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Abstract. This study not only examined the spatiotemporal 1  Introduction
variations of active-layer thickness (ALT) in permafrost re-

gions.duri.ng 19.48_2006 over the terrest_rial ATCt‘C regions Permafrost is considered vulnerable to increasing temper-
experiencing climate changes, but also identified the aSSO3tures, and its degradation has the potential to initiate nu-
ciated drivers based on observational data and a simulatio%ezr()Lj’S feedbacks, predominantly positive, in the Arctic and
CondUCtid 2{Ta land dsurfacg m0d8|d(.CHAr‘]NGE)' The f?]' global climate system (McGuire et al., 2006). Air tempera-
cus on the extends previous studies t at_ ave empNag a5 over the Arctic land areas have indeed increased con-
S'Ze.d ground temperatures in permafrost regions. The Qb iderably over the last few decades (Chapman and Walsh,
Yenisey, Le_na, Yuk_on, and Mgckenzlg watersheds are foci o 007; Bekryaev et al., 2010). Most general circulation mod-
the study. Tlme Series of ALT n E'uraS|an'watershe'ds ShOW.e Is project that the warming will continue (IPCC, 2008), in-
generally increasing trends, while the increase in ALT in creasing the risk of permafrost degradation. It is therefore

Xf;th Arr]ne,:llcarr]] \'/Avater_sheds was r?o(; s;]gnlflt;:ant. Howe_velr’important to elucidate how soil temperatures are rising, how
n the c_)rt merican watershe S has been negative ypermafrost is degrading, and the relationships between the
anomalous since 1990 when the Arctic air temperature eNiuo

tered into a warming phase. The warming temperatures were Permafrost is also a useful climate indicator because it in-

nhot S|mply ex_pressed(;o L:\c:ceas_es mmeTASLEPEe 1;3 gg_wrt‘er}egrates processes (e.g., air temperature, precipitation, snow,
the warming increased, the forcing of the y the higher 4 vegetation) that occur at and above the ground surface.

ann.ual thawing index (ATI) in the M_ackenz|e and YUKOU Experiments with temperature warming scenarios have pro-
basms has been offsgt by the combined effect; of Igss 'nj'ected poleward shifts in permafrost boundaries relative to
;ulatlon caused by thinner show dePth and drier soil d,ur'the current distribution of permafrost (Chen et al., 2003;
INg summer. In contrast, .the increasing A.TI tolgether. with Lawrence et al., 2008). Anisimov and Nelson (1997) sim-
thicker snow depth and higher summer soil moisture in the ... the changes in active-layer thickness (ALT) in the

Lena contributed to the increase in ALT. The results imply Northern Hemisphere under climate change scenarios and

that the soil thermal and moisture regimes formed in the pre<, ), .ate the risk of ground subsidence in the circum-Arctic

:an season(_?% pzjc.);Ide Ti‘l’f_‘_lc_’ry that :T‘ant')fetStS |tseéf du”,n?[)ermafrost region. Oelke et al. (2004) simulated the increas-
€ summer. The differen anomalies between eurasia ng trends in soil temperature and ALT in the Arctic per-

and North American watersheds highlight increased impor'mafrost regions during 1980-2002.

tance of the variability of hydrological variables. The changes in ALT have also been monitored by in situ
observations (Brown et al., 2000). The active layer in Russia
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exhibited a statistically significant deepening by approxi- 1990s (Osterkamp, 2007). By contrast, since 2000 the in-
mately 20 cm over the period of 1956-1990 (Frauenfeld etcreased SND in a Siberian taiga forest has significantly con-
al., 2004). Zhang et al. (2001) analyzed long-term changesributed to an increase of ALT (lijima et al., 2010). These
from the 1890s to 1990s in soil temperatures at Irkutsk, Russite-specific results cannot reliably be extrapolated to large
sia, finding that soil temperature at 40 cm depth increasedegions. However, the observations provide the insight that
by up to 9°C during the winter. Permafrost surface temper- both soil temperature and ALT likely responded, at least par-
atures in northern Alaska have increased by Z=4n the tially, to the SND anomalies.
20th century (Lachenbruch and Marshall, 1986). Awarming From an experiment that used numerical modeling and
trend in soil temperature was also found at climate stationempirical equations, Zhang et al. (2005) found that ALTs
across Canada during the 20th century (Chen et al., 2003t three Siberian watersheds exhibited complex and incon-
Zhang et al., 2005; Smith et al., 2010; Qian et al., 2011).  sistent responses to variations in snow cover during the
Consistent with these changes of soil temperatre, surfac20th century. However, for the latter half of 20th century,
air temperature (SAT) at high-latitude- 60° N) meteoro-  snow state variations could account for as much as 50-100 %
logical land stations warmed by 1.36 during 1875-2008 of total soil temperature variations in the Arctic (Lawrence
(Bekryaev et al., 2010). On a regional basis, atmospheri@and Slater, 2010). These studies demonstrated that changes
warming and its implications for soil temperature and ALT in snow can either amplify or mitigate soil warming. How-
have been examined for Eurasia (Frauenfeld et al., 2004gver, few studies have explored interactions between ALT
and North America (Romanovsky et al., 2010; Smith et al.,and changes in climatic and hydrological variables at re-
2010). Soil thermal states depend on a humber of complexjional or continental scales in the framework provided by
interactions between soil, vegetation, snow, and hydrologya comprehensive terrestrial model. In this study, we draw
(Hinzman et al., 1995; Zhang et al., 1997). Changes in thesepon the results of a coupled hydrological and biogeochem-
factors can influence heat and water exchanges on the surfaéeal model (CHANGE) (Park et al., 2011a) applied to the
and in the soil, consequently modulating the relationship bepan-Arctic terrestrial regions at the spatial resolution of 0.5
tween air and soil temperatures. Therefore, the measured datitude/longitude over the period of 1948—2006. We not only
projected warming trend in SAT cannot necessarily be sim-delineate the characteristics of the ALT anomaly at the wa-
ply applied to soil temperature and ALT. tershed scale, but also identify the across-region relation-
A number of studies have demonstrated that change irships and anomalies of associated drivers. Thus this study
snow depth (SND) can be as important as change in air temis directed at a more comprehensive understanding for the
perature to changes in soil temperature because of the insispatiotemporal variations of ALT in the major Arctic water-
lating effect (Stieglitz et al., 2003; Zhang, 2005). In partic- sheds. In addition, the simulated soil temperature and ALT
ular, changes in accumulation, duration, timing, and amountare validated by available observations.
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 ex-
pected to result in early snowmelt and late snow accumula-
tion, and satellite observations have already detected a rez—
duction in Arctic spring snow cover (Brown et al., 2010).
Long-term changes in SND have also been found at con2-1 Land surface model, CHANGE
tinental scales, with increasing trends in winter SND over
the Siberian regions during the last 30yr (Bulygina et al.,, The CHANGE model is a physically based land surface
2009), while SND in North America has generally decreasedmodel designed to integrate interactions and feedbacks in
since 1970 (Dyer and Monte, 2006). The opposition of SNDa soil/vegetation/atmosphere system in the Arctic terrestrial
anomalies between the two continents is supported by satekegions. CHANGE consists of four modules: a land surface
lite observation (Biancamaria et al., 2011) and a model sim-module, a vegetation phenology module, a carbon and nitro-
ulation (Park et al., 2011b). gen balance module, and a vegetation dynamic module. The
Both observations and modeling suggest that soil tem-ull description of CHANGE is given by Park et al. (2011a),
perature change over the Arctic since the latter part ofbut both the land surface module and the recent revision are
the 20th century can be primarily attributed to air tem- summarized here.
perature and SND trends and/or variations (Stieglitz et al., The land surface module essentially solves an energy and
2003; Frauenfeld et al., 2004; Osterkamp, 2007). The opposmass balance for the canopy and snow/soil surfaces over a
ing SND trends in Eurasia and North America could drive gridded domain. Each soil layer is characterized by three
soil thermal and moisture regimes differently from the geo- prognostic variables: temperature, liquid water content, and
graphic pattern of temperature change. In reality, soil tem-ice content, which are closely connected to radiation, energy,
perature at the Healy site of interior Alaska has respondedand water budgets of the canopy and snow. The soil heat bal-
to the decreasing SND by a decrease of ALT since the lateance equation including the water phase change is given by

Descriptions of model and data
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boxes, because the parameterization of ice blocking of water

. flow effectively limits liquid flow in permafrost soil layers.
oT d aT d0Bice .
S5, = a2 ka— + Picelt » (1) Because snowpacks are naturally layered media,
¢ ¢ CHANGE represent the snowpack by two layers: a
whereCs is the soil volumetric heat capacity, is the soil ~ surface layer and an underlying deeper layer containing

temperaturek is the soil thermal conductivitypice is the most of the snowpack. The surface layer is used to solve
density of ice,\s is the latent heat of fusiomjce is the ice  the surface energy balance, while the underlying layer is
content of the layer, andis the depth. The model simulates used to simulate fluxes through deeper snowpacks. The
the dynamics of soil heat by an exponential multilayer pro-surface energy balance components are used to simulate
file (i.e., 15 layers) with the upper boundary conditions de-snowmelt, refreezing, and changes in the snowpack heat
termined from the energy balance and the bottom boundargontent. The mass balance components represent snow
conditions (at 30.5 m depth) defined as zero heat flux. At eaclaccumulation/ablation, changes in snow water equivalent,
time step, the thermal fluxes through the soil column are firstand water yield from the snowpack. Snow density varies
solved. The estimated soil layer temperatures are then usedith compaction caused by metamorphism and overburden.
to predictfice. The updatedice with liquid moisture con-  The thickness of snowpack is estimated based on the
tent in unfrozen soil estimates the matric potential in frozencalculated snow density and snow water equivalent. Albedo
soil, and the soil thermal properties for the next time step arérom the canopy and ground surfaces is calculated using the
then reconstructed from the updated ice and liquid water contwo-stream approximation (Meador and Weaver, 1980); the
tent. The soil thermal and hydraulic properties for each gridoverall direct beam and diffuse ground albedos are weighted
box are parameterized in terms of the soil texture, e.g. thaising combinations of soil and snow albedos. The latter is
sand and clay content, and the amount of soil organic matteestimated by considering the effects of solar zenith angle
The soil organic matter is dynamic, changing with time in re- and snow age that is calculated from the history of snow
sponse to the model’'s carbon budget. The estimated carboaccumulation and melt.
content for each grid cell is vertically distributed in the up- The main structure of carbon and nitrogen cycling
per 1.8 m through the soil column according to rules relatedn CHANGE is based on the ecosystem process model
to ecosystem type. The grid cell with high organic soil con- BIOME-BGC (Thornton et al., 2002). The carbon absorbed
tent (e.g.> 40 kg nm2) has a higher organic layer of roughly through photosynthesis is partitioned into leaves, stems, fine
1-30 cm depth, and the organic content of the underlying lay+oots, and coarse roots. The root carbon amounts are used
ers sharply decreases with depth (Lawrence et al., 2008). to estimate the dynamical root profile in the soil layers. The
The depth of the bottom boundary condition can be impor-estimated root profile is combined with the estimate of soll
tant in the simulation of soil temperature because it stronglywater stress, which is in turn fed back to photosynthesis and
influences seasonal and interannual dynamics. In the old veistomatal conductance. Soil organic matter affects the dynam-
sion of CHANGE, the soil bottom boundary condition was ics of soil water and temperature (as noted above), which
set to 10.5m. Recent studies suggested that soil columnm turn impacts the decomposition rate of soil organic mat-
deeper than 30 m are needed to simulate accurately the ater. The dynamics of soil water and temperature are inter-
nual cycle and decadal trends of subsurface temperatures, esvined with the biogeochemical cycles and vegetation dy-
pecially trends associated with climate change (Smerdon andamics, which in turn are coupled to the behavior of leaf
Stieglitz, 2006; Alexeev et al., 2007; Stevens et al., 2007).phenology. The dynamic vegetation model, which explicitly
Molders and Romanovsky (2006) noted that the soil columncouples plant growth to the land surface module, facilitates
depth should exceed the depth of seasonal changes in sdihe exploration of the interactions between vegetation and
temperature and moisture states, which can be as deep &and surface processes and between vegetation and climate.
15-20 m (Romanovsky and Osterkamp, 1997). On the ba-
sis of these recommendations, we tested CHANGE with soil
depths ranging from 30 to 50 m at a single point and assesse%i‘2
how the depth of the column might impact soil temperatures.
The depth of the column beyond 30 m did not have a strongnputs to the model include information about vegetation
influence on the results (Lawrence et al., 2008), although theype, soil texture, and atmospheric climate. Vegetation type
soil temperature rise in the near-surface layers was slightlyin each grid box is determined based on the vegetation map
slower with a 50 m column compared to 30 m. Therefore, wegiven by Ramankutty and Foley (1999), in which there are
set the column depth to 30.5m. The deep ground is generall{t5 types. Among them, ice cover is not considered in this
fractured bedrock. However, CHANGE does not include thesimulation and thus Greenland is not included. CHANGE
representation of the deep soil/rock column. For simplicity, also requires soil texture information in terms of fraction of
the layers deeper than 5.5m are assumed to be hydrologsand, silt, and clay: we use the data derived from the IGBP
cally inactive; water cannot pass into or out of that depth.SoilData SystenfGlobal Soil Data Task, 2000). The texture
This treatment is primarily applied to non-permafrost grid fraction is used to estimate soil thermal conductivity, heat

Input data
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Fig. 1. (a) Distribution of the simulated active-layer thickness (m) averaged over 1948—20@B)ahe trend (cm yr1) above 95 % confi-
dence level during the same peridd) is the observed permafrost coverage as compiled by the International Permafrost Association (IPA)
(Brown et al., 2001).

capacity, and hydraulic conductivity, in combination with Since there are no detailed measurements for model initial-

soil organic matter simulated by the model. ization, the initial conditions were determined by a spin-up
The gridded climate data used in this study has a lath running from an assumed first-day state of no snow and no

tude/longitude spatial resolution globally and a daily tempo-soil carbon, and a very small initial vegetation carbon. The

ral resolution from 1948 to 2006 (Hirabayashi et al., 2008). initial soil moisture (SM) was set to the field capacity of the

It includes daily air temperatures (mean, maximum, andsoil type for the top 5.5m depth, and to 90 % of saturation

minimum), precipitation, specific humidity, and solar radi- for the remaining deeper layers, and the soil temperature was

ation, constructed from meteorological station observationsalso exponentially interpolated using air temperature of the

These forcing data were constructed from several types oftart date at the surface and mean annual air temperature at

data sources (Hirabayashi et al., 2008), with different timethe bottom layer. Through the spin-up run, a dynamic equi-

and space scales. The details of the data sources and thierium of total ecosystem carbon is determined by the pre-

disaggregation for the individual components into a daily scribed climate, repeating approximately for 420 yr with the

time series, as well as their gridding processes, are deforcing data of the initial 20 yr and a pre-industrial €€bn-

scribed by Hirabayashi et al. (2005). However, wind speedcentration of 300 ppm. The influences of the initial condi-

was not included in the data set. Therefore, we computedions on the soil processes become negligible by the end of

daily means of the 6-hourly surface wind data for the pe-the spin-up.

riod of 1958-2001 from European Centre for Medium-Range The dynamic ecosystem process model Biome-BGC, in-

Weather Forecasts (ECMWF; ERA-40) for each day andcluded in CHANGE, needs a number of parameters. Pre-

grid cell, then interpolated the 2.%£RA-40 grids to a res- viously examined parameters (White et al., 2000) are pre-

olution of 0.5. The daily averaged wind grids were then scribed for individual vegetation types. With these parame-

averaged into a seasonally varying climatology for the pe-ters, CHANGE simulates energy, water, and Dxes for

riod 1958-2001; this climatology was used for the years forthe years 1948-2006 with dynamic vegetation.

which 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 inter-3 Results

polation for each variable is described by Park et al. (2011a),

who found that a constant diurnal relative humidity can over-3.1 Comparison between simulation and observation

estimate latent heat flux. Thus, an algorithm developed by

Castellivi et al. (1996) was used to obtain a diurnal cycle of 3.1.1 Permafrost extent

relative humidity.
Figure 1 is a comparison of the simulated permafrost extent

2.3 Simulation design against the permafrost map produced by the International
Permafrost Association (IPA) (Brown et al., 2001). We de-

The ground thermal and hydrological regimes as well as thdine permafrost extent as the integrated area in which ground

vegetation components for each grid box must be initialized.remains below 0C for two or more consecutive years in at
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least one soil layer among the 15 soil layers. The simulatedneans. The scale issues generally arise from differences in
total permafrost extent at 45° N cannot directly compare elevation, climate, soil properties, and landscape. The simu-
with the permafrost extent derived from the IPA map, be-lated ALT appears to be generally too deep compared to the
cause Iceland and some other northern islands are excludemzbservations of the CALM sites (Fig. 2a), which appear to
in this simulation. The model simulated that permafrost re-be related to the biases of soil thermal properties and soil
gions occupy approximately 17.%210° km?, which is less  moisture.
than the 22.7% 10° km? in the Northern Hemisphere esti-
mated by Zhang et al. (1999). The difference is likely due3.1.3 Soil temperature
to the different two study regions. Although CHANGE tends
to overestimate the permafrost at the southern boundary ofhe preceding section focused on the validity of the sim-
Siberia, the simulation shows generally good agreement withulated permafrost and ALT. A more direct comparison is
the IPA map (Fig. 1c). IPA classifies permafrost area intopossible using soil temperature observed at field sites. We
four classes (continuous, discontinuous, sporadic, and isodsed data sets of the Russian Historical Soil Temperature
lated permafrost) with decreasing coverage. CHANGE, on(available fromhttp://nsidc.org/data/arcss078.hjnRRussian
the other hand, does not account for subgrid variability in meteorological stationdftp://meteo.ru/english/climate/soil.
soil temperature. In this respect, CHANGE simulates the po-php), CALM sites in Mongolia, GTN-P in Canada, and bore-
tential upper limit of permafrost occurrence rather than thehole temperatures in Alaskat{p://data.eol.ucar.edu/codiac/
actual coverage that depends on sub-grid-scale variations. dssj). Soil temperatures at individual locations were for dif-
Figure 1 shows the ALT distribution and the linear trend ferent measuring periods, intervals (temporal resolution), and
of the ALT. Although ALT exhibits large regional hetero- depths. Therefore, the observations were averaged for the
geneity, the ALT generally deepens toward the low latitudesavailable period at 0.8—1.2 m depth. The simulated soil tem-
(Fig. 1a). The change in ALT is large at the southern bound-perature was also averaged for the period overlapping the
ary edge of permafrost, especially in Siberia (Fig. 1b). Mean-observation. The average was distance-weighted for the grid
while, the decrease in ALT is found in some regions of North cells surrounding the observation site. Fig. 3a shows the com-
America (Fig. 1b). The decline in Arctic summer sea ice parison between the observed and simulated soil tempera-
cover increased adjacent terrestrial air temperatures (Screednres, including the sites in non-permafrost regions (Fig. 3b).
and Simmonds, 2010), which contributed to soil warming. CHANGE simulated well the observed soil temperatures at a
However, ALT in these regions did not linearly respond to statistically significant levelr{=0.85, p <0.0001, Fig. 3a).
the Arctic warming, indicating that ALT is not simply ex- However, the simulated soil temperatures exhibit a cool bias

plained by the air temperature trend. of —2.1°C, which is the difference between the observed
and simulated averages. The cool bias has also been found in
3.1.2 Active-layer thickness other models (Dankers et al., 2011; Lawrence et al., 2011).

Lawrence et al. (2011) explained that their cool bias was re-
Observations on ALT have been collected from the Circum-lated to the limitations of the soil hydrology scheme in frozen
polar Active Layer Monitoring (CALM) since the 1990s or partially frozen conditions. Moreover, as in the ALT com-
(Brown et al., 2000), Global Terrestrial Network for Per- parison, the scale mismatch and the limited spatial coverage
mafrost (GTN-P) in Canada, and Melnikov Permafrost Insti- of observations limit the direct comparison of the modeled
tute station data around Yakutsk, Russia. The meteorologicadoil temperature to the point observation.
stations in Russia have long-term records of soil temperature, The underestimate in soil temperature by the model is ap-
from which ALT was obtained by determining the seasonalparent at the Russian meteorological stations (Fig. 3a). The
position of 0°C isotherm in the soil temperature profile. The underestimate also seems to be related partially to the differ-
simulated ALT was averaged by a distance weighting ofence in land surface characteristics in the model compared
the four grid cells closest to each CALM site, for the pe- to the observation points. Most of the Russian meteorolog-
riod overlapping with the observation. The simulated valuesical stations used in Fig. 3 were established over bare land
were then plotted against the observations (Fig. 2a), whictor short grass without thick soil organic layers, while the
show a significant correlation- €0.38, p <0.0001). The model considered grid cells surrounding the climatic stations
plot shows generally good agreement between the observetd be forest with a thick surface organic layer. The magni-
and modeled ALT in the meteorological stations of Russia.tude of the response of soil temperature to climate is most
Meanwhile, the largest differences are found in CALM sites. likely smaller in forest than in grass, since the thick organic
The differences are at least partially attributable to the scaldayer can effectively reduce the heat conductivity. The dense
mismatch between the simulations and observations, as theanopy of forest also reduces light received over forest floor,
model run is relatively coarse scale (Dlatitude/longitude)  thereby resulting in cooler soil. For example, the meteorolog-
while the observations are essentially at point scale. For comical station of Yakutsk, Russia, had an observed average tem-
plex terrain, point observations extrapolated to obtain largeperature of~0.01°C at soil depth 1.2 m during 1998-2006,
area averages tend to be poor representations of true areehile borehole measurements at a dense larch forest 20 km
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Fig. 2. (a) Scatter plot of observed and simulated (calculated from soil temperature profiles) ATGALM (black), GTN-P (blue), and
Melnikov Permafrost Institute stations (green). Model results are ensemble means for the periods coinciding with the observations.
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Fig. 3. (a) Scatter plot of observed and simulated soil temperature at 0.8—-1.2m deffty) Russian Historical Soil Temperature (red),
Russian meteorological stations (black), GTN-P in Canada (blue), borehole temperatures in Alaska (orange), and CALM sites in Mongolia
(green). Model results are ensemble means for the periods coinciding with the observations.

north from the station indicated-al.90°C soil temperature 3.2 Spatiotemporal variations of hydro-climatological

at the same soil depth during the same period. CHANGE variables and ALT

simulated—1.66°C, on average, for the grid cells around the

Yakutsk station. Figure 4 shows the time series of spatial distributions of
decadal anomalies of the annual thawing index (ATI), av-
eraged SND from January to March, 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
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Fig. 4 . Maps of decadal anomalies of annual thawing in(Exsnow depth averaged during January to Mdtmh soil moisture averaged
during June to August excluding ice amount within soil depth 1(6)rand active layer deptfd).

(b) SND (d)ALT

Fig. 4 . Continued.

upper 1.6 m. The ATI exhibits an increasing trend with time. ent from the trend of the ATIl. The maximum SND appeared
The increase of the ATl is highly significant from 1991 on- during the period 1961-1970, while the minimum was found
wards. In the period of 2001-2006, the ATI in almost all of in 2001-2006, in which the decrease of SND was signifi-
the Eurasian region showed positive anomalies. The increaseant over most of the Arctic. In particular, SND over North
of the ATI in southern Siberia and far eastern Siberia wasAmerica has decreased over the wide area since 1991. Dur-
200°Cyr—1 or more. SND shows a decreasing trend, differ- ing 1991-2000, SND decreased by as much as 20 cm in some
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Fig. 4 . Continued.

southern permafrost regions in Canada. Schindler and Don- The ALT of the three Eurasian watersheds has similar in-
ahue (2006) found that, based on observations, maximunterannual variability to ALT estimated from the thawing in-
showpack in western Canada decreased 10—-33 cm during thaex by Zhang et al. (2005). Zhang et al. (2005) reported that
latter half of the 20th century. in the Lena watershed, changes in ALT based on the thaw-
Soil moisture exhibits large spatial and temporal vari- ing index and a numerical model were 0.10m and 0.08 m,
ability (Fig. 4c). The Arctic soil of> 60° N was consider-  respectively, over the period of 1980-2002. The correspond-
ably moistened during 2001-2006, although some regions oing value from CHANGE was 0.094m. For the period of
North America experienced drier conditions. SM in the west- 1948-2006, CHANGE estimated an ALT increase of 0.12m
ern and eastern regions of Hudson Bay and western Siberia the Lena. Zhang et al. (2005) found that, based on soil tem-
increased above 30 mm in the same period. ALT also showgerature measurements of 17 stations, ALT increased about
large spatial variability (Fig. 4d). However, it generally in- 0.32 m between 1956 and 1990 in the Lena.
dicates an increasing trend with years. The significant in- No obvious trends are seen in the overall (1948-2006)
crease of ALT is found from 1991 onwards and at the bound-time series of ALT in the two basins of North America (Ta-
ary regions of permafrost. During 2001-2006, ALT on the ble 1). However, ALTs in the two North American water-
Eurasian continent was overall in the positive phase. The resheds show similar fluctuations (Fig. 5d—e). Over the period
gion surrounding Hudson Bay showed the most significantof 1948-1995, ALT in the Mackenzie increased by about
increase of ALT, in which it deepened 20cm or more. ALT 0.10m ¢ =0.36,p < 0.012). The corresponding value in the
tends to increase with the air temperature warming (Fig. 4a)Yukon was about 0.08 mr & 0.37, p < 0.009). Since 1995,
and soil wetting (Fig. 4c). However, decreases in ALT are ALTs of the two basins of North America abruptly have de-
also found in the Yukon territory and the Mackenzie water- creased, showing the largest decreases in 1996: 0.20 m and
shed. 0.17m in the Yukon and Mackenzie, respectively. The neg-
Time series of mean ALT in the five major Arctic water- ative anomaly lasted into the early 2000s. During the period
sheds are shown in Fig. 5. The trends of the ALT time seriesl991-2006, the ATl increased (Fig. 4a), as mentioned previ-
differ between the Eurasian and North American watershedsously. This implies that other variables, not the air temper-
In the three Eurasian watersheds, ALT shows positive trendsiture, contributed to the negative ALTs. We will revisit this
during 1948-2006 at a statistically significant level in the Ob point later.
and Lena basins (Table 1). ALT of the three Eurasian water-
sheds had recorded the largest decreases by the early 197(&3 Variables affecting to ALT anomaly
0.40m, 0.50m, and 0.14 m in Ob, Yenisey, and Lena, respec-
tively. Thereafter, ALT increased. Soil thermal states integrate a number of complex in-
teractions between soil, vegetation, snow, and hydrology
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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) (myrd) | ccyrl)  (Cc) cCcyrd) | (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, 37.4 6.5 0.07
Yenisey 2.68 0.131 0.001 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 35 0
Yukon 1.57 0.072 0.000 1277.2 107.2 2.7 | 434.3 18.3 -0.16| 29.9 8.1 —0.20
Mackenzie 2.01 0.083 0.000 1502.5 123.6 3.1%4 | 4725 14.9 0.09] 32.6 7.1 —-0.2%

2 Significant at 90 % confidence level by Studentsst,
b 959 confidence level,
€ 99 % confidence level.

E 0.60 4l T the ATI in most of the regions (Fig. 6a). The dependence of
o 0304 (ov L ALT on the ATl was especially high in northeastern Canada
5 0.00 m ) W i and western Siberia. Surprisingly, the detrended ATI and
2 V VWV o i ALT were not significantly correlated in northwestern North
© 70307 - America, even though it is widely believed that a primary
= -0.60 5 - 040 g control on ALT is the ATl (Romanovsky and Osterkamp,
4 () Yenisey M - 0.20 E 1995; Zhang et al., 1997). However, ALT regresses more
] MVV'A_M AT - 000 Z strongly on the detrended SM anomaly over a wide region
= V - -0.20 £ of the Arctic (Fig. 6b). Interestingly, the regression displays
E - 040 © higher values over regions where the mean ALT is generally
E 0209 (o) Lena - 060 2 less than 1.6 m (Fig. 1a). When ALT increases, the melted
2 0.10 3 M - ice is added as soil water, thereby increasing SM that in turn
£ 0003 N Al M contributes to higher ALT. The regression likely represents
S \/VWW VW/ 3 SM variations implicated in the formation of ALT. Longer
e ] ; R observations around Yakutsk, eastern Siberia indicated that
< 70203 (4) Yukon 010 E soil temperature was positively related to the variation of soil
] Al /k& R /?\ M A g £ moistur_?, regardless of vegetatio_n and soil t_ype (Ohta et al.,
] WV Il W v/ | 5 0.00 ¢ 2008; lijima et al., 2010). Snow is a strong insulator of the
3 \M L _0.10 @ ground, substantially influencing the ground thermal regime
_ ] : & (Stieglitz et al., 2003; Zhang, 2005). The area of statistically
£ 9207 , FoR0= significant regression of ALT onto the SND accounted for ap-
g 0107 (6) Mackenzie Mm / 3 proximately 13 % of the permafrost area (Fig. 6c). For com-
000 N A i v ; : parison with later results, it should be emphasized that Fig. 6
o104 W W W 3 is for the entire period, 1948-2006.
S _o.20 ...... Fi_gure6indicate_sthatALThgsnotonlyresponded pri-
1940 1950 1960 1970 1980 1990 2000 2010 marily to the warming trend of air temperature, but also ex-
Year hibits complex and inconsistent responses to variations in

: - . . SM and SND. For further discussion on how climate and hy-
Fig. 5 . Interannual variations of active-layer thickness anoma- . . . . .
liess in the major Arctic watershed) Ob, (b) Yenisey,(c) Lena, dro]oglcal varla.bles'affect ALT anomalies at. mterannual t.lme
(d) Yukon and(e) Mackenzie. The thin lines show the raw data for series, two baSIr!S ("e'_’ Lena and Mackenzie) ShOW'”Q differ-
each watershed, and the thick lines show the values smoothed by @1t ALT anomalies (Fig. 4c and e) were selected. Figure 7
low-pass filter. shows time series of ATI, SM, and SND in the Lena and

Mackenzie basins. The ATI in the two basins shows a gen-

eral increasing trend from the late 1950s, and reached a max-
(Hinzman etal., 1995; Zhang et al., 1997) Thereforejmum around 2000 (Flg 73). The ATI Clearly indicates that
changes in these factors can influence soil temperaturée two basins have experienced warming in the summer sea-
and ALT. The regression map between the detrended ATEON since 1980. The magnitude of the increase was larger in
anomaly and ALT reveals that ALT responded positively to the Mackenzie than in the Lena (Table 1). The warming trend
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Fig. 6 . Linear regression of active-layer thickness on the detrended annual thawing ind%(XT&ryr‘l) (a), soil moisture (cm mrﬁl) (b),
and snow depth (cm ci?) (c) anomalies for the study period of 1948—2006. The definition of SM is the same as in Fig. 4. The maps display
correlations exceeding the 95 % confidence level.

of the ATl was statistically significant in the remaining basins the Lena contributed to higher ALT and the converse in the
except for the Ob (Table 1). SM in the two basins simulta- Mackenzie. The correlation between SND and ALT in the
neously shows the increase of 20 mm or more in the mid-Lena steadily increased from 1960, and it has remained in
1970s (Fig. 7b). Between the mid-1970s and 1990, SM ofthe range of 0.45-0.60 since 1980. By contrast, the corre-
the Lena decreased, showing the largest decrease of 40 mhation in the Mackenzie decreased after 1970 and remained
in 1987. Thereafter, it in turn increased, showing a maximumapproximately zero during the 1980s (Fig. 7f).
increase of 35 mm in 2005. In the Mackenzie, the largest de- Soil moisture is greatly influenced by precipitation. Fig-
crease and increase in SM are 40 mm in 1996 and 30 mm imire 8 shows time series of summer (June to August) precip-
2005, respectively. No significance was found in the trend ofitation for the Lena and Mackenzie, exhibiting large inter-
SMin the five basins (Table 1). SND in the Mackenzie exhib- annual variability. Different trends are found for the precipi-
ited a maximum in 1962, steadily decreased until 1990s, andation, decreasing in the Lena and increasing in the Macken-
showed the largest negative anomaly of about 20 cm in 199&ie, although the trends are statistically not significant. Pre-
(Fig. 7c). On the other hand, SND in the Lena shows smallcipitation of the Mackenzie since 1970 has been positively
year-to-year variability, compared to the significant trend in anomalous except for the 1990s, while Lena generally has
the Mackenzie (Table 1). Interestingly, a significant differ- ranged below the average since 1980. SM tended to re-
ence is found beginning in 1990: SND in the two basinsspond positively to the precipitation (Fig. 7b). However, the
shows opposite anomalies, as is the case with SM (Fig. 7b).anomaly of precipitation was not simply expressed to be the
In the two watersheds, the changing relationship betweersame anomaly for SM of the two watersheds. SM of the
ALT and ATI, SM, and SND was statistically evaluated by Lena was positively anomalous during the most recent two
15 yr moving cross correlation (Fig. 7). The relationship be-decades (Fig. 7b), despite the negative anomaly of precipita-
tween ATl and ALT in the Lena exhibits the highest correla- tion (Fig. 8). On the contrary, SM of the Mackenzie indicates
tion over the entire period. The correlation in the Mackenzienegative or normal state (Fig. 7b). Precipitation contributes to
remained high until 1990. Thereafter, it abruptly declined be-reducing soil dryness. On the other hand, larger precipitation
low the 95 % significance level (Fig. 7d), despite the positive cools soil surface and limits heat conduction into the soil,
ATl anomalies (Fig. 7a). During the same period, by contrastthereby lowering ALT. In reality, summer precipitation was
the correlation of SND and ALT in the Mackenzie rapidly negatively correlated with ALT in both the Lena+£ —0.24,
increased, reaching the 90 % significance level (Fig. 7f). Thep < 0.08) and Mackenzie = —0.18, p < 0.18). Lower ALT
relationship between SM and ALT in the two basins was sig-decreases the melt of ice, and hence lowers SM.
nificant 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 thel Discussion
correlation of ATl and ALT decreased (Fig. 7d). The vari-
ation in the SM correlation means that the higher SM in This paper’s major result, obtained from spatially distributed
simulations by a land surface model, is that the ALT
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RS Npmt st aastinstmentaent 1990 (Fig. 7f). On the basis of only the percentages, it could
Year Year be concluded that the influence of SND on ALT was low.
Fig. 7 . Time series ofa) annual thawing indexp) averaged sum- However,.the i”f'“ef‘c?_ is never ”?Q“Qib'e becagse §now is
mer soil moisture during June—August, afw) mean snow depth @ Strong insulator limiting the efficient communication of
during January—March in the Lena and Mackenzie watersheds. Thifi€at between the atmosphere and the ground. Based on ob-
and thick lines as in Fig. 5. The 15yr running correlation coeffi- servations of soil temperature and snow depth from 31 sta-
cients of active-layer thickness agairfd) annual thawing index, tions in the Russian Arctic, Frauenfeld et al. (2004) found
(e) the summer soil moisture, ar(® the snow depth in the Lena that thicker SND contributed to higher ALT in the follow-
(black) and Mackenzie (red) watersheds. The dashed lines represelfig summer. The linear relationship between ALT/soil tem-
95 % confidence levels. perature and SND had also been observed in the interior of
Alaska (Brown et al., 2000) and in northern Russia (Pavlov
and Moskalenko, 2002). The magnitude of the insulation,
anomalies differ between the Eurasian and North Americanwhich is dependent upon the timing and duration of snow
basins, especially from 1990 onwards (Fig. 5) when air tem-cover and its accumulation and melting history, likely per-
perature was significantly warm (Fig. 4a). Variations of the sists to the following summer as a memory in the soil sys-
ATI, SM, and SND are indicated to have played a role. How-tem. In particular, the initial snow state in the early winter
ever, the responses of ALT to the variables changed in a comis very important to soil temperature (lijima et al., 2010).
plex way during the period. A remarkable fact is that the de-Figure 9 investigates the insulation effect of SND on soil
gree of the impact of both SM and SND on ALT was en- temperature, showing the anomaly of the averaged air tem-
hanced since 1990. The question remains as to why the rolgserature, SND, and soil temperature at soil depth 1 m during
of SM and SND were heightened during the period. There-October to December of 1991-2006. Air temperature over
fore, we examine the roles of climatic and hydrological vari- the Arctic during the period was overall warmer. The warm-
ables in the opposition of the ALT anomalies. ing was significant over the Canadian region, which was as
Based on snow experiments, Lawrence and Slater (2010)nuch as 2C warmer than preceding decades (Fig. 9a). In
documented that for the recent 50yr period snow changespite of the warming, the most significant cooling in soil tem-
explain 50% or more of the total soil temperature changeperature is found in the Yukon and Mackenzie basins and
over much of the terrestrial Arctic. Our statistical analysis, in the northern region of the Yenisey (Fig. 9¢). The maxi-
which is for ALT rather than soil temperature, indicates that mum cooling of about 2.5C is found in northeastern Alaska.
SND explained as much as 20-30 % of the variance in ALTThe regions of negative soil temperature anomalies also show
in the Lena since 1980 and 15-20 % in the Mackenzie sincenegative anomalies in SND (Fig. 9b). This indicates that the

SND departure (cm)

~10 -

15—yr running corl. coef.
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Fig. 9 . The anomalous maps of the averaged air temperat@g(4), snow depth (cmjb), and soil temperature at soil depth 1 Cj (c)
in the early winter season (October—December) during the period of 1991-2000.

soil cooling was associated with the shallower SND due toMackenzie, SM has been a primary control on ALT, explain-
weaker winter insulation. Simulations for the 21st-centurying approximately 50-75% of the variance in ALT since
climate by 20 GCMs show that the increased air temperaturd 980 (Fig. 7e). In reference, the explanation of SM in the
will cause both earlier spring snowmelt and a delay in au-Yukon was approximately 50—90 %. A shallower snow pack
tumnal snow onset @sanen, 2008). The late snow accumu- could result in lower soil moisture levels in spring. The dry
lation could lead to cooler soil temperature since the lack ofsoil has lower thermal conductivity, allowing surface energy
snow cover provides less insulation from the cold autumnalto penetrate the soil less effectively, thereby lowering ALT
air temperature (Lawrence et al., 2010). (Fan et al., 2011). However, larger precipitation during the
It is widely agreed that the principal control on soil tem- summer season can alleviate the soil dryness caused by the
perature is air temperature. In the early winter season, SNDhinner SND. Summer precipitation in the Mackenzie dur-
in the eastern region of Hudson Bay decreased about 2—8 ciimg 2000 to 2002 increased 25-50 mm (Fig. 8), resulting in
during 1991-2006 (Fig. 9b). However, soil temperature at theapproximately normal states of SM (Fig. 7b). By contrast,
region warmed (Fig. 9c), which seems to be associated witlprecipitation in the Lena during the same period decreased
higher air temperature (Fig. 9a). Although the thinner SND (Fig. 8). However, SM was higher (Fig. 7b), apparently in
favors a cooling of the sail, this cooling could be offset by the association with higher SND (Fig. 7c¢). Hinkel et al. (2001)
following summer’s higher air temperature. During the pe- found that the infiltration of melted snow water into soil lay-
riod 2001-2006, when SND was anomalously negative oveers caused rapid warming of the upper soil in spring. Soil
the wide area of the Arctic (Fig. 4b), ALT deepened in all moisture in the upper-soil layer during the thawing period
regions except some parts of North America (Fig. 4d) due tohas measurable impact on ALT, which increases significantly
the higher ATI (Fig. 4a). It has been documented that ALT with increasing soil moisture content (Zhang and Stamnes,
depends largely on the thermal history of the ground sur-1998; Fan et al., 2011). The deepened ALT likely thaws ice-
face forcing during the thaw period (Romanovsky and Os-rich permafrost near the permafrost table, forming a saturated
terkamp, 1997; Zhang et al., 1997). Recent decades haveurface and deforming the surface. In reality, the surface de-
seen large rises in surface air temperature over the Arctidormation caused by the deepened ALT has only been found
regions (Chapman and Walsh, 2007), but this warming hasn Siberia (lijima et al., 2010) and on the North Slope of
been less in summer than in winter and spring (Serreze eflaska (Liu et al., 2010, 2012).
al., 2000). One might expect that the warming could fos- In summary, the higher ALT in the Lena since 1990 was
ter deeper ALT in the Arctic. In reality, the warming ATl a combined result of the higher ATIl, SND, and SM. While
accounts for 65-95% of the variance in ALT in the Lena the ATl in the Mackenzie during the same period was higher,
(Fig. 7a), but much less in the Mackenzie, especially sincethis did not result in higher ALT due to both the thinner SND
1990 (Fig. 7d). and drier SM. This opposition of ALT anomalies between the
One possible control that can account for the thinner ALT two basins highlights increased importance of the variability
in the Yukon and Mackenzie basins in the recent decadesf hydrological variables. Most climate models project both
is the impact of the reduced soil moisture (Fig. 7b). In the Arctic warming and increased precipitation in all seasons in
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the 21st century. The summer warming may impact ALT pos- The ALT anomalies of opposite sign in the Lena and
itively. Increased winter precipitation may yield increased Mackenzie basins appeared even when the air temperature
snowfall. Callaghan et al. (2011) addressed that, based oshowed overall warming. The modeling described here also
six model-projected results using the IPCC A2 emissionsillustrates the complex variability of regional SND, includ-
scenario, the maximum monthly snow water equivalent foring variations that are inconsistent with the Arctic warming
the 2049-2060 period versus 1970-1999 increased 0-15 %end. This suggests that the response of permafrost to snow
over much of the Arctic, with the largest increases (15-could be important under a future Arctic warming. The de-
30%) over the Siberian sector. However, the warmer tem-pendence of precipitation/snow on atmospheric weather pat-
perature could cause late autumnal snow accumulation, midterns increases the uncertainty in the magnitude or amplitude
winter snowmelt, and earlier snowmelt in spring. Changes inof the future snow changes. Future snow changes have the
these snow conditions could influence the soil thermal statgotential to either amplify or dampen the expression of cli-
during the snow season as well as SM in spring and submate warming below the ground surface and its subsequent
sequently ALT. Therefore, when the various likely changesimpacts on permafrost distribution as well as ecological and
of hydrological processes during the 21st century are conbiogeochemical processes in the Arctic.

sidered together, the possibility that anomalies of ALT may

be influenced more by changes in the hydrological variables

rather than by the expected overall warming cannot be exf\cknowledgementsi part of this study was supported as a
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the hydrology—ALT relationships requires more systematic
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