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Climate change in the Arctic
Arctic climate change

Future Arctic climate

AMAP, 2011

Observed changes in annual mean temperature over the
50-year period 1957 to 2006 (NCEP/NCAR re-analysis).

Projected changes of seasonal mean surface air temperature
for the period 2070 to 2090 (composited over CMIP3 models;
A1B emissions scenario). Fourteen model projections form
the composite. Modified from Walsh et al. (2008).

Changing permafrost in a warming Arctic
• Permafrost models project that by 2100
– the upper 2 to 3 meters of permafrost will
thaw over 16% to 20% of the area currently
underlain by permafrost in Canada
– there will be widespread permafrost
degradation over about 57% of the total area
of Alaska
– In Russia, increases in ground temperature of
0.6 to 1 °C by 2020 have been projected.

• By the end of the 21st century, late Holocene
permafrost in the Northern Hemisphere may
be actively thawing at the southern
boundary of the permafrost region and some
late Pleistocene permafrost could start to
thaw at some locations.
UNEP GRID Arendal, based on Romanovsky et al 2007

Romanovsky et al. 2007 / AMAP, 2011

Thawing Permafrost
Changes to ecosystems, hydrology, habitats,
infrastructure + development, subsistence
societies

 Local to regional impacts

Changes to the northern carbon cycle

 Global impact due to feedbacks
with atmospheric warming
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1. Known knowns – Pools, Processes
(things we know about the system with some certainty)

2. Known unknowns – Uncertainties
(things we have a glimpse of but have a high uncertainty)

3. Unknown unknowns – Surprises
(things we have no idea about yet and which will surprise)

Scientific articles on ‘Permafrost and C’
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Publication Year
Zubrzycki et al 2012 Polarforschung

Known knowns
Carbon budget = Sources + Sinks
(Pools + Processes + Fluxes)
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Soil organic carbon pool in permafrost regions

Tarnocai et al., 2009
- 88% of the C pool are in perennially frozen soils + deposits (permafrost)
- 12% are in seasonally frozen soils + deposits within the permafrost region
 1672 Pg C (soils in permafrost zone 0-300 cm depth + Yedoma + fluvial delta deposits)

Permafrost soil carbon pool in relation to
other carbon pools
McGuire et al 2010, Ecol. Monogr.

Global pools:

Ocean
Fossil fuels
Soils
Atmosphere
Terrestrial plants

 38,000 Pg C (organic C = 1,000 Pg C)
 4,130 Pg C
 1,500 Pg C (deep permafrost soils not included)
 750 Pg C
 560 Pg C

Near-surface soil C pool in permafrost regions
• Upper part is influenced by freeze-thaw processes: Active Layer
• Gelisols (Cryosols, Cryozems): Orthels, Turbels, Histels
• Non-Gelisols: Histosols, various mineral soil types

Figure: Pfeiffer, Wagner, Kobabe, Kutzbach (AWI)

- 191 Pg C from 0-30 cm; 496 Pg C from 0-100 cm
- New estimate for 0-100 cm is double that of previous estimates
Tarnocai et al (2009)
Photo: B. Jones

Deep soil organic carbon pool in permafrost regions

Including soil profile data below 100 cm depth substantially
increases the total permafrost soil organic C pool
- 100-300 cm 528 Pg C
- Deeper than 300 cm: 407 Pg C in Yedoma deposits
- Deeper than 300 cm: 241 Pg C in deltaic deposits

Tarnocai et al (2009)

Factors characterizing the soil organic carbon pool
in permafrost regions
A dynamic stock (1672 Pg C) affected by:
- C inputs (organic litter quality + quantity)

Permafrost
Carbon Pool

- C stabilization (permafrost aggradation; low
soil temperature; anoxic soil regimes;
cryoturbation; peat accumulation;
sedimentation)
- C destabilization (combustion, microbial
decomposition)
- C exports (via dissolved and particulate
organic matter; inorganic and organic state;
gas fluxes)
Grosse et al., 2011 (JGR)

Key factors:
- Low C inputs, but even lower C outputs
- Strong stabilization + decreased destabilization

long-term soil C sinks

Soil organic carbon pool in permafrost regions
Seward Peninsula, AK

Photo: G. Grosse

Near-surface (0-3m) soil
organic carbon in frozen
mineral soils

Cryoturbation

Interior Alaska

Photo: J. O’Donnell

Near-surface and deep soil
organic carbon in frozen
organic soils

Peat accumulation

Colville River, AK

Photo: G. Grosse

Organic carbon in thick
syngenetic Yedoma
deposits

Ongoing deposition

Grosse et al., 2011 (JGR)

Yedoma
Also: Ice Complex (Ледовый Комплекс)
Unifying character of deposits:
- Syngenetic permafrost deposits
- Late Pleistocene age (accumulation over several 10,000 yrs)
- Fossils from the Mammoth Steppe (plants + mega fauna)
- Ice-supersaturated (50-90% ice by volume):
- Large syngenetic ice wedges >5m wide, 30-40 m deep)
- segregated cm-scale ice lenses
- subhorizontal ice bands
- Polygenetic origin: sediment from different sources and transport
processes, and thus different facies
- Formed under very cold climatic, continental conditions, in
unglaciated regions

- Thickness: 5-100 m
- Coverage: estimated ca. 1,000,000 km2
- Organic carbon content: 0.5 to >5%
- 500 Pg of organic carbon in thaw-susceptible permafrost
Schirrmeister et al., in press (Elsevier Encycl. Quatern. Scien.)

Yedoma in Siberia and Alaska

Zimov et al., 2006 (Science), Schirrmeister et al., 2010 (QI), Schirrmeister et
al., 2011 (JGR), Kanevskiy et al., 2011 (QR), Grosse et al., in preparation
Kolyma River, Siberia

Itkillik River Alaska

Distribution of northern peatlands
(permafrost and non-permafrost)
Photo: C. Tarnocai

Salekhard

Photo: B. Jones

Processes: Carbon fluxes between pools
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Figure adapted from
Striegl et al., 2005, GRL

Particulate C fluxes due to
coastal erosion: Circum-Arctic
Assessment by Lantuit et al.
(2012)

Thermokarst and thermokarst lakes
•Thermokarst is the process of melting excess ground ice or ice bodies in
step with subsidence and often pooling of water
•Thermokarst lakes provide a rapid mode of mobilizing old and deep
organic carbon stored in permafrost.

24.2 ± 10.5 Tg CH4 / yr

Grosse et al., in review, ELSEVIER Treatise on Geomorphology
(after Vtyurina, 1960)

Walter et al., 2007 (Phil. Trans. Royal Soc. A)

Methane trapped in early winter lake ice
Seward Peninsula, Alaska

L. Plug

Walter et al. 2010

Combustion of near-surface soil C by wildfires
- Fire severity, size, duration
- Complex post-fire feedbacks: albedo, soil thermal regime, permafrost thaw,
hydrology, vegetation succession
Mack et al., 2011 (Nature):
- Anaktuvuk River fire released 2.1 Tg C to atmosphere
- Amount is similar in magnitude to annual net C sink
for the entire Arctic tundra averaged over the last
quarter of the 20th century
Anaktuvuk River tundra fire, 2007

Photo: B. Jones

Photo: S. Marchenko

Known unknowns
Research and data gaps

© Geoeye-1 (2009)

Research and data gaps
• Uncertainties in soil organic carbon spatial distribution, quality, and
vulnerability to mobilization
• Uncertainties in distribution and physical properties (thermal state, ground
ice content) of permafrost
• Enhancement of process understanding: disturbances (i.e. thermokarst and
fire), post-disturbance carbon dynamics; cryoturbation; hydrology +
vegetation feedbacks; various time scales and spatial scales
• How will disturbance frequencies + intensities change in the future and
alter vegetation and landscape succession?
• Climate feedbacks; Feedbacks that results in carbon sequestration

Integration of large permafrost C pool, diverse processes, fluxes, and
disturbances in dynamic land surface and Earth system models

Disturbances + vulnerability of permafrost carbon
Ice wedge melt

Thermo-erosion

Photo: T. Jorgenson

Thaw slumping

Grosse et al., 2011 (JGR)

Unknown unknowns

Surprise, surprise!
© Geoeye-1 (2009)

Example: Surprising discovery in the past

Mastepanov et al., 2008 (Nature): Methane squeeze-out from re-freezing active layer soils

What will the next big surprise be?

Vu l n e ra b i l i t y o f P e r m a f r o s t C a r b o n
Research Coordination Network (RCN)

PIs: Ted Schuur, A. David McGuire
Steering Committe: Josep G. Canadell, Jennifer W. Harden, Peter Kuhry, Vladimir E. Romanovsky, Merritt R. Turetsky;
Postdoctoral Researcher: Christina Schädel

OBJECTIVE: Synthesis of biological and physical research on variables driving the
permafrost carbon system for input into global models
ACTIVITIES: 1) Formation of a network of interconnected researcher + groups
2) Organization of meetings and working groups designed to synthesize existing
permafrost C research (next meeting: 2 Dec 2012, AGU San Francisco)
Working Group Synthesis Activities:
1) Permafrost Carbon Quantity
4) Thermokarst

2) Permafrost Carbon Quality

3) Anaerobic/Aerobic Issues

5) Modeling Integration

http://www.biology.ufl.edu/permafrostcarbon/

Contact: tschuur@ufl.edu, cschaedel@ufl.edu

The Northern Circumpolar Soil
Carbon Database
- Update of database with 1 to 3 m soil carbon storage coming this fall
- IPA Action Group and the Vulnerability of Permafrost Carbon RCN
Manager: Gustaf Hugelius (Stockholm Univ., Sweden): gustaf.hugelius@natgeo.su.se
Scientific steering committee:
Chair: Charles Tarnocai (Agri-food and agriculture, Canada)
 Peter Kuhry (Stockholm Univ., Sweden)
 Gustaf Hugelius (Stockholm Univ., Sweden)
 Chien-Lu Ping (Univ. of Alaska Fairbanks, U.S.A)
 Gabrielle Broll (Univ. of Osnabrück, Germany)
 Lutz Schirrmeister (Alfred Wegener Institute, Potsdam, Germany)
 Dimitry Konyushkov (V.V. Dokuchaev Soil Science Institute,
Moscow, Russia)

Website: http://dev1.geo.su.se/bbcc/dev/ncscd/
Full Polygon, Raster and NetCDF-files available for GIS and
model applications at several different spatial resolutions

