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Geothermal measurements from the European
PACE borehole network are firstly briefly reviewed.
The network comprises six permafrost boreholes ex-
tending to at least 100 m depth in bedrock and forming
a latitudinal transect from the European Alps, through
the Scandinavian mountains to Svalbard. Near surface
thermal regimes are first described, and active layer
depths are shown to increase significantly with decreas-
ing latitude. All boreholes show non-linear thermal
profiles with near-surface warm-side temperature de-
viations from the deeper thermal gradient. First ap-
proximation estimates, based on curvature within the
borehole thermal profiles, indicate a maximum ground
surface warming of +1◦C in Svalbard, considered to
relate to thermal changes in the last 100 yr. In main-
land Scandinavia, surface warming decreases south-
wards, being +0.6◦C at Tarfalaryggen, Sweden and
+0.5◦C at Juvasshöe, Norway. In the European Alps,
the steeper topography and greater influence of aspect
leads to greater variation in thermal profiles, with esti-
mated warming ranging from +0.8◦C to +0.5◦C. How-
ever, three-dimensional thermal modeling is necessary,
particularly in the steep Alpine terrain before these
thermal profiles can be interpreted with more confi-
dence. The northernmost PACE borehole is located at
Janssonhaugen, Svalbard at an altitude of 270 m a.s.l..
Morphologically the site is a sandstone bedrock rem-
nant in a broad valley. Precipitation is low and wind
action prevents significant snow accumulation. Data
since 1999 indicate rapid warming at this arctic loca-
tion apparently related to atmospheric temperatures.
In most of the remaining boreholes, temperatures are
strongly influenced by winter snow cover. However, the
thermal response of Alpine boreholes to high summer
temperatures in 2003 is reported and potential envi-
ronmental impacts of such extreme events briefly dis-
cussed.
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Whereas glaciers are easily discernible to the hu-
man eye and satellites, permafrost terrains and their
physical components are not easily detected from the
surface without supplemental knowledge and measure-
ments. In the Northern Hemisphere, approximately 17
million km2 of exposed land contains some extent of
permafrost or ground that remains frozen for more than
two years. The vast majority, or 11 million km2, of
permafrost terrain has temperatures of 5◦ C or below,
with perennially frozen ground underlying essentially
all ground surfaces to considerable depths. Permafrost
in the remaining regions, including mid-latitude moun-
tains, is both warmer and is spatially variable (discon-
tinuous). As climate warms the uppermost permafrost

is subjected to increase thaw with resulting ground
subsidence, accelerated erosion, and related biogeo-
chemical modifications. The challenging questions to
geocryologists, modelers and the public relate to the
rate of change and the spatial variability of the pro-
jected thaw, particularly in the warmer zones where
actual areal and subareal distribution of permafrost
is poorly known. An international network of active
layer measurements and borehole sites now exists un-
der the Global Climate Observing System (GCOS), but
requires additional sites for representative coverage.
This Global Terrestrial Network for Permafrost (GTN-
P) is coordinated by the 24-member, International Per-
mafrost Association. At the Eighth International Con-
ference on Permafrost (ICOP) in Zurich in July 2003,
the IPA Council agreed on the scope of new activities
for the next five years, many of which will be under-
taken in cooperation with other international organi-
zations (e.g. WCRP/CliC; ICSI, IASC, SCAR, IGU,
IUGS). Examples of the activities of the IPA Working
Groups are:
1. Antarctic Permafrost and Periglacial Environments
(active layer processes, maps, database).
2. Coastal and Offshore Permafrost (sediment and or-
ganic transfers, subsea permafrost dynamics).
3. Cryosol (Antarctic soil map, soil database).
4. Glacier and Permafrost Hazards in High Mountains
(interaction of ice and permafrost on slopes).
5. Isotopes and Geochemistry of Permafrost (paleo-
reconstruction, modern processes).
6. Mapping and Modelling of Mountain Permafrost
(standardize map legends and maps, multi-dimensional
models).
7. Periglacial Processes and Environments (past and
present processes, field manual of measurements).
8. Permafrost and Climate (monitoring, impact assess-
ments, inter-comparisons of models).
9. Permafrost Astrobiology (survivability of life on
planets and analogous Earth environments).
10. Permafrost Engineering (case studies, climate im-
pacts on infrastructure).
The Data Committee facilitates recovery of data, web
access, and CD data production. These activities will
provide added insight into past, present and future
occurrences and responses of permafrost to climate
change. They can contribute to activities of the In-
ternational Polar Year. Results will be reported at
the Ninth ICOP in Fairbanks, Alaska, in summer 2008.
Current information is available on the IPA web site
and in annual issues of Frozen Ground.
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Seasonal freezing and thawing processes in cold re-
gions play an exceedingly important role in ecosystem
diversity, productivity, and the Arctic hydrological sys-
tem in general. Long-term changes in seasonal freeze
and thaw depths are also important indicators of cli-
mate change. Only sparse observational measurements
of seasonal freeze and thaw depths are available in per-
mafrost and seasonally frozen ground regions. How-
ever, soil temperature data are more readily and widely
measured. Using mean monthly soil temperature data
for 240 stations located throughout Russia for 1930-
-1990, we have devised an interpolation method that
determines the depth of the 0◦C isotherm based on soil
temperature data measured at various depths between
0.2 m and 3.2 m. This methodology works remark-
ably well and we are subsequently able to work with
a greatly improved sample size of stations. A compre-
hensive evaluation of these new data’s long-term trends
in Russia indicates that, in permafrost regions, active
layer depths have been steadily increasing. In the pe-
riod 1956-1990 the active layer exhibited a statistically
significant deepening by 11 cm. The changes in sea-
sonally frozen ground are even greater: the depth of
the freezing layer has exhibited a statistically signif-
icant decrease, resulting in 33 cm less frozen ground
in 1990 than in 1956. Exploring potential causes for
these changes–freeze and thaw index, air temperature,
and snow cover–we are able to assess potential forcings
of the observed changes. Multiple regression reveals
that freezing index, the combined duration and magni-
tude of below-freezing temperatures during the freez-
ing season, has the greatest influence on the seasonal

freeze depth. Similarly, mean annual air temperature is
also significantly related to freeze depth, as is average
snow depth. Analyses exploring causes for the observed
changes in active layer depth show that measures of
air temperature–the thaw index and mean annual air
temperature–significantly influence the active layer, as
does the previous winter’s snow cover. In general these
changes indicate that, as temperatures have been in-
creasing globally in recent decades, permafrost is thaw-
ing to a greater depth during the warm season while
less of the ground in non-permafrost regions is freez-
ing during the cold season. The changes in active layer
depth and seasonal freezing depth seem to be related to
changes in air temperature as well as snow cover. Po-
tential direct consequences of these trends are increased
river runoff and changes in discharge throughout the
Russian Arctic drainage basin.
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Permafrost has received much attention recently
because surface temperatures are rising in most per-
mafrost areas of the earth, bringing permafrost to the
edge of widespread thawing and degradation. The
thawing of permafrost that already occurs at the south-
ern limits of the permafrost zone can generate dra-
matic changes in ecosystems and in infrastructure per-
formance. All observed and predicted changes in per-
mafrost stress the necessity to monitor its dynamics
(particularly its temperature) for timely assessment
and predictions of the possible negative impacts of per-
mafrost degradation on ecosystems and infrastructure.
The effects of human-induced disturbances will also be
enhanced with climate warming. Permafrost tempera-
ture data reanalysis should be included as a very im-
portant component in the recently developing within
the Global Terrestrial Network for Permafrost (GTN-
P) of GCOS/GTOS WMO system for comprehensive
monitoring of permafrost temperatures. In this model-
ing method that was developed at the Permafrost Lab
of the Geophysical Institute, University of Alaska Fair-
banks, variations in the air temperature and snow cover
thickness and properties are the driving forces of the
permafrost temperature dynamics. The model is cal-
ibrated for a specific site using measured permafrost
and active layer temperatures (usually several years of
available data are used) and data from the closest me-
teorological station for the same time interval. The cal-
ibrated model can then be applied to the entire period
of meteorological records at this station, producing a
time series of permafrost temperature changes. The
same calibrated model can be applied for predictions
of the future permafrost dynamics when some future
climate change scenario is used as input data. The
historical permafrost data from the Barrow Permafrost
Observatory provide a unique opportunity to indepen-
dently test our model and modeling results. One of the
best examples of such historical data set is the per-
mafrost temperature data that were obtained during
the 1950s and early 1960s by Max Brewer of USGS in
Barrow region. Those measurements were of very high
quality, with a precision of generally 0.01œC. A spe-
cific numerical model for the Barrow permafrost tem-
perature regime was developed in 1997 at the GI Per-
mafrost Lab. The model was calibrated using data from
shallow (down to one meter) soil temperatures obtained
by Ken Hinkel at a Barrow site with surface conditions
similar to the Brewer site. No data from the Brewer
sites were used for the calibration. The daily air tem-
peratures and snow cover thickness during the entire
period of measurements (1924-2001) at the Barrow me-
teorological station were used as input data for this
calibrated model. As a result, a time series of daily
ground temperatures for the depths between 0 and 200
meters were obtained. To compare calculated tempera-
tures with measured data, we used the time interval be-
tween September 1951 and October 1952, when weekly
measurements were available. The results of this com-
parison were much better than expected. For the en-
tire period, which covers more than one year, the dif-
ferences between calculated and measured permafrost
temperatures were typically smaller than 0.3œC in the
depth interval between 2 and 18 meters. They practi-
cally never exceeded 1œC in the upper two meters of
soil and permafrost. The same approach of permafrost
temperature data reanalysis was used for many other
sites in Alaska and in the Russian Arctic and Sub-
Arctic. The results of reconstruction of the permafrost
temperature dynamics in 20th century and forecasts for
the 21st century based on this approach for the Fair-
banks, Barrow, Yakutsk, Tiksi, and Vorkuta sites will
be presented.
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The continuous permafrost on the Arctic Coastal

Plain in northern Alaska has been considered stable be-
cause permafrost temperatures remain low, even with
an increase of several degrees during the last decades.
Ice wedges, however, are particularly susceptible to
degradation because only a very thin layer of per-
mafrost (the transient layer) exists between the ice and
the bottom of the active layer. An increase in the ac-
tive layer during unusually warm periods causes the
thawing front to encounter the underlying ice wedges
and initiate degradation. Field observations and pho-
togrammetric analysis of 1945, 1979, and 2001 aerial
photography indicate that there has been widespread
degradation of the ice wedges on the Arctic Coastal
Plain west of the Colville Delta over the recent 57-year
period, and indications are that most of the degrada-
tion occurred during the last two decades. Field sam-
pling at 46 polygonal troughs and their intersections
showed that ice wedge degradation has been relatively
recent as indicated by newly drowned vegetation. We
found thermokarst was widespread on a variety of ter-
rain conditions, but most prevalent on, ice-rich centers
of old drained lake basins and alluvial-marine terraces,
which have the greatest ice wedge development in the
studied landscape. Ice wedges on these terrains typi-
cally occupy from 10 to 20 % of the upper permafrost.
We attributed the natural degradation to warm weather
during the last decades, because disturbance of the
ground surface, which could have similar impact on ice
wedges, was not evident. While, ice-wedge degrada-
tion probably has been periodically occurring at low
rates over the preceding centuries, it has greatly accel-
erated during the last several decades. We identified
six stages of ice-wedge degradation and stabilization.
They include: (1) the loss of transient layer of upper
permafrost above ice wedges, leading to enhanced nu-
trient availability and vegetative growth; (2) thawing
of ice wedges and surface settlement; (3) accumulation
of water in degrading troughs and killing of vegetation;
(4) increased thawing of ice wedges under flooded con-
ditions, which is often accompanied by lateral thermal
erosion of ice-rich soil along polygon margins; (5) ini-
tial establishment of aquatic mosses and sedges; and
(6) stabilization of the ice wedges through robust veg-
etative growth, accumulation of organic matter, and
reestablishment of permanently frozen soil. The max-
imum depth of thaw settlement at ice wedge intersec-
tions, where degradation is greatest, reaches about 1.5
m. During re-stabilization, clear congelation ice often
forms above ice wedges and pseudomorphs may form
as a cast in deeper thawed portions of the ice wedges.
The degradation of ice wedges greatly affects ecosystem
properties by changing the micro-relief, causing inun-
dation of the settling surface, altering vegetation, and
enhancing methane production under anaerobic con-
ditions. It remains uncertain, however, whether ice-
wedge degradation can lead to development of larger
thermokarst lakes. Development of waterbodies larger
that the thermokarst pits at wedge intersections was
not evident and evidence indicates that the degraded
ice wedges stabilize before the central parts of polygons
are substantially degraded.
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The broadest impacts of climate change to the ter-

restrial arctic regions will result through consequent ef-
fects of changing permafrost structure and extent. As

the climate differentially warms in summer and winter,
the permafrost will become warmer, the active layer
(the layer of soil above the permafrost that annually
experiences freeze and thaw) will become thicker, the
lower boundary of permafrost will become shallower
and permafrost extent will decrease in area. These sim-
ple structural changes will affect every aspect of the
surface water and energy balances. As the active layer
thickens, there is greater storage capacity for soil mois-
ture and greater lags and decays are introduced into the
hydrologic response times to precipitation. When the
frozen ground is very close to the surface, the stream
and river discharge peaks are higher and the base flow
is lower. As permafrost becomes thinner, there can
be more connections between surface and subsurface
water. As permafrost extent decreases, there is more
infiltration to groundwater. This has significant im-
pacts on large and small scales. The timing of stream
runoff will change, reducing the percentage of continen-
tal runoff released during the summer and increasing
the proportion of winter runoff. This is already becom-
ing evident in Siberian Rivers. As permafrost becomes
thinner and is reduced in spatial extent, the propor-
tions of groundwater in stream runoff will increase as
the proportion of surface runoff decreases, increasing
river alkalinity and electrical conductivity. This could
impact mixing of fresh and saline waters, formation of
the halocline and seawater chemistry. Other impor-
tant impacts will occur due to changing basin geomor-
phology. Currently the drainage networks in arctic wa-
tersheds are quite immature as compared to the more
well-developed stream networks of temperate regions.
These stream channels are essentially frozen in place as
the major flood events (predominantly snowmelt) oc-
cur when the soils and streambeds are frozen solid. As
the active layer becomes thicker, there could be signifi-
cantly increased sediment loads delivered to the ocean.
Presently, most small streams (1,000 km2) in the Arctic
are completely frozen from the bed to the surface when
spring melt is initiated. However, in lower reaches of
the rivers there are places where the channel is deep
enough to prevent complete winter freezing. Break-up
of the rivers differs dramatically in these places where
the ice is not frozen fast to the bottom. Huge ice chunks
are lifted by the flowing water, chewing up channels
bottoms and sides and introducing massive sediments
to the spring runoff.
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The uppermost layer of seasonal thawing above per-
mafrost (the active layer) is an important regulator of
energy and mass fluxes between the surface and the
atmosphere in the polar regions. A major difficulty
in predicting and mapping active-layer thickness stems
from its large spatial variability over a wide range of ge-
ographic scale, in response to many interacting climatic
and terrestrial factors. Here we address the problem of
spatial and temporal variability of active-layer thick-
ness over a wide range of scales, and the landscape-
specific effects of this variability in several environmen-
tal settings. Data from eight years of extensive, spa-
tially oriented field investigations conducted in North-
Central Alaska are used to examine regularities in thaw
depth for several landscape types and to provide a com-
prehensive evaluation of spatial and temporal active-
layer variability under contemporary climate. The re-
sults can be used to facilitate detailed characterization
of active-layer thickness at small geographical scale,
evaluation of currently available spatially-distributed
permafrost models, and bridge a critical gap between
models of climate-permafrost interactions and localized
thaw depth measurements.
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During 2002 the U.S. Arctic Research Commission
chartered a task force on climate change, permafrost
and infrastructure impacts. The task force was asked
to identify key issues and research needs to foster a
greater understanding of global change impacts on per-
mafrost in the Arctic and their importance to natu-
ral and human systems. Permafrost was found to play
three key roles in the context of climatic change: as a
record keeper by functioning as a temperature archive;
as a translator of climate change through subsidence
and related impacts; and, as a facilitator of further
change through its impacts on the global carbon cy-
cle. Evidence of widespread warming of permafrost and
observations of thawing have serious implications for
Alaska’s transportation network, for the trans-Alaska
pipeline, and for nearly 100,000 Alaskans living in ar-
eas of permafrost. These impacts resulting from chang-
ing permafrost must be met by a timely, well-informed,
and coordinated response by a host of federal and state
organizations. Key task force findings include: require-
ments for a dedicated U.S. federal permafrost research
program; data management needs; baseline permafrost
mapping in Alaska; basic permafrost research focus-
ing on process studies and modeling; and, applied per-
mafrost research on design criteria and contaminants in
permafrost environments. This report to the Commis-
sioners makes specific recommendations to seven fed-
eral agencies, the State of Alaska, and the National Re-
search Council. These recommendations will be incor-
porated in future Arctic research planning documents
of the U.S. Arctic Research Commission.
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Precipitation has received limited treatment in
glacier and snowpack mass balance models, largely due
to the poor resolution and confidence of precipitation
predictions relative to temperature predictions derived
from atmospheric models. Most snow and glacier mass
balance models rely on statistical or lapse rate-based
downscaling of general or regional circulation models
(GCM’s and RCM’s), essentially decoupling sub-grid
scale, orographically-driven evolution of atmospheric
heat and moisture. Such models invariably predict
large losses in the snow and ice volume under green-
house warming. However, positive trends in the mass
balance of glaciers in some warming maritime climates,
as well as at high elevations of the Greenland Ice Sheet,
suggest that increased precipitation may play an im-
portant role in snow- and glacier-climate interactions.
Here, we present a half century of April snowpack data
from the Sierra Nevada and Cascade mountains of Cali-
fornia, USA. This high-density network of snow-course
data indicates that a gain in winter snow accumula-
tion at higher elevations has compensated loss in snow
volume at lower elevations by over 50% and has led
to glacier expansion on Mt. Shasta. These trends
are concurrent with a region-wide increase in winter
temperatures up to 2◦C. They result from the oro-
graphic lifting and saturation of warmer, more humid
air leading to increased precipitation at higher eleva-
tions. Previous studies have invoked such a “Snow
Gun” effect to explain contemporaneous records of Ter-
tiary ocean warming and rapid glacial expansion. A
climatological context of the California’s “snow gun”
effect is elucidated by correlation between the eleva-
tion distribution of April SWE observations and the
phase of the Pacific Decadal Oscillation and the El


