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ABSTRACT

The permafrost monitoring network in the polar regions of the Northern Hemisphere was enhanced during the
International Polar Year (IPY), and new information on permafrost thermal state was collected for regions where there
was little available. This augmented monitoring network is an important legacy of the IPY, as is the updated baseline of
current permafrost conditions against which future changes may be measured. Within the Northern Hemisphere polar
region, ground temperatures are currently being measured in about 575 boreholes in North America, the Nordic region
and Russia. These show that in the discontinuous permafrost zone, permafrost temperatures fall within a narrow range,
with the mean annual ground temperature (MAGT) at most sites being higher than —2°C. A greater range in MAGT is
present within the continuous permafrost zone, from above —1°C at some locations to as low as —15°C. The latest
results indicate that the permafrost warming which started two to three decades ago has generally continued into the
IPY period. Warming rates are much smaller for permafrost already at temperatures close to 0°C compared with colder
permafrost, especially for ice-rich permafrost where latent heat effects dominate the ground thermal regime. Colder
permafrost sites are warming more rapidly. This improved knowledge about the permafrost thermal state and its
dynamics is important for multidisciplinary polar research, but also for many of the 4 million people living in the
Arctic. In particular, this knowledge is required for designing effective adaptation strategies for the local communities
under warmer climatic conditions. Copyright © 2010 John Wiley & Sons, Ltd.
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INTRODUCTION

Permafrost is an important part of the cryosphere and is a key
indicator of climate change. Major objectives of the
International Polar Year (IPY) 2007-2009 included the
characterization of the environmental status of the polar
regions and the enhancement of polar observatories (Allison
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et al., 2007). Significant research efforts were aimed at
addressing these objectives for permafrost. During the IPY, a
global snapshot of the permafrost thermal state was obtained
through a field campaign coordinated through the auspices
of the International Permafrost Association.

The research campaign was the major component of the
IPY cluster project, ‘Permafrost Observatory Network: a
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Contribution to the Thermal State of Permafrost’ (TSP). The
snapshot was obtained by continuing measurements at
existing permafrost observatory sites, by reoccupying
previously abandoned sites where permafrost temperatures
were measured in the past, and by drilling new boreholes and
establishing new observatory sites for long-term ground
temperature monitoring. This combination of data collection
has enabled detailed analyses of the 2007-2009 permafrost
thermal snapshots from the different regions and an
examination of which of the major controlling variables
(such as climate, ground material, landforms, snow
conditions and ecotones/vegetation types) give rise to the
observed ground thermal differences.

Three regional overviews of the permafrost thermal
snapshots are presented in this issue, one for North America
(Smith er al., 2010), one for Russia (Romanovsky et al.,
2010) and one for the Nordic region (Christiansen et al.,
2010). This paper synthesizes the regional results and
thereby characterizes the thermal state of permafrost for the
polar regions of the Northern Hemisphere at the end of the
Fourth IPY. A comparison is also made between the current
state and previous ground thermal conditions in order to
characterize longer-term changes.

Improved knowledge about the permafrost thermal state is
important for multidisciplinary polar research, but also to
many of the 4 million people living in the Arctic. Increased
permafrost knowledge is particularly important for the design
and maintenance of infrastructure in permafrost environ-
ments and for designing effective adaptation strategies for the
local communities under warmer climatic conditions.

CHARACTERIZATION OF THE PERMAFROST
OBSERVING SYSTEM

Monitoring of permafrost conditions has been conducted at
numerous locations in the polar regions of the Northern
Hemisphere over the past two to three decades. The Global
Terrestrial Network for Permafrost (GTN-P) was established
in 1999 under the Global Climate Observing System and
Global Terrestrial Observation System of the World
Meteorological Organization. The GTN-P is a global network
of permafrost observatories designed to monitor changes in
permafrost thermal state and in active-layer thickness. These
sites provide the long-term field observations needed for
detection of the terrestrial climate signal and of its spatial
variability in permafrost, and for the assessment of the
impacts of climate change on permafrost (Burgess et al.,
2000). Two components comprise the GTN-P: the Circum-
polar Active Layer Monitoring (CALM) Network, which
focuses on active-layer characteristics, and the thermal state
of permafrost (TSP), which focuses on measurement of
ground temperatures in boreholes ranging in depth from a few
meters to greater than 100 m. More information on the current
status of the GTN-P and measurement techniques employed
can be found in Smith and Brown (2009).

Within the Northern Hemisphere polar region, ground
temperatures are being measured in about 575 boreholes
throughout North America, the Nordic regions and Russia

Copyright © 2010 John Wiley & Sons, Ltd.
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(Figure 1). A little more than half these boreholes were
established during the IPY period. The distribution of
boreholes is uneven, with about 350 in North America
(Smith e al., 2010), 45 in the Nordic region (Christiansen
et al., 2010) and about 180 in Russia (Romanovsky et al.,
2010). Efforts during the IPY focused on addressing
geographical gaps in the monitoring network (Figure 1).
In North America, new boreholes were established in
Nunavut and the Yukon Territory in Canada and throughout
Alaska (Smith et al., 2010). Prior to the IPY, most of the
boreholes in the Nordic region were in southern Norway.
Efforts during the IPY facilitated establishment of boreholes
at more northerly locations, including Svalbard as well as a
number of sites in Greenland (Christiansen et al., 2010). In
Russia, efforts during the IPY focused on upgrading of
instrumentation as well as increasing the number of
monitoring sites (Romanovsky et al., 2010).

Temperature measurements have been made using several
different types of temperature sensors and data acquisition
systems. The use of multi-thermistor cables permanently
installed in boreholes and connected to dataloggers is now
the most common technique to provide a continuous record
of ground temperature at specific depths. The measurement
systems currently in use generally provide an accuracy and
precision of 0.1°C or better. Further details on measurement
techniques can be found in the regional overviews and in
Smith and Brown (2009).

The current monitoring network covers a considerable
south—north extent with the most southerly sites (south of
56°N) located in northern Quebec, Canada and the Trans-
Baykal region of Russia, and the most northerly site at Alert,
Nunavut, Canada (82.5°N). The full range of ecoclimatic
conditions present over this vast area is covered by sites
within the network, from the boreal forest to the tundra
and barren lands of the high Arctic, and from sites influenced
by continental climates to those affected by maritime ones. In
addition, monitoring sites have been established in a variety
of landforms, including those with thick deposits of
unconsolidated sediment, peatlands and bedrock. Although
the network covers a variety of geological, geomorpholo-
gical, vegetation and climate conditions and considerable
progress has been made during the IPY to enhance it, there
are still significant geographic gaps. As shown in Figure 1,
the remoteness of large parts of the Arctic (for example, the
central Canadian Arctic, or large areas of Russia) that are
only accessible by air makes it difficult to establish and
maintain monitoring sites in certain regions. In contrast, there
is a clustering of sites along transportation/transmission
corridors, in areas of economic development and other major
infrastructure and in communities.

CLIMATE OF THE NORTHERN HEMISPHERE

The distribution of land and sea in the Northern Hemisphere
polar region has a significant influence on the climate of this
region. Ocean currents largely control the overall distri-
bution of energy and thus also the overall meteorological
conditions. There are regions with highly continental
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Figure 1 Difference in mean air temperatures for the area north of 50°N between the IPY period (September 2007 to August 2009) and the previous 10 years
(1996 to 2006). The locations of all the existing boreholes with continuous temperature measurements (blue) and new boreholes where temperature

measurements were started or resumed during the IPY (red) are shown.

climates, such as in northern and eastern Russia and in large
parts of polar North America, while in contrast the Nordic
region has a maritime climate. Alaska has a maritime
climate in the south and southwest but is continental in its
interior. Coastal ice-free Greenland is mainly maritime
along the southwestern and southeastern regions, while the
northern region is mainly continental.

Meteorological records from the Northern Hemisphere
polar region indicate that air temperatures generally
increased following the end of the Little Ice Age (mid-
19th century) until about 1930-1940. A cooling period
followed, which ended in the mid-1970s in most of northern
North America and in Eurasia, and in the late 1980s in
Greenland. Thereafter, temperatures have generally
increased, but with a small reduction since 2005 (Had-
CRUTS3 temperature data from the Climatic Research Unit,
University of East Anglia, UK, http://www.cru.uea.ac.uk/).

The regional overviews provide details on trends in air
temperature at a number of meteorological stations located

Copyright © 2010 John Wiley & Sons, Ltd.

close to the permafrost thermal observatory sites. Figure 1
compares the air temperature of the two-year IPY period
from September 2007 to the end of August 2009, with the
previous 10-year 1996 to 2006 record for the Northern
Hemisphere north of 50°N, as is done in Christiansen et al.
(2010). The meteorological data were obtained from the
Goddard Institute of Space Studies (GISS) surface air
temperature database, which contains both land-based
meteorological stations and sea-surface satellite measure-
ments.

Generally, air temperatures in Russia and the Arctic
Ocean north of Russia were approximately 1.5°C warmer
during the IPY than during the previous 10 years. North
America and western Greenland were cooler. For example,
the temperatures in northwestern Canada stretching from the
Mackenzie Delta to the Hudson Bay area were about 2°C
lower. There was a very steep gradient from relatively
cooling to relatively warming areas in the Beaufort Sea just
off the North American coast (Figure 1). Air temperatures
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during the IPY in northernmost Alaska, eastern Greenland
and easternmost Russia were similar to those in the previous
10 years. In the Nordic region, air temperatures were about
1°C warmer during the IPY. The difference between air
temperatures during the IPY and those of the previous 10
years therefore exhibits regional variability.

Some regional characterizations of longer-term climatic
trends have been undertaken based on the analysis of long-
term air temperature records presented in the three regional
overviews. Meteorological records for Russia generally
indicate a warming from 1915 to around 1930, then
decreasing air temperatures in the 1930s to the 1970s,
followed by warming until 1990. Since 1990 there has been
no significant trend in air temperature but there does appear
to be an increase in the past few years, particularly in the
northernmost regions. A similar pattern in North America
was observed (with some regional differences in timing), but
greater warming was observed in the 1990s especially in
Alaska and western Canada, where 1998 was the warmest
year on record. Air temperatures in western Northern
America have generally decreased since 1998. In the eastern
and high Arctic of Canada, however, more recent warming
has been observed. Air temperatures at Barrow, in northern
Alaska, also seem to have continually increased since 1972,
however, it is unclear if this is due to local urban heat effects
(Hinkel et al., 2003), or to more open water: sea-ice cover
has been particularly reduced in this part of the Arctic Ocean
in the late summer and early autumn over the past several
years (Drobot et al., 2008).

In the Nordic region, several meteorological stations
(Nuuk, Akyreyri, Torshavn and Svalbard) record the air
temperature warming after the Little Ice Age through to 1940.
Decreasing temperatures followed, reaching a minimum in
1970-1980 for most stations, but continuing to 1988 for
Greenland. Since the 1980s air temperatures have increased in
all parts of the Nordic region. Thus, there are some significant
regional differences in air temperature trends across the
Northern Hemisphere polar region over the past 100 years. In
particular very recent warming during the IPY appears to be
mainly located in high Arctic coastal areas, and thus may be
due to decreased sea-ice cover in the Arctic Ocean.

Generally the Northern Hemisphere snow-covered area
(based on satellite observations) has declined slightly since
around 2003, with the greatest decrease occurring in 2007 in
Eurasia, while a small increase occurred in North America
(National Center for Environmental Prediction NOAA ftp://
ftp.cpc.ncep.noaa.gov/wd52dg/snow/snw_cvr_area/NH_
AREA). Additional information on snow cover has been
acquired from some TSP borehole sites in North America
and Russia (see Romanovsky et al., 2010; Smith et al.,
2010). Greater snow depths were recorded recently at
Barrow, where values have increased since 1990. In contrast,
there has been a recent decreasing trend in snow cover at
Fairbanks. In Russia, recent snow-cover conditions have
been more or less stable. Snow records, however, are
extremely local, as topography and wind activity in open
polar areas largely control the accumulation of snow, which
can vary greatly even at the site scale.

Copyright © 2010 John Wiley & Sons, Ltd.
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THE THERMAL STATE OF PERMAFROST
DURING THE INTERNATIONAL POLAR YEAR

The thermal state of permafrost during the IPY period is
summarized in Figure 2. The mean annual ground
temperature (MAGT) at the depth of zero annual amplitude,
or at the nearest measurement point to it, is shown for all
boreholes for which data are available (see IPA, 2010). This
map and the accompanying database represent a current
snapshot of permafrost conditions. Regional spatial vari-
ations in the thermal state of permafrost have been described
in detail in the three regional overviews (Christiansen et al.,
2010; Romanovsky et al., 2010; Smith et al., 2010), but here
we present and discuss the general patterns across the entire
Northern Hemisphere polar region.

As has been recognized for many years (e.g. Brown,
1970), there is a general decrease in MAGT northward along
a latitudinal transect in any given region, but the latitude—
MAGT relationship varies between regions. The influence of
warm ocean currents on the climate of northern Scandinavia,
Svalbard and northwestern Russia (McBean et al., 2005)
results in higher MAGT in these areas than in other locations
in the high Arctic regions, creating an asymmetry in the
circumpolar temperature pattern (Figure 2). Elevation is also
a modifying factor on the latitude-MAGT relationship,
usually resulting in colder permafrost conditions at higher
elevations than at lowland sites at similar latitudes. This is
exemplified in the mountains of the Nordic region
(Christiansen et al., 2010) and in western North America,
although the influence of elevation is not straightforward in
highly continental climates where winter air temperature
inversions may be important (Smith et al., 2010).

In the discontinuous permafrost zone, permafrost tem-
peratures fall within a narrow range, with the MAGT at most
sites being higher than —2°C. Lower MAGT's may be found
at particular sites in the discontinuous permafrost zone,
notably at those overlain by peat or at higher elevations. As
shown in the regional overviews, spatial variability in
MAGT is a response to the heterogeneity of local conditions,
including snow cover, vegetation and the presence of an
insulating organic layer. A greater range in ground
temperature is found within the continuous permafrost zone
because MAGT can exceed —1°C at some locations, but can
also be as low as —15°C. Permafrost temperatures below
—10°C in the northern polar region, however, are presently
found only at monitoring sites in the Canadian Archipelago
and northern Russia (Figure 2).

PERMAFROST TEMPERATURE TRENDS PRIOR
TO AND DURING THE INTERNATIONAL
POLAR YEAR

Data collected during the IPY has extended the time-series
record for pre-existing sites and has facilitated character-
ization of trends in permafrost temperatures, in some cases
for more than 30 years. Previous results (e.g. Romanovsky
et al., 2002, 2007, 2008; Smith et al., 2005; Harris and
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Figure 2 Mean annual ground temperature (MAGT) snapshot. The MAGT, at the depth of zero annual amplitude, or at the nearest measurement point to it, is
presented for all boreholes from which data are available (see IPA, 2010). Permafrost zones after Brown et al. (1997).

Isaksen, 2008; Osterkamp, 2008) indicated that permafrost
generally warmed across the Northern Hemisphere polar
regions during the last 20 to 25 years of the 20th century, and
into the first few years of the 21st century. The regional
overviews indicate that this warming has generally
continued into the IPY period (Figure 3). Permafrost
temperatures in the Canadian high Arctic, northern Nordic
region and Russia were warmer during the IPY than in
previous years. In western North America, however,
permafrost temperatures observed during the IPY were
the highest on record at some sites in northern Alaska, but
not in the central interior of Alaska or the central and
southern Mackenzie Valley of western Canada.

Copyright © 2010 John Wiley & Sons, Ltd.

As shown in Figure 3 and discussed in greater detail in the
Russian and North American regional overviews, warming
rates are much smaller for warm permafrost at temperatures
close to 0°C than for colder permafrost. This is especially true
for ice-rich permafrost where latent heat effects dominate the
ground thermal regime at temperatures close to 0°C. Taliks
have formed at some sites, such as the Russian borehole
7ZS-124 (Figure 3). In contrast, latent heat effects are still
negligible and the rate of change in permafrost temperature is
generally greater at boreholes in colder permafrost (<—2°C)
or bedrock (e.g. the Svalbard site in Figure 3).

Regional differences in the trends also exist. In western
North America, 1998 was one of the warmest years on

Permafrost and Periglac. Process., 21: 106-116 (2010)
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Figure 3 Time series of mean annual ground temperatures at depths between 10 and 20 m for boreholes throughout the circumpolar northern permafrost
regions. Data sources for North American, Russian and Nordic sites are Smith et al. (2010), Romanovsky et al. (2010) and Christiansen et al. (2010)
respectively. C, Canadian site; A, Alaskan site; R, Russian site. The Svalbard site is Janssonhaugen, which is also called PACE-10 (Isaksen et al., 2007).
Measurement depth for Russian boreholes and 85-8A is 10 m, Gulkana, Oldman and Alert are 15 m, and 20 m for all other boreholes. Coordinates for borehole
locations are: ZS-124 — 67.4°N 63.4°E; 85-8A — 61.6°N 121.1°W; Gulkana — 62.2°N 145.5°W; YA-1 — 67.5°N 64°E; Oldman — 66.4°N 150.6°W; Happy Valley
— 69.1°N 148.8°W; Svalbard — 78.2°N 16.5°E; Deadhorse —70.2°N 148.5°W; West Dock — 70.4°N 148.5°W; Alert — 82.5°N 62.4°W.

record and air temperatures since then have generally
levelled off or have declined (see Smith et al., 2010). The
ground temperature records for this region generally show a
similar pattern, with larger increases occurring prior to 1998
followed by a slowing in the rate of warming (Figure 3).
Changes in snow cover, however, may also be contributing
to the more recent changes in ground temperature (e.g.
Osterkamp, 2008). Decreases in snowfall in the interior of
Alaska may be partially responsible for the decline or lack of
change in permafrost temperatures in central and southern
Alaska, while increases in snowfall may contribute to recent
warming of permafrost at more northerly sites (Smith et al.,
2010). In the Nordic region and Russia, 1998 was one of the
cooler years on record and air temperatures have increased
since then (Christiansen et al. 2010; Romanovsky et al.,
2010). The ground temperature records (Figure 3) for these
regions also reflect these trends, with generally greater
warming of permafrost over the past decade compared with
that in western North America. Warming of permafrost over
the past decade is also observed in the Canadian eastern and
high Arctic (e.g. Alert, Canada; Figure 3).

Permafrost temperatures during the IPY period are up to
2°C warmer than they were 20 to 30 years ago (Figure 3).
Over time the overall range in permafrost temperatures has
been decreasing as warming occurs. From the available
records, the range in permafrost temperature is about 1°C
smaller than it was 30 years ago.

Copyright © 2010 John Wiley & Sons, Ltd.

DISCUSSION

New developments in automatic data acquisition systems
make it possible to routinely record ground temperature
profiles with daily and sub-daily resolutions. Availability of
data collected with this time resolution has enabled the
analysis of seasonal variations in ground temperatures for
different environmental settings. One of the most common
graphical representation of these data is in the form of
maximum and minimum temperature profiles within the
layer of seasonal ground temperature variations (Figure 4),
so-called trumpet curves due to their shape (Andersland and
Ladanyi, 2004). These data are often required for
engineering works on permafrost because information on
the range of changes in basic physical properties and
parameters of the ground is used in engineering design. They
are also important in planning and performing permafrost
temperature monitoring for scientific purposes (Williams
and Smith, 1989; Yershov, 1998). The depth of zero annual
amplitude (DZAA) of seasonal variations in the ground
temperature can be derived from the trumpet curves and this
depth is usually used to report on permafrost temperatures at
research sites. If temperature measurements are made only
annually or less frequently, the minimum depth of
observations should be set at the depth of zero annual
amplitude to make these observations useful for the long-
term monitoring of permafrost.

Permafrost and Periglac. Process., 21: 106-116 (2010)
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Figure 4 Annual range in ground temperature for boreholes in (A) Central Spitsbergen (from Christiansen et al., 2010), (B) Canada (from Smith et al., 2010)
and (C) Alaska. Coordinates for boreholes in Spitsbergen and Alaska are 78.2°N 15.9°E and 62.3°N 145.1°W respectively.

Observational data collected in the Northern Hemisphere properties of the ground material at the measurement sites
during the IPY/TSP campaign and reported in the regional (Figure 4). One of the variables responsible for the shape of
overviews show that the character of trumpet curves depends the trumpet curves is the seasonal amplitude of temperature
on the specific environmental settings and on the physical variations at the ground surface. In turn, this is heavily
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influenced by the annual air temperature amplitude and the
snow thickness and its thermal properties (e.g. Brown, 1970;
Kudryavtsev et al., 1974; Williams and Smith, 1989;
Yershov, 1998; French, 2007). The combination of these
variables may change the shape of the trumpet curves
significantly. Generally, the most continental type of climate
with shallow winter snow depth, which is also typical for
higher elevations, will allow a deeper penetration of seasonal
temperature variations into the ground, thus producing a
wider trumpet.

Local differences in snow depth may also be responsible
for large variations in trumpet curves within the same region
(Brown, 1973, 1978; Goodrich, 1982). The trumpet curves
observed in two boreholes (SN-B-1 and SN-B-2) located
only 10 m apart on Svalbard, and both in the same type of
sediment (Christiansen et al., 2010), exhibit very different
DZAAs (Figure 4A). The maximum winter snow thickness
at borehole SN-B-1 is only 0.1 m, while borehole SN-B-2 is
located within a 2.5m deep snow drift (see Table 2 in
Christiansen et al., 2010). As a result, DZAA is at almost
10 m in SN-B-1 and only at 5 m in SN-B-2 (Figure 4A). The
snow drift also raises the permafrost temperature by almost
3°C at the DZAA (Figure 4A). In turn, this higher permafrost
temperature resulted in an active layer at SN-B-2 that is
almost twice as thick as that at SN-B-1. Other differences
between these two sites, such as soil thermal properties and
soil water content, may also play a role.

Difference in snow cover (depth and density) may also be
a factor at another location with neighbouring boreholes at
Churchill, Manitoba in Canada (Figure 4B). Borehole RCT-
1 is in quartzite bedrock with bare surface conditions and is
wind-scoured in winter with little snow cover. The RCT-2
borehole is in sediments and is on a poorly drained raised-
beach site covered with tundra shrubs with sedge. Peat and
clay—silt overlie sand and gravel. The shrubby tundra
vegetation favours the accumulation of thicker and lower
density snow (Kokelj et al., 2007; Burn and Kokelj, 2009).
As a result, the annual amplitude of temperature variations
right below the ground surface at borehole RCT-2 is much
smaller than at RCT-1 (Figure 4B). Equally important is the
difference in physical properties of the subsurface material
at the two sites. Specifically, the thermal conductivity of
quartzite is several times the conductivity of clay—silt and at
least twice the conductivity of gravel. Due to the high
conductivity of quartzite, the annual amplitude of the
temperature wave decreases much more slowly with depth
than that in unconsolidated sediment (e.g. Williams and
Smith, 1989; Yershov, 1998). The absence of groundwater in
the active layer at RCT-1 site further accentuates the
difference. As a result, the annual amplitude at 10 m depth in
RCT-2 borehole is less than 0.25°C, while it is almost 2.5°C
at 10 m in RCT-1, and is still 0.8°C at 15 m depth.

The difference in DZAA is even more pronounced
between borehole RCT-1 and borehole KP313 BH2
(Figure 4B). The latter is located in the Mackenzie River
Valley near Wrigley, Canada at a forested site where moss
and ice-rich peat (approximately 0.8 m deep) overlie ice-rich
silt and clay. Even though the annual amplitude at the ground

Copyright © 2010 John Wiley & Sons, Ltd.
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surface at KP313 is similar to that at RTC-1, the range of
seasonal temperature variations decreases very rapidly with
depth and at 4 m it is only 0.4°C (which corresponds to 0.2°C
annual physical amplitude, which is half of the range) and
the DZAA is between 5 and 6 m. This shallow penetration of
the seasonal temperature variation is not only due to the
presence of peat and fine-grained sediments (Brown, 1978)
but also to the proximity of the mean annual permafrost
temperature to 0°C (—0.9°C) (Kudryavtsev et al., 1974;
Yershov, 1998). As mean annual temperatures in the upper
permafrost approach 0°C, a greater portion of the annual
energy exchange between permafrost and the atmosphere
goes into freezing and thawing of the active layer and a
smaller portion penetrates into the deeper permafrost
(Riseborough, 1990). Theoretically, in the case of perma-
frost at exactly 0°C, all this exchange would occur within the
active layer (Yershov, 1998).

The above conclusion is true only if a substantial phase
change of water occurs within the active layer. It is not the
case for bedrock or very dry material, as is illustrated by the
trumpet curve for the RTC-1 borehole site (Figure 4B). The
minimum and maximum temperature profiles are almost
perfectly symmetrical at the present-day —1.7°C mean
annual ground temperature. The shape of these profiles
would still likely be symmetrical in the bedrock even if mean
annual temperature of permafrost approached 0°C. The
depth of penetration of the 0°C isotherm in such a case can
be very substantial, for example, reaching 11.5m in the
RTC-1 borehole (Figure 4B). By definition, this depth
represents the permafrost table or the base of the active layer.

The Gakona site in the Copper River basin, Alaska
provides a further contrast with RTC-1. At this site the
lacustrine clay is more than 10 m thick (Bennet ef al., 2002),
the mean annual temperature at the permafrost table (0.6 m
depth) is —0.6°C and seasonal temperature variations do not
penetrate deeper than 2 m (Figure 4C). This is a direct effect
of the combination of a high permafrost temperature and the
presence of very fine-grained sediment, which contains
significant amounts of unfrozen water at a range of
temperatures below 0°C (Romanovsky and Osterkamp,
2000). In this clayey soil an intensive phase change of water
occurs in the upper 1.5m of permafrost within the
temperature range between 0 and —2°C (Figure 4C). This
seasonal partial melting and freezing of the constituent ice in
the pore space of the upper 1.5 m of the permafrost serves to
intercept annual energy exchange between the atmosphere
and deeper layers and precludes further penetration of
annual temperature variations. This buffer layer also
dampens longer-term (interannual to decadal time-scale)
variations in permafrost temperature. With a long-term
warming at the ground surface, more constituent ice turns
into water in the upper 5 to 15 m of permafrost with little
effect on permafrost temperature. A long-term cooling may
have an opposite effect, resulting in more constituent ice and
less unfrozen water in the upper permafrost, with little
change in permafrost temperature during this time. This
mechanism helps explain relatively small changes in
temperature recorded in the warm ice-rich permafrost in
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fine-grained sediments during the past two to three decades,
as reported in the regional overviews and elsewhere (Smith
et al., 2005). In contrast, temperatures in colder permafrost
are much more responsive to changes in temperature at the
ground surface (see Figure 3).

The best way to record temporal changes in permafrost
temperatures is to sustain long-term ground temperature
observations at multiple depths at the designated permafrost
observatories. However, important information on recent
changes in permafrost temperatures may be obtained from
recently observed mean annual ground temperature profiles
(e.g. Beck, 1982; Lachenbruch and Marshall, 1986;
Osterkamp and Romanovsky, 1996; Taylor et al., 2006).
The permafrost temperature regime (at depths of 10 to
200m) is a sensitive indicator of the decade-to-century
climatic variability and long-term changes in the surface
energy balance. This is because the range of interannual
temperature variations (‘noise’) decreases significantly with
depth, while decadal and longer time-scale variations (the
‘signal’) penetrate to greater depths into permafrost with less
attenuation (Kudryavtsev et al., 1974; Yershov, 1998). As a
result, the ‘signal to noise’ ratio increases rapidly with depth
and the ground acts as a natural low-pass filter of the climatic
signal, making temperature—depth profiles in permafrost
useful for studying past temperature changes at the ground
surface (Romanovsky et al., 2002). Comparison of mean
annual temperature profiles obtained at different times in the
same borehole also allows an estimate of the amount of heat
absorbed by permafrost as a result of long-term warming at
the ground surface by using permafrost as a natural
calorimeter (Osterkamp et al., 1994). Estimates based on
Alaskan data (Romanovsky and Nicolsky, 2009) show that
the resulting average long-term net heat flux into the
permafrost during the phase of climate warming from 1980
to 2009 is in the range between 0.02 and 0.4Wm~? and
varies significantly between locations. The difference in this
flux is governed not only by the rate of warming in air
temperature but also by thermal properties of the surficial
material. As a rule, the estimated fluxes are an order of
magnitude greater at locations with coarse-grained mineral
soils and thin or absent organic layers at the ground surface,
compared with the locations with a thick organic layer and
fine-grained mineral soils. This may also partially explain
the generally slow changes in permafrost temperatures at
such locations and the preferential permafrost thaw in areas
of the Russian European North with sandy sediments and
low ice contents (Romanovsky et al., 2010).

THE LEGACY OF THE THERMAL STATE OF
PERMAFROST PROJECT AND PERSPECTIVES
FOR THE FUTURE

The IPY 2007-2009 enabled the global network of
permafrost borehole sites to be expanded by more than
300 new permafrost borehole sites. The key future challenge
is to keep these observatories operational in order to
generate long-term permafrost temperature data series and
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associated climate observations. This synthesis clearly
demonstrates the need for and value of a well-designed
network of sustained long-term observational permafrost
sites to better understand the physical processes controlling
the development of the future ground thermal regime. To
meet this challenge, it may be possible to designate certain
key sites within the enhanced network to represent different
geographical areas, landforms and ground material types. In
addition, the geographical coverage needs to be improved in
areas undergoing significant climate variations but lacking
observational sites, such as the northernmost land areas in
northern Greenland, Russia and Canada (see Figure 1). For
practical reasons, some local supersites could be developed
in easily accessible areas with infrastructure, in which the
permafrost conditions together with other environmental
parameters could be monitored within all the different
landforms. A more basic monitoring could take place with
fewer boreholes in very remote areas.

The results described above show that to fully understand
the physical processes controlling the ground thermal
regime it is important that a record of the amount of ice
in the permafrost down to DZAA be obtained during
drilling. If this was not done during the initial installation, a
new borehole may need to be drilled or, alternatively,
geophysical techniques may be utilized to provide additional
information (Kneisel et al., 2008). The water and ice content
in the active layer and in upper permafrost should also be
recorded.

The IPY provided the possibility to develop not only
research-based monitoring sites, but also community-based
permafrost monitoring. The Community-Based Permafrost/
Active Layer Monitoring Network was established in Alaska
prior to and during the IPY (Yoshikawa et al., 2010; http://
www.uaf.edu/permafrost/). It remains to be seen if such
programmes can provide data adequate for detailed
scientific use in the post-IPY period, since they are largely
dependent on community commitment. With respect to
active-layer records, the long-term cooperation with
ecologists, particularly in the ITEX network, has provided
a very good coverage of operational CALM sites and records
at many locations that exceed those from associated
boreholes.

CONCLUSIONS

A comprehensive international permafrost temperature
monitoring system is emerging with a solid foundation that
will help address the numerous future climate change issues
in the high-latitude and mountain permafrost regions. The
permafrost monitoring network in the polar regions was
enhanced during the IPY and new information on permafrost
thermal state is now available for some undersampled
regions. This enlarged monitoring network is an important
legacy of the IPY as it provides an updated and improved
baseline of current permafrost conditions against which
change may be measured. The data obtained as a result of
IPY/TSP activities will serve not only for direct detection
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and tracking of changes in permafrost relating to climatic
changes, but also as a field-based verification of Global
Climate Model outputs, leading to better predictions of
future conditions.

The value of ongoing measurement of permafrost
temperatures has been demonstrated as a means to
characterize changes in permafrost thermal state and their
spatial variability. The location of key long-term monitoring
sites throughout the polar region that are representative of
the broad range of ecoclimatic, vegetational and geological
conditions is necessary to fully understand the critical
factors that influence the response of the permafrost thermal
regime to changes in air temperature, and the subsequent
impacts that this will have on natural and human systems.
Maintaining a network of representative reference sites after
the IPY is therefore essential.

There is also a need for better information on the physical
properties of the underlying substrate as these are important
in determining the response of the ground thermal regime to
changes in temperature at the ground surface. Detailed
information on ice contents throughout the soil profile, in
particular, is required to better understand how changes in
the ice and liquid water contents will affect the ground
thermal response, but this is lacking for large areas.
Information on snow cover is collected only at some
boreholes but snow cover is an important factor controlling
the ground surface temperature and should therefore be
collected at all monitoring sites. Linkages with other
cryospheric monitoring programmes could lead to more
comprehensive super monitoring sites which will improve
understanding of cryosphere—climate linkages.

Continuation of this coordinated endeavour will provide
crucial information not only for scientists studying various
aspects of the cryosphere, but also to stake-holders,
politicians and other decision-makers in northern countries
to support informed decisions regarding resource develop-
ment projects and land-use planning. This international
network of permafrost observatories will act as an ‘early
warning system’ of the negative consequences of climate
change in the permafrost regions, and will support and
facilitate the development and implementation of adaptation
measures to reduce these impacts.
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