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[1] The Northern Circumpolar Soil Carbon Database was developed in order to
determine carbon pools in soils of the northern circumpolar permafrost region. The area
of all soils in the northern permafrost region is approximately 18,782 � 103 km2, or
approximately 16% of the global soil area. In the northern permafrost region, organic
soils (peatlands) and cryoturbated permafrost-affected mineral soils have the highest
mean soil organic carbon contents (32.2–69.6 kg m�2). Here we report a new estimate of
the carbon pools in soils of the northern permafrost region, including deeper layers
and pools not accounted for in previous analyses. Carbon pools were estimated to be
191.29 Pg for the 0–30 cm depth, 495.80 Pg for the 0–100 cm depth, and 1024.00 Pg for
the 0–300 cm depth. Our estimate for the first meter of soil alone is about double
that reported for this region in previous analyses. Carbon pools in layers deeper than
300 cm were estimated to be 407 Pg in yedoma deposits and 241 Pg in deltaic deposits. In
total, the northern permafrost region contains approximately 1672 Pg of organic
carbon, of which approximately 1466 Pg, or 88%, occurs in perennially frozen soils and
deposits. This 1672 Pg of organic carbon would account for approximately 50% of the
estimated global belowground organic carbon pool.
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1. Introduction

[2] The biosphere holds large carbon pools which, if
destabilized through changes in climate and land use, can
lead to accelerated emissions of greenhouse gases to the
atmosphere [Gruber et al., 2004]. Global climate-carbon
models that account for only a few of these large pools
show that carbon-climate feedbacks can lead to an average
of 50 to 100 ppm additional CO2 in the atmosphere by the
end of this century [Friedlingstein et al., 2006]. Therefore,
it is important that future climate models include all major
carbon pools and the processes that control their long-term
carbon balance [Canadell et al., 2007].

[3] Carbon stored in permafrost regions is one of the least
understood and potentially most significant carbon-climate
feedbacks because of the size of the carbon pools and the
intensity of climate forcing at high latitudes [Schuur et al.,
2008]. The areal extent of permafrost soils and the carbon
pools they contain have been underestimated since, in the
past, the specific soil processes that lead to long-term
carbon sequestration were not taken into account [Post et
al., 1982; Jobbágy and Jackson, 2000].
[4] There are a number of estimates of global soil organic

carbon pools. Estimates for the 0–100 cm depth include
1220 Pg [Sombroek et al., 1993], 1395 Pg [Post et al.,
1982], 1462 to 1548 Pg [Batjes, 1996], 1502 Pg [Jobbágy
and Jackson, 2000], and 1576 Pg [Eswaran et al., 1993].
Batjes [1996] also reports global organic carbon pools for
the 0–200 cm depth (2376–2456 Pg) and Jobbágy and
Jackson [2000] report global organic carbon pools for both
the 100–200 cm (491 Pg) and 200–300 cm (351 Pg)
depths.
[5] Few estimates exist of the size and spatial distribution

of carbon pools in permafrost regions. Post et al. [1982]
estimate that soils in the tundra zone contain, globally,
approximately 191.8 Pg of organic carbon. This estimate,
however, is based on only 30 samples to a depth of 100 cm.
Tarnocai et al. [2003], using the Northern and Mid
Latitudes Soil Database (NMLSD), estimated that the
organic carbon pool in the 0–100 cm depth of Cryosols
(permafrost-affected soils) in the northern circumpolar
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region was approximately 268 Pg. Since then, however, the
availability of new data sets in the Northern Circumpolar
Soil Carbon Database (NCSCD) has shown that the
NMLSD greatly underestimated the area of permafrost-
affected soils in Eurasia.
[6] This paper reports new estimates of the organic

carbon pools in both permafrost-affected and nonpermafrost
soils in the northern circumpolar permafrost region. The
new estimates, unlike those from previous analyses, include
deeper layers, down to 300 cm, and additional carbon pools
to depths greater than 300 cm for deltaic and yedoma
deposits.

2. Materials and Methods

2.1. Northern Circumpolar Permafrost Region

[7] The study area encompasses the northern circumpolar
permafrost region. This region is divided into four zones on
the basis of the percentage of the land area underlain by
permafrost (Figure 1): the Continuous Permafrost Zone
(�90 to 100%), the Discontinuous Permafrost Zone
(�50 to <90%), the Sporadic Permafrost Zone (�10 to
<50%), and the Isolated Patches Permafrost Zone (0 to
<10%) [Brown et al., 1997].

2.2. Northern Circumpolar Soil Carbon Database

[8] The new estimates of organic carbon pools in soils of
the permafrost region were calculated using the NCSCD
(C. Tarnocai et al., 2007, Research Branch, Agriculture
and Agri-Food Canada, Ottawa; available at http://
wms1.agr.gc.ca/NortherCircumpolar/northercircumpolar.
zip, hereinafter referred to as Tarnocai et al., unpublished
data, 2007). This database contains over ten thousand
polygons, with each polygon (mapping unit) containing
one or more named soils or soil taxa that form the basis
for determining the carbon pools. Data for North America
and Europe are available in digital form in local soil data-
bases that have been compiled from existing soil survey
maps (Table 1). For remote areas in North America, where
detailed soil maps are unavailable, pedon, climate, and
vegetation data, together with high-quality LANDSAT
imagery, were used to delineate polygons. For Russia,
Greenland, Iceland, Kazakhstan, Mongolia, and Svalbard
spatial soil information was digitized as it was only
available as hard copy maps (Table 1).
[9] Data used to calculate carbon content (kg m�2) were

derived from multiple pedon databases (the pedon, or soil
profile, is the basic soil unit used for describing, sampling,
and classifying soils). The North American portion of the
NCSCD was built up using 1038 pedons from northern
Canada and 131 pedons from Alaska. The Eurasian portion
of the NCSCD includes a newly assembled database
containing soil organic carbon content data for 253 Russian
pedons. Two existing databases also were used to obtain
Russian data, the West Siberian Lowland Peatland GIS Data
Collection, containing data for 90 peat cores [Sheng et al.,
2004; Smith et al., 2000, 2004], and the Usa Basin database,
containing information for 266 mineral and organic soils
[Kuhry et al., 2002; Mazhitova et al., 2003]. Information
from Batjes [1996] was also used for Eurasian soils

(including Russia), especially for those soils where no
pedon information was available.
2.2.1. Computation of Soil Carbon Content
[10] Representative pedons for each soil taxon (Eurasia)

or named soil (North America) were selected. Data for
the various layers that compose each named soil (North
America) and each soil taxon (Eurasia) were entered into the
database and were used to calculate the carbon content of
each named soil in the polygon.
[11] The Soil Organic Carbon Content (SOCC, kg m�2)

was calculated for each named soil (North America) and for
the representative pedons for each soil taxon (Eurasia) using
the formula

SOCC ¼ C � BD� T � ð1� CFÞ;

where C is the organic carbon (% weight), BD is the bulk
density (g cm�3), T is the soil layer thickness, and CF is the
coarse fragments and/or ice content (% weight). Using this
information, the SOCC was then calculated for the 0–30,
0–100, 100–200 and 200–300 cm depths, or layers, for all
pedons and these data were stored in the database. The
percentages of the SOCC occurring in the 0–100, 100–200
and 200–300 cm depths of each major soil were then
calculated on the basis of a total soil depth of 0–300 cm.
2.2.2. Computation of Soil Carbon Mass
[12] The Soil Organic Carbon Mass (SOCM, Pg) was then

determined by multiplying the SOCC of the specific soil
by the area of each such soil component in the polygon.
When summed, these data provide information on the
SOCM of each soil in each permafrost zone in the northern
circumpolar region.
[13] For the North American portion of the study area, the

SOCM for Histels and Histosols (peatlands) was calculated
for the 0–100 cm depth and for the total depth of the peat
deposit since this depth was included in the database. Since
not all peat deposits in the Eurasian portion extend to
300 cm, the depth data obtained from the Usa and West
Siberian databases [Kuhry et al., 2002; Sheng et al., 2004]
were used to determine the percent distribution of peat in
three depth categories, 0–100 cm (100%), 0–200 cm
(50%), and 0–300 cm (10%). These percentages were then
used to adjust the SOCM calculated for the various depths
of the Eurasian peat soils (Histels and Histosols).
[14] Inceptisols were the only unfrozen mineral soils for

which deep carbon data were available. The SOCM for
these soils was calculated on the basis of data indicating that
the 100–200 cm layer of the Inceptisols contained approx-
imately 80% of the SOCC contained in the 0–100 cm layer
and that the 200–300 cm layer contained no organic carbon.
It was assumed that, like the Inceptisols, the other unfrozen
mineral soils would also contain no soil organic carbon in
the 200–300 cm layer.

2.3. Additional Deep Carbon Pools

[15] In addition to the soil carbon in the 0–300 cm depth,
we are also reporting the two deep carbon pools (greater
than 300 cm) described below.
[16] Yedoma deposits. These perennially frozen, loess-

like (wind-blown) deposits, which have an average depth of
approximately 25 m, contain large amounts of organic
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carbon and ice, mainly in the form of ice wedges [Zimov et
al., 2006b]. Using SOCC data from the NCSCD, we
calculated the SOCM for the 0–300 cm layer of these
deposits. This value was then deducted from the value
obtained for the 0–25 m depth in order to avoid double
counting the 0–300 cm layer.
[17] River deltas. Information on the thickness of these

alluvial deposits and the concentration of organic carbon in
them is very scarce, except for the delta sediments of the

Mackenzie River in the Northwest Territories of Canada.
Thus, this delta was used in this assessment as a model to
estimate the carbon mass contained in the major northern
deltas.
[18] The Mackenzie delta covers approximately

13,500 km2, half of which is covered by shallow lakes
and river channels. On the basis of five Mackenzie delta soil
profiles [Tarnocai et al., 1993; C. Tarnocai and H. Veldhuis,
unpublished data, 1980, 1984], this delta has an SOCC of

Figure 1. Northern circumpolar permafrost map (derived from information by Brown et al. [1997]).

Table 1. Data Sources for the NCSCD

Country or Region Scale Type of Data Source

USA 1:250,000 Digital Soil Survey Staff [1999]
Canada 1:1,000,000 Digital C. Tarnocai and B. Lacelle (1996)a

Russia 1:2,500,000 Soil map Fridland [1988] and Naumov [1993]
Kazakhstan 1:2,500,000 Soil map Uspanov [1976]
Mongolia 1:3,000,000 Soil map Dorzhgotov and Nogina [1990]
Greenland 1:7,500,000 Soil map Jakobsen and Eiby [1997]
Scandinavia 1:1,000,000 Digital European Soil Bureau [1999]
Iceland 1:1,500,000 Soil map Arnalds and Gretarsson [2001]

aThe Soil Organic Carbon Digital Database of Canada, Research Branch, Agriculture and Agri-Food Canada, Ottawa, 1996;
available at http://wms1.agr.gc.ca/soilcarbonofCanada/soilcarbonofCanada.zip.
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