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Abstract. Under climate change thawing permafrost will observations show that permafrost has typically warmed by
cause old carbon which is currently frozen and inert to be-0.5 to 2°C, depending on location (Solomon et al., 2007; Et-
come vulnerable to decomposition and release into the clizelmiller et al., 2011; Osterkamp, 2007). In addition, mea-
mate system. This paper develops a simple framework folsurements suggest there is an observable deepening of the
estimating the impact of this permafrost carbon release orpermafrost active layer (Shiklomanov et al., 2010; Frauen-
the global mean temperature (P-GMT). The analysis is baseteld et al., 2004; Wu and Zhang, 2010; Callaghan et al., 2010;
on simulations made with the Hadley Centre climate modellsaksen et al., 2007). Future climate change projections sug-
(HadGEMZ2-ES) for a range of representative G@ncen-  gest a marked warming at northern high latitudes of between
tration pathways. Results using the high concentration path2.8 and 7.8 degrees (A1B scenario) by the end of the century
way (RCP 8.5) suggest that by 2100 the annual methan¢Solomon et al., 2007), which will result in further degrada-
(CHs4) emission rate is 2-59 Tg GHyr—! and 50-270PgC tion of permafrost.
has been released as £@With an associated P-GMT of 0.08—  Permafrost soils contaiy 1672 Pg of carbon (Tarnocai et
0.36°C (all 5th—95th percentile ranges). P-GMT is consider-al., 2009), much of which is permanently frozen, relatively
ably lower — between 0.02 and 0.9Q — for the low concen- inert and not currently included within the global carbon cy-
tration pathway (RCP2.6). The uncertainty in climate modelcle. Any degradation of permafrost will cause a proportion
scenario causes about 50 % of the spread in P-GMT by thef this old permafrost organic carbon to become more vul-
end of the 21st century. The distribution of soil carbon, in nerable to decomposition and to subsequently release into
particular how it varies with depth, contributes to about half the climate system. Additional carbon released into the at-
of the remaining spread, with quality of soil carbon and de-mosphere will have a positive feedback on the global climate
composition processes contributing a further quarter each= it will cause a further increase in greenhouse gases in the
These latter uncertainties could be reduced through addiatmosphere and resultin more warming (Schuur et al., 2008).
tional observations. Over the next 20—-30 yr, whilst scenarioEstimates of the amount of permafrost carbon release under
uncertainty is small, improving our knowledge of the qual- increased global temperature have been made by extrapolat-
ity of soil carbon will contribute significantly to reducing the ing site specific observations. For example, on the basis of
spread in the, albeit relatively small, P-GMT. laboratory incubation experiments, Dutta et al. (2006) es-
timated a potential release of about 40 PgC if 10% of the
carbon frozen in deep soils in Siberia thawed &5 Gru-
ber et al. (2004) suggested that 20 % of the permafrost car-
1 Introduction bon could be released by the end of the century. Schuur et
al. (2009), extrapolating from measurements made at a sin-
Permafrost soil — soil which is below°@ for 2yr or more gle site in Alaska, suggested 0.8-1.1 Pg Clycould be lost

— underlies approximately a quarter of the exposed land surif permafrost thaws. Raupach and Canadell (2008) extended
face of the Northern Hemisphere (Zhang et al., 1999). Recent
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1064 E. J. Burke et al.: Uncertainties in the global temperature change

this analysis and estimated the additional temperature in-  ple model to estimate the proportion of this vulnerable
crease caused by this permafrost carbon release to BE 0.7 carbon released to the atmosphere.
with a CQ increment of 80 ppm by the end of this century. .

Schuur et al. (2008) identified four mechanisms that cause 4- The impact on the global temperature of the released
permafrost carbon to be released to the atmosphere: (a) ac- €Oz and CH, was quantified using a simple climate en-
tive layer thickening, (b) talik formation, (c) thermokarst de- ergy balance model.
velopment, and (d) river and coastal erosion. Climate model . .
projections of permafrost degradation can presently represerﬁ'nce_ Iar_ge ensembles can be generate(_j relatively cheaply
(a) and (b) but not (c) or (d). However, model projections y this simple framework, we can adopt it as a tool to ex-

of permafrost degradation over the 21st century are highlyplore hOtW o/ur limited understgr;dgwg ct):1 many off th(te relivan:j
uncertain, ranging from a 7 to 88 % loss of permafrost aredParameters/processes associated with permairost carbon de-
composition and release impacts the uncertainty in P-GMT.

and a 40 to 100 % increase in active layer thickness (Schae_l_h_ i ble th ters/ h ‘
fer et al., 2011). These uncertainties depend on study region IS Will enable the paramelers/processes where greater un-

future emissions scenario and model (Schaefer et al. 201]51erstanding will lead to a reduction in the uncertainty to be
Koven et al., 2011; Schneider von Deimling et al 2’012) identified. It will also inform the development of appropri-

Schaefer et al. (2011) used a land surface scheme, which irfite schemes to quantify the permafrost climate feedback in

cludes a mechanism for soil carbon decomposition drivengIObaI earth system models.
by surface weather from a global climate model run un-
der the SRES A1B emissions scenario. They calculated thaj Modelling approach
1104+ 40Pg C could be released by 2100. They assumed the
soil carbon decomposition rate to be that measured by Dutt2. 1  Physical changes in near-surface permafrost
et al. (2006) for yedoma soils in northern Siberia (Schuur
et al., 2008). In addition, they did not consider wetlands orOutput from the Hadley Centre Global climate model
any methane (Ch) release. Koven et al. (2011) included a (HadGEM2-ES; Jones et al., 2011; Collins et al., 2011b) was
vertically discretised soil carbon module and £¢inissions  used to estimate the active layer thickness and its change in
from wetlands and permafrost in their land surface schemea future climate for soil depths down to 3m. HadGEM2-ES
They used surface weather data calculated under the SRES a coupled climate model with an atmospheric resolution of
A2 emissions scenario and showed a cumulative release df.875 x 1.25° and 38 vertical levels, and an ocean resolution
62+ 7 Pg C due to the partial decomposition of the old per- of 1° (increasing to 1/3at the equator) and 40 vertical lev-
mafrost carbon pool over the 21st century. Schneider vorels. HadGEM2-ES also represents interactive land and ocean
Deimling et al. (2012) used a simple permafrost module cou-carbon cycles and dynamic vegetation. In addition, it sim-
pled with a simple carbon-cycle climate model, and showedulates the evolution of atmospheric composition and inter-
that for the RCP8.5 high concentration pathway an extra 33-actions with atmospheric aerosols. HadGEM2-ES was used
114 PgC (68 % range) are released by 2100, which leads tto simulate the historical period (1860-2006) and 4 future
an additional warming of 0.04-0.28. A mechanism for scenarios forced by different Representative Concentration
permafrost carbon decomposition and release needs to bHeathways (RCPs —Jones et al., 2011).
appropriately included within a global earth system climate HadGEMZ2-ES calculates soil temperatures using a dis-
model in order to fully quantify the permafrost carbon feed- cretised form of the heat diffusion equations with the soil
back thermal characteristics as realistic functions of the soil mois-
This paper estimates the permafrost global temperaturéure content. It also includes the latent heat from water phase
change (P-GMT) that might have been calculated by thechanges in the subsurface calculations. There are no explicit
Hadley Centre Climate model if permafrost had been in-snow layers in the model, but the top soil layer is adapted to
cluded. It adopts the following simple approach: represent lying snow processes. HadGEM2-ES treats all soil
as mineral soil and does not consider the thermal and hydro-
1. Physical changes in the near-surface permafrost werdogical properties of organic soil horizons and mosses, which
quantified using the climate model simulations. are particularly important when simulating soil temperatures
in northern high latitudes. This leads to a stronger than ex-
2. These changes were then combined with knowledgepected dependence of active layer on latitude (and climate)
of the distribution of Arctic soil carbon to assess the and smaller than expected dependence on soil type.
amount of carbon in the thawed permafrost made vul- The zero degree isotherm was diagnosed from the
nerable to decomposition. HadGEMZ2-ES simulated soil temperatures by fitting a ther-
mal profile through the midpoints of each soil layer. The
3. Representative C£and CH, production rates, Cllox- thaw depth is then defined by the depth at which the profile
idation rates, Chl transport pathways, and knowledge crosses the OC boundary. The active layer thickness is the
of the Arctic land cover were used to construct a sim- annual maximum of the thaw depth. HadGEM2-ES surface
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meteorology includes the modelled response of the atmo-
sphere to the driving climate, and therefore the modelled im-
pact of a changing climate on, for example, snow cover, land '
cover, vegetation and any associated feedbacks are taken int
account.

This paper only considers the top 3 m of the soil, and any .= 3|
soil organic matter deeper in the profile is assumed to remain —
inert over the timescales assessed. The land surface compc¢ @
nent of HAdGEM2-ES has 4 soil layers (0-10cm, 10-35¢cm, ©
35-100 cm and 100-300 cm). Using such a poorly resolved ©
soil model to calculate the active layer thickness introduces &
biases in the estimate of the active layer (Burke et al., 2012). -
This is illustrated in Fig. 1, which compares the active layer |
thickness interpolated from a standard 4-layer model set up <
with that interpolated from a 70-layer soil model, with each
layer 10cm thick. Interpolation of output from this latter
model is assumed to reproduce the active layer more accu: P ]
rately. These model simulations are pan Arctic simulations 0 1 2 4
from the Joint UK Land Environment Simulator (JULES: ALT of 4 layer soil (m)
Best et al., 2011, Clark et al., 2011), which is comparable . )
to the land surface component of the Hadley Centre climate9- 1. The correction factor applied to the HadGEM2-ES output to
model. They were driven by observed global meteomlogicalreduce the bias in the estimation of the active layer thickness.
forcing data over the period 1960-2001. These simulations
are described in further detail by Burke et al. (2012). Figure 1
shows that, when compared with the 70-layer soil model,ing carbon decomposition rates which are too slow. This
the 4-layer soil model systematically overestimates the acheeds to be rectified in the future, for example, by changing
tive layer thickness for depths betweenl and 1.9m and the thicknesses of the soil layers within HadGEM2-ES.
systematically underestimates it for depths greater than 2m. The main source of climate modelling uncertainty consid-
The solid black curve through the points represents the biagred in this paper is caused by the four different RCP scenar-
in the relationship between the two versions of the model.ios. Another notable source of uncertainty between climate
This was applied as a correction factor to remove the biagnodel simulations arises from errors in the representation of
in the active layer caused by interpolation from the 4-layerrelevant model processes (Murphy et al., 2004). A detailed
soil model. Any grid cell which has a corrected active layer assessment of this uncertainty is beyond the scope of this
of greater than 3m for the period 1861-1890 was assumegaper, but it is unlikely to be significantly more than the un-
to have no near surface permafrost and was excluded in angertainty resulting from the different RCP scenarios.
subsequent analysis.

Figure 2 compares representative time series of the origi2.2 Vulnerable carbon
nal 4-layer active layer thickness, the corrected 4-layer ac-
tive thickness and the 70-layer active layer thickness forAs the global temperature increases and the active layer in-
the JULES simulations discussed above and in Burke etreases, the soil organic carbon which is no longer perma-
al. (2012). These are time series for a north—south transeatently frozen becomes vulnerable to decomposition. The
at 653 E. Using the correction factor significantly improves amount of soil organic carbon present was estimated using
the estimate of the active layer thickness for depths less thathe Northern Circumpolar Soil Carbon Database (NCSCD
~ 1.7 m. However, it makes little differences to the accuracy— Tarnocai et al., 2009). In general, soil carbon in the NC-
of the active layer thickness for depth®2 m or more. When  SCD is severely under-sampled, particularly at depths greater
the active layer reaches2 m, it often remains there for sev- than 100cm. For example, the soil organic carbon content
eral years before abruptly disappearing rather than graduallySOCC) for the 100—-300 cm was estimated using 45 pedons,
increasing as for the 70-layer model (Fig. 2a). However, thisonly a handful of which were from Eurasia (Tarnocai et al.,
near surface permafrost disappears at about the same tinR909). Kuhry et al. (2010) present some comparisons be-
that the active layer in the 70-layer model becomes permatween the NSCSD and regional scale studies of SOCC. In
nently deeper than 3 m. Therefore, although the vulnerablene case the NCSCD is 45% higher (Usa Basin, Russia)
soil carbon would be underestimated during the period 1960-than regional estimates and in another 37 % lower (Tulemalu,
1988 it would all become available in 1988. This suggestsCanada). These large differences combined with small sam-
that any large-scale estimate of vulnerable carbon using thesgling sizes indicate that the uncertainties in any estimates of
corrected active layer thicknesses are biased by low producSOCC are potentially large.

Al
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that soil type. This uncertainty was sampled independently
for seven soils (Histels, Orthels, Turbels, Histosols, Mol-
lisols, Spodosols and Inceptisols). These soils represent soils

Location=(65 "E, 57 "N]

§ which contain the majority of permafrost organic carbon.
This uncertainty was also sampled independently in four re-
1080 1070 1660 1080 2000 gions (Europe, Canada, Russia and Alaska). It was assumed
Year that the uncertainty in the SOCC in the other regions was a
) . negligibly small fraction of the total permafrost soil organic
 Location=[65 °E, 59 °N] carbon and neglected. It was also assumed that the SOCC for

100-200cm has a similar spatial distribution to that for O-
100 cm but is reduced by a spatially independent proportion,
which was randomly sampled from 0.5-0.9 of the SOCC in
the top 100cm (Table 1: soil SOC reduction 100-200 cm).

ALT (m)

b Lo — s — For depths greater than 200 cm, it was assumed that the only
soils with any significant soil organic carbon were Turbels,
Location=[65 "E, 61 °N] Histels and Histosols. They were assumed to contain a (spa-
) tially independent) fraction of the amount between 100 and
5 2%@-\—,&,—_#'—"*— = Q—i 200 cm, which was randomly sampled from between 0.4-0.8
21 (Table 1: soil SOC reduction 200—300 cm).
0 . . In order to determine the permafrost soil carbon vulnera-
1980 1970 1980 1980 2000 ble to decomposition, the amount of additional thawed per-
i mafrost carbon in any particular year was estimated. For each
Location=[65 °E, 63 °N] grid cell the active layer of the baseline period, in this case
1861-1890, was defined as the maximum thaw depth during
E that period. The SOCC of the soil at depths shallower than
Q this maximum thaw depth was assumed to be already present
in the carbon cycle and is not considered here. During any
1960 1970 1980 1990 2000 year and for any grid cell that the active layer is greater than
Year the baseline, there is permafrost carbon vulnerable to decom-
Location=(65 °E, 67 °N] positiqn. The amount of .vulnerable carbon is the SOCC of
— : the soll betwe_en the maximum t_haw depth of the current year
T 218 — otoea P J and the baseline active layer thickness.
5 Ll A LAY
> ; VAA__ A i T 2.3 Decomposition of vulnerable carbon
1960 1970 1580 1990 2000

Vear A highly simplistic large-scale model for the release of per-

mafrost soil carbon to the atmosphere is proposed here. It

Fig. 2. The simulated active layer thicknesses for a selected southis assumed that there are no new inputs of carbon into the

north transect at 6. The 70-layer simulated active layer is shown thawed permafrost and all vulnerable carbon is thawed per-

(inblack) along with the original 4-layer active layer (inred) and the | a05t carbon. The vulnerable soil carbon is assigned to

Eg;;?g;?at')ags; (iige layer (in green). Note difference in SCalepools which decompose into either €0r CH; depending

' on whether the process is anaerobic or aerobic. Any CH
may undergo some oxidation before being released to the at-
mosphere. The model parameter ranges were assigned fol-
Tarnocai et al. (2009) provide an estimate of SOCC for alowing the spread of values found in the literature and are

depth of 0—100 cm, but they do not map uncertainties on thissummarised in the top half of Table 1. The parameters about

estimate or map the SOCC for depths of 100—200 cm andvhich there is little information were assigned wider ranges.

200-300 cm. However, Table 4 of Tarnocai et al. (2009) pro-

vides the mean SOCC and its standard deviation for each 02.3.1 Soil organic carbon pools

the dominant northern high latitude soil types. This informa-

tion was used as the basis for estimating the spatial distriFollowing Dutta et al. (2006) the vulnerable carbon is as-

bution of the uncertainties in the SOCC for the top 100 cm,signed to three carbon pools. The passive pool is very stable,

given the knowledge of the area occupied by each soil typeand any carbon in this pool is not released over the timescale

It was assumed that the SOCC for each soil type fell someof this study. The active pool decomposes almost immedi-

where within the mean:0.75 of the standard deviation of ately as the permafrost thaws. The final pool is denoted the
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Table 1.Spread of values for simple modelling framework. mafrost zone was assumed to fall into one of three systems:
an upland system, a wetland system or a lake. Each system
Lower Upper has different levels of oxygen availability. The Global Lakes
value  value and Wetland Dataset (GLWD — Lehner andlD2004) was
Soil SOCC reduction (100200 cm) 05 0.9 used tq define the proportion of the model grid cell that_ coulq
Soil SOCC reduction (200-300 cm) 0.4 0.8 be assigned to each of the three systems. The GLWD is avail-
Slow pool (% total SOC) 10 60 able at 30 s resolution and was determined from a variety of
Fast pool (% total SOC) 0 5 existing data. Overall~9% of the permafrost soil is de-
Aerobic decomposition rate 0.03 0.5 fined as wetlands, and 3% is defined as lakes, with the
(mgCglsoilCday?) remainder uplands. For this analysis of the RCP scenarios, it
Anaerobic decomposition rate GO 5 70 was assumed that the relative proportions of wetlands, lakes
(ugCgtsoilCday ™) and uplands stay the same in the future. However, this could
Anaerobic decomposition rate GH 0.1 15 change considerably in the future. For example, one climate
(g C g *soilCday™t) _ model, HadGEM2-ES, suggests that the area of northern high
Lowland proportion respired aerobic 0.0 0.3 latitude wetlands decreases by between 5 and 10 % over the
Upland.proportlon resp!rgd aerobic 0.7 1.0 course of this century. In an upland system the primary de-
Proportion methane oxidized wetlands 0.1 0.7 o . T
Proportion methane oxidized lakes 0.0 03 comppsmon process is assumed to be aerobic with t.he vast
Proportion methane oxidized mesic 05 10 majority of carbon released as @QHowever, there might

be regions of high water content at the bottom of the active
layer, or there might be partially or seasonally water logged
soils (Hobbie et al., 2000), so a small proportion might de-
slow pool. In this pool the soil carbon decays at a rate whichcompose anaerobically. In contrast in a wetland system or
depends on the length of time the permafrost is thawed, theinder lakes, the primary decomposition pathway is assumed
amount of vulnerable carbon in the pool, and some specifiedo be anaerobic (Frolking et al., 2001). There are however
decomposition rates. In years when the active layer reaches@ccasional permafrost plateaus within wetlands, particularly
new maximum all of the carbon in the slow pool is available in the discontinuous permafrost, where the decomposition is
for decomposition. In years when the active layer is less tharaerobic.
the baseline, none of the slow pool is available for decom- Aerobic decomposition of permafrost carbon is negligibly
position. In all other years a proportion of the slow pool is small when it is frozen but accelerates rapidly when the per-
available for decomposition depending on the how deep themafrost carbon thaws. This transition is the primary driver of
active layer thickness is compared to the baseline and its hissate change, and the temperature of the thawed permafrost
toric maximum. It is assumed that there is no transfer of soilcarbon is a second order effect (Davidson and Janssens,
carbon between these three pools. 2006) and thus neglected here. The majority of studies that

Dutta et al. (2006) used laboratory incubations on yedomehave examined the decomposability of soil organic carbon
soils, and estimated the passive pool to be 18 % and the activstored in permafrost soil were carried out in highly controlled
pool to be 3 % of the total soil carbon. Following a literature laboratory conditions. Measured aerobic decomposition rates
review, Falloon et al. (1998) suggested that the passive poalange between 0.03 and 0.5 mg Cgoil C day ! (Ulhirova
could be much larger and range between 15 and 60 %. Howet al., 2007; Waldrop et al., 2010; Dutta et al., 2006; Turet-
ever, they did not include any permafrost soils. If the organicsky et al., 2002; Hollesen et al., 2011; Michaelson and Ping,
carbon was originally incorporated into the permafrost and2003; Lee et al., 2012). Although not all of the measure-
frozen relatively quickly, as was the case for yedoma soils,ments are from below the maximum thaw depth, Uhlirov
neither the slow pool nor the active pool will have signif- et al. (2007) suggest that rates at those depths are very sim-
icantly decomposed. Therefore, it is suggested that the esfar to those within the active layer. These data only repre-
timates of Dutta et al. (2006) provide a lower limit for the sent a very few point sites within a limited range of sail
passive pool and an upper limit for the active pool. The esti-types and land cover. Anaerobic soil decomposition rates
mates of Falloon et al. (1998) can be assumed to provide aare highly suppressed compared with aerobic rates (Lee et
upper limit for the passive pool. The lower limit of the ac- al., 2012; Waldrop et al., 2010). Available measurements of
tive pool is assumed to be zero. The slow pool is assumed tthese rates are much more limited and range between 0.1
contain the remaining fraction of the soil organic carbon.  and 15 ug C g soil Cday ! for CH, production and 5 and

70 ug C g soil C day ! for CO, production.
2.3.2 Decomposition of the slow pool Decomposition will occur at the base of the active layer,
and therefore any CiHproduced may be oxidized to GD@e-

The proportion of the decomposition that occurs anaerobifore it is released into the atmosphere. This process is highly
cally is mainly dependent on the oxygen availability, which dependent on whether GHeaches the atmosphere by slow
is a function of the relative saturation of the soil. The per- diffusion, faster ebullition or transport through the vascular
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system of plants (Schimel, 1995). The relative proportion ofin radiative forcing including the effect on ozone and strato-
CH, transported through each of these pathways is depenspheric water vapour (Collins et al., 2011a).

dent on the depth of the water table as well as the presence of The change in global mean temperature was then esti-
vascular plants. In upland systems without vascular plants, itnated for each year using the following equation:

is possible that all of the CHs oxidized before reaching the

surface (Shea, 2011). In wetlands a lower proportion of the A7, + Ar) = AQ@) + (AT(ti) _ AQ(”)>eXp<_ﬂ> )

CH, is oxidized because of the presence of vascular plants A > ¢

and an increased occurrence of ebullition. Over thaw lakesynere At is one year. Equation (3) can be used to estimate
where the water table is above the surface, the majority othe change in temperature with no permafrost carbon release,
CH, is released via ebullition, and there is little opportunity the change caused by the €mitted from the thawed per-
for oxidation (Walter et al., 2006). mafrost carbon, the change caused by the emitteg, &kt
P-GMT, which is the overall increase in temperature from
permafrost carbon release.

2.3.3 Impact of released carbon on the global
temperature

The release of the thawed permafrost carbon into the atmog'4 Methodology

sphere will cause an increase in the global mean temperaturgy,;q simple modelling framework for estimating the increase
(P-GMT). , , in global mean temperature caused by permafrost carbon
A change in the global mean temperature can be estmatepelease (P-GMT) has many uncertain parameters. In order
frpm a change in the radiative forcing .using the very simpleto determine the range of plausible P-GMT changes, 4000
climate energy balance model shown in Eq. (1). Monte Carlo simulations were carried out for each RCP sce-
AAT (1) nario. For each set of simulations both the model param-
+AAT (1) = AQ(), (1) eters and SOCC were randomly sampled from a uniform
_distribution using a Latin hypercube sampling (LHS) strat-
' egy and the ranges shown in Table 1. LHS allows interac-
) - P i tions between different parameter combinations to be stud-
effective ocean heat capacity in JAK™; 0 is the radia- oy Therefore, the 16 000 simulations can subsequently be

tive forcing; and is time. Equation (1) shows the ocean heat 5o 1q jdentify the contributions of parameters alone and in
uptake and change in global mean temperature is balancegombination to the uncertainty in P-GMT.

by the change in radiative forcing. The parameteend C

C

where AT is the global surface temperature anomaly in K
A is the climate feedback parameter in WaK—1; C is an

P : i i ulati h h The contribution of each parameter to the range of P-GMT
are found using a HadGEM2 climate simulation where the, ¢ jetermined by splitting the parameter values into a set of
radiative forcing is known and increased by 1% per year.  ing ang for each bin calculating the mean and standard de-

In the case of no permafrost, the change in radiative forc'viation of P-GMT. This was then compared with the mean

ing qf each of the HadGEMZ-ES RCP sir_nula_tions was de'and standard deviation of P-GMT for all of the 16 000 sim-
termined from the change in G@oncentration in the atmo- | ations, If P-GMT is sensitive to a parameter, there will be

sphere. notable differences between the mean and standard deviation
Cco,(t) of P-GMT in each bin and that for all of the 16 000 simu-
AQ(t) =5.4In (W) , (2)  Iations. This can be quantified using the following equation:

where Cco,(r) is the CQ concentration at time, and

Cco,(t = 0) is the mean C@concentration for the baseline s 1 (i — p)?
period. The CQ concentration for each of the RCP scenar-°> ~ Z T 52
ios was calculated by multiplying the simulated emissions by i=t

the model-derived airborne fractions. wherey; is the mean of bin; x is the mean of all the simula-

The CH; and CQG emitted by the thawing permafrost car-  tjons; and> is the standard deviation of all of the simulations.
bon result in additional changes in radiative forcing. The ex-

tra radiative forcing caused by the increase in,GOncen-

tration from permafrost carbon release was calculated using Results

a comparable equation to Eg. (2). It was assumed that any

change in CQ@ emissions as a result of the release of per-3.1 Simulation of global temperature change

mafrost carbon was a small fraction of the total emissions and

did not impact the model-derived airborne fraction. The ra-Figure 3 shows the mean permafrost extent simulated by
diative forcing from the emitted CHvas calculated from the HadGEM2-ES for the period 1900-1910. This is the area
fractional increase in burden which also accounts for changew/here there is permafrost within the top 3m. HadGEM2-

in CHj, lifetime. This was then converted into an increase ES simulates 23.8 million kf Zhang et al. (2003) estimate

(4)
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Extent (RCP2.6) Extent (RCP4.5) Extent (RCP6.0) Extent (RCF8.5)

ALT in m (RCP6.0) ALT inm (RCPB.5)

Fig. 3. Mean permafrost extent and active layer thickness (ALT) for 1900-1910 and for 2080-2090, modelled by HadGEM2-ES for the four
RCP pathways. In the plots of permafrost extent (top row), the red shows the places where there is no longer permafrost in the top 3 m.

the permafrost affected area to be 22.79 milliorfkidow- permafrost remaining at the end of 21st century is 1.62 m for
ever, because permafrost does not exist everywhere in pethe RCP8.5 scenario. Masking the permafrost of the other
mafrost regions, they estimate that it actually underlies onlyscenarios and the present day by the RCP8.5 extent gives a
between 12.2 and 17.0 million Khof the exposed land area. present day active layer thickness of 0.69 m and an increase
Therefore, HadGEM2-ES overestimates the permafrost exin the mean active layer thickness to 0.93m for RCP2.6,
tent. One of the reasons for this difference is errors in thel.14 m for RCP4.5, and 1.28 m for RCP6.0. This is an over-
HadGEMZ2-ES surface climate. Another reason is deficien-all increase of between 24 and 59 cm depending on scenario.
cies in the single layer snow scheme used in HadGEM2-This falls within the range of values reviewed by Schaefer et
ES. Use of a multi-layer snow scheme significantly reducesal. (2011).
the model simulation of permafrost extent in the land sur- The time series of vulnerable carbon, defined as the per-
face scheme (JULES: Burke et al., 2012). However, Burkemafrost carbon which becomes thawed for some period of
et al. (2012) showed that the simulated rate of decrease ofach year, is shown in Fig. 4. The solid lines show the vulner-
the permafrost extent during the 20th century was comparaable soil carbon using the SOCC for 0—100 cm from Tarnocai
ble for both snow schemes and generally independent of thet al. (2009). The SOCC at a depth of 100-200 cm (Table 1:
simulated extent. JULES, when driven by observed meteosoil SOC reduction for 100-200 cm) was set to 0.8 of the
rology, simulates an active layer that is too deep (Danker€—-100cm distribution, and the SOCC at a depth of 200—
et al., 2011). This is mainly caused by errors in the repre-300cm (Table 1: soil SOC reduction for 200-300 cm) was
sentation of the thermal conductivity both at the surface andset to 0.7 of the 100—200 cm distribution for Turbels, Histels
within the active layer during the summer thaw period. How- and Histosols, and zero for the other soil types. This gives a
ever, JULES can generally represent year-to-year changes itotal SOCC of 951 Pg in the top 300 cm of the HadGEM2-
the active layer thickness (Burke et al., 2012). Future develES simulated permafrost regions. This is comparable with
opments within JULES will address deficiencies in the keythe 1024 Pg suggested by Tarnocai et al. (2009). The mini-
insulation processes at and below the land surface. mum/maximum of the vulnerable carbon were found by re-
As might be expected from the increase in the simulatedducing/increasing mean SOCC to their minima/maxima (see
global mean temperature, the permafrost extent decreaseé®ect. 2.3) and using the minimum/maximum of the soil SOC
and the active layer deepens over the 21st century for eacteduction factors shown Table 1. Including these uncertain-
of the RCP scenarios. By the 2080s the simulated nearties give a total SOCC in the top 300 cm of the HadGEM2-
surface extent has decreased to 17.6 millioR kmmRCP2.6, ES permafrost region of between 313 and 1803 Pg. These
14.1 million kn? for RCP4.5, 13.6 million krh for RCP6.0,  cover a wide range of SOCC, which represents the large un-
and 8.5millionkn? for RCP8.5. This represents a loss of certainty on the Tarnocai et al. (2009) estimate. Figure 4 also
between 25% and 65 %, depending on the scenario. Thishows a wide range of vulnerable carbon. For the RCP8.5
loss is slightly less than that projected by Lawrence andscenario, the spread in vulnerable carbon is large, rang-
Slater (2005) but larger than that projected by Schaefer eing from 75Pgto 870 Pg by 2100. Even for the RCP2.6
al. (2011). The mean simulated active layer thickness of the
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Fig. 4. Time series of vulnerable soil carbon for the four RCP sce- : s
RCP2.6 cumulative emissions

narios. The solid lines show the vulnerable carbon using the soil g Rt =
organic carbon contents from Tarnocai et al. (2009), the dotted lines'g sof — it —
use the maximum soil organic carbon content used within the Monte % i) l

Carlo simulations, and the dashed lines the minimum. 1960 2000 2020 2040 2060 2080

Time

RCP4.5 cumulative emissions

~ 500 ——  Histori —
mitigation scenario, there is still a notable amount of vul- % ok — EEE? —
nerable carbon — between 45 and 400 Pg. S fg'é [ romo : ‘[
The. amount of vulnerable carbon added to the carbo_n 1980 w00 2020 2040 2060 2080
cycle in each year depends on how long the permafrost is Time
thawed. This is primarily in the form of COand CH, re- RCP.0 cumulative emissions

leased to the atmosphere. Figure 5a (top panel) shows the arg
nual emissions of C@released from the thawed permafrost,
calculated using Monte Carlo simulations of the permafrost

Pg Cas CO,
58888

i —— Historical =
—— RCP2E 5
1 RCP4.5 g
RCPE.0 . = [
) RCPE.S i

.. . 1980 2000 2020 2040 2080 2080
carbon decomposition model. The full spread of values is Time
large, with annual emission rates ranging from near zero to SRR umuiiive amiadions

500 —— Historical
Ax RACP26

over 7PgC per year as GQalthough the majority of the &
simulations fall within 0.5 to 4 Pg C per year (5th-95th per- & 3% v
centile). Dutta et al. (2006) extrapolated from point measure- € "%§E_—— fcees
ments for yedoma and suggest an emission rate of permafros 1980 2000 o 2080 2080
carbon of 1 Pg C yr!, which falls towards the low end of this
range. Current fossil fuel emissions are estimated te Be Fig. 5. Time series of CQ emissions(a) Shows the annual CO
9Pg Cyrl. However, by 2100 they are projected to rise to emissions for the 4 RCP scenarios. The solid lines show the median
over 20 Pg C per year for RCP8.5 and fallt63 Pg C per and the dotted and the dashed Ii_nes shqw the full spread qf values.
year for RCP4.5. Therefore, the release of d@dm per- The_ b_ottom 4 panels show the time series of the cumulative CO
mafrost carbon has the potential to contribute significantlySMiSsions for each RCP. The grey lines represent the full spread
to the total annual CQemission rates by 2100, particularly of values from the 16 000 Monte C_:arlo S|mulgt|0ns irrespective of
s ) ) RCP. In all panels the bars at the right hand side show the 5th—95th
for the two mitigation scenarios. Figure 5b—e (lower 4 Pan- ercentile values.
nels) show the cumulative emissions of £@ll 16 000 of
the Monte Carlo simulations are shown in grey and are plau-
sible. In addition, the 5th—95th percentile ranges are shown
to the right of the figures. For the RCP8.5 scenario and byper year) by 2100 (Fig. 6). The majority of the simulations
the end of the 21st century, there could be between 50 andive emission rates below 0.04 Pg C per year, or 53 Tg CH
250 Pg of C from permafrost released into the atmospherger year. At present, the northern high latitudestg® N) is
in the form of CQ (5th—95th percentile range). The range of estimated to be a source of Gkb the atmosphere of around
permafrost carbon emissions found by Schaefer et al. (201130-50 Tg CH yr—1 (Bloom et al., 2010; Zhuang et al., 2004).
Schneider von Deimling (2012), Zhuang et al. (2006), andThis is predominantly wetland emissions. Our results suggest
Koven et al. (2011) under comparable high emissions scethat in the future the release of permafrost carbon in the form
narios fall within, albeit mainly to the lower limit of, this of CHs could be similar in magnitude to the current northern
spread. For RCP8.5 the permafrost carbon, @issions  high latitude wetland emissions.
are a relatively small percentage — between 2 and 13% — of Figure 7 show the wide spread in P-GMT. All values
the projected fossil fuel emissions. Cumulative emissions arén grey are plausible. For RCP8.5, P-GMT ranges between
lower for the other scenarios, but the percentage of the pro6.08 and 0.38C by 2100 (5th—95th percentile). Although
jected fossil fuel emissions increases; for example, the 20-+this is slightly larger than the additional warming of 0.04
80 Pg C released for RCP2.6 is 5—20 % of the projected fossito 0.23°C (68 % range) estimated by Schneider von Deim-
fuel emissions. Emission rates for gldre lower, reaching ling (2012) for the same RCP, some of these differences,
from near negligible to over 0.1 Pg C per year (133 TgCH particularly in the upper bounds, arise because the ranges
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Fig. 6. Time series of annual Ciemissions for the 4 RCP scenarios Fig. 8. Time series of the median of the ratio of the proportion of
in Tg CHy per year. The solid lines show the median and dotted andP-GMT caused by Chito that caused by C£

dashed lines show the full spread of values, whilst the bars to the

right of the plot show the 5th—95th percentile ranges.

temperature increase is still caused by,CHhe ratio of the
temperature changes from @b CO; is relatively indepen-
dent of scenario. On further investigation it was found to be
more sensitive to the aerobic decomposition rate used within
the carbon decomposition model and also, but less, sensitive
2020 2040 2060 2080 to the anaerobic rate.

Time

RCP2.6 temperature change

RCP4.5 temperature change

4 Uncertainty assessment

P-GMT (K)

The Monte Carlo simulations can be used to determine the

2020 2040 2060 2080
Tmia relative importance of the different processes/parameters on
RCPE.0 temperature change the value of P-GMT. Figure 9 compares the relative uncer-
€ e — o tainties in 2100 caused by the distribution of the soil organic
§ S Rores carbon, the quality of the carbon, the RCP simulations, and
045 — the decomposition model parameters. The grey lines and er-
2020 2040 2060 2080

Time ror bars in Fig. 9 represent the mean and standard devia-
tion for the whole ensemble (16 000 members). The coloured
lines and error bars represent the meansfd000 simula-
tions which have been grouped by bins around the values
shown. For each uncertain process/parameter, its relative im-
£ B e O £080 portance was calculated using Eq. (4). Figure 9 shows the
12 most uncertain parameters/processes in order of decreas-
Fig. 7. Time series of the temperature change caused by the pering importance. By 2100, limited knowledge of the RCP sce-
mafrost CQ and CH, emissions for the 4 RCP scenarios (P-GMT). nario causes the most uncertainty. This-ifive times more
The bars at the right-hand side show the 5th—95th percentile Va|Ue§mp0rtant than knowing the reduction in the soil organic car-
bon content at a depth of 100 and 200 cm (when compared
with the top 100 cm). Other relatively important factors in-
quoted are not directly comparable. The temperature changelude knowledge of the amount of soil carbon in the passive
for RCP4.5 and RCP6.0 scenarios are similar to each othepool, the aerobic decomposition rate and the reduction in the
and only slightly larger than those estimated by Schneideisoil organic carbon content at a depth of 200 and 300cm
von Deimling (2012), at between 0.05 and 0.28 for a 68 %(compared with the top 100 cm). Knowing the organic car-
range. Those from RCP2.6 are considerably lower. Overallpon content in the Russian Turbels+sl0 times less impor-
P-GMT is about 2—-4 % of the temperature increase simulatedant than knowing the reduction of the soil organic carbon
by HadGEM2-ES without permafrost carbon release. content at a depth of 100 and 200 cm. Figure 9 shows the
Figure 8 shows how the relative contribution of £ahd  four most important soils are Russian Turbels and Histels,
COy to the total of P-GMT changes over time. During the pe- Canadian Turbels, and Alaskan Turbels. Despite containing
riod 2010 to 2040, the Ciemissions drive any (albeit small) the largest total amount of soil organic carbon, the Canadian
increases in P-GMT, with the impact of Glan temperature  Histosols are not on this top 12. There may be several reasons
peaking at more than twice the impact of €Qowards the for this including the relative magnitudes of the uncertainties
end of the 21st century, the relatively short Z&tmospheric  in the soil organic carbon content measurements, the size of
lifetime combined with the larger COemissions mean that the change in the active layer for these soils, and the location
the CQ emissions rather than the Glmissions drive the of the different soil types with respect to the wetlands and
overall temperature increase. However, by 2100, 1/4 of theuplands.

RCP8.5 temperature change

P-GMT (K)
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Fig. 9. Sensitivity of the Monte Carlo simulations to the most important model parameters/processes. The grey lines represent the mean and
standard deviation of the whole ensemble and the coloured lines the mean and standard deviation sampled around each parameter value. T
parameters/processes are sorted in order of decreasing importance.

The importance of each uncertain parameter/process cagions the soils of interest are at depths greater than 1 m. By
be calculated every year to determine how their relative im-the end of the 21st century, about half the spread in P-GMT is
portance changes over time (Fig. 10). Near the beginning otaused by uncertainties in the RCP scenario, a quarter by un-
the 21st century, P-GMT is very small with a relative small certainties in the soil carbon distribution, an eighth caused by
spread in values. Both of these increase throughout the timéhe quality of the soil and an eighth by the parameterisation
period shown. Any differences between the RCP scenario®f the soil decomposition model.
near the beginning of the 21st century are small. However, by
2060 they start to grow quickly. Since the future £gath-
way is hard to determine and depends on many unpredictable Additional processes and uncertainties
factors, this uncertainty is difficult to reduce. Uncertainties in
the permafrost parameters/processes are more readily quafne source of uncertainty which has not been considered
tified. At the beginning of the 21st century, when P-GMT here arises from biases in the HadGEM2-ES present day esti-
is smallest, knowing the quality of the available carbon is mate of permafrost extent and active layer thickness. Overall,
most important and contributes to the majority of the spreadf@dGEM2-ES simulates too great an extent (suggesting too
in P-GMT. This is because the carbon from the fast pool ismuch permafrost carbon) and too deep a maximum active
quickly emitted within the first season that the permafrost islayer (suggesting too little permafrost carbon in the top 3m).
thawed, and there has been no build up of carbon within the/ery approximately, if the simulated extent is assumed to be
slow pool. In the medium term, by the middle of the 21st Overestimated by-1/3 (see Sect. 3.1 above) and the simu-
century, knowing the distribution of the soil organic carbon lated active layer- 1/3 too deep (see Dankers et al., 2011),
content becomes more important. In particular, how it variesthe large-scale high latitude permafrost volume in the top 3m
with depth. The organic carbon that becomes available as thef soil has a relatively small bias. However, this may resultin
permafrost thaws is at the bottom of the active layer whicha slightly low estimate of permafrost organic carbon, because

increases from an average of 0.69 m. Therefore, in many rethe soil organic carbon content generally decreases with in-
creasing depth and decreasing latitudes. In addition, organic
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Relative contribution to P-GMT the rate and form of carbon release in a currently unpre-
dictable fashion. Many of these processes are included in
some form within the GCM. However, their accuracy de-
pends on the ability of the model to simulate these processes,
which is often hard to evaluate at large scales and under cli-
mate change. Other relevant processes, which will impact the
rate and nature of permafrost degradation and carbon release
to a greater or lesser extent, are missing from the land surface
component of HaRdGEM2-ES. These include the formation of
ice wedges within the permafrost, cryoturbation, coastal and
river erosion, the presence of peat soils, mosses as a vegeta-
tion type, and the impact of nitrogen and phosphorous limi-
tation on vegetation productivity. Self-sustaining heat gener-
ation by microbial activity is another missing process which
could result in long term chronic emissions of £&nhd CH,
(Khvorostyanov et al., 2008). Many of these missing pro-
Fig. 10. The relative contribution to the overall spread in P-GMT cesses are likely to result in more rapid mobilisation of per-
by the 4 groups of uncertainties examined here: scenario, quality ofmafrost organic carbon, leading to a larger permafrost carbon
carbon, distribution of carbon and soil decomposition model param-+esponse.
eters. In this paper only land permafrost down to a depth of 3m
is considered. However, yedoma (407 Pg in depths greater
than 3 m) and deltaic deposits (241 Pg in depths greater than
rich soils are likely to have a greater bias in the simulated3 m) both have significant proportions of soil organic car-
active layer than mineral soils, again leading to slight under-bon (Tarnocai et al., 2009). In addition, subsea permafrost
estimation of permafrost organic carbon. Another importantand methane hydrates could also potentially release notable
source of uncertainty is the sensitivity of the simulated max-quantities of carbon (O’Connor et al., 2010; Shakhova et al.,
imum active layer thickness to the global mean temperature2010).
This uncertainty can be explored further in the context of a
multi-model ensemble such as that available for the Coupled
Model Intercomparison Project Phase 5 (CMIP5). There are6  Conclusions
errors in both the present-day simulated active layer thick-
nesses and their sensitivity to changing temperature becaugghis paper presents a highly simplistic model of permafrost
the land surface model does not include a representation ahaw and subsequent carbon release and demonstrates the im-
the thermal and hydrological characteristics of organic soils.pact of the released permafrost carbon on global temperature.
The processes included within this framework are highly Many of the modelled processes have only been explored at
simplified and do not include any interactions between thelimited sites, often using soil cores extracted for laboratory
carbon currently within the carbon cycle and the thawed per-experiments. Although some studies have used carbon iso-
mafrost carbon. Many other potentially important processegopic measurements to separate the carbon from the thawed
are yet to be incorporated into this framework. One of thepermafrost from carbon already included within the carbon
more important processes neglected is thermokarst develomycle, any large-scale extrapolation to the landscape scale re-
ment. Thermokarst terrain is widespread at high latitudes andnains challenging. In addition, permafrost degradation can
it interacts strongly with the local hydrology. Observations be a slow process which requires systematic observations
suggest that lateral erosion and ground subsidence increaswer many years. Therefore, this simple large-scale model
thaw lake area and number in continuous permafrost regionds hard to validate. In order to compensate for that, a large
and drainage decreases them in discontinuous regions (Lespread of parameter values was used to describe each pro-
et al., 2012). This is a difficult process to simulate but couldcess resulting in a spread of plausible amount of carbon re-
cause abrupt permafrost thaw with unpredicted changes ifease and impacts on the global temperature. In the future
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the emission of Chland CQ. methods of confronting the model with observations need to
Arctic ecosystems will be influenced by the increase inbe adopted so that the different components of the simple
temperature under future climate change, the @iliza- model can be appropriately evaluated.

tion effect, changes in fire frequency, precipitation, and the For the high CQ concentration pathway, P-GMT is 0.1
availability of water in thawed permafrost. These factors will to 0.36°C by the end of the 21st century. The proportion of
impact the land cover including the abundance and rangéhis temperature increase caused by the release of methane
of the vegetation species and the wetland areas and exteris ~ 0.25. However, during the early part of the 21st century
This will modify both the rates of permafrost thawing and when P-GMT is lower (between 0 and 0@), the impact
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of methane on P-GMT is up to 2.5 times the impact of,CO methane and gravity spaceborne Data, Science, 327, 322-325,
There are many additional processes, such as thermokarst de-doi:10.1126/science.11751,78010.

velopment, fire, the formation of ice wedges within the per- Burke, E. J., Dankers, R. D., and Jones, C. D.: Evaluating changes in
mafrost, cryoturbation, coastal and river erosion, the pres- near-surface permafrostduring the.20th pgntury with the JULES

ence of peat soils, and self-sustaining heat generation by mi-_'and surface model, Clim. Dynam., in revision, 2012.

crobial activity, which could be included to refine estimates 2/l2ghan, T. V., Bergholm, F., Christensen, T. R., Jonasson, C.,

. . Kokfelt, U., and Johansson, M.: A new climate era in the sub-
of P-GMT. Observations could be used to help determine Arctic: Accelerating climate changes and multiple impacts, Geo-

WhiCh' of these processes are _potentially significant and need phys. Res. Lett., 37, L147080i:10.1029/2009GL042062010.
to be included within a modelling framework. Clark, D. B., Mercado, L. M., Sitch, S., Jones, C. D., Gedney, N.,
This paper uses the simple framework to assess the sensi- gest, M. J., Pryor, M., Rooney, G. G., Essery, R. L. H., Blyth, E.,
tivity of the increase in global mean temperature associated Boucher, O., Harding, R. J., Huntingford, C., and Cox, P. M.: The
with permafrost carbon thaw (P-GMT) to model parame- Joint UK Land Environment Simulator (JULES), model descrip-
ters/processes. During the first part of the 20th century, when tion — Part 2: Carbon fluxes and vegetation dynamics, Geosci.
P-GMT is small, uncertainties in the quality of the soil have Model Dev., 4, 701-7220i:10.5194/gmd-4-701-2012011.
the strongest impact on its value. However, by the end of thé&ollins, B., Boucher, O., Jones, C., Totterdell, I., Halloran, P,
21st century, P-GMT is much larger and the uncertainties in Weodward, S., ©'Connor, F, Bellouin, N., Rumbold, S., Gedney,
the RCP scenario cause509% of the overall uncertainty. '\ @d Gregory, J.: Non-Cfbiogeochemical feedbacks in the
e . . . HadGEM2 Earth system model, Joint DECC and Defra Met Of-
The distribution of soil organic carbon contributes to about

L . . . fice Hadley Centre Climate Programme, Reference: DECC/Defra
half of the remaining spread in P-GMT with the soil decom- GAO1101, February 2011, D2.3.2., 2011a.

position model and the quality of the organic carbon con-cgyjins, w. J., Bellouin, N., Doutriaux-Boucher, M., Gedney, N.,
tributing a quarter each. A reduction of these uncertainties Halloran, P., Hinton, T., Hughes, J., Jones, C. D., Joshi, M., Lid-
though improved observational-based analysis will improve dicoat, S., Martin, G., O'Connor, F., Rae, J., Senior, C., Sitch,
our estimates of P-GMT. Uncertainties in the sensitivity of  S., Totterdell, I., Wiltshire, A., and Woodward, S.: Develop-
the active layer thickness to global mean temperature have ment and evaluation of an Earth-System model — HadGEM2,
not been considered here but are likely to have an impact on Geosci. Model Dev., 4, 1051-1078pi:10.5194/gmd-4-1051-
P-GMT. However, these are likely to be smaller than the dif- 2011 2011b. _ _ _
ferences between RCP scenarios. Dankers, R., Burke, E. J., and Price, J.: Simulation of permafrost
L and seasonal thaw depth in the JULES land surface scheme, The
e 25 100l 1o dovelop an understanding of the mpact o, COOSPHEre 5 7T3-T900I105194c 57132012011,
. avidson, E. A. and Janssens, |. A.: Temperature sensitivity of soil
permafrost carbon on the global climate system and to help

) ) . & carbon decomposition and feedbacks to climate change, Nature,
provide an appropriate representation of the permafrost cli- 440 165-173, 2006.

mate feedback within a global circulation model. Dutta, K., Schuur, E. A. G., Neff, J. C., and Zimov, S. A.: Poten-
tial carbon release from permafrost soils of Northeastern Siberia,
Glob. Change Biol., 12, 2336-2351, 2006.
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