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Abstract Northern circumpolar permafrost soils contain more than a third of the global soil organic
carbon pool (SOC). The sensitivity of this carbon pool to a changing climate is a primary source of
uncertainty in simulation-based climate projections. These projections, however, do not account for the
accumulation of soil deposits at the base of hillslopes (hill toes) and the influence of this accumulation on
the distribution, sequestration, and decomposition of SOC in landscapes affected by permafrost. Here we
combine topographic models with soil profile data and topographic analysis to evaluate the quantity and
uncertainty of SOC mass stored in perennially frozen hill toe soil deposits. We show that in Alaska this SOC
mass introduces an uncertainty that is >200% the state-wide estimates of SOC stocks (77 Pg C) and that a
similarly large uncertainty may also pertain at a circumpolar scale. Soil sampling and geophysical imaging
efforts that target hill toe deposits can help constrain this large uncertainty.

1. Introduction

The thawing of permafrost soils in the Arctic may release vast amounts of carbon (C) to the atmosphere and
induce a positive feedback between increasing temperature, thawing, and further carbon release [Zimov et al.,
2006; Harden et al., 2012; Schuur et al., 2015]. Current estimates for northern circumpolar areas suggest that
seasonally thawed shallow soils contain ∼500 Pg C, and ∼ 800 Pg C are stored in deeper perennially frozen
soils [Hugelius et al., 2014]. This deeper repository of C has accumulated over ∼ 103 –105 years from seasonal
vegetation growth followed by die-off and burial, such that SOC is incorporated into deep and perennially
frozen soil where SOC decomposition rates are extremely slow [Michaelson et al., 1996; Zimov et al., 2006;
Schuur et al., 2008; Tarnocai et al., 2009; Harden et al., 2012; Elberling et al., 2013]. Coupled land-climate models
that account for permafrost thawing predict that permafrost soils will become a major carbon source of several
to hundreds of petagrams of C over the next century [Zhuang et al., 2006; Koven et al., 2011; Harden et al., 2012].
These models, however, are associated with a large uncertainty that is primarily an outcome of the uncertainty
in permafrost SOC quantity and distribution [Burke et al., 2012; Mishra et al., 2013; Hugelius et al., 2014].

The feedback between the thawing of permafrost SOC and Earth’s climate motivated substantial efforts to
evaluate the quantity and distribution of this frozen C reservoir through sampling and spatial interpolation
[e.g., Michaelson et al., 1996; Ping et al., 2005; Zimov et al., 2006; Ping et al., 2008; Tarnocai et al., 2009; Harden
et al., 2012; Jorgenson et al., 2013; Mishra et al., 2013; Hugelius et al., 2014]. These efforts appreciably improved
the quantification of permafrost SOC, but estimates remain poorly constrained in areas of considerable topo-
graphic relief such as Arctic foothills, uplands, and mountains, as well as for SOC stocks at depth larger than
3 m [Mishra et al., 2013; Hugelius et al., 2014]. This data gap, an outcome of sampling difficulties in these remote
areas, may disrupt the assessment of permafrost SOC stored in hillslope-scale repositories.

Accumulation of thick soil deposits at hill toe position in permafrost environments results from downslope
soil transport through soil creep and fluvial processes, as well as accumulation of locally produced organic
material [Sellmann, 1967; Hamilton et al., 1988; Yoo et al., 2005; Berhe et al., 2007; Johnson et al., 2013]. These
processes affect SOC distribution and sequestration because they can deposit SOC at the base of the hill
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(i.e., the hill toe, which includes the toe slope and foot slope of the catena pedosequence, Figure 1) where low
SOC decomposition rates may prevail [e.g., Berhe et al., 2012]. In temperate climates, for example, downslope
soil transport likely sequesters a globally meaningful quantity of SOC [Yoo et al., 2005; Berhe et al., 2007]. This
quantity, however, strongly depends on the rate of SOC decomposition during transport and within buried
deposits as well as on the rate of soil transport down the hillslope and into the riverine system [Yoo et al.,
2005; Berhe et al., 2007] (Figures 1a and 1b). In permafrost regions, large SOC quantities may be sequestered
into perennially frozen soils within hill toe deposits (Figure 1b) due to a combination of low SOC decomposi-
tion rates in the active layer (i.e., the mobile upper soil that thaws every summer) when saturated [Knoblauch
et al., 2013; Elberling et al., 2013; Schädel et al., 2014] and the extremely low decomposition rates in the peren-
nially frozen soil that underlies it [Zimov et al., 2006; Schuur et al., 2008; Tarnocai et al., 2009; Harden et al., 2012;
Knoblauch et al., 2013; Elberling et al., 2013]. Further, the high downslope soil transport rates documented over
high-latitude hillslopes [Oehm and Hallet, 2005], and the low flux of sediments to Arctic rivers [Syvitski, 2002;
Gordeev, 2006], suggest that deep SOC stocks may accumulate at hill toe positions in high-latitude areas. Such
soil accumulation is evident by general thickening of soil deposits at concave-up hill toe locations [Sellmann,
1967; Wu, 1984; Hamilton et al., 1988; Pewe, 1989; Ping et al., 2005]. In the Fox Permafrost Tunnel, AK, for exam-
ple, >15m of deposits accumulated at a hill toe position [Sellmann, 1967; Hamilton et al., 1988]. Even though
the effects of vertical soil mixing, due to cryoturbation, on SOC burial and storage in lower active layer and
upper permafrost have been well explored [Michaelson et al., 1996; Bockheim, 2007; Koven et al., 2011; Ping
et al., 2015], the accumulation and burial of SOC at hill toe positions has gone largely unaccounted in areas
affected by permafrost.

The objective of this study is to evaluate the quantity and uncertainty of SOC mass stored in perennially frozen
hill toe soil deposits. To do so, we utilized the high quality of topographic, glacial history and soil profile data in
Alaska, combined with modeled topography, to explore the contribution of perennially frozen hill toe deposits
to the uncertainty in SOC estimates in Alaska and, by extension, in the entire northern circumpolar area (i.e.,
latitude >50∘ north).

2. Method
2.1. Approach
To evaluate the mass of SOC stored in perennially frozen hill toe deposits, we combined soil profile data with
topographic modeling and landscape classification. Our estimates rely on simplified geometric representa-
tions of hillslope topography that in part rely on a slope-dependent soil transport model [e.g., Culling, 1963;
Govers et al., 1994; Dietrich et al., 1995; Yoo et al., 2005; Bogaart et al., 2003; Oehm and Hallet, 2005]. Such a
model predicts topographic convexity at hilltops and concavity at hill bottoms, where soil erosion and depo-
sition take place, respectively. To evaluate the validity of modeled topography, we explored whether this
topographic pattern is indeed common in Alaska and also measured soil depth in hilltop and hill toe loca-
tions (section 2.2) to corroborate published data [i.e., Sellmann, 1967; Wu, 1984; Pewe, 1989; Ping et al., 2005].
We then evaluated the aerial extent (A (m2)) of hilly soil-mantled terrain affected by permafrost (hereafter
HSP terrain) by combining a topographic classification [Meybeck et al., 2001] with permafrost and Normalized
Difference Vegetation Index (NDVI) data sets (section 2.3). We explored the thickness and SOC density (Cr

(kg/m3)) of hill toe deposits by querying soil profile data sets in HSP terrain in Alaska (section 2.4; supporting
information). The soil depth (H (m)) and hillslope relief (R (m)) associated with these soil profiles were then
used to constrain the aforementioned topographic models that were used to calculate the mean thickness (H̄p

(m)) of perennially frozen hill toe deposits (sections 2.5 and 2.6; supporting information). We combined this
thickness, SOC density, and area of HSP terrain to approximate the volume (V (m3)) of perennially frozen hill
toe deposits in Alaska and the mass of SOC (Ct (g)) stored in these deposits. To put our findings in a circumpolar
context, we apply a similar analysis over the northern circumpolar area.

2.2. Topographic and Soil Depth Analysis in Alaska
We used landscape curvature to explore whether the lower portion of hillslopes in Alaska is associated with
a concave-up topography characteristic of depositional hillslope settings [e.g., Culling, 1963; Andrews and
Hanks, 1985; Rosenbloom et al., 2001; Yoo et al., 2005; Berhe et al., 2007]. To do so, we mapped the topographic
curvature over a smoothed digital elevation model (DEM) of Alaska (∼50 m lateral resolution; supporting
information) and explored the location and fraction of DEM pixels with positive curvature (Figure 1d; support-
ing information). To evaluate the heterogeneity in topographic curvature, we also computed the fraction of
concave-up DEM pixels across HSP areas of different permafrost categories. Whereas published data suggest
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Figure 1. SOC accumulation at hill toe deposits. (a) A schematic hillslope profile showing soil transport and SOC
decomposition. Grey arrows mark the direction of soil flux in the mobile layer. Grey circle on the upper left marks
initial SOC quantity, smaller circles downslope indicate smaller quantities due to SOC decomposition thus illustrating
the fate of an initial SOC quantity during transport (regardless of SOC produced along this route). The rate of SOC
decomposition in Figure 1a is high both in the mobile and buried layers so that the initial SOC quantity decreases as
it is being transported downslope and after it is being buried at the hill toe. (b) Similar to Figure 1a except that SOC
decomposition rate is much lower in both mobile and buried soil such that a larger quantity of SOC remains through
transport and deposition. The hillslope relief (R), deposit thickness (H), and active layer thickness (at) are marked on the
right. (c) Temporal stages in the evolution of a hillslope topography through soil creep (i.e., modeled as linear diffusion).
Note the accumulation of deposits at the hill toe [after Berhe et al., 2007]. (d) A map of topographic curvature values
computed from an ∼50 m DEM of typical hilly soil-mantled terrain affected by permafrost (i.e., HSP terrain) in Alaska. The
topography (gray contours ∼9 m apart) shows that areas of positive curvature are spatially extensive and occur mainly
at the lower portion of hillslopes. (e) Topographic profile (left y axis) between A and B (in inset) in the Seward Peninsula
(latitude, longitude: [65.026660∘ , −166.16686∘]). The soil thickness (i.e., depth of soil excavation/drilling, right y axis) at
each of the sampling locations shown in the inset is marked by a grey circle. The inset shows a hill shade map of soil
depth sampling sites; the hillslope extends to the east beyond the margins of the map. Elevation contours (10 m apart)
are derived from 5 m IfSAR data [Craun, 2015]. Grey circles mark the location of soil depth measurements. Dashed line
between A and B marks the trace of the profile shown in Figure 1e.

that soil thickness increases in hill toe positions at temperate and permafrost setting [e.g., Sellmann, 1967;
Wu, 1984; Pewe, 1989; Yoo et al., 2005; Ping et al., 2005; Berhe et al., 2007], we further explored this by sampling
soil depths along a hilltop to hill toe transect in the Seward Peninsula (Figure 1e; supporting information). In
a location at the central Seward Peninsula (latitude, longitude: [65.43064256∘, −164.6769601∘]; supporting
information) we also dug into a gully bank at a hill toe location to record the depth of hill toe deposits.
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Figure 2. Classification of hilly soil-mantled permafrost (HSP) terrain. (a) Soil profile locations in Alaska (N = 584, black circles [Vitharana et al., 2017]). Sixteen of
these profiles sample permafrost in hill toe positions (green circles). The locations of our soil depth measurements in the Seward Peninsula are marked in
magenta. (b) Permafrost zones map [Brown et al., 2014] overlain on an NDVI map [CAVM Team, 2003]. (c) Locations classified as HSP terrain (in green is the
maximal extent of HSP terrain, this study) laid over an elevation map [USGS, 1996]. The classification of HSP terrain is based on joined analysis of these
permafrost, NDVI, and topographic data sets together with the NDVI values associated with the profiles in Figure 2a (section 2.3; supporting information).

2.3. Evaluating the Extent of Hilly Soil-Mantled Terrain Affected by Permafrost
To approximate the area of HSP terrain, we jointly analyzed topographic (GTOPO30 DEM [U.S. Geological
Survey (USGS), 1996]), NDVI [Circumpolar Arctic Vegetation Map (CAVM) Team, 2003; Walker et al., 2002], soil
profile [Mishra et al., 2017], and permafrost zonation [Brown et al., 2014] maps (Figure 2). We defined hilly
terrain following the DEM (GTOPO30)-based classification of Meybeck et al. [2001] that is used by the Circum-
polar Arctic Vegetation Map team [CAVM Team, 2003]. We assumed that the joined classes of hills and low
mountains [Meybeck et al., 2001] appropriately represent hilly terrain. Of the selected DEM pixels, we identi-
fied those that likely represent soil-mantled terrain by querying pixels whose NDVI value exceeds a threshold
of 0.39 (computed by joined analysis of NDVI and soil profile data set; supporting information). This relies on
the assumption that high NDVI corresponds with high vegetation coverage and associated soil [e.g., Walker
et al., 1995; Hodkinson et al., 2003] (supporting information). From these pixels we then identified those that
are mapped within permafrost areas [Brown et al., 2014] and computed the HSP area by weighting the cumu-
lative area of pixels in each permafrost category by the associated percentage of permafrost cover (95 ± 5%,
70±20%, 30±20% and 5±5% for continuous, discontinuous, sporadic, and isolated permafrost cover, respec-
tively [after Brown et al., 2014]). We computed the uncertainty in HSP area from the uncertainty in elevation
and permafrost cover (supporting information).

2.4. Querying Soil Profiles
To extract information on the depth and SOC density of perennially frozen hill toe deposits, we combined
topographic analysis with the location and depth of soil profiles in Alaska. Our analysis relies on the Alaska
soil survey data set because it captures various landscape positions compared to other permafrost regions
[Ping et al., 2008; Mishra and Riley, 2012; Michaelson et al., 2013] and facilitates a synthesis with high-resolution
topographic [e.g., Mishra and Riley, 2014] and past glaciation data sets [i.e., Bundtzen et al., 2011]. The soil
profile data set compiled by Vitharana et al. [2017] contains 584 georeferenced soil profiles which include data
from Michaelson et al. [2013]. To explore whether past glaciation is associated with soil heterogeneity, we used
a Kolmogorov-Smirnov test to compare the permafrost SOC density between soil profiles in and out of areas
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Figure 3. Analysis of SOC mass, soil profiles, hillslope relief, and modeled
thickness of hill toe deposits in Alaska. (a, b) Box plots of SOC mass
(Ct (Pg C)) stored in permafrost hill toe deposits in Alaska for the two
modeled profile geometries. The plots show the cases where deposit
depth does (Figure 3b) and does not (Figure 3a) scale with relief.
Whiskers, box boundary, central line, and diamond symbol mark the
[5th, 95th] percentiles, [25th, 75th] percentiles, median, and mean,
respectively. (c, d, e) Cumulative distribution functions (CDFs, P on the y
axis marks probability) from empirical measures of H∕R based on the
topographic relief (R) and soil profile depth (H) of the 18 soil depth
profiles included this study (Figure 3c), permafrost C content for the 16
profiles with reported C density (Figure 3d), and local relief of HSP terrain
in Alaska (Figure 3e) (see section 3.2). (f, g) Illustration of modeled linear
and sigmoidal profile geometries; in these models, the hill toe extends to
half of the profile length, and the maximal depth of deposits is
determined by H∕R.

glaciated in the Pleistocene [Bundtzen
et al., 2011]. To identify soil profiles that
likely sample perennially frozen hill toe
deposits in HSP terrain, we screened the
soil profile data set for profiles in HSP
areas (section 2.3) that include a per-
mafrost layer (i.e., below the active layer)
over a sloping topography (to avoid
valleys and planes) of positive curva-
ture (indicative of concave-up topogra-
phy characteristic of hill toes; Figure 1;
supporting information). We computed
slope and curvature from a smoothed
∼50 m DEM of Alaska and used con-
servative slope and curvature thresh-
olds (1.66∘, −0.0019 m−1, respectively;
supporting information) that account
for propagation of uncertainty in ele-
vation. For each of the selected pro-
files, we manually measured the relief
between the profile location and the
hilltop and used it to calculate the
ratio (H∕R) between the thickness of
hill toe deposits (H) and hillslope relief
(R; Figure 1b). We used these ratios to
constrain the depth of hill toe deposits
with a topographic model (section 2.5;
supporting information) and the SOC
density in the permafrost portion of the
profiles to evaluate the quantity of per-
mafrost SOC in these deposits.

2.5. Evaluating SOC Quantities
Through Modeled Hillslope
Topography
To compute SOC quantities in HSP
terrain over Alaskan and circumpolar
scales, we evaluated the thickness of
perennially frozen hill toe deposits aver-
aged over the entire hillslope area. This
mean thickness (H̄p (m)) is computed
from the elevation difference between
the recent topography (i.e., final pro-
file) and the paleotopography prior to
initiation of soil transport and accumu-
lation (i.e., initial profile; Figures 1c, 3f,
and 3g). For generality, these profiles
are represented by two idealized nondi-
mensional geometries (Figures 3f and
3g): (a) linear, due to its simplicity, and
(b) sigmoidal (based on a periodic func-

tion), which closely resembles the current topography (Figure 1). The nondimensional profile elevation and
distance (z∗, x∗, respectively) are scaled by the profile’s length and final relief (R). The dimensionless elevation
of the initial profile is computed such that at the hill toe, the nondimensional elevation difference between
the initial and final profiles (z∗i , z∗

f
, respectively) equals a prescribed nondimensional soil depth (H∗ = H∕R;
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Figure 1b). The geometry of the sigmoidal profile is also consistent with the geometry produced by a diffu-
sive soil creep model with no flux boundary conditions [e.g., Culling, 1963; Andrews and Hanks, 1985; Yoo et al.,
2005] (Figures 1c and 3g). The nondimensional mean thickness of perennially frozen hill toe deposits (H̄∗

p) is
computed from the difference between z∗

f
(x∗) and z∗i (x

∗) and accounts for the nondimensional thickness of
the active layer (a∗ = a∕R):

H̄∗
p = ∫

1

0
z∗f (x

∗) − z∗i (x
∗) − a∗ dx∗. (1)

The integrand is set to 0 at locations where the thickness of deposits is smaller than that of the active layer (i.e.,
a∗(x∗)> z∗

f
(x∗) − z∗i (x

∗)). The dimensional mean thickness of perennially frozen deposits (H̄p (m)) for a given
relief value is thus H̄p = RH̄∗

p. The volume (V (m3)) and SOC mass (Ct (kg)) stored in perennially frozen hill toe
deposits over a terrain of relief R (m) and area A (m2) are approximated as

V = ARH̄∗
p = AH̄p ,

Ct = CrV , (2)

where Cr (kg/m3) is the SOC density of perennially frozen hill toe deposits (extracted from the aforementioned
soil profiles).

2.6. Constraining Hill Toe Soil Thickness With Soil Profile Data
Estimates of SOC mass (Ct) in equation (2) can rely on the mean thickness (H̄p (m)) and SOC density (Cr (kg/m3))
of perennially frozen hill toe deposits. To evaluate Ct directly from the soil profile data set, we used the H∕R
value (Figure 1b) of each hill toe soil profile to model the initial and final topography of the hillslope upslope
of this profile for each one of the idealize profile geometries. We calculated H̄p (equation (1)) using the mea-
sured a and R values (Figure 1b) associated with this soil profile. Assuming that the measured soil profiles are
representative of HSP terrain, Ct over this terrain can be approximated via equation (2), where A is the area of
HSP terrain (section 2.3), and Cr and H̄p are representative values based on the soil profiles data. To account
for the empirical distributions of Cr , H̄p, and A, we computed V and Ct and their uncertainty with equation (2)
through a Monte Carlo simulation (104 iterations) where the values of Cr , H̄p, and A are randomly sampled
from these distributions.

An alternate approach that accounts for spatial changes in R and H assumes that the ratio between deposit
thickness and hillslope relief (H∕R) remains the same such that the thickness of deposits covaries with relief.
This assumption relies on the coarse scaling of H and R in the analyzed soil profiles (supporting information),
and on the constant H∕R produced when diffusive soil transport processes [i.e., Culling, 1960, 1963] operate
over the same time scale and with no soil flux out of the hill toe. To evaluate SOC quantities based on this
assumption, we computed the distribution of local relief across HSP terrain over a circular area of 3 km radius
that encompasses >1 hillslope lengths [e.g., McNamara et al., 1999; Crawford and Stanley, 2014] (Figure 1;
supporting information). We then used these relief values (Figure 3e) to approximate the volume of perenni-
ally frozen hill toe deposits:

V =
j=n∑

j=1

H̄pjAj, (3)

where n is the number of unique local relief values within the area of HSP terrain (n> 790 where the relief is
rounded to 1 m intervals), j is the index associated with a given relief value (Rj), H̄pj is the H̄p value computed
for this Rj (i.e., equation (2)), and Aj is the cumulative area of HSP pixels with such local relief. This estimate is
conservative in that it relies on relief values measured from an∼1 km GTOPO30 DEM that generally underesti-
mates relief [Zhang et al., 1999]. Here the Monte Carlo simulation used to compute the value and uncertainty
of V and Ct also accounts for the area (Aj) associated with different relief values (supporting information).

Whereas our analysis is primarily focused on Alaska, where the density and quality of data is generally high
compared to most high-latitude areas, we also attempted to estimate the potential contribution of perennially
frozen hill toe deposits to the uncertainty in circumpolar SOC mass. To do so, we used circumpolar permafrost
distribution and topographic and NDVI data to constrain the extent and relief of circumpolar HSP terrain. We
estimated the deposits depth and SOC density by making the assumption that the soil profiles measured in
Alaska are representative over a circumpolar scale. Whereas this assumption is essential to put our findings
in a circumpolar context, it adds an unquantified component of uncertainty to this circumpolar permafrost
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distribution due to the potential variability in soil formation and accumulation factors between Alaska and
other circumpolar terrains.

3. Results
3.1. Topographic and Soil Depth Analysis in Alaska
Topographic analysis (over an ∼ 50 m DEM; section 2.2) suggests that concave-up topography, where soil
deposition and accumulation is expected, is common at the base of hillslopes (Figure 1d) and covers ∼54% of
the HSP area in Alaska. This fraction is similar for HSP areas in different permafrost categories (55, 53, 57, and
56% for continuous, discontinuous, sporadic, and isolated, respectively). The accumulation of soil at concave
hill toe locations is supported by measurements of soil thickness along a hilltop to hill toe transect in the
Seward Peninsula (Figure 1e, latitude, longitude: [65.026660∘, −166.16686∘]; supporting information). The
sampling and drilling depth in the upper three locations was hampered by rock fragments (4–7 cm diameter)
that are likely associated with proximity to bedrock. However, at the lowermost location the drill bit freeze
stuck at a depth of 177 cm (53 cm in thawed soil and 124 cm in frozen soil) without encountering rock clasts.
Hence, the depth to bedrock is likely> 177 cm. Deep frozen hill toe deposits (> 229 cm) were also measured at
a different location in the Seward Peninsula (latitude, longitude: [65.43064256∘, −164.6769601∘]; supporting
information).

3.2. Extent and Relief of HSP Terrain in Alaska
The estimated area (A) of HSP terrain in Alaska is 4.1+1.33

−1.17 × 105 km2; this area is approximately 45% of the
permafrost-covered area in Alaska. The local relief of HSP terrain over a 3 km radius is 291+319

−220 m (uncertainties
are reported based on the mean, 5th, and 95th percentiles unless stated otherwise; Figure 3e). HSP terrain
generally does not overlap with the extent of Late Wisconsinan glaciation and partly overlaps with that of
maximal Pleistocene glaciation (supporting information).

3.3. Analysis of Soil Profiles and Their Location
Topographic analysis of soil profile locations in Alaska shows that out of 584 soil profiles, only 16 profiles
(∼3%) sampled permafrost deposits in hill toe locations over HSP terrain (Figure 2a and Table S1). The SOC
density (Figure 3d) in the permafrost portion of these 16 profiles is 45.8+76.2

−38.9 (kg/m3). The ratio between the
thickness of hill toe deposits to hillslope relief (H∕R) for these 16 soil sampling sites as well as the two hill toe
deposits we sampled in the Seward Peninsula is 0.037+0.048

−0.018 (Figure 3c). The thickness of the active layer in
these 18 samples is 0.43+0.54

−0.35 m, and the hillslope relief is 37+29
−23 m. A Kolmogorov-Smirnov test for comparison

of permafrost SOC density between soil profiles in and out of areas glaciated in the Pleistocene failed to reject
the null hypotheses that the samples come from the same distribution (for a significance level of 𝛼 = 0.05).

3.4. The Mass of Permafrost SOC at Hill Toe Locations in Alaska
Estimates that rely on the assumption that the H and R values of soil sampling sites are representative of HSP
terrain in Alaska (Figure 3a) result in mean Ct values of ∼2–3 Pg C for the two idealized profile geometries
with a maximal uncertainty of ∼ 12 Pg C (current SOC estimate for Alaska is 77 Pg C, [Mishra and Riley, 2012]).
Estimates that rely on the assumption that the thickness of hill toe deposits scales with hillslope relief (i.e.,
equation (3) and Figure 3b) result in mean Ct values of∼ 65–85 Pg C, with a maximal uncertainty of> 200 Pg C.

3.5. Circumpolar Estimates
The estimated area (A) and local relief of circumpolar HSP terrain is 3.968+1.571

−1.353 × 106 km2 (Figure 2), and
243+261

−181 m, respectively (section 2.3). Ct estimates that rely on the assumption that the H and R values mea-
sured for soil sampling sites in Alaska are representative of circumpolar HSP terrain result in mean Ct values
of ∼ 25 to ∼ 35 Pg C for the linear and sigmoidal profile geometries, respectively, with a maximal uncertainty
of > 100 Pg C (supporting information). The mean volume of hill toe deposits is ∼ 530 and ∼ 790 km3 for the
linear and sigmoidal profile geometries, respectively. For comparison, the volume of delta deposits of major
circumpolar rivers is 3514 km3 over an area of 75,800 km2 [Hugelius et al., 2014]. Ct estimates that rely on the
assumption that the thickness of hill toe deposits scales with the hillslope relief (i.e., equation (3)) result in
mean Ct values of ∼ 550 and ∼ 720 Pg C for the linear and sigmoidal profile geometries, respectively, with a
maximal uncertainty of >2000 Pg C (supporting information). In that case, the mean overall volume of hill toe
deposits ranges from ∼ 12,000 to ∼ 16,000 km3, which is up to several times more than the aforementioned
volume of delta deposits. The maximal uncertainty of >2000 Pg C is similar to estimates of global SOC mass
in depths of 0 to 3 m (2000–3000 Pg C [Schuur et al., 2008; Tarnocai et al., 2009]).
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3.6. Uncertainty Contribution
Our results point at a large uncertainty in hillslope-scale SOC stocks. This uncertainty is primarily influenced
by the assumptions we make; the assumption that the depth of hill toe soil profiles does or does not scale
with hillslope relief causes a factor of >20 difference in mean Ct estimates (Figures 3a and 3b). The variance in
soil profile data also contributes to the reported uncertainty. For example, setting both the SOC density (Cr)
and the dimensionless deposits depth (H∕R) at their mean value in the Monte Carlo procedure reduces the
uncertainty in Ct estimates by a factor of∼ 6 for the two profile geometries. Differences between the assumed
hillslope geometry cause a factor of ∼1–2 difference in mean Ct estimates (Figures 3a, 3b, 3f, and 3g).

4. Discussion
4.1. SOC Storage in Perennially Frozen Hill Toe Deposits
Our results suggest that perennially frozen hill toe deposits can store considerable SOC stocks due to their
extent, thickness, and SOC density. The concave-up topography at the lower portion of hillslopes (Figures 1d
and 1e) is consistent with deposition and soil accumulation at hill toes (Figures 1a and 1b) [e.g., Andrews and
Hanks, 1985; Rosenbloom et al., 2001; Berhe et al., 2007] and contrasts with the convex shape typical of steady
state hillslopes where sediments do not accumulate at the hill toe [Culling, 1960, 1963]. The accumulation
of soil deposits at hill toe positions is supported by our measurements (Figures 1e; section 3.1; supporting
information), as well as by published measures of soil depths in different slope locations across Alaska [e.g.,
Sellmann, 1967; Wu, 1984; Hamilton et al., 1988; Pewe, 1989; Ping et al., 2005]. The SOC density measured in the
16 soil profiles at hill toe locations (45.8+76.2

−38.9 (kg/m3); Figure 3d and Table S1) is higher than that measured in
temperate climates (typically< 10 (kg/m3) for deposits deeper than 60 cm [Yoo et al., 2005]), and likely reflects
low SOC decomposition rate in permafrost conditions (Figure 1) [e.g., Tarnocai et al., 2009; Zimov et al., 2006;
Michaelson et al., 1996; Schuur et al., 2008; Harden et al., 2012; Elberling et al., 2013].

4.2. Uncertainty in SOC Quantities Stored in Perennially Frozen Hill Toe Deposits
Estimates of SOC mass stored in perennially frozen hill toe deposits alone vary from few percents to more
than double of current SOC estimates (Figures 3a and 3b). This uncertainty deviates from that reported by
Hugelius et al. [2014] for perennially frozen soil within the upper 3 m in circumpolar permafrost terrain (13%
uncertainty for an overall estimate of 822 Pg C overall, computed from [Hugelius et al., 2014]). The deviation
in uncertainty estimates primarily occurs because our estimate accounts for hill toe deposits that may exceed
3 m depth, where the high uncertainty we report primarily stems from (a) lack of sufficient field measures of hill
toe deposits depth and (b) the small number of hill toe soil profiles (N = 18; 16 from the soil data set and 2 from
this study) and the skewness of soil properties within this small data set (i.e., Figures 3c and 3d; supporting
information). The conservative SOC estimate (mean values of ∼ 2–3 and ∼ 26–36 Pg C in perennially frozen
hill toe deposits in Alaska and Circumpolar areas, respectively) is likely overly conservative because (a) the
volume (V) of hill toe deposits is probably underestimated because it is unlikely that the 18 hill toe soil profiles
sample the depth of hill toe deposits deep enough (usually less than 1.6 m); (b) this estimate relies on the
assumption that the 18 hill toe soil profiles properly represent the thickness of hill toe deposits elsewhere,
even though the mean relief (37 m) associated with these profiles is <16% of the mean relief measured over
Alaskan (291 m) and circumpolar (243 m) HSP terrain. The alternate SOC estimate (mean values of ∼ 65–85
and ∼ 550–720 Pg C in perennially frozen hill toe deposits in Alaska and Circumpolar areas, respectively) may
be nonconservative in that it assumes that the thickness of hill toe deposits (H) scales with hillslope relief (R).
Whereas these end-member estimates likely underestimate and overestimate SOC mass at hill toe deposits,
they bracket potential estimates and bring forth the large uncertainty associated with hillslope-scale controls
on SOC stocks. The primary components of this uncertainty (i.e., the depth, SOC density, and geometry of hill
toe deposits) can likely be reduced by soil sampling, drilling, and geophysical imaging [e.g., Leopold et al., 2008;
Schrott and Sass, 2008; Scapozza et al., 2015] of the extent of hill toe deposits along the profile of hillslopes of
different relief.

Uncertainty in hill toe SOC estimates may also arise from spatiotemporal heterogeneity in factors such as
topography, hydrology, permafrost condition, and glacial history. Whereas Late Wisconsian Glaciation hardly
overlaps with HSP terrain in Alaska (section 3.2), and Pleistocene Glaciation do not significantly influence
permafrost SOC density in soil profiles (section 3.3), the timing of deglaciation likely influences the dura-
tion of soil accumulation and hence the thickness of hill toe deposits. Thus, areas that were not subject to
recent glaciation such as Siberia or northwest and interior Alaska will likely have thicker hill toe deposits
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compared to recently deglaciated areas in Canada and northwest Eurasia [Tarasov and Peltier, 1997; Svendsen
et al., 2004; Duk-Rodkin et al., 2004]. Thick hill toe deposits are indeed reported in Boreal zones in central Alaska
that were not recently glaciated [Michaelson et al., 2013]. The similar fraction of concave-up HSP topography
between areas of different permafrost categories (section 3.1) hints that in Alaska, different permafrost con-
ditions do not have a major influence on topographically induced accumulation of hill toe deposits. However,
a more detailed topographic investigation is required to explore the influence of permafrost regimes on HSP
topography at different scales.

Hill toe SOC stocks can also be influenced by spatially varying factors such as cryoturbation, permafrost con-
ditions, soil saturation, bedrock type, mineral weathering, vegetation, wildfires, and microclimate caused by
slope and aspect [Ping et al., 2005; Jorgenson et al., 2013]. An additional uncertainty component stems from
topographic variations that differ from the assumed 2D profiles. The reported circumpolar estimates should
be approached with caution because they rely on soil profiles from Alaska that may not be characteristic of the
entire circumpolar. Given these multiple sources of uncertainty, the SOC quantities we computed highlight
the potential SOC mass stored in perennially frozen hill toe deposits and point at the importance of better
constraining different uncertainty sources. This can be attained through further exploration of hillslope-scale
processes and SOC stocks across different environmental conditions in the context of the hillslope profile and
the catena pedosequence [e.g., Ping et al., 2005].

4.3. The Fate of Hill Toe SOC and Future Climate Predictions
Hillslope-scale processes and SOC stocks can influence not only the uncertainty of coupled land-climate mod-
els through the quantity and spatial distribution of SOC stocks [i.e., Burke et al., 2012; Mishra et al., 2013;
Hugelius et al., 2014] but also the fate of SOC in a warming climate. For example, the predicted decrease in
permafrost extent over the next century [Koven et al., 2013] together with the high erodibility of thawed soils
compared to permafrost ones [Mann et al., 2010], the expected shift from snow- to rain-dominated precip-
itation patterns [McAfee et al., 2013], and the discharge that can be generated over the large upslope areas
that drain into Arctic hill toes [McNamara et al., 1999; Crawford and Stanley, 2014] suggest that enhanced flu-
vial erosion of hill toe deposits may occur in response to a warming climate. Such erosion may increase SOC
flux into rivers and oceans [e.g., Hilton et al., 2015; Tesi et al., 2016], where its decomposition rate may change
and thus influence the global C balance. Incision by fluvial erosion may also expedite thaw rates by exposing
currently buried perennially frozen hill toe deposits to a warming atmosphere. On the other hand, a warmer
climate may also increase the accumulation rate of hill toe deposits by increasing the duration of the thaw
period when the active soil layer is mobile [Hinzman et al., 2005; Oehm and Hallet, 2005; Schuur et al., 2008]
and also increase its thickness [Akerman, 2005]. If soil deposition rates at hill toe locations exceed those of
thaw depth increase, downslope soil transport can continue to sequester SOC into permafrost despite the
projected thaw depth increase.

5. Summary

Synthesis of topographic models, soil profile data, and topographic analysis suggests that the uncertainty in
SOC mass stored in perennially frozen hill toe deposits in Alaska is > 200% the current estimates of state-wide
SOC mass. A similarly large uncertainty may also pertain to circumpolar scale. This uncertainty can consid-
erably influence recent evaluations of permafrost SOC stocks and points at a potential underestimation in
current approximations of SOC stocks. The potential influence of these SOC stocks on projections of SOC fate
and land-climate interactions bring forth the importance of sampling, imaging, and modeling efforts that
target hill toe deposits, especially those aimed to constrain the thickness of these deposits.
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