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[1] Deep soil profiles containing permafrost (Gelisols)
were characterized for organic carbon (C) and total nitrogen
(N) stocks to 3 m depths. Using the Community Climate
System Model (CCSM4) we calculate cumulative distribu-
tions of active layer thickness (ALT) under current and
future climates. The difference in cumulative ALT distribu-
tions over time was multiplied by C and N contents of soil
horizons in Gelisol suborders to calculate newly thawed C
and N. Thawing ranged from 147 PgC with 10 PgN by 2050
(representative concentration pathway RCP scenario 4.5) to
436 PgC with 29 PgN by 2100 (RCP 8.5). Organic horizons
that thaw are vulnerable to combustion, and all horizon types
are vulnerable to shifts in hydrology and decomposition. The
rates and extent of such losses are unknown and can be
further constrained by linking field and modelling approa-
ches. These changes have the potential for strong additional
loading to our atmosphere, water resources, and ecosystems.
Citation: Harden, J. W., et al. (2012), Field information links per-
mafrost carbon to physical vulnerabilities of thawing, Geophys.
Res. Lett., 39, L15704, doi:10.1029/2012GL051958.

1. Introduction

[2] CO2 and CH4 released from permafrost over the next
century loom as an uncertain but potentially large feedback
to global and regional warming. Northern soil C stocks and
dynamics are sensitive to recent changes in soil temperatures
[Schuur et al., 2007], growing-season length [Euskirchen

et al., 2006], fire seasons [Turetsky et al., 2011], nutrient
availability [Mack et al., 2004], and microbial processing of
dissolved components [Olefeldt and Roulet, 2012], all of
which are inter-related but highly heterogeneous across the
landscape. Thus global models are challenged to resolve
thaw-induced changes in trace-gas emissions in relation to
three key attributes – C quantity, C form, and C environment
– to evaluate the net effect of permafrost degradation. Soil N
and soil C/N also play important roles in C cycle processes.
Sparse data limit our ability to link process studies [Natali
et al., 2012] to larger scales and models [Kimball et al., 2007].
[3] Permafrost-affected soils, or Gelisols [Soil Survey Staff,

1999] are mapped according to soil-forming processes. Tur-
bels formed in the presence of cryoturbation (freeze-thaw
mixing) of organic matter, with both gleyed and non-gleyed
mineral materials. Histels have thick (>40 or 50 cm) organic
soil horizons formed in the presence of a high or permafrost-
induced water table. Orthels are permafrost soils that formed
in the absence of cryoturbation or peat formation. Common to
all Gelisols, freezing protects organic C from decomposition
and combustion (Figure 1). Ground ice is key to processes of C
stabilization and our accounting [Grosse et al., 2011; Jorgenson
and Shur, 2009] and greatly affects 1) the proportion of C in the
active layer to permafrost [Hugelius and Kuhry, 2009] 2) the
vulnerability of permafrost to disturbances [Grosse et al., 2011],
and 3) the contact time for organic substrates to interact with
water and nutrients, which is key to mineral weathering and soil
transformations [Maher et al., 2009] that can stabilize C [Torn
et al., 1997]. C stabilization is also governed by long-term
permafrost dynamics [Sannel and Kuhry, 2009], water satura-
tion [Zoltai and Vitt, 1995], cryoturbation [Bockheim, 2007]
sedimentation [Schirrmeister et al., 2011] and other processes
such as complexation with metals or mineral binding [Lützow
et al., 2006] (Figure 1a). Thawing is generally thought to
promote C destabilization (Figures 1b and 1c), however,
changes in hydrology and cyroturbation influence C stabi-
lization as well, particularly in new accumulations of sur-
face peat. Should future cooling occur, the return of
permafrost and thinner active layers will likely promote
restabilization of soil C.
[4] By the end of this century, processes of top-down

thawing (active layer deepening; Figure 1b) and lateral thaw-
ing (thermokarst expansion) are hypothesized to remobilize
comparable amounts of previously frozen soil C [Hugelius
et al., 2011]. While responses to both top-down and lateral
progression of thaw are long-term goals for permafrost
research, top-down thawing of permafrost is widespread and
has been captured by a number of landmodels [e.g.,Koven et al.,
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2011; Lawrence et al., 2008]. Meanwhile, permafrost C inven-
tories [Tarnocai et al., 2009; Ping et al., 2008a] have not yet
established detailed vertical distributions for soil horizons
and their C stocks that are suitable for use by large scale land
models and have only been determined thus far at local/
regional scales [e.g., Hugelius et al., 2011]. Representing the
effects of vertical thaw on soil C dynamics would be greatly
advanced by linking to a more detailed characterization of the
depth and horizon distributions of soil C and N. To this end,
we have linked field- and lab-based soil information to
models of top-down permafrost thawing in order to elucidate
specific vulnerabilities of soil C to thawing. Field informa-
tion on soil horizons such as organic, mineral, gleyed, cryo-
turbated allowed us to explore means and variations in
depths, densities, and thicknesses for each of 3 gelisol sub-
orders. Spatial maps of the suborders allowed us to link such
means to potential exposures to specific vulnerabilities based
on the depth and type of soil horizon affected by thawing.

2. Approach

2.1. Calculation of C and N Depth Distributions
by Characteristic Horizon Types

[5] For each soil pedon, we determined C and N densities,
C and N stocks, and C/N at 5-cm depth increments and
attributed each increment to one of six characteristic horizon
types (Noncryoturbated-Nongleyed, Noncryoturbated-Gleyed,
Cryoturbated-Nongleyed, Cryoturbated-Gleyed, Fibrous Organic,
and Amorphous Organic). For each of the three gelisol sub-
orders, we then calculated means and standard deviations for
each horizon type occurring within each depth increment.
Lab errors for C content and bulk density are accounted for in
spatial replication of profiles (equations (1) and (2) in the
auxiliary material).1 Analysis of variance (ANOVA) was

used to examine differences among horizons in C and N
densities, C and N stocks, and C/N (see auxiliary material).

2.2. Thawing of Permafrost

[6] We estimate the statistical distribution of freeze/thaw
as a function of depth for permafrost soils by calculating the
cumulative distribution of active layer thickness (ALT) for
all permafrost gridcells of the CCSM4 for each of 3 time
periods: current (yr 2005–2014), mid-century (2045–2054),
and end-of-century (2090–2099) using RCP4.5 and RCP8.5
which refer to stabilized radiative forcings at levels of 4.5
and 8.5 W/m2 by 2100. Model output for current periods are
compared to measurements of ALT (see Figure 3a) to eval-
uate model performance. The CCSM4 includes soil para-
meterizations for organic and mineral substrates and their
thermal and hydrologic properties at multiple depths to
>30 m [Lawrence et al., 2011]. However, we limit our
analysis to 3 m depths where our soil data were most robust.
Once thawed, the differences between current and future
ALT distributions were then used to quantify the amounts of
C and N in various horizon types that were subjected to
future thaw. This was accomplished by establishing separate
cumulative ALT distributions for each suborder, which were
then combined with depth profiles of permafrost carbon
attributed to horizon type:

Cvhor ¼
X

suborder

Asuborder

Z
Chor;suborderðzÞDFsuborderðzÞdz ð1Þ

where: Cvhor is the C vulnerable to changes in ALT of a
given horizon type; hor is the horizon type (two organic,
four mineral); suborder is the suborder (Histel, Orthel,
Turbel); Asuborder is the total area covered by soils of the
suborder; Chor,suborder(z) is the C density for a given horizon
type and suborder at depth; (z) is the change in frozen frac-
tion for suborder at depth z.; DFsuborder(z) therefore is based
on the cumulative ALT distributions from each time period.

Figure 1. Permafrost soils and processes affecting carbon: (A) The 3 suborders (ovals) of Gelisols, or permafrost soils, and
the processes that dominate their formation and C stabilization. Other processes of C stabilization are ice aggradation, impor-
tant in all but very dry soils; active layer thinning, which promotes ice aggradation and freezing; and syngenetic accumula-
tion of ice with organic and mineral materials as landforms accrete upward. For Histels, syngenesis of ice and peat occurs;
for Orthels and Turbels, syngenesis of ice with mineral or organo-mineral soil occurs. (B) Top-down thaw and impacts on C
losses (arrows) from the soil profile; modified from [Striegl et al., 2005]. (C) Potential C destabilization upon thawing,
showing shifts (arrows) in the processes involved in classification of suborders (ovals as in panel B). Processes of C desta-
bilization (arrows) align along pathways dictated by water and mixing. Over long-term histories, both B and C occurred in
response to climate and ecosystem processes resulting in soil profiles we see today. For future scenarios represented by cur-
rent models, processes in part C are assumed to outpace B owing to continued warming, but hydrologic changes and land-
form accretion/collapse are not yet captured by models.

1Auxiliary materials are available in the HTML. doi:10.1029/
2012GL051958.
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[7] Uncertainty was evaluated by including end-member
estimates for both thawing and carbon stock estimates for
each of the suborders (for more information, see auxiliary
material).

3. Findings

3.1. Carbon and Nitrogen in Permafrost Soils

[8] Organic C to 3 m varies according to suborders,
ranging from Histels (best estimate 160 kgC/m2), Turbels
(110) to Orthels (71) with total N stocks ranging from

Histels (6.9 kgN/m2) Orthels (4.6) and Turbels (7.5) to 3 m
depths. Uncertainties for these stocks are sensitive to several
assumptions and could range from 10 to 100 kgC and <1
to 226 kgN depending on methods for propagating errors
(auxiliary material). Types of soil horizons, which are rec-
ognized and sampled in the field, show consistent and sig-
nificant differences in C and N among suborders (ANOVA;
P < 0.05; see auxiliary material for details). Organic hor-
izons have higher C/N than mineral horizons (Figure 2a; P <
0.001). Histels are characterized by fibrous and amorphous
organic horizons with high C densities and wide ranges in

Figure 2. (a) The relationship between C/N ratio and C density in kgC/m3 across soil horizons and the carbon - depth dis-
tributions of soil horizons in (b) Histels, (c) Turbels and (d) Orthels. Organic horizons (circled) with >10% C include fibrous
and amorphous forms; Cryoturbated horizons (circled) include nongleyed (NG) and gleyed (G) oxidative states. Mean and
standard deviations shown in A. Noncryoturbated horizons (circled) include gleyed and nongleyed states. Samples with %
N <0.1 were omitted from this analysis (see Table S1). Colors in Figure 2a are matched to those in Figures 2b–2d.
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C/N values (with higher C/N in fibrous horizons; ANOVA,
P < 0.05; Figure 2a), reflecting long-term net accumulation
of plant substrates with wide ranges in N contents and
decomposition histories. C density is highest in amorphous
organic horizons and cryoturbated horizons (ANOVA p <
0.05). Large quantities of carbon in intermediate depths of
Turbels reflect advection of organic matter into mineral
substrates by cryoturbation (Figure 2c) [Koven et al., 2009].
Gleyed cryoturbated horizons indicate proximity to the
“permafrost table” (Figure 2c; see also Figure 3) where
seasonal water is typically perched long enough to promote
anoxic conditions [Bockheim, 1980, 2007; Ping et al.,
2008b]. The %C and N in gleyed mineral soil horizons is
higher than in non-gleyed horizons (ANOVA; P < 0.05)
which reflects accumulation of organic matter near the
permafrost table [Ping et al., 2008b]. The mechanisms of C
stabilization are captured by the suborder classification in
that Histels reflect saturation and subsequent freezing of
organic soil horizons (Figure 2b); Turbels reflect advection
of organic matter into deeper parts of the active layer that
subsequently freezes into permafrost (Figure 2c); and
Orthels reflect a combination of processes including stabi-
lization by freezing into the permafrost (Figure 2d).

3.2. Thawing

[9] The cumulative ALT distributions calculated by
CCSM4 for current and future climates (Figures 3b and 3c),
show that under the current climate, 45% of permafrost soils
have ALT ≤ 1 m. About 25% and 5% of permafrost soils
will have ALT ≤ 1 m by 2100 under RCP4.5 and RCP8.5,
respectively. Similarly, the model projects that only 57%
and 26% of area of permafrost soils will still contain per-
mafrost in the top 3 m by the end of the century under the
RCP4.5 and RCP8.5 scenarios, respectively.
[10] Model output from gridcells that contain measure-

ments of ALT (Figure 3a) shows a tendency of CCSM4 to
overestimate ALT under current climates (see Figure 3a).
This is partly due to biases, such as excessive snowfall in the
atmospheric model and its associated insulation [Lawrence
et al., 2012], but model-data bias also indicates variables

and processes presently not accounted for in the model, such
as variable ground ice content, lateral heat flux, and feed-
backs between fire and thaw. The effect of these biases on
our calculations are complex—for example, overestimation
of ALT suggests an underestimate of the fraction of C that is
initially in permafrost and therefore available for thaw. For
modeling the sensitivity of permafrost to warming, the
atmospheric biases and lack of representing massive ice
suggests the model overestimates this sensitivity, while the
lack of lateral or bottom-up thaw and fire feedbacks may
indicate the model underestimates this sensitivity.

3.3. Carbon and Nitrogen Sensitivities to Thawing

[11] Our model results (Table 1) project that permafrost
layers within the top 3 m of permafrost-affected soils contain
135 to 881 Pg of C today (best estimate 474 Pg), with
another 122 to 1012 Pg stored in seasonally (surface) or
perennially (talik) thawed soils. Permafrost layers also con-
tain 31 to 102 Pg of N (best estimate 66). These ranges
include variations in both ALT and depth distributions of C
and N. Over the next century, under the moderate warming
scenario (RCP4.5), we estimate that 61 to 399 Pg (best
estimate 214 Pg) of permafrost C will thaw, with concomi-
tant thawing of 16 Pg of N. Under the high RCP8.5 warming
scenario, 108–706 Pg (best estimate 379 Pg) of permafrost
C, and 29 Pg of N, may thaw by 2100 (Table 1). These
estimates are constrained to the uppermost 3 m and do not
include deeper soils and sediments such as deltaic deposits
or Yedoma (Pleistocene deposits rich in ice and carbon)
that may also be subjected to thawing and contain large
stocks of C.
[12] Once thawed, several pathways for C release are

feasible. All newly thawed carbon is likely to experience
enhanced decomposition and hydrologic shifts such as
leaching, ponding, or draining. Depending on whether
hydrological shifts favor drainage or ponding (Figure S2),
which is heterogeneous [Turetsky et al., 2005] and difficult
to predict, enhanced oxidation or reduction will determine
the reaction pathway and fate of the thawing C and
N. Organic horizons will become susceptible to combustion

Figure 3. (a) Comparison of cumulative active layer thickness (ALT) distributions from CCSM4 model and the observa-
tions of the CALM network [Brown et al., 2000] and the dataset of Zhang et al. [2006]. Modeled ALT values are sampled
at each gridcell corresponding to a site from the observation networks. Cumulative ALT distributions from all permafrost-
containing gridcells of the CCSM4 model for period 2005–2014, 2045–2054, and 2090–2099 using climate scenarios
(b) RCP4.5 and (c) RCP8.5. Shaded area represents 1SD model spread within the ensemble for each scenario.
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under enhanced post-thaw drainage, thus as much as 16 to
187 Pg C (best estimate 80 Pg C for RCP 8.5; compare to
33 Pg for Histels according to Wisser et al. [2011]) could be
newly subjected to combustion by wildfire, potentially as a
more rapid emission pathway than through decomposition
(Table 1).
[13] The stocks of vulnerable C listed in Table 1 should

not be seen as the total amount of C that will be released due
to thaw. Incubation and substrate studies [e.g., Dioumaeva
et al., 2002; Dutta et al., 2006; Schimel and Mikan, 2005]
suggest that large fractions of labile C exist in arctic soils,
including permafrost layers. Yet even in long (�1-year)
incubations [Dutta et al., 2006], less than 3% of initial C was
lost to decomposition at room temperature in the absence of
new substrates or nutrients. Little is known about whether
such decomposition rates are fractionally proportional over
longer time-frames (>1-year). Even less is known about field
conditions for deep soil decomposition and deep permafrost,
although some recent field studies indicate enhanced
decomposition occurs post-thaw [Nowinski et al., 2010;
O’Donnell et al., 2009, 2012; Schuur et al., 2007] and that
microbial communities are viable even after long periods of
being frozen [Mackelprang et al., 2011]. Cold temperatures
(even during the thaw season), limits to oxygen and nutrient
availability, stabilization processes such as mineral binding
or cryoturbation, and flowpaths for dissolved organic matter
play important roles in determining the rate of soil C emis-
sions and their contribution to feedbacks through nutrient
cycling. Furthermore, the association of incubation- and
water extraction-based studies of dissolved C fractions
[Michaelson and Ping, 2003] have only been weakly asso-
ciated to horizon forms as described and sampled in pedon
studies. While more and better spatial coverage of complete
soil profiles, particularly in undersampled regions such as
Siberia, will continue to improve estimates of amounts and
forms of carbon in soils, measurements that link moisture-
redox-gas and dissolved C fluxes to specific soil horizons
will enable us to explicitly link the spatial information of soil
profiles and horizons to C transfer functions established
experimentally.

[14] Reported uncertainties (Table 1) are based on 1
standard deviation of C densities from the pedon-level
observations; higher estimates could result from deeper
soil materials and lower estimates could result from rocky or
ice-rich substrates. In addition, substantial uncertainties
exist that are more difficult to quantify. One of these is the
CCSM4 overestimate of ALT due to excessive snow
(Figure 3a; see also auxiliary material). It is not clear, how-
ever, whether we have underestimated future thawing by
propagating this bias through the future climate scenarios
because thaw is defined as the difference between future and
current ALT. Our approach neglects possible spatial cov-
aration between soil C and ALT, which may lead to errors in
thawed carbon if, for example, C profiles differ greatly
between (a) warm and vulnerable permafrost soils vs. cold
and stable permafrost, or (b) between Histels and mineral
soils existing within what the model treats as a single grid-
cell; these issues reinforce the need for (a) more observations
of continental and southerly permafrost soils, and (b) explicit
differentiation within land surface models of sub-gridscale
difference in soil types. Issues that may reduce these esti-
mates involve how we treat deep observations (we assumed
missing data here but rock or pure ice could indicate near-
zero values for %C) and our ability to represent high-ice,
low carbon soils in our sampling. Moreover, our model does
not capture abrupt or spatially heterogeneous impacts on soil
C and N such as due to thermokarst formation or changes in
hydrology, talik, fire severity, or vegetation community, and
also does not take into account the important role of ther-
mokarst lakes in releasing very deep permafrost C. Yet the
timing and duration of such processes likely profoundly
influence the trends captured by this top-down thawing
approach, potentially resulting in even greater releases of C
and N.

[15] Acknowledgments. This collaboration was supported by the
Vulnerability of Permafrost Carbon Research Coordination Network and
its numerous funding agencies. We also acknowledge USGS, DOE/BER
DE-AC02-05CH11231 and Swedish Research Council. We gratefully
acknowledge helpful reviews by Julie Jastrow and Kristen Manies.
[16] The Editor thanks Julie Jastrow and an anonymous reviewer for

assisting in the evaluation of this paper.

Table 1. Organic C and Total N in Frozen and Thawed Soils According to Model Forecasting by CCLM4a

Present Day Total Cb
Present Day
Permafrost Cb

C Thawed by yr
2050 rcp4.5b,c,d

C Thawed by
2050 rcp8.5b,c,d

Best Estimate

C Thawed by
2100 rcp4.5b,c,d

Best Estimate

C Thawed by
2100 rcp8.5b,c,d

Best
Estimate Min Max

Best
Estimate Min Max

Best
Estimate Min Max

Best
Estimate Min Max

Key Vulnerabilities of O Horizons Upon Thawing: Decomposition and Combustion
O horizons 251 38 613 99 19 232 27 5 64 38 45 80 16 187

Key Vulnerabilities of Gleyed Horizons Upon Thawing: Decomposition and Hydrologic Change
Gleyed horizons 280 4 776 83 0 291 26 0 86 36 40 71 0 244

Key Vulnerabilities of Cryoturbated Horizons Upon Thawing: Decomposition and Hydrologic Change
Cryoturbated horizons 408 17 979 202 11 482 55 3 132 77 92 162 8 389
All horizon Carbone 1060 223 2159 548 134 1063 147 35 287 208 246 436 105 851
All horizon Nitrogen 67 28 106 37 18 56 10 5 15 14 17 29 14 44

aUnits in Petagrams C. Uncertainties show and minimum and maximum values as in the auxiliary material.
bIncludes propagated errors for variance in measured profile-based carbon inventories; measurement uncertainty of bulk density.
cIncludes uncertainty of present-day models of frozen/unfrozen areas and their relationship to depth using probability distributions; also includes

uncertainty related to models for future thawing and variations in the shape of the thaw curve . See auxiliary material.
dRecognized unmeasured uncertainty related to C vulnerability unrelated to thawing such as fire, dissolved export, and other thawing mechanisms such

as lateral thermokarst.
eAll horizon carbon and nitrogen include also non-cryoturbated and non-gleyed horizons.
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