm) or dry-days. Generally, diurnal temperature range and
daily mean air temperature are lower, and cloudiness and vapor pressure are higher on
wet-days. The following equations were used to estimate the daily means of the above
elements for wet-days and dry-days:
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where Yuer and Yqry are daily means of an element (i.e. temperature, temperature range,
vapor pressure, and cloudiness) for a wet-day and a dry-day, respectively. Y is the daily
mean linearly interpolated based on the monthly means (without considering wet-day and
dry-day effects). Dy, and Dy are the total days in a month and the total wet-days in the
month, respectively. AY is the difference of an element between the monthly mean
(including wet and dry days) and the mean in wet-days. The average value of AY was
determined from daily climate data (1975 to 1995) at climate stations in the study region.
AY was 1.5 °C for diurnal temperature range, 1.1 °C for daily mean temperature, —0.1 for
cloudiness, and —0.6 mb for vapor pressure.

Diurnal variation of air temperature was estimated following William and Logan
[1981] with a sine function for daytime and an exponential function for nighttime. The
day length (DL) was calculated based on latitude and Julian date [Spitters et al., 1986].
Daily solar radiation was estimated based on cloudiness following Penman [1948]:

Ra = Ro[a +b(1-Cld)] 3)

where Ry is the daily solar radiation (J-m%d™), Cld is the cloudiness (fraction), Ry is the
daily clear sky solar radiation estimated based on latitude and Julian date [Spitters, et al.,
1986], a and b are parameters (a = 0.18, b = 0.55. Penman, 1948). Diurnal variation of
solar radiation was estimated by a sine function [Chung and Horton, 1987]

R = 0.5z R4/(3600DL )sin[z(t =12+ 0.5DL )/ DL] (4)

where R is the solar radiation (W-m) at time t. The diurnal change in vapor pressure was
not considered, although vapor pressure deficit changes because air temperature changes
diurnally. There were no wind speed data in this climate dataset [New et al., 2000]; an
above-canopy mean wind speed of 3.0 m-s™ was therefore used, based on the
measurements at an aspen forest site in 1994 and 1996 [Chen W. et al., 1999].

A three-step approach was used to determine 30-minute precipitation distribution from
the monthly total precipitation and wet days given in the dataset of New et al. [2000].
First, the distribution of wet-days within a month was determined as a random
distribution. Second, the amount of precipitation on a wet-day was estimated based on the
principle that light precipitation events occur more frequently than heavy ones, and this

pattern can be described by an exponential distribution [Richardson, 1981; Hann, 1977]:



Pi= i Pm (5)

and
P'i = —In(Ru)/A+ Xo (6)

where P; is amount of precipitation on a wet-day (mm), Pp, and n are total amount of
precipitation and number of wet-days in a month, respectively. R, is a random number
(ranging from 0 to 1), A and X, are parameters of the exponential distribution, equaling
0.3 and —3 mm, respectively, based on daily precipitation measurements at climate
stations in the study region. Finally, the precipitation on a wet-day was treated as one
precipitation event and distributed randomly within this day.
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Figure 4. Comparison between the soil temperatures simulated using measured
15-minutes climate data as input (fine back curves) and using monthly climate
data as input (grey curves). The measured daily soil temperatures (dots) were
included as well.

Generally, changes in soil temperature represent the cumulative effects of current and
previous climatic conditions, with the influence of earlier climatic conditions becoming
more important in deeper soil layers due to a lag in the propagation of temperature

changes. Consequently, the downscaling of monthly climate input data in a fashion as

10



described above may still produce reasonable soil temperatures, compared to those
calculated using climate data of high temporal resolution such as 15 minutes. This
hypothesis was tested for soil temperature estimation at an old jack pine site (53.92 °N,
104.69 °W) [Baldocchi et al., 1997]: one simulation used the measured 15-minute
climate data as input, while the other used the monthly mean values as input (then
downscaled to 15-minutes time scale). The results generally support this hypothesis
(Figure 4).
2.3. Initialization

The initial climate conditions for a given month were obtained by first developing a
linear relationship between a climate variable and the year from 1901 to 1995, and then
using the relationship to extrapolate the variable for each month to the year 1900. The
initial soil thermal and moisture conditions and snowpack were determined by iteratively
running the model after setting preliminary estimates. The preliminary estimate for soil
moisture was set to the field capacity of the soil type for the top 2 m layers, and
saturation for the deeper layers. The preliminary estimate for snowpack was determined
as the total precipitation when temperature was < 0 °C during July to December
(simulation began on January 1) with an average snow density of 200 kg-m™. The
preliminary estimate of soil temperature was determined from a cosine function of Julian
date with a delay in phase and exponential decrease in amplitude with depth. Using these
input values, the model was then run iteratively until a stable soil temperature conditions
were achieved (i.e., difference in annual mean soil temperature < 0.001 °C). The
numerical exercise shows that the final stabilized initial conditions are not sensitive to the
preliminary estimates of the snowpack, soil thermal and hydrological conditions, but a

better preliminary estimate may need less iteration to achieve stability.

3. Results and Analysis
3.1. Soil temperature changes during the 20" century

Figure 5 shows the area-averaged annual mean soil temperatures at 0.2, 1, 10, and 35
m depth and the corresponding air temperature for the study region during the 20"
century (from 1901 to 1995). During this period, the annual mean air temperature

increased by 1.5 °C, while annual mean soil temperatures at 0.2, 1, 10, and 35 m depth

11



increased only 0.9, 0.9, 0.7, and 0.6 °C, respectively, based on a linear fit to the data.
Figure 5 also shows reduced inter-annual variation for soil temperature in deeper layers
compared to that of air temperature.
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Figure 5. Variations of annual mean soil temperature (Ts) at different depths and annual
mean air temperature (Ta). Values are averages of all the grid cells in the study region.

The temporal patterns of mean air temperature and mean soil temperature in the
summer months are similar (Figure 6A). For the months of June, July and August, mean
air temperature increased by 1.7 °C and soil temperature at the 0.2 m depth increased by
2.2 °C from 1901 to 1995. However, significant differences exist in the long-term trends
and in interannual variation between mean air temperature and soil temperatures during
the winter months (Figure 6B). For the months of January, February and March, mean air
temperature increased by 3.3 °C, while mean soil temperature at the 0.2 m depth
increased only by 1.1 °C from 1901 to 1995. Much of the decoupling between air
temperature and soil temperature during the winter months may be explained by the
insulation of snowpack and the changes in snowpack thickness (Figure 6C). The
simulated snowpack thickness decreased by 6 cm from 1901 to 1995. A similar
widespread decreasing trend in snowpack thickness between 1946 and 1995 (based on

data from 122 Canadian climate stations) has been reported by Brown and Braaten
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[1998]. A thinner snowpack favors heat loss from the ground during the winter months,

and thus decreases soil temperature, and may offset the climate warming effects on soil

temperature in wintertime. The effect of snowpack thickness on soil temperature has been

reported by other studies as well [e.g., Pavlov, 1994; Goodrich, 1982].
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Figure 6. The temporal variations of soil temperatures (Ts) at 20 cm depth in summertime
(June, July and August) and in wintertime (January, February, and March), comparing with
the changes in air temperatures (Ta) and snowpack thickness. Values are averages of all the

grid cells in the study region.

Measurements show that atmospheric climate warming during the 20" century has
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resulted in increases in ground temperature at depths greater than 35 m [Lachenbruch and

Marshall, 1986], so that our assumed constant geothermal flux at this depth might
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produce some artifacts about the long-term trend of soil temperature and ALT. To test
this effect, we run the model for a permafrost site (59.75 °N, 100.25 °W) using the
geothermal flux of 0.01 W-m?and 0.10 W-m™, and using the lower boundary at a depth
of 75 m, and comparing with the baseline results (Lower boundary is at 35 m depth, and
the geothermal flux is 0.041 W-m®). The results show that the soil temperatures at
shallow depths are almost identical (difference is less than 0.05 °C) among these cases,
and differences in ALT among them are less then 0.05 cm (results are not show because
these differences are too small compared to their fluctuations from year to year). There
are some differences for soil temperature at deeper layers among these cases, but their
temporal trends are similar after reaching equilibrium conditions in 1990 (Figure 7).
These tests show that our assumed constant geothermal flux at 35 m depth have very little

effects on soil thermal conditions and their temporal trend at shallow depths.
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Figure 7. Comparison of the simulated ground temperature at 35 m depth using different
geothermal flux and lower boundary depths for a permafrost site (59.75 °N, 100.25 °W).

In addition to the differences in long-term trend and the annual amplitude between air
temperature and soil temperature, they differed also in absolute values. For example, the

annual mean soil temperature at the 0.2 m depth averaged from 1901 to 1995 was 3.4 °C

14



higher than that of air temperature (Figure 5). Brown [1970] reported a similar difference

of 3 °C between annual mean air and soil temperatures for Canada’s permafrost areas. As

shown in Figure 6, the difference in annual mean air and soil temperatures was mainly
due to the much higher soil temperature during the winter months because of the

insulating effect of the snow cover.
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The temporal changes in soil temperature during the 20" century were not spatially
uniform. As shown in Figure 8, annual mean soil temperature at the 0.2 m depth in
northern Saskatchewan increased more rapidly, by 3 °C from 1901 to 1995, but decreased
in southwest Manitoba. A similar spatial pattern was found for the changes in summer
mean soil temperature. In the winter, the increase in air temperature was more significant
(up to 6 °C) and widespread from 1901 to 1995, but the soil temperature increase during
these months occurred in a much smaller area and distributed heterogeneously. This may
be explained by both temporal and spatial variations in snowpack thickness. Generally,
snowpack thickness decreased in areas where winter mean air temperature increased, and
vice versa. The combination of changes in winter mean air temperature and in snowpack
thickness thus resulted in smaller and more heterogeneous changes in winter mean soil
temperature.

3.2. Changes in active-layer thickness during the 20" century

Figure 8 also shows the simulated ALT for areas underlain by permafrost for the
periods of the 1900s, 1940s, and 1986-1995. ALT varied from 35 cm to more than 500
cm. ALT of > 500 cm mainly occurred in the discontinuous permafrost zone, as defined
by Heginbottom et al. [1995]. For the period between the 1900s and the 1940s during
which air temperature increased steadily, ALT increased significantly in the middle and
southern portion of permafrost region in the study region. In some areas, permafrost
disappeared completely over this period. An even higher rate of air temperature increase
since the 1970s resulted in further widespread disappearance of permafrost in the middle
and southern portion of the study region. On average, ALT increased by 79%, 37% and
21% from 1901 to 1995 for the isolated and sporadic discontinuous permafrost zones
(considered as one zone here), the extensive discontinuous permafrost zone, and the
continuous permafrost zone, respectively, based on the current permafrost zone
boundaries from Heginbottom et al. [1995] (Figure 9A). Large increases in ALT occurred
in areas where soil temperatures were within a few degrees of 0 °C, where permafrost
was more sensitive to climate warming [Smith and Burgess, 1998].

Figure 9B also shows the number of the grid cells in different permafrost zones of the
permafrost map [Heginbottom et al., 1995] in the 1900s, 1940s, and 1986-1995. In the

isolated and sporadic discontinuous permafrost zones, the area underlain by permafrost
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was reduced by 24% between the 1900s and the 1940s, and further reduced by 33% by
the decade of 1986-1995. The decrease in the area underlain by permafrost was much less
in the extensive discontinuous permafrost zone: 4% by the 1940s and 5% by the decade
of 1986-1995. There was no permafrost disappearance for the continuous permafrost

Zone.

300

200 A

100 +---

Mean ALT (cm)

500

T R R ————

I R B N\
200 1---

Permafrost grid cells

100 -

Sporadic/isolated ] Ext_ensive Continuous zone
Zones discontinuous zone

01900s §1940s [1990s Permafrost zones

Figure 9. Mean active-layer thickness and the number of permafrost grid cells
in the 1900s, 1940s and 1986-1995 for the current permafrost zones delineated
by Heginbottom et al. [1995]

4. Comparison with Measurements and Other Estimates
4.1. Soil temperature

There are several climate stations in the study region that have long-term records of
soil temperature, and can be used to compare with the simulated results. However, strict
one-to-one comparisons cannot be made using these soil temperature data because they

are point measurements and the site conditions of the climate stations can differ
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significantly from their surrounding areas that are represented in the 0.5-degree
latitude/longitude grid cells. For example, the magnitude of soil temperature response to
climate change at a site under dense vegetation with a thick surface organic layer could
be much smaller than that at a site where the ground is covered by short grass without
much surface organic layer. The differences in vegetation and surface organic layers may

also alter the snow accumulation in the winter and thus the winter soil temperature.
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Figure 10. Comparisons between simulated and observed changes
in annual mean soil temperature expressed as departures from the
earliest record for each site. The measurements were from climate
stations along a latitude gradient: Swift Current (50.27 °N, 108.73
°W), La Ronge (55.13 °N, 105.27 °W), and Fort Smith (60.03 °N,
111.93 °W).

Figure 10 shows comparisons of measured and simulated soil temperature departures
from the first measurement record year at 20 cm depth for three representative climate
stations from Environment Canada: Swift Current, La Ronge, and Fort Smith. The Swift
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Current station is located in a grass and shrub land with LAI of 0.4 and a surface organic
layer of 6 cm. As expected, the changes in soil temperature at this climate station, in
reference to the temperature in 1964, were consistent with but larger than that of the
surrounding grid cell, for both annual mean soil temperature and June-August mean soil
temperature. The magnitude of the response was further reduced in the area surrounding
the La Ronge climate station, which was a mature coniferous forest area with a LAI of
3.4 and a surface organic layer of 30 cm. For the Fort Smith station, which was
surrounded by low vegetation with LAI of 0.4 and a surface organic layer of 6 cm, we
found similar responses in both the pattern and magnitude between the climate station
and its surrounding area.
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Figure 11. Comparison between simulated and measured near-surface soil
temperature for different permafrost zones and latitude (sites were arranged with
increasing latitude within each permafrost zone). The measurements were extracted
from the soil temperature database [Smith and Burgess, 2000]. The measurements
were aggregated into a mean and a range if more than one measurement was available
in a grid cell. Measurements were conducted at different depths and time periods. A
period of 1950-1980 was used if no measurement period was indicated in the
database.

A more direct comparison may be possible in terms of soil temperature spatial
distribution using soil temperature measurements at natural sites complied by Smith and
Burgess [2000]. Some sites only had one record at a depth of 10-15 m where seasonal

temperature fluctuations were minimum, while for other sites annual mean temperatures
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at shallower depths were available. There are 73 grid cells where 1 to 5 measurements are
available (Figure 11). The error bars show the range in observed values resulting from
differences in site location and conditions and period of measurement. The error bars of
the simulated results are the ranges of annual mean soil temperatures corresponding to
the years when measurements were available. The simulated results showed similar
trends and were in general agreement within the ranges of measurements.

The simulated temperatures were consistently lower than observed temperatures by
about 5 °C at site number 23, 33, and 41-45. These sites were covered by dense
coniferous forests with higher LAI, and located near the southern limit of the permafrost
zone. Mean summer soil temperatures change abruptly between adjacent cells in this
region. This may be due to the treatment of summertime LAI as a constant value over the
whole simulation period. Disturbances such as forest fire would cause substantial change
in LAI, and fire return frequency was quite high in this region [Amiro, 2000]. Therefore,
it should be a future priority to incorporate NEST with vegetation dynamics, such as
linking with the Integrated Terrestrial Ecosystem Carbon-budget model (INTEC) [Chen
W. etal., 2002; 20004, b; Chen J.M. et al., 2000].

4.2. Active-layer thickness

There are 12 records of ALT measurements in the national permafrost database of
Smith and Burgess [2000] (Figure 12). The observed ALT in the discontinuous
permafrost zone varied from < 50 cm to greater than 400 cm. In the continuous
permafrost zone, ALT is generally less than 300 cm. The simulated results showed a
similar pattern and were generally within this range of the measurements. The
measurements usually indicated a wide range of ALT, probably due to the effects of local
site conditions, whereas the simulated results represent the mean conditions at a 0.5-
degree latitude/longitude spatial scale and thus tend to be in the middle of the measured
range.

There are no long-term active-layer monitoring sites in our study region. Brown et al.
[2000] analyzed the measurements of ALT around the world (mainly conducted in the
1990s in continuous permafrost areas), and indicated that ALT responds consistently to
the forcing of climate, especially temperatures in summer, although the records are not
long enough to indicate a long-term trend. The simulated changes of ALT also show its
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responses to climate warming, although it is difficult to compare directly because of the

differences in scale and time of the observations.
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Figure 12. Comparison between simulated and observed active-layer thickness
(ALT): point 1 was in the isolated permafrost zone, points 2 and 3 were in the
discontinuous permafrost zone, and points 4-13 were in the continuous
permafrost zone (ordered by increasing latitude). The measurements were
extracted from the national permafrost database [Smith and Burgess, 2000].

4.3. Permafrost distribution and degradation

The simulated southern limit of permafrost (SLP) after the 1940s was very close to
that of the current permafrost map, which was delineated mainly based on climate and
field measurements from the 1950s to the 1980s [Heginbottom et al., 1995], but
simulated SLP for the 1900s was up to 200 km south of that on the current permafrost
map. Several studies suggested that permafrost existed further south in the early 20"
century than at present [Zoltai, 1971; Thie, 1974; Vitt et al.; 2000]. Halsey et al. [1995]
and Vitt et al. [2000] mapped the degradation of permafrost in peatlands through
interpreting internal lawn distribution using aerial photographs, because the degradation
of permafrost in peatlands generally forms internal lawns with unique vegetation features.
They delineated SLP for the end of Little Ice Age (about 1850), which was up to 200 km
south of SLP delineated in the permafrost map of Canada [Heginbottom et al., 1995]
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(Figure 13). Continuous warming of climate may be the major reason for this difference
in SLP, and this change was similar to the simulated SLP change (Figure 8), although the
local details were different because of the differences in data sources and spatial scale,

and the influence of local soil and hydrological conditions [Nelson, 1986].
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Figure 13. The northward retreat of the southern boundary of
permafrost from the end of the Little Ice Age around 1850 [Vitt
et al., 2000] to 1950-1980 [Heginbottom et al., 1995].

Thie [1974] studied the distribution of permafrost and its change in an area of 225 km?
in central Manitoba (Latitude 54 °N to the north shore of Lake Winnipeg, Longitude 99-
98 °W) based on aerial photographs taken from 1926 to 1946. He found that the
percentage of land underlain by permafrost decreased from 60% to 15% from about 1850
to 1967 for this area. Our simulated results also showed disappearance of permafrost and
significant increases in ALT in this area from the 1900s to 1940s (Figure 8). Halsey et al.
[1995] and Vitt et al. [2000] estimated that 9% of permafrost disappeared in permafrost
peatland area in the three Prairies Provinces of Alberta, Saskatchewan, and Manitoba
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from the end of the Little Ice Age (around 1850) to 1949-1952 during which the aerial
photographs were taken. For the period from 1950 to 1995 during which the studies of
Halsey et al. [1995] and Vitt et al. [2000] did not cover, the study of Jorgenson et al.
[2001] in central Alaska may serve as a good alternative reference. Jorgenson et al.
[2001] estimated that permafrost in this area reduced by about 30% from 1949 to 1995.
The simulated results (Figure 9) indicated that within the present discontinuous
permafrost zones, approximately 17% of the permafrost disappeared between the 1900s
and 1940s and a further loss of about 22% from the 1940s to 1985-95. The modeled
results were comparable to those of Halsey et al. [1995], Vitt et al. [2000] and Jorgenson
et al. [2001]. The difference between these studies and the modeled results was largely
due to the higher spatial resolution provided by the aerial photograph interpretation
comparing to the spatial resolution used in the modeling. In addition, these studies were

only for permafrost peatlands, while the present study included all ecosystem types.

5. Concluding Remarks

Using a process-based model of Northern Ecosystem Soil Temperature, and input data
of historical climate, land cover and LAI from remote sensing, and soil features, the
responses of the ground thermal regime and ALT of a large region in western Canada to
climate change during the 20" century were investigated. Based on the analysis of the
simulated results, the following conclusions can be drawn:

(1) From 1901 t01995, the region-averaged mean annual soil temperatures at 0.2, 1,
10, and 35 m depth increased only 0.9, 0.9, 0.7, and 0.6 °C, respectively, in response to
the mean annual air temperature increase of 1.5 °C over the entire period, although
substantial spatial variation existed. The reduced rate of increase in soil temperature
could largely be explained by decreases in snowpack thickness associated with warming.

(2) Simulated ALT was generally in agreement with observed values. Averaged over
the study region, the simulation showed that the mean ALT increased by 124 cm in the
isolated and sporadic discontinuous permafrost zones, 58 cm in the extensive
discontinuous permafrost zone, and 21 cm in the continuous permafrost zone from the
1900s to 1986-1995.

(3) The results of this study show that the area underlain by permafrost within the
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present discontinuous zones decreased by 17% from the 1900s to the 1940s, and further
reduced by 22% from the 1940s to 1986-1995. A northward shift in the southern limit of
permafrost of about 200 km over the 20" century was simulated. These results are
comparable with the estimates from aerial photographs.

Several research priorities must be addressed in order to further improve the
simulation results, including increasing in the spatial resolution so that the simulation
results are more comparable with site measurements, expanding the simulation to regions
where long term active layer monitoring records are available so that strict testing may be
carried out, and coupling with vegetation dynamics and biogeochemical models. In our
previous studies on the long-term national carbon cycle [Chen W. et al., 2000a, b; Chen
J.M. et al., 2000], we assumed that soil temperatures follow the long-term trend of annual
mean air temperature but with the inter-annual amplitude reduced by 30%. This study
indicated that the previous assumption oversimplified the situation and could introduce
significant error in soil respiration estimation, especially at high latitudes where the
winter is long and may contribute up to 20-30% of the annual total respiration [Goulden
etal., 1998; Chen W. et al., 1999]. Coupling with the Integrated Terrestrial Ecosystem
Carbon-budget model (INTEC) [Chen W. et al., 2002; 20004, b; Chen J.M. et al., 2000]
with NEST would improve the quantification of the carbon cycle, and may also improve
the estimation of soil temperature and ALT themselves with the dynamics of vegetation
and soil carbon dynamics, especially the effects of disturbances (e.g., fire, insects

damage, and harvesting) on vegetation and forest floor.
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