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Abstract

This study not only examined the spatiotemporal variations of permafrost active layer
thickness (ALT) during 1948-2006 over the terrestrial Arctic regions experiencing cli-
mate changes, but also identified the associated drivers based on observational data
and a simulation conducted by a land surface model (CHANGE). The focus on the ALT
extends previous studies that have emphasized ground temperatures in permafrost re-
gions. The Ob, Yenisey, Lena, Yukon, and Mackenzie watersheds are foci of the study.
Time series of ALT in Eurasian watersheds showed generally increasing trends, while
ALT in North American watersheds showed decreases. An opposition of ALT variations
implicated with climate and hydrological variables was most significant when the Arctic
air temperature entered into a warming phase. The warming temperatures were not
simply expressed to increases in ALT. Since 1990 when the warming increased, the
forcing of the ALT by the higher Annual Thawing Index in the Mackenzie and Yukon
Basins was offset by the combined effects of less insulation caused by thinner snow
depth and drier soil during summer. In contrast, the increasing Annual Thawing Index
together with thicker snow depth and higher summer soil moisture in the Lena con-
tributed to the increase in ALT. The results imply that the soil thermal and moisture
regimes formed in the pre-thaw season(s) provide memory that manifests itself during
the summer. While it is widely believed that ALT will increase with global warming, this
hypothesis may need modification because the ALT also shows responses to variations
in snow depth and soil moisture that can over-ride the effect of air temperature. The
dependence of the hydrological variables driven by the atmosphere further increases
the uncertainty in future changes of the permafrost active layer.

1 Introduction

Permafrost is considered vulnerable to increasing temperatures and its degradation
has the potential to initiate numerous feedbacks, predominantly positive, in the Arctic
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and global climate system (McGuire et al., 2006). Air temperatures over the Arctic land
areas have indeed increased considerably over the last few decades (Chapman and
Walsh, 2007; Bekryaev et al., 2010), Most general circulation models project that the
warming will continue, increasing the risk of permafrost degradation. It is therefore
important to elucidate how soil temperatures are rising, how permafrost is degrading,
and the relationships between the two.

Permafrost is also a useful climate indicator because it integrates processes (e.qg. air
temperature, precipitation, snow, and vegetation) that occur at and above the ground
surface. Experiments with temperature warming scenarios have projected poleward
shifts in permafrost boundaries relative to the current distribution of permafrost (Chen
et al., 2003; Lawrence et al., 2008). Anisimov and Nelson (1997) simulated the changes
in active layer thickness (ALT) in the Northern Hemisphere under climate change sce-
narios and evaluated the risk of ground subsidence in the circum-Arctic permafrost
region. Oelke et al. (2004) simulated the increasing trends in soil temperature and ALT
in the Arctic permafrost regions during 1980-2002.

The changes in ALT have also been monitored by in situ observations (Brown et al.,
2000). The active layer in Russia exhibited a statistically significant deepening by
approximately 20cm over the period of 1956-1990 (Frauenfeld et al., 2004). Zhang
et al. (2001) analyzed long-term changes over the 1890s to 1990s in soil temperatures
at Irkutsk, Russia, finding that soil temperature at 40 cm depth increased by up to 9°C
during the winter. Permafrost surface temperatures in Northern Alaska have increased
by 2—4°C in the 20th century (Lachenbruch and Marshall, 1986). A warming trend in
soil temperature was also found at climate stations across Canada during the twentieth
century (Chen et al., 2003; Zhang et al., 2005; Smith et al., 2010; Qian et al., 2011).

Consistent with these changes of soil temperatre, surface air temperature (SAT) at
high-latitude (>60° N) meteorological land stations warmed by 1.36°C during 1875—
2008 (Bekryaev et al., 2010). On a regional basis, atmospheric warming and its im-
plications for soil temperature and ALT have been examined for Eurasia (Frauenfeld
et al., 2004) and North America (Romanovsky et al., 2010; Smith et al., 2010). Soll
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thermal states depend on a number of complex interactions between soil, vegetation,
snow, and hydrology (Hinzman et al., 1995; Zhang et al., 1997). Changes in these
factors can influence heat and water exchanges on the surface and in the soil, conse-
quently modulating the relationship between air and soil temperatures. Therefore, the
measured or projected warming trend in SAT cannot necessarily be simply applied to
soil temperature and ALT.

A number of studies have demonstrated that change in snow depth (SND) can be as
important as change in air temperature to changes in soil temperature because of the
insulating effect (Stieglitz et al., 2003; Zhang, 2005). In particular, changes in accumu-
lation, duration, timing, and amount of snow during the winter season play an important
role in determining how the air temperature signal propagates into the ground (Zhang
et al., 1996). Arctic warming can be expected to result in early snowmelt and late snow
accumulation, and satellite observations have already detected a reduction in Arctic
spring snow cover (Brown et al., 2010). Long-term changes in SND have also been
found at continental scales; with increasing trends in winter SND over the Siberian re-
gions during the last 30 yr (Bulygina et al., 2009), while SND in North America has gen-
erally decreased since 1970 (Dyer and Monte, 2006). The opposition of SND anomalies
between the two continents is supported by satellite observation (Biancamaria et al.,
2011) and a model simulation (Park et al., 2011b).

Both observations and modeling suggest that soil temperature change over the Arctic
since the latter part of the twentieth century can be primarily attributed to air temper-
ature and SND trends and/or variations (Stieglitz et al., 2003; Frauenfeld et al., 2004;
Osterkamp, 2007). The opposing SND trends in Eurasia and North America could drive
soil thermal and moisture regimes differently from the geographic pattern of tempera-
ture change. In reality, soil temperature at the Healy site of interior Alaska responded
to the decreasing SND by a decrease of ALT since the late 1990s (Osterkamp, 2007).
By contrast, since 2000 the increased SND in a Siberian taiga forest significantly con-
tributed to an increase of ALT (lijima et al., 2010). These site-specific results cannot reli-
ably be extrapolated to large regions. However, the observations provide an insight that
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both soil temperature and ALT likely responded, at least partially, to the SND anoma-
lies.

From an experiment that used numerical modeling and empirical equations, Zhang
et al. (2005) found that ALTs at three Siberian watersheds exhibited complex and incon-
sistent responses to variations in snow cover during the twentieth century. However, for
the latter half of twentieth century, snow state variations could account for as much as
50-100 % of total soil temperature variations in the Arctic (Lawrence and Slater, 2010).
These studies demonstrated that changes in snow can either amplify or mitigate soil
warming. However, few studies have explored interactions between ALT and changes
in climatic and hydrological variables at regional or continental scales in the frame-
work provided by a comprehensive terrestrial model. In this study, we draw upon the
results of a coupled hydrological and biogeochemical model (CHANGE) (Park et al.,
2011a) applied to the pan-Arctic terrestrial regions at the spatial resolution of 0.5° lati-
tude/longitude over the period of 1948-2006. We not only delineate the characteristics
of the ALT anomaly at the watershed scale, but also identify the across-region rela-
tionships and anomalies of associated drivers. Thus this study is directed at a more
comprehensive understanding for the spatiotemporal variations of ALT in the major
Arctic watersheds. In addition, soil temperature and ALT simulated under the present-
day climate are validated by available observations.

2 Descriptions of model and data

2.1 Land surface model, CHANGE

The CHANGE model is a physically based land surface model designed to integrate
interactions and feedbacks in a soil-vegetation-atmosphere system in the Arctic terres-
trial regions. CHANGE consists of four modules: a land surface module, a vegetation
phenology module, a carbon and nitrogen balance module, and a vegetation dynamic
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module. The full description of CHANGE is given by Park et al. (2011a), but both the
land surface module and the recent revision are summarized here.

The land surface module essentially solves an energy and mass balance for the
canopy and snow/soil surfaces over a gridded domain. Each soil layer is characterized
by three prognostic variables: temperature, liquid water content, and ice content, which
are closely connected to radiation, energy, and water budgets of the canopy and snow.
The soil heat balance equation including the water phase change is given by

or 00ice
CS 62‘ ] |ce/lf [ ] (1)

where CS is the soil volumetric heat capacity, T is the soil temperature, k is the soil
thermal conductivity, p,.. is the density of ice, A; is the latent heat of fusion, 8, is
the ice content of the layer, and z is the depth. The model simulates the dynamics of
soil heat by an exponential multilayer profile (i.e., 15 layers) with the upper boundary
conditions determined from the energy balance and the bottom boundary conditions (at
30.5m depth) defined as zero heat flux. At each time step, the thermal fluxes through
the soil column are first solved. The estimated soil layer temperatures are then used to
predict 8. The updated 6., with liquid moisture content in unfrozen soil estimates the
matric potential in frozen soil, and the soil thermal properties for the next time step are
then reconstructed from the updated ice and liquid water content. The soil thermal and
hydraulic properties for each grid box are parameterized in terms of the soil texture,
e.g. the sand and clay content, and the amount of soil organic matter. The soil organic
matter is dynamic, changing with time in response to the model’s carbon budget. The
estimated carbon content for each grid cell is vertically distributed in the upper 1.8 m
through the soil column according to rules related to ecosystem type. The grid cell with
high organic soil content (e.g. >40kg m'2) has a higher organic layer of roughly 1-
30 cm depth, and the organic content of the underlying layers sharply decreases with
depth (Lawrence et al., 2008).

The depth of the bottom boundary condition can be important in the simulation of
soil temperature because it strongly influences seasonal and interannual dynamics. In
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the old version of CHANGE, the soil bottom boundary condition was set to 10.5m.
Recent studies suggested that soil columns deeper than 30 m are needed to simulate
accurately the annual cycle and decadal trends of subsurface temperatures, especially
trends associated with climate change (Smerdon and Stieglitz, 2006; Alexeev et al.,
2007; Stevens et al., 2007). Molders and Romanovsky (2006) noted that the soil col-
umn depth should exceed the depth of seasonal changes in soil temperature and mois-
ture states, which can be as deep as 15-20m (Romanovsky and Osterkamp, 1997).
On the basis of these recommendations, we tested CHANGE with soil depths ranging
from 30 to 50 m at a single point and assessed how the depth of the column might
impact soil temperatures. The depth of the column beyond 30 m did not have a strong
influence on the results (Lawrence et al., 2008), although the soil temperature rise
in the near-surface layers was slightly slower with a 50 m column compared to 30 m.
Therefore, we set the column depth to 30.5m. The deep ground is generally fractured
bedrock. However, CHANGE does not include the representation of the deep soil/rock
column. For simplicity, the layers deeper than 5.5 m are assumed to be hydrologically
inactive; water cannot pass into or out of that depth. This treatment is primarily applied
to non-permafrost grid boxes, because the parameterization of ice blocking of water
flow effectively limits liquid flow in permafrost soil layers.

Because snowpacks are naturally layered media, CHANGE represent the snowpack
by two-layers: a surface layer and an underlying deeper layer containing most of the
snowpack. The surface layer is used to solve the surface energy balance, while the
underlying layer is used to simulate fluxes through deeper snowpacks. The surface en-
ergy balance components are used to simulate snowmelt, refreezing, and changes in
the snowpack heat content. The mass balance components represent snow accumu-
lation/ablation, changes in snow water equivalent, and water yield from the snowpack.
Snow density varies with compaction caused by metamorphism and overburden. The
thickness of snowpack is estimated based on the calculated snow density and snow
water equivalent. Albedo from the canopy and ground surfaces is calculated using the
two-stream approximation (Meador and Weaver, 1980); the overall direct beam and
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diffuse ground albedos are weighted using combinations of soil and snow albedos.
The latter is estimated by considering the effects of solar zenith angle and snow age
that is calculated from the history of snow accumulation and melt.

The main structure of carbon and nitrogen cycling in CHANGE is based on the
ecosystem process model BIOME-BGC (Thornton et al., 2002). The carbon absorbed
through photosynthesis is partitioned into leaves, stems, fine roots, and coarse roots.
The root carbon amounts are used to estimate the dynamical root profile in the soil lay-
ers. The estimated root profile is combined with the estimate of soil water stress, which
is in turn fed back to photosynthesis and stomatal conductance. Soil organic matter
affects the dynamics of soil water and temperature (as noted above), which in turn im-
pacts the decomposition rate of soil organic matter. The dynamics of soil water and
temperature are intertwined with the biogeochemical cycles and vegetation dynamics,
which in turn are coupled to the behavior of leaf phenology. The dynamic vegetation
model, which explicitly couples plant growth to the land surface module, facilitates the
exploration of the interactions between vegetation and land surface processes and be-
tween vegetation and climate.

2.2 Input data

Inputs to the model include information about vegetation type, soil texture, and atmo-
spheric climate. Vegetation type in each grid box is determined based on the vegeta-
tion map given of Ramankutty and Foley (1999), in which there are 15 types. Among
them, ice cover is not considered in this simulation and thus Greenland is not included.
CHANGE also requires soil texture information in terms of fraction of sand, silt, and
clay: we use the data derived from the IGBP SoilData System (Global Soil Data Task,
2000). The texture fraction is used to estimate soil thermal conductivity, heat capac-
ity, and hydraulic conductivity, in combination with soil organic matter simulated by the
model.

The gridded climate data used in this study has a 0.5° latitude/longitude spatial res-
olution globally and a daily temporal resolution from 1948 to 2006 (Hirabayashi et al.,
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2008). It includes daily air temperatures (mean, maximum, and minimum), precipita-
tion, specific humidity, solar radiation, and wind speed, constructed from meteorolog-
ical station observations. These forcing data were constructed from several types of
data sources (Hirabayashi et al., 2008), with different time and space scales. The de-
tails of the data sources and the disaggregation for the individual components into
a daily time series, as well as their gridding processes, are described by Hirabayashi
et al. (2005). However, wind speed was not included in the data set. Therefore, we com-
puted daily means of the 6-hourly surface wind data for the period of 1958-2001 from
European Centre for Medium-Range Weather Forecasts (ECMWF, ERA-40) for each
day and grid cell, then interpolated the 2.5° ERA-40 grids to a resolution of 0.5°. The
daily averaged wind grids were then averaged into a seasonally varying climatology for
the period 1958—2001; this climatology was used for the years that the wind data does
not exist. We downscaled this daily forcing data to hourly resolution to accommodate
the time step required by CHANGE. The temporal and spatial interpolation for each
variable is described by Park et al. (2011a), who found that a constant diurnal relative
humidity can overestimate latent heat flux. Thus, an algorithm developed by Castellivi
et al. (1996) was used to obtain a diurnal cycle of relative humidity.

2.3 Simulation design

The ground thermal and hydrological regimes as well as the vegetation components
for each grid box must be initialized. Since there are no detailed measurements for
model initialization, the initial conditions were determined by a spin-up running from an
assumed state of no snow, no soil carbon, and a very small initial vegetation carbon.
The initial soil moisture was set to the field capacity of the soil type for the top 5.5m
depth, and to 90 % of saturation for the remaining deeper layers, and the soil temper-
ature was also exponentially interpolated using air temperature of the start date at the
surface and mean annual air temperature at the bottom layer. Through the spin-up run,
a dynamic equilibrium of total ecosystem carbon is determined by the prescribed cli-
mate, repeating approximately for 420 yr with the forcing data of the initial 20 yr and
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a pre-industrial CO, concentration of 300 ppm. The influences of the initial conditions
on the soil processes become negligible by the end of the spin-up.

The dynamic ecosystem process model Biome-BGC, included in CHANGE, needs
a number of parameters. Previously examined parameters (White et al., 2000) are
prescribed for individual vegetation types. With these parameters, CHANGE simulates
energy, water, and CO, fluxes for the years 1948—2006 with dynamic vegetation.

3 Results
3.1 Comparison between simulation and observation
3.1.1 Permafrost extent

Figure 1 is a comparison of the simulated permafrost extent against the permafrost
map produced by the International Permafrost Association (IPA) (Brown et al., 2001).
We define permafrost extent as the integrated area in which ground remains below
0°C for two or more consecutive years in at least one soil layer among the 15 soil
layers. The simulated total permafrost extent at >45° N cannot directly compare with
the permafrost extent derived from the IPA map, because Iceland and some of northern
islands are excluded in this simulation. Although CHANGE tends to overestimate the
permafrost at the southern boundary of Siberia, the simulation shows generally good
agreement with the IPA map (Fig. 1c). IPA classifies permafrost area into four classes
(e.g. continuous, discontinuous, sporadic, and isolated permafrost) with decreasing
coverage. CHANGE, on the other hand, does not account for sub-grid variability in soil
temperature. In this respect, CHANGE simulates the potential upper limit of permafrost
occurrence rather than the actual coverage that depends on subgrid-scale variations.
Figure 1 shows the ALT distribution and the linear trend of the ALT. Although ALT ex-
hibits large regional heterogeneity, the ALT generally deepens toward the low latitudes
(Fig. 1a). The change in ALT is large at the southern boundary edge of permafrost,
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especially in Siberia (Fig. 1b). The significant decrease in ALT is found in some regions
of North America (Fig. 1b). The decline in Arctic summer sea-ice cover increased ad-
jacent terrestrial air temperatures (Screen and Simmonds, 2010), which contributed
to soil warming. However, ALT in these regions did not linearly respond to the Arctic
warming, indicating that ALT is not simply explained by the air temperature trend.

3.1.2 Active layer thickness

Observations on ALT have been collected from the Circumpolar Active Layer Monitor-
ing (CALM) since the 1990s (Brown et al., 2000), Global Terrestrial Network for Per-
mafrost (GTN-P) in Canada, and meteorological station data around Yakutsk, Russia.
The meteorological stations in Russia have long-term records of soil temperature, from
which ALT was obtained by determining the seasonal position of 0°C isotherm in the
soil temperature profile. The simulated ALT was averaged by a distance-weighting of
the four grid cells closest to each CALM site, for the period overlapping with the ob-
servation. The simulated values were then plotted against the observations (Fig. 2a),
which show a significant correlation (r = 0.38, p < 0.0001). The plot shows generally
good agreement between the observed and modeled ALT in the meteorological sta-
tions of Russia. Meanwhile, the largest differences are found in CALM sites. The differ-
ences are at least partially attributable to the scale mismatch between the simulations
and observations, as the model run is relatively coarse-scale (0.5° latitude/longitude)
while the observations are essentially at point-scale. For complex terrain, point obser-
vations extrapolated to obtain large area averages tend to be poor representations of
true area means. The scale issues generally arise from differences in elevation, cli-
mate, soil properties, and landscape. The simulated ALT appears to be generally too
deep compared to the observations of the CALM sites (Fig. 2a), which appear to be re-
lated to the biases of soil thermal properties and soil moisture. The uncertainty on that
observation at CALM sites can represent the regions is also likely a possible reason of
the differences.
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3.1.3 Soil temperature

The preceding section focused on the validity of the simulated permafrost and
ALT. A more direct comparison is possible using soil temperature observed at field
sites. We used datasets of the Russian Historical Soil Temperature (available from
http://nsidc.org/data/arcss078.html), Russian meteorological stations (http://meteo.ru/
english/climate/soil.php), CALM sites in Mongolia, GTN-P in Canada, and borehole
temperatures in Alaska (http:/data.eol.ucar.edu/codiac/dss/). Soil temperatures at in-
dividual locations were for different measuring periods, intervals (temporal resolution),
and depths. Therefore, the observations were averaged for the available period at 0.8—
1.2m depth. The simulated soil temperature was also averaged for the period overlap-
ping the observation. The average was distance-weighted for the grid cells surround-
ing the observation site. Figure 3a shows the comparison between the observed and
simulated soil temperatures, including the sites in non-permafrost regions (Fig. 3b).
CHANGE simulated well the observed soil temperatures at a statistically significant
level (r =0.85, p < 0.0001, Fig. 3a). However, the simulated soil temperatures exhibit
a cool bias of —2.1°C, which is the difference between the observed and simulated
averages. The cool bias has also been found in other models (Dankers et al., 2011;
Lawrence et al., 2011). Lawrence et al. (2011) explained that their cool bias was re-
lated to the limitations of the soil hydrology scheme in frozen or partially frozen condi-
tions. Moreover, as in the ALT comparison, the scale mismatch and the limited spatial
coverage of observations limit the direct comparison of the modeled soil temperature
to the point observation.

The underestimate in soil temperature by the model is apparent at the Russian me-
teorological stations (Fig. 3a). The underestimate also seems to be related partially
the difference in land surface characteristics in the model compared to the observation
points. Most of the Russian meteorological stations used in Fig. 3 were established
over bare land or short grass without thick soil organic layers, while the model con-
sidered grid cells surrounding the climatic stations to be forest with a thick surface
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organic layer. The magnitude of the response of soil temperature to climates is most
likely smaller in forest than in grass, since the thick organic layer can effectively re-
duce the heat conductivity. The dense canopy of forest also reduces light transfer over
forest floor, thereby resulting in cooler soil. For example, the meteorological station of
Yakutsk, Russia had an observed average temperature of —0.01°C at soil depth 1.2m
during 1998—-2006, while borehole measurements at a dense larch forest 20 km north
from the station indicated a —1.90 °C soil temperature at the same soil depth during the
same period. CHANGE simulated —1.66 °C, on average, for the grid cells around the
Yakutsk station.

3.2 Spatiotemporal variations of hydro-climatological variables and ALT

Figure 4 shows the time series of spatial distributions of decadal anomalies of annual
thawing index (ATI), averaged SND for January to March, soil moisture (SM), and ALT
in the permafrost region. SM represents the averaged soil water for the period of June
to August, less the ice amount, in the upper 1.6 m. ATl exhibits an increasing trend with
the time. The increase of ATl is highly significant since 1991. In the period of 2001—
2006, ATl in almost all the Eurasian region showed positive anomalies. The increase of
ATl in Southern Siberia and far Eastern Siberia was 200 °Cyr‘1 or more. SND shows
a decreasing trend, different from the trend of ATI. The maximum SND appeared dur-
ing the period 1961-1970, while the minimum was found in 2001-2006, in which the
decrease of SND was significant over the most of the Arctic. In particular, SND over
North America decreased over the wide area since 1991. During 1991-2000, SND
decreased by as much as 20cm in the Manitoba region of Canada. Schindler and
Donahue (2006) found that, based on observations, maximum snowpack in Western
Canada decreased 10—33 cm during the latter half century of the twentieth century.
Soil moisture exhibits large spatial and temporal variability (Fig. 4c). The Arctic soil
of >60° N was considerably moistened during 2001-2006, although some regions of
North America experienced drier conditions. SM in the western and eastern regions
of Hudson Bay and Western Siberia increased above 30 mm in the same period. ALT
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also shows large spatial variability (Fig. 4d). However, it generally indicates an increas-
ing trend with years. The significant increase of ALT is found since 1991 and at the
boundary regions of permafrost. During 2001-2006, ALT in Eurasian continent was
overall being in the positive phase. The region surrounding Hudson Bay showed the
most significant increase of ALT, in which it deepened 20 cm or more. ALT tends to
increase with the air temperature warming (Fig. 4a) and soil wetting (Fig. 4c). However,
decreases in ALT are also found in the Yukon territory and the Mackenzie watershed.

Means and time series of ALT in the five major Arctic watersheds are shown in Fig. 5.
The trends of the ALT time series differ between the Eurasian and North American
watersheds. In the three Eurasian watersheds, ALT shows positive trends during 1948—
2006 at a statistically significant level in the Ob and Lena Basins (Table 1). ALT of the
three Eurasian watersheds had recorded the largest decreases by the early 1970s:
0.40m, 0.50m, and 0.14m in Ob, Yenisey, and Lena, respectively. Thereafter, ALT
increased.

The ALT of the three Eurasian watersheds has similar interannual variability with
ALT estimated from the thawing index by Zhang et al. (2005). Zhang et al. (2005)
reported that in the Lena watershed, changes in ALT based on the thawing index and
a numerical model were 0.10 m and 0.08 m, respectively, over the period of 1980-2002.
The corresponding value from CHANGE was 0.094 m. For the period of 1948—20086,
CHANGE estimated an ALT increase of 0.12m in the Lena. Zhang et al. (2005) found
that, based on soil temperature measurements of 17 stations, ALT increased about
0.32m between 1956 and 1990 in the Lena.

No obvious trends are seen in the overall (1948-2006) time series of ALT in the
two basins of North America (Table 1). However, ALTs in the two North American wa-
tersheds show similar fluctuations (Fig. 5d, e). Over the period of 1948-1995, ALT
in the Mackenzie increased by about 0.10m (r = 0.36, p < 0.012). The corresponding
value in the Yukon was about 0.08 m (r = 0.37, p < 0.009). Since 1995, ALTs of the two
basins of North America abruptly decreased, showing the largest decreases in 1996:
0.20m and 0.17m in the Yukon and Mackenzie, respectively. The negative anomaly
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lasted into the early 2000s. During the period 1991-2006, ATl increased (Fig. 4a), as
mentioned previously. This implies that other variables, not the air temperature, con-
tributed to the negative ALTs. We will revisit this point later.

3.3 Variables affecting to ALT anomaly

Soil thermal states integrate a number of complex interactions between soil, vegetation,
snow, and hydrology (Hinzman et al., 1995; Zhang et al., 1997). Therefore, changes
in these factors can influence soil temperature and ALT. The regression map between
the detrended ATl anomaly and ALT reveals that ALT responded positively to ATl in the
most of regions (Fig. 6a). The dependence of ALT on ATl was especially high in the
Northeastern Canada and Western Siberia. Surprisingly, the detrended ATl and ALT
were not significantly correlated in Northwestern America, even though it is widely be-
lieved that a primary control on ALT is ATl (Romanovsky and Osterkamp, 1995; Zhang
et al., 1997). However, ALT regresses more strongly on the detrended SM anomaly
over a wide region of the Arctic (Fig. 6b). The regression displays higher values over
Canadian regions. Snow is a strong insulator of the ground, substantially influencing
the ground thermal regime (Stieglitz et al., 2003; Zhang, 2005). The area of statistically
significant regression of ALT onto the SND accounted for approximately 13 % of the
permafrost area (Fig. 6¢). For comparison with later results, it should be emphasized
that Fig. 6 is for the entire period, 1948—2006.

Figure 6 indicates that ALT has not responded primarily to the warming trend of air
temperature, but also exhibits complex and inconsistent responses to variations in SM
and SND. For further discussion on how climate and hydrological variables affect ALT
anomalies at interannual time series, two basins (i.e., Lena and Mackenzie) showing
different ALT anomalies (Fig. 5c, e) were selected. Figure 7 shows time series of ATI,
SM, and SND in the Lena and Mackenzie basins. ATl in the two basins shows a general
increasing trend from the late 1950s, and reached a maximum around 2000 (Fig. 7a).
ATl clearly indicates that the two basins have experienced warming in the summer sea-
son since 1980. The magnitude of the increase was larger in the Mackenzie than in the

2551

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

TCD
6, 25372574, 2012

between Arctic
permafrost basins

H. Park et al.

: “““ “““


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/6/2537/2012/tcd-6-2537-2012-print.pdf
http://www.the-cryosphere-discuss.net/6/2537/2012/tcd-6-2537-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Lena (Table 1). The warming trend of AT| was statistically significant in the remaining
basins except for the Ob (Table 1). SM in the two basins simultaneously shows the
increase of 20 mm or more in the mid-1970s (Fig. 7b). Between the mid-1970s and
1990, SM of the Lena decreased, showing the largest decrease of 40 mm in 1987.
Thereafter, it in turn increased, showing a maximum increase of 35 mm in 2005. In the
Mackenzie, the largest decrease and increase in SM are 40 mm in 1996 and 30 mm
in 2005, respectively. No significance was found in the trend of SM in the five basins
(Table 1). SND in the Mackenzie exhibited a maximum in 1962, steadily decreased un-
til 1990s, and showed the largest negative anomaly of about 20 mm in 1998 (Fig. 7c).
On the other hand, SND in the Lena shows small year-to-year variability, compared to
the significant trend in the Mackenzie (Table 1). Interestingly, a significant difference is
found since 1990: SND in the two basins shows opposite anomalies, as is the case
with SM (Fig. 7b).

In the two watersheds, the changing relationship between ALT and ATI, SM, and SND
was statistically evaluated by 15-yr moving cross correlation (Fig. 7). The relationship
between ATl and ALT in the Lena exhibits the highest correlation over the entire pe-
riod. The correlation in the Mackenzie remained high until 1990. Thereafter, it abruptly
declined below the 95 % significance level (Fig. 7d), despite the positive ATI anomalies
(Fig. 7a). During the same period, by contrast, the correlation of SND and ALT in the
Mackenzie rapidly increased, reaching the 90 % significance level (Fig. 7f). The rela-
tionship between SM and ALT in the two basins was significant during the entire period
except for the late 1960s in the Mackenzie (Fig. 7e). The influence of SM on ALT in the
two basins simultaneously increased from 1990, when the correlation of ATl and ALT
decreased (Fig. 7d). The variation in the SM correlation means that the higher SM in
the Lena contributed to higher ALT and the converse in the Mackenzie. The correlation
between SND and ALT in the Lena steadily increased from 1960, and it remained in the
range of 0.45-0.6 since 1980. By contrast, the correlation in the Mackenzie decreased
after 1970 and remained approximately zero during the 1980s (Fig. 7f).
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Figure 8 shows the smoothed time series of ATl, SM, and SND and their 15-yr run-
ning correlations to ALT for the Ob (Fig. 8a, b), Yenisey (Fig. 8c, d), and Yukon (Fig. 8e,
f). The variables, ATI, SM, and SND of the Ob (Fig. 8a) and Yenisey (Fig. 8c) display
similar tendencies over the entire period. While the two basins experienced conditions
of both cooling atmosphere and dried soil moisture during 1960-1980, it was warm and
moistened since 1990. SND in the two basins indicated the maximum during 1960s,
and then it decreased, showing year-to-year variability within the range of +1 standard
deviation. The interannual variations in the Ob and Yenisey are different to ones in
the Lena (Fig. 7). On the other hand, the three variables in the Yukon (Fig. 8e) have
some resemblance in interannual patterns to the Mackenzie (Fig. 7). In the Ob, the
importance of ATl and SM to ALT strengthened since 1960, becoming significant at the
95 % confidence level (Fig. 8a). The relationship between SM and ALT in the Yenisey
was generally higher than that between ATl and ALT. The correlation of ATl with ALT in
the Yenisey was significant only during limited periods (i.e., 1970s and the period after
1990) (Fig. 8b). Considering that in most of other basins ATl is a significant factor, this
result in the Yenisey is surprising. The significance of the SND correlation in the Ob
and Yenisey was overall weaker. The correlations in the Yukon exhibit similar patterns
as in the Mackenzie (Fig. 7d—f). Both ATl and SM sustained higher correlation over
the entire period, while SND abruptly increased from 1980 and reached the 95 % con-
fidence level in 1988 (Fig. 8c). Since 1992, interestingly, the correlations of ALT with
SM and SND in the Yukon exceeded ATI, suggesting an increase in the influence of
hydrological conditions on ALT. The correlation analysis (Figs. 7 and 8) shows that the
factor(s) contributing to ALT differ among individual basins and the period.

4 Discussion

This paper’s major result, obtained from spatially distributed simulations by a land sur-
face model, is that the ALT anomalies differ between the Eurasian and North American
basins, especially since 1990 (Fig. 5) when air temperature was significantly warm
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(Fig. 4a). Variations of ATI, SM, and SND are indicated to have played a role. However,
the responses of ALT to the variables changed in a complex way during the period.
A remarkable fact is in that the degree of the impact of both SM and SND on ALT
was enhanced since 1990. The question remains as to why the roles of SM and SND
were heightened during the period. Therefore, we examine the roles of climatic and
hydrological variables in the opposition of the ALT anomalies.

Based on snow experiments, Lawrence and Slater (2010) documented that for the
recent 50-yr period, snow changes explain 50 % or more of the total soil temperature
change over much of the terrestrial Arctic. Our statistical analysis, which is for ALT
rather than soil temperature, indicates that SND explained as much as 20-30 % of the
variance in ALT in the Lena since 1980 and 15-20 % in the Mackenzie since 1990
(Fig. 7f). On the basis of only the percentages, it could be concluded that the influence
of SND on ALT was low. However, the influence is never negligible because snow is
a strong insulator, limiting the efficient communication of heat between the atmosphere
and the ground. Based on observations of soil temperature and snow depth from 31
stations in the Russian Arctic, Frauenfeld et al. (2004) found that thicker SND con-
tributed to higher ALT in the following summer. The linear relationship between ALT/soil
temperature and SND had also been observed in the interior of Alaska (Brown et al.,
2000) and in the Northern Russia (Pavlov and Moskalenko, 2002). The magnitude of
the insulation, which is dependent upon the timing and duration of snow cover and its
accumulation and melting history, likely persists to the following summer as a mem-
ory in the soil system. In particular, the initial snow state in the early winter is very
important to soil temperature (lijima et al., 2010). Figure 9 investigates the insulation
effect of SND on soil temperature, showing the anomaly of the averaged air tempera-
ture, SND, and soil temperature at soil depth 1 m during October to December during
the period of 1991-2006. Air temperature over the Arctic during the period was overall
warmer. The warming was significant over Canadian region, which was as much as
2°C warmer than preceding decades (Fig. 9a). In spite of the warming, the most signif-
icant cooling in soil temperature is found in the Yukon and Mackenzie basins and in the
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northern region of the Yenisey (Fig. 9c). The maximum cooling of about 2.5 °C is found
in Northeastern Alaska. The regions of negative soil temperature anomalies also show
negative anomalies in SND (Fig. 9b). This indicates that the soil cooling was associated
with the shallower SND due to weaker winter insulation. Simulations for the twenty-first
century climate by 20 GCMs show that the increased air temperature will cause both
earlier spring snowmelt and a delay in autumnal snow onset (Raisanen, 2008). The
late snow accumulation could lead to cooler soil temperature since the lack of snow
cover provides less insulation from the cold autumnal air temperature (Lawrence et al.,
2010).

It is widely agreed that the principal control on soil temperature is air temperature.
In the early winter season, SND in the eastern region of Hudson Bay decreased about
2-8cm during 1991-2006 (Fig. 9b). However, soil temperature at the region warmed
(Fig. 9c), which seems to be associated with higher air temperature (Fig. 9a). Although
the thinner SND favors a cooling of the soil, this cooling could be offset by the follow-
ing summer’s higher air temperature. During the period 2001-2006, when SND was
anomalously negative over the wide area of the Arctic (Fig. 4b), ALT deepened in all
regions except some parts of North America (Fig. 4d) due to the higher ATI (Fig. 4a).
It has been documented that ALT depends largely on the thermal history of the ground
surface forcing during the thaw period (Romanovsky and Osterkamp, 1997; Zhang
et al., 1997). Recent decades have seen large rises in surface air temperature over the
Arctic regions (Chapman and Walsh, 2007), but this warming has been less in summer
than in winter and spring (Serreze et al., 2000). One might expect that the warming
could foster deeper ALT in the Arctic. In reality, the warming ATl accounts for 65-95 %
of the variance in ALT in the Lena (Fig. 7a), but much less in the North American basins,
especially since 1990 (Figs. 7d and 8f).

One possible control that can account for the thinner ALT in the Yukon and Macken-
zie Basins in the recent decades is the impact of the reduced soil moisture (Fig. 7b). In
the Mackenzie, SM has been a primary control on ALT, explaining approximately 50—
75 % of the variance in ALT since 1980 (Fig. 7e). The explanation of SM in the Yukon
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was approximately 50-90 % (Fig. 8f). A shallower snow pack could result in lower soil
moisture levels in spring. The dry soil has lower thermal conductivity, allowing surface
energy to penetrate the soil less effectively, thereby lowering ALT. However, larger pre-
cipitation during summer season can alleviate the soil dryness caused by the thinner
SND. Summer precipitation in the Mackenzie during 1999 to 2001 increased 25-50 mm
(Fig. 10), resulting in approximately normal states of SM (Fig. 7b). By contrast, precip-
itation in the Lena during the same period decreased (Fig. 10). However, SM was
higher (Fig. 7b), apparently in association with with higher SND (Fig. 7c). Larger sum-
mer precipitation promotes higher summer SM levels, but it cools the surface and limits
heat conduction into the soil. In reality, summer precipitation (Fig. 10) was negatively
correlated with ALT in both the Lena (r = —0.24, p < 0.08) and Mackenzie (r = -0.18,
p < 0.18). These relationships point to a contribution of the SM state of the pre-thaw
season to the summer ALT. Hinkel et al. (2001) found that the infiltration of melted
snow water into soil layers caused rapid warming of the upper soil in spring. Zhang
and Stamnes (1998) also highlighted the measurable impact of soil moisture in the top
soil layers on ALT, which increases significantly with increasing soil moisture content.
In summary, the higher ALT in the Lena since 1990 was a combined result of the
higher ATIl, SND, and SM. While ATI in the Mackenzie during the same period was
higher, this did not result in higher ALT due to both the thinner SND and drier SM.
This opposition of ALT anomalies between the two basins highlights increased impor-
tance of the variability of hydrological variables. Most climate models project both Arc-
tic warming and increased precipitation in all seasons in the 21st century. The summer
warming may impact ALT positively. Increased winter precipitation may yield increased
snowfall. Callaghan et al. (2011) addressed that, based on six model-projected results
using IPCC A2 emissions scenario, the maximum monthly snow water equivalent for
the 2049-2060 period versus 1970-1999 increased 0-15 % over much of the Arctic,
with the largest increases (15-30 %) over the Siberian sector. However, the warmer
temperature could cause late autumnal snow accumulation, mid-winter snowmelt, and
earlier snowmelt in spring. Changes in these snow conditions could influence soil
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thermal state during the snow season as well as SM in spring and subsequently ALT.
Therefore, when the various likely changes of hydrological processes during the 21st
century are considered together, the possibility that anomalies of ALT may be influ-
enced more by changes in the hydrological variables rather than by the expected over-
all warming cannot be excluded. A more quantitative view of the expected changes
in the hydrology-ALT relationships requires more systematic model experiments and
observational data synthesis.

5 Conclusions

This study has assessed changes in the spatiotemporal variability of ALT over the Arc-
tic during the period of 1948-2006, based on observational data and a simulation by
a land surface model. The model generally simulated well the spatial distribution of
permafrost extent and soil temperature and ALT when compared with point-scale ob-
servations. The simulation has also identified contrasting anomalies of ALT between
Eurasian and North American basins. The anomalies were the result of the combined
impacts of climate and hydrological variables. ALT in the Lena correlated highly with
ATl over the study period. However, the warming air temperature was not directly as-
sociated with ALT deepening in the Mackenzie basin; since 1990, the correlation of
ALT and ATI significantly decreased, while the influence of SM and SND relatively in-
creased. The shallower SND during the snow season impeded soil warming due to
weaker winter insulation from cold atmospheric air. The soil dryness in the subsequent
early summer also limited soil warming, thereby lowering ALT in the Mackenzie. On the
other hand, in the Lena basin, the warming air temperature together with higher SND
and SM for the recent 30 yr promoted the increase in ALT.

Larger precipitation can offset the soil dryness associated with the shallower SND. In
contrast, the larger precipitation during summer cools the soil surface and limits heat
conduction into the soil. Indeed, summer total precipitation tended to have a nega-
tive correlation with ALT in the Lena and Mackenzie basin. This implies that the soil
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thermal and moisture states that develop during the pre-thawing season could persist
as a memory until the summer thawing period; pointing to the potential importance of
the soil heat and water conditions in the early summer season on ALT.

The ALT anomalies of opposite sign in the Lena and Mackenzie basins appeared
even when the air temperature showed overall warming. The modeling described here
also illustrates the complex variability of regional SND, including variations that are in-
consistent with the Arctic warming trend. This suggests that the response of permafrost
to snow could be important under a future Arctic warming. The dependence of precip-
itation/snow on atmospheric weather patterns increases the uncertainty in the magni-
tude or amplitude of the future snow changes. Future snow changes have the potential
to either amplify or dampen the expression of climate warming below the ground sur-
face and its subsequent impacts on permafrost distribution as well as ecological and
biogeochemical processes in the Arctic. In particular, interannual land surface snow
anomalies over the Arctic should be recognized as a potentially important contributor
to the Arctic system.
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Table 1. Mean, standard deviation (Std.), and trend of active layer thickness (ALT), annual
thawing index (ATI), summer (June—August) soil moisture (SM) excluding ice amount within
the soil depth 1.6 m, and snow depth (SND) averaged during January-March in the permafrost
region within each watershed.

ALT ATI SM SND
Mean Std. Trend Mean Std. Trend Mean Std. Trend Mean Std. Trend
m (m  (myr) (Cyr’) (C) (Cyr’") (mm) (mm) (mm) (cm) (cm) (cmyr")
Ob 2.27 0.230 0.0046" 1637.4 128.8 1.18 513.6 20.8 0.10 374 6.5 0.07
Yenisey 2.68 0.131 0.0019 1429.7 86.6 2.78™ 510.8 11.0 0.10 40.7 5.2 -0.03
Lena 1.89 0.074 0.0020™ 1391.5 86.7 1.80" 490.3 14.0 0.25 34.8 3.5 0
Yukon 1.57 0.072 0.0002 1277.2 107.2 2.70™ 434.3 18.3 -0.16 29.9 8.1 -0.20™

Mackenzie 2.01 0.083 0.0003 1502.5 123.6 3.14™ 4725 14.9 0.09 326 7.1 -0.23™

* significant at 90 % confidence level by t-statistical test;
™ 95 % confidence level;
" 99 % confidence level.
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Spor.  Discont. Isol. Cont.

Fig. 1. (a) Distribution of the simulated active layer thickness (m) averaged over 1948-2006 and
(b) the trend (cm yr‘1) above 95 % confidence level during the same period. (¢) is the observed
permafrost coverage as compiled by the International Permafrost Association (IPA) (Brown et
al., 2001).
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Fig. 2. (a) Scatter plot of observed and simulated (calculated from soil temperature profiles)
active layer thickness (ALT) at (b) CALM (black), GTN-P (blue), and Russian meteorological
stations (green). Model results are ensemble means for the periods coinciding with the obser-

vations.
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Fig. 4. Maps of decadal anomalies of annual thawing index (a), snow depth averaged during
January to March (b), soil moisture averaged during June to August excluding ice amount within
soil depth 1.6 m (¢), and active layer thickness (d).
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Fig. 5. Interannual variations of active layer thickness anomaliess in the major Arctic water-
sheds: (a) Ob, (b) Yenisey, (c) Lena, (d) Yukon and (e) Mackenzie. The thin lines show the raw
data for each watershed, and the thick lines show the values smoothed by a low-pass filter.
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Fig. 6. Linear regression of active layer thickness on the detrended annual thawing index
(cm°Cyr'1) (a), soil moisture (cm mm'1) (b), and snow depth (cmcm'1) (c) anomalies. The
maps display correlations exceeding the 95 % confidence level.

2570

| Jadeq uoissnosigq | Jeded uoissnosiq | Jaded uoissnosiqg

Jaded uoissnasiq

TCD
6, 25372574, 2012

Opposite anomaly in
active layer thickness
between Arctic
permafrost basins

H. Park et al.

(&)
()



http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/6/2537/2012/tcd-6-2537-2012-print.pdf
http://www.the-cryosphere-discuss.net/6/2537/2012/tcd-6-2537-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

© 3 @ M
o
o
3 o 0.8 -
= = e
5 P v AA
S 0.6 YY) i
£ w VU !
5 =] Fomm—m— = ———— fm — — —
b a 95% confidence level i
@ | 0.4 i
& 2 \
T B
o 2 ]
o > 02
= o lena
— = == = Mackenzie
—300 T T T T T T 0.0 T T T T T T
1940 1950 1960 1970 1980 1990 2000 2010 1940 1950 1960 1970 1980 1990 2000 2010
Year Year
80 L L 1.0 L L
™
3
o 0.8
=
o
© 0.6
=)
K
E o4
=} i
- H
=
7021
It}
=
—60 T T T T T T 0.0 T T T T T T
1940 1950 1960 1970 1980 1990 2000 2010 1940 1950 1960 1970 1980 1990 2000 2010
Year Year
20 | Lot | Lt
o 094 (B
o
= 8
g .
CA = 06+
< 95%_confidence levey
o [T }b‘ - I
=
g 2 |
5 g 034 |
g E 1%
§ : SV
z 0.0 e
g 5
0
i — -0.3
-20 T T T T T T
1940 1950 1960 1970 1980 1990 2000 2010 1940 1950 1960 1970 1980 1990 2000 2010
Year Year

Fig. 7. Time series of (a) annual thawing index, (b) averaged summer soil moisture during
June—August, and (¢) mean snow depth during January—March in the Lena (straight line) and
Mackenzie (red lines) watersheds. Thin and thick lines as in Fig. 5. The 15-yr running correlation
coefficients of active layer thickness against (d) annual thawing index, (e) the summer soil
moisture, and (f) the snow depth in the Lena and Mackenzie watersheds. The dashed lines
represent 95 % confidence levels.
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Fig. 8. Time series of smoothed annual thawing index, soil moisture, and snow depth and their
15-yr running correlation coefficients against active layer thickness at the Ob (a, b), Yenisey (c,

d), and Yukon (e, f) watershed.
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Fig. 10. Interannual precipitation anomaly during the summer season (June—August) over the
Lena (straight line) and Mackenzie (dot line) watersheds. Thin and thick lines as in Fig. 5.
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