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Overview of changes in permafrost in 
Northern Hemisphere; link to Carbon Cycle





Ice Complex

80% Ice content

10 to 60 m thick

Covered with thin 
silty layer so-called 
“Protection Layer”

Occupies ~10 to 30% 
in East Siberia and 
Alaska Photo by M.Grigoriev



Topics to be covered:

• Permafrost dynamics during the last Glacial Cycle

• Related changes in the environment 

• Present state of permafrost

• Possible future changes in permafrost 

• Some consequences of these changes





The Mammoth Steppe Concept: R. D. Guthrie, 1990



The Mammoth Steppe Concept: R. D. Guthrie, 1990
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Methane concentrations (ppmv) in an ice wedge inside of a gold mine, 
Fairbanks, Alaska (A. Broushkov)

Ice wedges







Grosse et al., 2007 (Geomorphology)



Late Pleistocene

Holocene

Quantification of Thermokarst Terrain with Remote Sensing and a DEM
G. Grosse, L. Schirrmeister, T. Malthus

Grosse et al, 2006 (Polar Research)



Examples for Arctic landscapes affected 
by massive permafrost degradation
(thermokarst)



Olenek Channel, Lena Delta Kolyma Lowland

Thermokarst and C-Cycle
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Walter et al, 2007 (Science)

Early Holocene 
thermokarst lake 
flare-up in ice-rich 
Yedoma was a 
considerable 
northern methane 
source (33-87% of 
Early Holocene high 
latitude methane 
increase).

Thermokarst Lakes as a Source of Atmospheric CH4 During the Last Deglaciation



CO2 and CH4 in ice cores from Greenland and Antarctica
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The changes in 
mean annual air 
temperature from 
1950 to 1998 

The changes in 
mean annual air 
temperature from 
1986 to 2006 

(J. Hansen)
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Temperatures at the 20 m depth in discontinuous
permafrost in Interior Alaska.
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Recent (last 20 to 30 years) Trends in Permafrost
• Permafrost temperature is increasing in most locations in 

the Arctic and Sub-Arctic

• There are some places where we don’t see a noticeable 
increase, but there are no known sites where permafrost 
temperature is decreasing

• Typical increase in permafrost temperature is 1 to 2°C

• Active layer depth is increasing at some locations. There 
are some locations in the Interior Alaska where active layer 
doesn’t re-freeze completely every year anymore

• The long-term permafrost thawing already started at some 
locations in natural undisturbed conditions
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Photograph by T. Jorgenson

Impact of permafrost degradation on surface hydrology
and vegetation



Impact of permafrost degradation on surface hydrology
and vegetation

Thawing of ice-rich permafrost, triggered by the 
forest fire in Central Yakutia, transforms boreal 
forest into steppe-like habitats (photo by V. 
Romanovsky)



Impact of permafrost degradation on carbon cycle:

Significant amounts of carbon are now sequestered in perennially
frozen soils (permafrost).
A thicker, warmer and dryer active layer will be much friendlier for 
microbial activities during the summer. 
Significantly later freeze-up of this layer in winter and warmer winter 
temperatures (that means much more unfrozen water in it) will 
considerably enhance the microbial activities during the winter.
So, the arctic and sub-arctic ecosystems may turn into a source of 
CH4 or/and CO2 on an annual basis very soon. 
Further permafrost degradation and formation of taliks will only 
amplify these changes because a layer that will not freeze during 
the entire winter (talik) will appear above the permafrost where 
microbial activities will not cease during the winter.





In the area of “wet thermokarst” formation, new and significant sources of 
CH4 production will be developing. There will be a considerable difference 
in greenhouse production from degrading permafrost depending on a
different type of substrate and soil carbon quantity and quality.

Thermokarst
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Arctic Ocean
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Distribution of Ice-Rich Yedoma (Ice Complex) 
Deposits in East Siberia

Map based on Romanovskii, 1959

- Thickness of the deposit is between 5-100m
- Present day total coverage is > 1x106 km
- Gravimetric ground ice contents in the sediments between 60-120%
- Including the ice wedges, total volumetric ice content of up to >75%
- Organic carbon content averages between 2-5%
- Accumulation during several 10 000 years

Zimov et al 2006 (Science), Schirrmeister et al., 2008



Thermo-erosion along shore 
bluffs of thermokarst lakes near 
Cherskii (Gambit 1965 vs. 
Ikonos-2 2002) (1 m ground 
resolution)

Grosse et al, in prep

Temporal Changes of Thermokarst Lakes in Siberian Yedoma Regions
G. Grosse, V. Romanovsky, K. Walter, S. Zimov

New thaw slump 
in September 2007

Bykovsky Peninsula (Corona KH-
4B 1969 vs. Spot-5 2002) (2.5m 
ground resolution)

Bykovsky Pensinsula: 
- of 308 randomly 
selected lakes, 244 
indicate shrinkage, 44 
growth, and 20 lakes 
drained completely
- Net shrinkage is 24.4 
ha (-2.9%)



500m

15m 30m

Spot-2 pan Landsat-7 pan-sharpened 
5-4-3 (greyscale) Landsat-7 SWIR

What is the right scale for mapping / classifying thermokarst lakes and ponds?

In using coarse or medium datasets, do we miss crucial information for understanding 
permafrost dynamics, hydrological processes and biogeochemical cycling 

in vast Arctic landscapes?

2.5m

Grosse et al, in review

Resolution matters?



Lakes <10 ha (0.1 km2) :

OLE: 42.7 % of total lake area per 100 km2

BYK: 21.6 % of total lake area per 100 km2

CHE: 82.2 % of total lake area per 100 km2

Distribution of Thermokarst Lakes and Ponds in Siberian Yedoma Regions

Grosse et al, in review

These lakes are not considered in current global 
databases (e.g. GLWD of Lehner & Döll, 2004) or 
spatial analyses (e.g. Smith et al., 2007)!



ACCO-Net Circum-Arctic Coastal 
Key Sites

http:/www.awi-potsdam.de/www-pot/geo/acd.html)

Jerry Brown, Volker Rachold
and the ACD Group

Arctic Science Summit Week
Reykjavik, Island
April 2004 



Coastal 
erosion and 

subsea
permafrost 
degradation



This lighthouse on Bykovskiy
Peninsula has to be moved 
regularly from the cliff inland 
to save it from falling down

Extremely ice-rich permafrost cliff
(22 m high) retreats with an average
rate of 11 m/year at this location on
the Muostakh Island. Significant
amount of organic-rich material is
being supplied to the near-shore ocean



Data from I. Semiletov, 
Summer 2004 Joint 

Russia – USA Cruise (Far 
Eastern Branch of the 
Russian Academy of 

Sciences and International 
Arctic Research Center, UAF)

Distribution of dissolved 
methane in the area near to 

the Bolshoi Lakhovsky Island 
demonstrates an extremely 
high concentration of CH4 

from the bottom to the top of 
the water column (up to 120 

nmol/l). This can be an 
indication of active methane 
ebullition from the sea floor.



The seabed of the East Siberian Arctic 
Shelf serves as a source of methane to 
the water column

Distribution of methane in the bottom layer (2003-2007)

Shakhova and Semiletov, 2008



Most of the methane survives 
oxidation within the water column and 
reaches the surface layer.

Distribution of methane in the surface layer (2003-2007)

Shakhova and Semiletov, 2008
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CO2 and CH4 in ice cores from Greenland and Antarctica
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The Remote Observation of Permafrost

How do we monitor something that is not a single object itself, sits invisible 
under the land surface, and is solely defined by temperature? 

Present: 
In situ monitoring networks 
Good Modeling capabilities
Limited study areas
Limited availability of sensor types (resolution vs. coverage vs. spectral characteristics)
Indirect RS observation of land surface features and parameters

Goals:
- Expand in situ monitoring coverage, parameters, temporal resolution, and network lifetime
- Expand to regional / hemisperical scale monitoring of general surface properties using existing 

sensors
- Annual or multi-annual RS snapshots of complete permafrost region
- Further develop modeling capabilities
- Develop new focused sensors capable of 

a) sensing physical surface parameters relevant to permafrost modeling (e.g. T, snow)
b) direct observation of subsurface conditions



Surface temperature of the Arctic from AVHRR. (a) average surface temperature 
from August 1981 to July 1993; (b) average surface temperature from August 1993 to 
July 2005; (c) Difference between (b) and (a); (d) surface temperature trend for the 
period August 1981 to July 2005. (Comiso, 2006)





Snow depth (0.25° grid)

March 8, 2007

April 5, 2007

http://www.fmi.fi/en/index.html


GIPL-2.0



The GIS multi-layered Data Base 
interactive model for Spatially 
Distributed Permafrost and 
Active Layer Dynamics modeling 
in the Northern Eurasia.

(Marchenko et al., 2008)

GIPL-2 Model











Recommendations

- Monitoring in high detail: surface relief and thaw settlement, 
hydrological dynamics, coastal and fluvial dynamics, etc.

- Hemispherical monitoring of permafrost-relevant parameters with RS 
can be done with medium to coarse resolution sensors (important 
variables are: Temperature, snow, soilmoisture, vegetation cover, 
incoming solar radiation, etc.)

-The expansion of RS capabilities with Arctic coverage and sufficient 
funding of ground truth networks is necessary

- Upscaling and modeling will play a major role in bridging the spatial 
and temporal gaps in understanding and predicting permafrost 
degradation: Delivering physical parameters from RS for modeling will 
be key to permafrost monitoring



Thank you very much !Thank you very much !

www.gi.alaska.edu/snowice/Permafrost-lab
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