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Permafrost warming

IPCC AR5, Chapter 4Schuur et al, 2008
Another 407 Pg is contained in deep loess sediment accu-
mulations below 3 m in Siberia (Zimov et al. 2006b), and the
remaining 241 Pg is estimated for deep alluvial sediment 
accumulations below 3 m in river deltas of the seven major
Arctic rivers. Several important accounting assumptions,
made in accordance with previous work, were used to arrive
at this estimate: (a) All terrain lying within the circumpolar
permafrost region (including both the continuous and 
discontinuous permafrost zones) was used in the estimate, 
regardless of whether specific locations were known to meet
the strict time-temperature definition of permafrost. (b) Ex-
tensive northern peatlands store organic C as a result of

moisture-related anoxia. Only some of these are underlain by
permafrost. The peatland C pool in this estimate includes all
those found in the circumpolar permafrost region (Tarnocai
2006). 

Still, 1672 Pg could be an underestimate of total soil C pools
in the permafrost region, because deep soils were only con-
sidered for one area in northeastern Siberia and for river
deltas, and because the soil C content in the 2- to 3-m layer
of most mineral soil orders was conservatively estimated 
because of data scarcity. Both the 2- to 3-m layer and the deep
soil C estimates should be considered preliminary because a
relatively small number of data points are extrapolated to large
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Figure 1. Latitudinal zonation of permafrost. Source: Brown and colleagues (1998).
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Current Arctic CO2 exchange fluxes in  
the global context 

Fossil fuel emissions 9.3 ± 0.5 PgC/yr

Land-use change 1.0 ± 0.5 PgC/yr

Ocean sink 2.6 ± 0.5 PgC/yr

Land sink 3.1 ± 0.9 PgC/yr

Atmospheric growth 4.5 ± 0.1 PgC/yr

Arctic/boreal land sink < 0.6 PgC/yr

Arctic ocean sink < 0.1 PgC/yr

Arctic river C export < 0.1 PgC/yr

Current global carbon budget
2006-2015

Le Quéré et al., 2016



Current Arctic CH4 emissions in global 
perspective 
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Mysterious “Pingos” in 
Siberian Arctic tundra
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Permafrost methane “bomb”?

http://news.nationalgeographic.com



Permafrost methane “bomb”?

http://news.nationalgeographic.com
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Evidence of hydrate destabilisation?
Shipboard measurements in the 

East Siberian Arctic Shelf

permafrost is potentially more vulnerable to
thawing than terrestrial permafrost. In contrast
to on-land permafrost, sub-sea permafrost has ex-
perienced a drastic change in its thermal regime
because of the seawater inundation. The annual
average temperature of ESAS bottom seawater
(–1.8° to 1°C) is 12° to 17°C warmer than the
annual average surface temperature over on-
land permafrost (18, 19). A physical implication
of combined bottom-up geothermal and top-
down seawater heat fluxes is the partial thawing
and failure of sub-sea permafrost and thus an
increased permeability for gases. We conse-
quently hypothesized that CH4 is released from
seabed deposits to vent extensively to the Arctic
atmosphere.

To test our hypothesis, we have undertaken
annual field campaigns (August to September,
2003 to 2008; six cruises in total), one helicopter
survey (September 2006), and one over-ice
winter expedition (April 2007) (20, 21). On the
basis of a more limited coverage, we previously
demonstrated that CH4 is released from ESAS
sediments to the overlying water column (22, 23).
The objective of the present study is an integrated
assessment of multiple years of observations for

the whole of the ESAS in order to provide an
estimate of the venting flux of CH4 to the atmo-
sphere over the entire ESAS. It is this estimate of
CH4 flux to the atmosphere that has beenmissing
and has prohibited a quantitative evaluation of
the putative climate impact of ESAS CH4. The
CH4 flux estimates are based on 5100 seawater
samples from 1080 stations—a larger database
than for any previous ocean CH4 study (24)—
geographically distributed over the ESAS (Fig.
1A). The “landscape” of coastal waters is for-
tunately less heterogeneous than the terrestrial
tundra counterpart. Hence, this assessment of
coastal CH4 fluxes may be contrasted with up-
scaling challenges facing estimates of greenhouse
gas emissions from the tundra, which nonetheless
are usually limited to measurements at a few sites
(4–6, 15, 16).

The dissolved CH4 concentrations in ESAS
during summers of 2003 to 2008 demonstrate a
ubiquitous supersaturation over large spatial scales.
Although there are some spatial and vertical gra-
dients, the emerging picture is that most of the
ESAS is supersaturated with CH4 in the near-
bottomwaters (Fig. 1B), with >50% of the ESAS
surface waters being supersaturated (Fig. 1C).
The median summertime supersaturation was
880% in background areas and 8300% in hotspot
areas [supporting online material (SOM) text]
(21). Besides the vertical profiles with maxi-
mums near the seafloor, which is common to the
oceanic water column (25), the dissolved CH4

distribution in the ESAS varied tomaximum near
the surface and had uniform distribution through-
out the water column.

Both the bottom- and surface-water–dissolved
CH4 concentrations in winter (~5° to 7°C colder
than in summer), which were measured in the
studied area beneath the sea ice (Fig. 2A), were 5
to 10 times higher than in summer yet had the
same distribution within the water column (Fig.
2B). Such vertical profiles point to a rapid trans-
port mechanism such as ebullition, which is con-
sidered to be a predominant mechanism of CH4

transport in shallow waters and particularly when
CH4 releases from seabed deposits (26). Large
bubbles of gas entrapped within the fast (annual)
sea ice were observed in winter (Fig. 2C), with
CH4 concentrations of up to 11,400 parts per mil-
lion by volume (ppmv). Manifestations of ebul-
lition were furthermore registered acoustically as
bubble clouds,which rose from the seabed through-
out the entire water column or, at deeper locations,
to subsurface layers (fig. S2). Taken together, the
observations demonstrate that the ESAS—the
world’s largest continental shelf sea—is peren-
nially laden with CH4 all the way up to the sea
surface.

The horizontal and vertical CH4 distributions
indicate a sedimentary source, yet other sources
were considered. Riverborne export of CH4 was
excluded on the basis of measurements in, for
example, the Bykovskaya Channel, which is the
main outflow of the Lena River (fig. S3). Dis-
solvedCH4 concentrations decreased downstream
through the delta channel and then increased again
in coastal waters, suggesting separate sources.
Production of CH4 in the water column was also
deemed unlikely to account for the high ESAS
concentrations. Mixed-layer maxima of CH4 in

1International Arctic Research Centre, University of Alaska,
Fairbanks, AK 99709, USA. 2Russian Academy of Sciences, Far
Eastern Branch, Pacific Oceanological Institute, Vladivostok
690041, Russia. 3Stockholm University, Bert Bolin Centre for
Climate Research and Department of Applied Environmental
Science, Stockholm S-10691, Sweden.
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Fig. 1. Summertime observations of dissolved CH4 in the ESAS (21). (A) Positions of oceanographic stations in the eastern Laptev Sea and East Siberian Sea;
bathymetry lines for 10, 20, and 50 m depth are shown in blue. (B) Dissolved CH4 in bottom water. (C) Dissolved CH4 in surface water. (D) Fluxes of CH4 venting
to the atmosphere over the ESAS.

www.sciencemag.org SCIENCE VOL 327 5 MARCH 2010 1247
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Shakhova et al., 2010
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Hydroacustic signals of CH4 bubbling from 
shallow Arctic sea shelf (Kara Sea)

Portnov et al., 2013



Arctic GHG research and monitoring - rationale

- Arctic: a climate and biogeochemical “hot spot”:
- Enhanced warming
- Sea ice retreat

- Permafrost thawing

- Forest migration into tundra region

- Wetlands: wetting or drying?

- Methane emissions from shallow sub-sea permafrost

- Potential for significant climate-biogeochemical feedbacks 
(+/-) on global cycles of carbon (CO2) and methane 
(CH4)

- Increasing anthropogenic impacts – shipping, oil and gas 
exploration, mining

- Need observing system for early detection of changes



First order 
biogeochemical 

permafrost - climate 
feedbacks

Schuur et al.,2015



Idealized 1-d Model of CH4, CO2 and O2 in  
permafrost soil 

F
o
r P

eer R
eview

VULNERABILITY OF PERMAFROST CARBON TO GLOBAL WARMING. PART 2: SENSITIVITY OF PERMAFROST CARBON STOCK TO GLOBAL WARMING 11

Figure 1. Scheme of the permafrost carbon cycle model

Figure 2. Measured and simulated methane fluxes in Cherskii in summer 2003. Error bars for the measured flux present standard
deviations over the 8 chambers. Simulated flux is presented as the mean of 100 years of simulation together with the standard deviations
over this period. The contributions of ebullition, plant-mediated transport (the curve coincides with that for diffusion), and methanotrophy
are also shown. The curve for methanogenesis contribution almost coincides with that for total CH4 flux to the atmosphere

c⃝ 0000 Tellus, 000, 000–000

Page 11 of 15 Tellus B

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Khvorostyanov et al., Tellus, 2008

A
ct

iv
e 

la
ye

r

Water table



Example of a more comprehensive model simulation

(24) for prescribed greenhouse gas-forced historical and future
[Special Report on Emissions Scenarios (SRES) A2].

Results and Discussion
For each experiment, the initial equilibrium soil carbon stocks
differ as a result of the processes included (Fig. S4 and Table S1),
with a large increase in high-latitude soil C stocks (from ∼200 Pg
to ∼500 PgC in the top 3 m of soil) from permafrost processes,
leading to better agreement with soil carbon observations (4) in
freeze and permafrost, however, a substantial underestimate of
initial carbon stocks still exists because we do not model the
buildup of peatlands or organic soils.

We run the ORCHIDEE model fitted with these processes
added in a transient climate change scenario. The modeled cli-

mate response leads to significant warming at high latitudes
(Fig. 1), with mean high-latitude surface soil temperature rising
approximately 8 C by 2100—much larger than the global mean—
and permafrost extent (within the top 3 m) reduced by 30%. In
addition, where permafrost does still exist at 2100, the active layer
is deepened, with consequent thawing of previously frozen car-
bon. The changes in permafrost properties have a lag with respect
to surface warming, and changes in active layer depth over the
observed period (1990–2009) are small (mean 0.5 cm∕y) and
agree well with observed changes in active layer thickness (25),
which we calculate by linear regression of all circumpolar active
layer monitoring network (CALM) sites poleward of 60°N.

The modeled carbon fluxes of the region north of 60°N (Fig. 2)
change as a result of both the effect of CO2 fertilization on photo-

Fig. 2. Change in carbon fluxes over the model run. (A) Mean fluxes over modeled period. Contemporary budget estimate from McGuire et al. (1)
(B) integrated changes. (C) Integrated changes in carbon balance due to rising CO2 concentration alone. (D) Integrated change in carbon balance due to
climate change alone (difference between CO2-only and CO2þclimate change).

Fig. 3. Spatial patterns of net CO2 fluxes due to climate change at end of 21st century, for (A) control, (B) freeze, (C) permafrost, and (D) heating experiments.
Units are in gC/m2/y. Outlined cells are initialized as containing deep yedoma carbon.

Koven et al. PNAS ∣ September 6, 2011 ∣ vol. 108 ∣ no. 36 ∣ 14771
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ORCHIDEE model + Khvorostyanov permafrost module driven by
standard climate warming scenario

mixing and soil organic insulation (15); and (iv) heat, inclusion of
microbial heat release by decomposing microbes to the soil ther-
mal budget (16).

In addition to the CO2 balance, we model the climate response
of CH4 natural emissions by both deep permafrost layers and
wetlands. For deep permafrost, we incorporate in ORCHIDEE
the detailed process-based model of (16), in which (i) methano-
genesis can occur in oxygen-poor deep permafrost horizons, and
methanotrophy in the aerated upper soil profile; (ii) soil gas (O2

and CH4) diffusion is calculated to trigger methanotrophy vs.
aerobic decomposition; and (iii) heat release due to exothermic
decomposition reactions (decomposition, methanogenesis, and
methanotrophy) can be included in the soil thermal budget.

For CH4 emissions by wetlands in regions outside permafrost
areas and in upper soil layers of permafrost regions, we use the
wetland-CH4 enabled version of ORCHIDEE (17, 18), in which
wetland extent (saturated soil fraction) is calculated prognosti-
cally using the TOPMODEL (19, 20) subgrid approach, and
methane emission rates are calculated for a given wetland extent,
following an approach similar to Walter et al. (21). We model the
temperature sensitivity of methanogenesis using a Q10 of 3, rela-
tive to an initial location-dependent mean annual temperature
Tmean, based on a site-level optimization (17). We calculate two
separate sets of wetland CH4 fluxes, one allowing the base Tmean
to change with changing climate, and the other where Tmean re-
main fixed, to bracket the uncertainty associated with possible
microbial decomposition adaptation to warming. Wetland simu-
lations are also calculated with separate biochemical CO2 ferti-
lization effect alone, and with the combined fertilization and
climate effect of CO2. We then add these CH4 flux distributions
across the high latitudes to the deep permafrost CH4 emissions
calculated from the permafrost model, to obtain total high-lati-
tude natural CH4 emissions.

In each simulation experiment a new mechanism is added to
test its effect on the modeled CO2 balance. The control case uses
the standard ORCHIDEE soil carbon temperature sensitivity
to respiration, with a classic temperature sensitivity Q10 of two
(ref. 5). In the freeze experiment, we inhibit soil carbon decom-
position by seasonal freezing (different sensitivity functions of
low frozen respiration rate to warming were tested; see SI Text
and Fig. S2). In the control and freeze cases, there is no vertical
movement of soil carbon; thus no permafrost carbon stocks exist
in these simulations. In the permafrost experiment, we add an
initial permafrost carbon pool beneath the active layer by includ-
ing thermal insulation by soil carbon and cryoturbation as in
ref. 15; this mixing leads to the downward movement and burial
of soil carbon from seasonally thawed soil layers into the upper
permafrost (to ∼3 m, Fig. S3), allowing a realistic model initia-
lization. In addition, the specific very thick permafrost loess de-
posits in yedoma areas are initialized prior to the 10,000-y model
equilibration with uniform carbon concentrations below the ac-
tive layer to match observed carbon stocks (4) to include the pre-
sence of this relic frozen-but-labile Pleistocene carbon, mainly
over Eastern Siberia. Finally, in the heating experiment, the soil
thermal budget of the model accounts for the exothermic heat
released by decomposition, exactly as described by ref. 16. We
estimate uncertainty of each process using an ensemble of runs
and varying key parameters over a given range.

We perform all model simulations over the period 1860–2100.
For each experiment, we calculate a control run with preindus-
trial CO2 levels and climate, a CO2-only run with increasing CO2

but fixed climate, and a CO2þ climate run where both CO2 con-
centration and climate vary. We calculate the effect of CO2

(Fig. 2C) as the difference between the CO2-only and the control
runs, and the effect of climate change (Fig. 2D) as the difference
between the CO2þ climate and the CO2-only runs. For all experi-
ments, we run ORCHIDEE offline, so that each experiment is
forced by the same meteorology. The model is forced by climate
fields constructed as a base climatology (22, 23) plus anomalies
relative to a climatological period 1961–1990 of the Institut
Simon Pierre Laplace Climate Model 4 climate system model

Fig. 1. Change in permafrost extent and properties over the model simula-
tion period, for the region 60°N–90°N. (A) Black line, permafrost extent (to
50 m); blue line, mean annual temperature for the high-latitude terrestrial
region. (B) Active layer thickness (maximum depth of seasonally thawed
soils), 1990–2000. (C) Active layer thickness, 2090–2100. Blank grid cells in
(B–C) are those where we do not calculate permafrost within the top 50 m.
(D) Trends in active layer thickness for all permafrost grid cells in the model.
(E) A histogram of modeled and observed [CALM, (25)] active layer thickness
trends (m∕y) based on regression over the period 1990–2009.

14770 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1103910108 Koven et al.

Panarctic (>60N)
Permafrost carbon loss over 2000-2100: 

40-70 PgC

Increase in CH4 emissions:
7 - 36 TgCH4 yr-1

Koven et al., 2011



Vulnerability of permafrost C under CMIP5 
climate scenarios (100yr time scale) 

Burke et al., 2013

�PF =
�CPF

�Tglob

If �PF = -30 PgC K
�1

,

a 3 degree global warming would imply

a loss of 90 PgC over 100 years;

corresponding to an additional ⇡22 ppm of CO2

in the atmosphere over 100 years.



Complications and shortcomings of current 
studies

- Horizontal heterogeneity: topography, wetland or runoff, 
surface hydrology, thermokarst processes

- Insulation effects by snow cover and moss layer

- Vegetation shifts

- Microbiological activity

- Organic carbon quality
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Supplementary Figure S7 | Comparison of spatial patterns of statistically significant (p<0.1)  

changes  in  PAP‐mean  NDVI  from  four  different  statistical  models  (Supplementary 

Information  S2.C.1). a,  Linear  trend model. b,  Auto‐Regressive model  of  order one  augmented 

with p lags. c, Auto‐Regressive Integrated Moving Average [ARIMA(p,d,q), p=1,2; d=1; q=1, 2)]. d, 

Vogelsang’s ! − !!!  method. Areas with statistically insignificant trends are shown in white color. 

Grey areas correspond to lands not considered in this study. Numerical values quantifying these 

changes  are  given  in  Supplementary  Table  S2.  Companion  Supplementary  Table  S3  presents 

similar results at p<0.05.  

Productivity increases in 
the boreal/Arctic zone?
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Vogelsang’s ! − !!!  method. Areas with statistically insignificant trends are shown in white color. 

Grey areas correspond to lands not considered in this study. Numerical values quantifying these 

changes  are  given  in  Supplementary  Table  S2.  Companion  Supplementary  Table  S3  presents 

similar results at p<0.05.  

Trend of a satellite based 
vegetation index (NDVI) 

over the last 30 years

Xu et al., 2013
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Figure 2 | Spatial patterns of changes in vegetation photosynthetic activity. a, Trends in PAP-mean NDVI, NP. b, Trends in equivalent changes in PAP
duration, E. c,d, The probability density functions of NP and E. Areas showing statistically significant (p< 0.1) trends from statistical Model 3
(ARIMA(p,1,q), p= 1, 2; q= 1, 2) are coloured in a,b. Areas with statistically insignificant trends are shown in white colour. Grey areas correspond to lands
not considered in this study. Similar maps for NP trends from all four statistical models are shown in Supplementary Fig. S7. Equivalent changes in PAP
duration, E(p,y) of pixel p in year shown in b are evaluated as [A(p,y)÷A(p,1982)]⇥PAP(p)�PAP(p), where A is PAP-mean NDVI. Let x(p) denote the
trend in A(p) per year with respect to 1982, the first year of the NDVI data series. Thus, in year 1, E(p,1982) = E0(p) = 0. In year 2,
E(p,1983) = E1(p) = {A0(p)⇥ [1+x(p)]}÷A0(p)⇥PAP(p)�PAP(p). The trend in E(p) = E1(p)�E0(p) = x(p)⇥PAP(p). Note that NDVI are
PAP-independent measurements. Therefore, the patterns in a,b are different.

on short data records, changes in ST and SV were translated into
latitudinal shifts during each half of the study period and compared
with one another. Briefly, data from the early part of the time series
were used to define baselines depicting seasonality variation with
respect to latitude in the Arctic and boreal regions. The location of
temperature and vegetation seasonality on the respective baselines
for three periods yielded seasonality declines in terms of latitude
between the first half (mid 1990s and early 1980s) and second half
(late 2000s andmid 1990s) of the data record.

The early-1980s (1982–1986) Arctic warm-season ST corre-
sponded to the warm-season ST of vegetated lands >64.8� N
(Fig. 4a). By the late 2000s, the warm-season temperature profile
of the Arctic was similar to the early-1980s warm-season tem-
perature profile of vegetated lands >60.8� N—a decline in ST of
4.0� in latitude. The early-1980s boreal region warm-season ST
corresponded to the warm-season ST of vegetated lands between
45� N and 66.1� N. By the late 2000s, the warm-season temperature

profile of the boreal region was similar to the early-1980s warm-
season temperature profile of vegetated lands between 45� N and
60.9� N—a decline in ST of 5.2� in latitude. Changes in SV were
similarly quantified (Fig. 4b). The corresponding declines in Arctic
and boreal SV are 7.1� and 6.3� in latitude.

The difference in ST decline between the first and second
halves of the 30-year period is negligible in both the Arctic and
boreal region, in view of the coarse resolution of temperature
data. However, this is not the case with SV. The Arctic SV decline
accelerated, that is, the greening rate increased over time, from2.15�

latitude between the early 1980s and mid 1990s to 4.9� latitude
between the mid 1990s and late 2000s. In contrast, SV decline in the
boreal region decelerated from 5.7� to 0.6� latitude. These varying
rates of SV declines are inconsistent with the idea of a spatially and
temporally invariant �VT.

In summary, the first three tests support the observed (Fig. 1c)
tight coupling between SV and ST. However, the fourth test

NATURE CLIMATE CHANGE | ADVANCE ONLINE PUBLICATION | www.nature.com/natureclimatechange 3



How does Arctic 
permafrost 

(Yedoma) look like?  

Impacts of a denudation experiment

Melting permafrost at river bank

Thermokarst polygons



Ice-wedge degradation of permafrost

Figure 1 from 
Liljedahl et al.,  
Nat Geosci 2016



Summary of drainage impacts

Goeckede et al., 2016, The Cryosphere

Kwon et al., 2016, GCB, Kwon et al., 2016



Permafrost carbon stability in the past?
Transition between Younger Dryas - Preboreal

Petrenko et al., 2017

New radiocarbon measurements on CH4 
from ice cores refute a significant 

contribution of permafrost derived CH4 !

YD-PB transition

CH4

∆14CH4

CH4 since last Glacial Maximum (25kyr BP)

Hopcroft, 2017



Current Arctic station 
network with in situ 

biogeochemical 
observations  

(a.o. CO2 and CH4)

• Continuous 
• Continuous (ICOS) 
• Continuous (NIES) 
• Continuous (Env Canada) 
• Campaign/flask sampling  

(NOAA/ESRL) 
• 2017



Some conclusions

- Current arctic sources and sinks of CO2 and CH4 are small in 
the global context

- Key question: vulnerability of permafrost carbon and hydrate 
pools; on land and on the shallow shelves

- Soil degradation under climate warming is not a 
1-dimensional process

- Drying soils imply better insulation of permafrost

- Atmospheric observations from in situ Arctic network indicate 
very low total CH4 emissions from the East Siberian Shelf



Opportunities and challenges for space based 
Arctic biogeochemical observations

- Surface properties essential: e.g. albedo, ice and snow 
cover, vegetation, elevation(InSAR).

- Column mixing ratio of greenhouse gases (CO2, CH4) 
useful but challenging (low sun angle, cloud cover, surface 
albedo). Opportunity for LIDAR technique.

- Biogeochemical signals are small and detection of relevant 
trends requires long-term observations. 

- Complementarity of densified in situ measurements. 



Thank you!


