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Abstract. The current version of JSBACH incorporates phe-
nomena specific to high latitudes: freeze/thaw processes,
coupling thermal and hydrological processes in a layered soil
scheme, defining a multilayer snow representation and an in-
sulating moss cover. Evaluations using comprehensive Arctic
data sets show comparable results at the site, basin, continen-
tal and circumarctic scales. Such comparisons highlight the
need to include processes relevant to high-latitude systems
in order to capture the dynamics, and therefore realistically
predict the evolution of this climatically critical biome.

1 Introduction

The effects of global climate change are felt stronger in the
northern high latitudes than elsewhere in the world (ACIA,
2005). During recent decades, polar regions have experi-
enced an increase from around+0.5 to +1◦C in surface
atmospheric temperatures, while the global mean has risen
by only from +0.2 to +0.3◦C (Serreze et al., 2000). Fur-
thermore, soil temperature in the Arctic is also undergoing
warming, which is observed from borehole and active-layer
measurements. After the International Polar Year (2007–
2008), these measurements were summarized to show that
permafrost is warming and active-layer thickness is in-
creasing in the Nordic regions, Russia, and North America
(Christiansen et al., 2010; Romanovsky et al., 2010a; Smith
et al., 2010).

Based on a simple relationship between air temperature
and the permafrost probability, Gruber (2012) estimated that
around 22 % (±3 %) of the Northern Hemisphere land is un-
derlain by permafrost. During the past glacial/interglacial cy-
cles vast amounts of organic matter have been accumulated
in these soils (Zimov et al., 2006). With the abundant re-
sources in interglacial periods, life has flourished and left
huge amounts of organic matter behind; while the glacial pe-
riods created unfavorable conditions for decomposition and
kept the remnants locked away in the frozen soil (DeConto
et al., 2012; Schirrmeister et al., 2013). Supporting that, re-
cent findings on the amount of soil carbon in northern cir-
cumpolar permafrost soils are larger than the previous es-
timates (Hugelius et al., 2010; Ping et al., 2008; Tarnocai
et al., 2009; Zimov et al., 2006). According to Tarnocai et
al. (2009), there are 1672 Pg of carbon stocked in the north-
ern permafrost soils. With the current trend of increasing air
temperature, this carbon rich soil is susceptible to thawing
and being released to the atmosphere in the form of green-
house gases and thus contributing to even further warming
of the atmosphere (Heimann and Reichstein, 2008; Schuur et
al., 2008; ACIA, 2005). Therefore, it is important to under-
stand the underlying processes and to quantify future interac-
tions of permafrost regions within a changing climate (Beer,
2008).

The recognition of this importance has spurred recent ad-
vances of dynamic global vegetation models and Earth sys-
tem models by representing processes that are specific to
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high-latitude regions. With the understanding of feedback
mechanisms and recent estimates of vast amounts of soil
carbon, progress has been made to address uncertainties in
Arctic simulations. At present, most of the global models in-
clude common processes related to permafrost regions, e.g.,
latent heat release/consumption from the phase change of soil
water (Riseborough et al., 2008), organic matter decompo-
sition at freezing conditions, methanogenesis and methane-
related processes. Li et al. (2010) have shown a comprehen-
sive review of different freezing schemes in sophisticated
models. However, within the global models either an extra
term of latent heat is added (e.g., Mölders et al., 2003; Takata
and Kimoto, 2000) or the method of “apparent heat capac-
ity” is incorporated into temperature calculations (e.g., Beer
et al., 2007; Hinzman et al., 1998; Nicolsky et al., 2007;
Oelke, 2003; Poutou et al., 2004; Schaefer et al., 2009). In
either way, the models showed a significant improvement in
simulating soil temperature or active-layer thickness (e.g.,
Dankers et al., 2011; Gouttevin et al., 2012a; Lawrence et
al., 2012; Zhang et al., 2008).

Besides the freeze/thaw events, the coupling of snow and
soil thermal constitutes the basis for the soil thermal profile
during winter (Dutra et al., 2010; Slater et al., 2001; Stieglitz
et al., 2003). Due to strong insulating properties of snow,
the winter soil temperature is kept warmer than the much
colder atmospheric temperature. Furthermore, the timing of
snowmelt influences the duration of the growing season and
the active-layer thickness, which is also related to the amount
of infiltrating snowmelt water into the soil. Goodrich (1982),
Kelley et al. (1968) and Groffman et al. (2006) found that
snow cover strongly influences the ground thermal regime.
Using the ORCHIDEE (Organising Carbon and Hydrology
In Dynamic Ecosystems) model, Gouttevin et al. (2012b)
showed that the snow cover and the disappearance of snow
are important factors for the plant and soil metabolic activity
and biogeochemical feedbacks between the soil and the at-
mosphere. However, in most cases snow is represented rather
simply in the models. Due to the high complexity of snow
types and snow processes, a simple parameterization yield-
ing a realistic heat insulation effect was used (e.g., Beer et
al., 2007; Koren et al., 1999; Verseghy, 1991). While more
advanced snow schemes were developed in some modeling
studies (Boone and Etchevers, 2001; Loth and Graf, 1998),
it is not always practical for global modeling exercises to in-
clude such a complex approach due to its computational re-
quirements.

Impacts of changing permafrost conditions on the climate
system and vegetation activity have also been investigated. It
is shown by Poutou et al. (2004) that including soil freezing
in their model leads to dryer summers and warmer winters in
different regions. Beer et al. (2007) have found out that with
the permafrost-specific processes the high-latitude vegeta-
tion carbon stocks are better represented in a dynamic global
vegetation model. In other modeling studies, future implica-
tions of possible permafrost carbon release are investigated

and their effects on global climate are shown under different
warming scenarios (Burke et al., 2012; Hayes et al., 2011;
Koven et al., 2011; Schaefer et al., 2011; Schneider von
Deimling et al., 2011; Zhuang et al., 2006). A good review of
permafrost carbon cycle models is documented in McGuire
et al. (2009).

Although progress has been undertaken on representing
permafrost processes in land surface models, there is still
a considerable uncertainty regarding the magnitude of the
effects of permafrost feedbacks on climate. A consensus is
not yet close to being reached regarding the timing of per-
mafrost response to climate change and consequences of per-
mafrost feedback mechanisms on the climate system. An in-
tercomparison study of different land surface schemes espe-
cially with respect to cold regions’ climate and hydrology
revealed large differences between the models, even in case
of a similar implementation of frozen ground physics (Luo
et al., 2003). Due to missing processes and related deficien-
cies of their land surface schemes, climate models often show
substantial biases in hydrological variables over high north-
ern latitudes (Luo et al., 2003; Swenson et al., 2012). Thus,
the representation of the complex dynamics of permafrost-
related processes within global models is a challenging yet
essential task (Hagemann et al., 2013). To contribute to this
progress, we have advanced the land surface model JSBACH
(Jena Scheme for Biosphere–Atmosphere Coupling in Ham-
burg) and we show the reliability of the new model version
in multiscale evaluations.

2 Methods

2.1 Model description and improvements

JSBACH is the land surface component of the Max Planck
Institute Earth System Model (MPI-ESM) that comprises
ECHAM6 for the atmosphere (Stevens et al., 2012) and
MPI-OM (Max Planck Institute Ocean Model) for the ocean
(Jungclaus et al., 2012). It is designed to serve as a land sur-
face boundary for the atmosphere in the coupled simulations;
but it can also be used offline given that it is a comprehen-
sive terrestrial ecosystem model with a process-based ap-
proach for representing key ecosystem functions. JSBACH
simulates photosynthesis, phenology and land physics with
hydrological and biogeochemical cycles (Raddatz et al.,
2007; Brovkin et al., 2009). The photosynthesis scheme
follows Farquhar et al. (1980) and Collatz et al. (1992).
The BETHY (Biosphere Energy-Transfer Hydrology) model
(Knorr, 2000) covers most of the fast canopy processes. The
current version employs a relatively simple carbon cycle
model (Raddatz et al., 2007). Vegetation carbon is classified
as “green”, “wood” or “reserve” carbon and these are trans-
ported into soil carbon pools via litter fluxes. The soil organic
matter is stored in “fast” or “slow” soil carbon pools with dif-
ferent decomposition rates. All carbon pools have a constant
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Fig. 1. Vertical soil model structure of the new JSBACH version.
The numbers left of the soil column show the depths of the bot-
tom of each layer while the numbers right of the soil column show
layer thicknesses. Here snow and organic layers are simply shown
to represent a multilayered snow scheme and constant moss layer
described in the text.

turnover time, which is only modified by temperature and
moisture in the case of soil carbon pools.

The current version of the model can be run with 30 min
temporal resolution and global simulations are usually per-
formed at 0.5◦ spatial resolution; however, the 1-D point
model can also be run for a single location. The grid cells are
usually divided into tiles of homogeneous vegetation cover.
In the version discussed here, we prescribed the vegetation
cover and kept it constant over time (cf. Sects. 2.2 and 2.3).

The soil is discretized into five layers with increasing
thicknesses (Fig. 1). Heat conduction through the vertical soil
layers is assumed to be the dominant method of heat transfer;
therefore convective and radiative heat transfer processes are
neglected. Surface temperature is calculated by considering
incoming radiation and surface albedo, then it is used as the
upper boundary forcing for the soil temperature calculations.
During the snow period, the uppermost snow layer is forced
by surface temperature and the bottom snow-layer tempera-
ture is used to force the soil column. In the simulations men-
tioned here, a constant moss layer is present over the soil.
Hence the upper boundary condition for the soil temperature
calculations is the moss-layer temperature, while a zero heat
flux is assumed for the bottom boundary condition at 10 m
depth. The one-dimensional heat transfer equation (Eq.1) is
solved for each layer. For each time step, and each soil layer,
the numerical solution to heat conduction (first term on the
right side of Eq.1) gives the soil-layer temperature and then
as a second step, this temperature is updated with respect to
the heat used for (or gained from) phase change of soil water
(second term on the right side of Eq.1) in that layer. This
routine continues from the top to the bottom to calculate all
the soil-layer temperatures.

c
∂T

∂t
=
∂

∂z

(
λ
∂T

∂z

)
+Lfρi

∂θi

∂t
, (1)

with T : soil-layer temperature (K),c: volumetric heat capac-
ity of the soil layer (J m−3 K−1), λ: heat conductivity of the
soil layer (W K−1 m−1), Lf : Latent heat of fusion (J kg−1),
ρi : density of ice (kg m−3), θi : volumetric soil ice content
(m3’,m−3), t : time (s), andz: soil-layer depth (m).

JSBACH mainly uses the physics package of ECHAM5
(Roeckner et al., 2003). This comprises the separation of
rainfall and snowmelt into surface runoff and infiltration and
the calculation of lateral drainage following the Arno scheme
(Dümenil and Todini 1992). A new soil hydrology scheme
(Hagemann and Stacke, 2014) has been implemented into
JSBACH that uses the same five-layer structure (see Fig. 1)
as the thermal module and calculates soil water transport
by using the one-dimensional Richards equation (Richards,
1931) shown in Eq. (2). Here, the local change rate of mois-
ture ∂θw/∂t is related to vertical diffusion (first term on
the right side of Eq. 2) and percolation by gravitational
drainage of water (second term). Both processes are consid-
ered separately. Percolation is calculated following the Van
Genuchten (1980) method and the diffusion is calculated us-
ing the Richtmyer and Morton (1967) diffusion scheme. For
the latter, the soil water diffusivityD of each layer is param-
eterized following Clapp and Hornberger (1978).

The soil water content may be greater than 0 for each layer
above the bedrock. There is no water available for the land
surface scheme below the bedrock. Consequently, horizon-
tal drainage (ECHAM4 formulation following Dümenil and
Todini, 1992) may occur only from those layers above the
bedrock. The formulation has been slightly modified as now
drainage may only occur if the soil moisture is above the
wilting point. Note that the previously used bucket model
soil moisture now corresponds to the root zone soil mois-
ture. The associated rooting depth determines the depth from
where transpiration may occur. Bare soil evaporation is oc-
curring only from the uppermost layer.

In the hydrology module, first the input/output terms (pre-
cipitation, snowmelt, evapotranspiration) are accumulated
and infiltrated into (removed from) the soil. Then, the phase
change routine updates the water and ice contents of each
layer before the vertical water movement is executed. Each
layer’s field capacity is updated with the corresponding
layer’s ice content that is created or melted in the same time
step. This allows for a more realistic water transport within
the frozen layers. Finally the vertical water movement is per-
formed as described above and the soil water content at each
layer is updated.

∂θw
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=
∂

∂z

(
D
∂θw

∂z

)
+
∂K

∂z
+ S, (2)
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with θw: volumetric soil water content (m3 m−3), D: soil
water diffusivity (m2 s−1), K: soil hydraulic conductivity
(m s−1), andS: source and sink terms (s−1).

As shown in Eq. (3), a supercooled water formulation is
also incorporated to allow liquid water to coexist with ice
under freezing temperatures. This approach follows the Niu
and Yang (2006) formulation.

θwmax = θsat

{
Lf (T − Tfrz)

gT ψsat

}−1/b
, (3)

with θwmax: maximum supercooled water content (m),θsat:
soil porosity (m3 m−3), Tfrz: freezing temperature of water
(K), g: gravitational acceleration (m s−2),ψsat: saturated soil
matric potential (m), andb: Clapp and Hornberger exponent
(–).

Soil heat transfer is coupled with the hydrological scheme
through latent heat from phase change and two parameters:
the volumetric heat capacity (c) and the soil heat conductivity
(λ) in Eq. (1). We have parameterized the heat capacity us-
ing the de Vries (1963) formulation (Eq.4) and the heat con-
ductivity following Johansen’s (1975)method (Eq.5). Equa-
tions (6–9) describe the terms in Eq. (5). With these formula-
tions, the amounts of water and ice influence the soil thermal
properties. In concert with the latent heat of fusion effect on
temperature (second term on the right side of Eq.1), a cou-
pling of the hydrology and soil thermal dynamics is achieved.
For Eq. (8), bulk density needs to be inserted with the given
unit below.

c = (1− θsat)ρscs+ ρwcwθw + ρiciθi (4)

with ρs,ρw, andρi : density of soil solids, water and ice, re-
spectively (kg m−3); cs,cw, andci : specific heat capacities of
soil solids, water and ice, respectively (J kg−1 K−1).

λ=Keλsat+ (1−Ke)λdry, (5)

Ke =

(
log(Sat)+ 1 ≥ 0 T ≥ Tfrz
Sat T < Tfrz

)
, (6)

λsat= λ1−θsat
s λθww λ

θsat−θw
i , (7)

λdry =
0.135ρbulk + 64.7

2700− 0.947ρbulk
, (8)

ρbulk = 2700(1− θsat) , (9)

with Ke: Kersten number (–),λsat: heat conductivity of
the saturated soil (W K−1 m−1), λdry: heat conductivity of
the dry soil (W K−1 m−1), Sat: saturation ((θw + θi)/z/θsat),
λs,λw, andλi : heat conductivities of soil solids, water and
ice, respectively (W K−1 m−1), andρbulk: soil bulk density
(kg m−3).

Snow is treated as external layers above the soil column.
With increasing snow depth in winter, new layers are added
up to maximum of five snow layers. The top four layers are
always 5 cm in thickness, while the bottom layer is unlimited

in size. A 5 cm snow layer is always kept in contact with the
atmosphere in order to maintain the numerical stability due
to rapid changes in air temperature. The uncertainty of rep-
resenting 5 cm snow layers is assumed to be negligible when
compared to having a nonlayered snow scheme. The snow
properties are kept constant for simplicity. A snow density
of 250 kg m−3 is used for the snow depth calculations and
the snow heat conductivity is fixed at 0.31 WK−1 m−1 with
a snow heat capacity of 522 500 Jm−3 K−1. This simple ap-
proach is chosen to ensure the heat insulation for the soil
rather than providing a complex snow model. For this reason,
the snow layers are hydrologically inactive, meaning there is
no water held within each snow layer, thus neither the trans-
fer of meltwater within the snowpack nor refreezing effects
are considered. Water infiltration from snowmelt into the soil
is treated separately in the hydrology module.

In addition to the snow layers, the importance of moss
cover in the Arctic is mentioned in several studies (Beringer
et al., 2001; Rinke et al., 2008). The moss cover above soil
affects the soil heat transfer through thermal and hydrologi-
cal insulation depending on the thickness and wetness of the
moss. Also in reality, the moss distribution shows great spa-
tial differences. This geographic dependence of moss cover
brings additional heterogeneity to the soil thermal dynamics
in the Arctic. To have the first step to represent such complex-
ity, a constant uniform moss cover without the hydrological
effects is assumed for the entire domain. This moss layer has
similar functions as the snow layers, i.e., not having dynamic
hydrology but rather providing constant heat insulation for
the underlying soil layers. For the simulations presented in
this paper, a 10 cm thick moss layer is chosen for all the sea-
sons. The heat parameters for the moss layer follow Beringer
et al. (2001), with heat conductivity of 0.25 WK−1 m−1 and
volumetric heat capacity of 2 500 000 Jm−3 K−1.

2.2 Global forcing data

For the period 1901–1978, daily forcing data with 0.5◦

spatial resolution from the EU project WATCH (Water
and Global Change) has been used (Weedon et al., 2010,
2011). This data is based on ERA-40 (ECMWF 40 year
Re-Analysis) reanalysis results that were bias-corrected by
using several observation-based data sets, such as climate
grids from the Climate Research Unit, University of East
Anglia (CRU). For the 1979–2010 period, ECMWF (Euro-
pean Centre for Medium-Range Weather Forecasts) ERA-
Interim reanalysis data (Dee et al., 2011) has been used. This
data set was downloaded at 0.5◦ spatial resolution and bias-
corrected against the WATCH-forcing data following Piani et
al. (2010). A more detailed description of the climate forcing
data set can be found in Beer et al. (2014). With this ap-
proach, a consistent time series of climate data for the period
1901–2010 is ensured.
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Table 1.JSBACH model parameters used in the site simulations.

NUUK SAMOYLOV

Veg. cover type Tundra Tundra
Porosity (θsat) 46 % 42 %
Field capacity 36 % 36 %
Soil depth before bedrock 36 (cm) 800 (cm)
Soil mineral heat capacity (cs) 2 213 667 (Jm−3 K−1) 2 187 782 (Jm−3 K−1)

Soil mineral heat conductivity (λs) 6.84 (Wm−1 K−1) 7.43 (Wm−1 K−1)

Saturated hydraulic conductivity 2.42× 10−6 (m s−1) 8.009× 10−6 (m s−1)

Saturated moisture potential (ψsat) 0.00519 (m) 0.00385 (m)
Clap and Hornberger exponent (b) 5.389 (–) 4.885 (–)

The sand, silt and clay fractions from the Harmonized
World Soil Database v.1.1 (FAO et al., 2009) were the ba-
sis for deriving the soil thermal properties. Up to four tiles
per 0.5◦ grid cell area are distinguished for vegetation-related
model parameters (Raddatz et al., 2007). The coverage of
these tiles has been estimated by combining the GLC2000
land cover map (GLC2000 database, 2003), the MODIS
(Moderate Resolution Imaging Spectroradiometer) Vegeta-
tion Continuous Fields product (Hansen et al., 2003) and the
WWF (World Wildlife Fund) biome map (Olson et al., 2001).

JSBACH was forced by global atmospheric carbon diox-
ide concentrations following the CMIP5 (Coupled Model In-
tercomparison Project Phase 5) protocol (Meinshausen et al.,
2011).

2.3 Simulation setup

Site-level simulations were performed running the model at
a single point, forced by meteorological site observations
(see below section). Soil parameters were extracted from the
above-mentioned global land surface data and given in Ta-
ble 1. Using the observed meteorological data, an average
seasonal cycle was prepared and repeated for 30 years to
force a spin-up simulation for bringing the soil thermal and
hydrological profiles to equilibrium. Then, the transient sim-
ulation for the site was conducted using multiple years of ob-
served climate and the results were used for comparison with
the soil temperature observations. The time period used for
the site simulations is from August 2008 to December 2009
for Nuuk, and from July 2003 to October 2005 for Samoylov.

For the circumpolar simulations, the model was run us-
ing the previously described global daily forcing data for
the grids above 50◦ north. First, the model’s physical state
was brought into equilibrium with a 30-year run repeating
an average seasonal cycle of climate variables from the pe-
riod 1901–1930. Then, a climate-transient run with constant
atmospheric CO2 concentration at the 1901 value was exe-
cuted for the same period. These 30-year model results were
further used to force a 1000-year carbon balance model run
in order to prepare equilibrated carbon pools. Finally, these

carbon pools are used as the initial condition to start a fully
transient run from 1901 to 2010.

2.4 Validation data sets

2.4.1 Nuuk-site observations

The Nuuk observational site is on the southwestern coast of
Greenland, 250 km south of the polar circle at around 64◦

north and 51◦ west. It is situated in the Kobbefjord at an alti-
tude of 500 m a.s.l. (above sea level) close to the city of Nuuk.
Ambient climate is arctic/polar with mean annual tempera-
ture of −1.5◦C in 2008 and−1.3◦C in 2009 (Jensen and
Rasch, 2009, 2010). Vegetation type consists ofEmpetrum
nigrum with Betula nanaandLedum groenlandicumwith a
vegetation height of 3–5 cm. The study site’s soil lacks min-
eral soil horizons due to cryoturbation and lack of podsol de-
velopment due to its dry location. Soil type is categorized
as mostly sandy soil with 10 % organic matter in the top
10 cm, no ice lenses in the profile and no permafrost. No soil
ice or permafrost formations have been observed within the
drainage basin. Snow cover is measured at the Climate Basic
station 1.65 km from the soil station but at the same altitude.
At the time of the annual Nuuk basic snow survey in mid-
April, the snow depth at the soil station is much alike the
snow depth at the Climate Basic station:±0.1 m when the
snow depth is high (near 1 m) and much alike if it is much
lower. Strong winds (>20 m s−1) have a strong influence on
the redistribution of newly fallen snow especially in the be-
ginning of the snow season, so the formation of a permanent
snow cover at the soil station can be delayed by as much as
one week; while the end of the snow cover season is more
or less alike the date at the Climate Basic station. In some
winters there is some depth hoar formation in the snowpack
(B. U. Hansen, personal communication, 2013).

The meteorological (half-hourly incoming radiation, air
temperature, precipitation, wind speed) and soil observa-
tions (hourly soil temperature) were downloaded from the
Greenland Ecosystem Monitoring database web server (Za-
ckenbergGIS). For the meteorological variables, the time
period used was July 2008 to December 2010, while the
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soil temperature was available from August 2008 to Decem-
ber 2009. The downloaded ASCII (American Standard Code
for Information Interchange) files have been combined in a
netCDF (network Common Data Form) format file; minor-
gap filling was needed to create a continuous climate forcing
to force the Nuuk site-level simulations.

2.4.2 Samoylov-site observations

The Samoylov field site is located in northern Siberia
(72.4◦ N, 126.5◦ E) at the Lena River delta. The site repre-
sents a typical lowland tundra landscape and is character-
ized by continuous and ice-rich permafrost, which reaches
depths of about 200 m (Grigoriev et al., 1996). The local cli-
mate is Arctic–continental with a mean annual air tempera-
ture of about−13◦C. The annual temperature range spans
from about−45◦C in winter to 20◦C in summer (Boike et
al., 2013). The total annual precipitation is about 200 mm, of
which about 25 % contributes to snowfall (Boike et al., 2008;
Langer et al., 2011). The snow cover is strongly character-
ized by wind drift and is usually very shallow with maximum
depths of about 0.5 m (Boike et al., 2013). The land surface at
the field site is dominated by polygonal tundra mainly vege-
tated by mosses and sedges (Kutzbach et al., 2004). The tun-
dra soil consists of water-/ice-saturated sandy peat with the
water table usually close to the surface (Langer et al., 2011).
The volumetric mineral content is reported to range between
20 and 40 % while the volumetric organic content is on the
order of 5–10 % (Kutzbach et al., 2004; Langer et al., 2011).
The peat soil complex reaches depths of 10–15 m and is un-
derlain by sandy-to-silty river deposits reaching depths of at
least 1 km.

Hourly values of air temperature, precipitation (not in win-
ter), wind speed and incoming longwave radiation is pro-
vided by the site measurements. Winter precipitation and in-
coming shortwave radiation are complemented by WATCH
reanalysis data. Altogether a continuous model forcing data
set is created. Minor gap filling was needed to fill in the miss-
ing data. The time period for the prepared data set is from
July 2003 to October 2005.

2.4.3 Circumarctic data sets

The International Permafrost Association’s (IPA) permafrost
map (Brown et al., 2002) was used for comparing the sim-
ulated permafrost extent with the observations. Although
the IPA map has distinct permafrost classes, only the outer
border of the discontinuous and sporadic zones was con-
sidered when comparing with the model’s permafrost ex-
tent, which is calculated using the simulated soil tempera-
tures from the circumarctic model simulation. Following the
permafrost definition of IPA (soils under freezing tempera-
tures for at least 2 consecutive years), the permafrost state
of each grid box is determined. The permafrost condition
for each grid box was calculated with regards to the soil

temperature only. For all of the five soil layers the temper-
atures are checked if any of the layers are staying below 0◦

for at least 2 years. For comparing with the IPA map, the
1980–1990 average values of the model’s permafrost state
were used.

The Circumpolar Active Layer Monitoring network’s
(CALM) data set (Brown et al., 2000) was used for evaluat-
ing the simulated active-layer thickness. The CALM network
maintains active layer thickness measurements at more than
200 sites since the 1990s. We have chosen the CALM sites
within the continuous permafrost zone in our simulation do-
main and compared them with the corresponding 0.5◦

× 0.5◦

grid box of the results from the simulation conducted using
global climate and soil texture data as forcing. Using a lin-
ear piecewise interpolation the simulated soil temperatures
in five soil layers are interpolated into 200 evenly spaced
nodes and the depth of 0◦ is calculated afterwards to repre-
sent the thawing depth at each time step. Then the maximum
thawing depth during the summer season is taken to be the
active-layer depth for comparison. If there were more than
one CALM site within one model grid box, the most appro-
priate one is chosen for the comparison. Averaging several
CALM sites within one grid box is avoided since the average
value could represent a nonrealistic condition due to surface
heterogeneity. We tried to select the site that is most com-
parable with the model assumptions (e.g., upland soils) and
the soil conditions represented by the global soil map. Since
not all the sites had recorded measurements during the 1990–
2010 period, we have averaged the existing years of data and
compared it with the averages of corresponding years from
the model output.

Numerous borehole observations from circumarctic sta-
tions were gathered during the International Polar Year (IPY
2007/2008). They include deep and shallow borehole tem-
perature observations representing the state of the permafrost
(Romanovsky et al., 2010b). These borehole measurements
are available through Global Terrestrial Network for Per-
mafrost (GTN-P). Observations from these borehole mea-
surements were compared with the simulated temperatures.
As in the CALM comparison, the corresponding grid box
values of the JSBACH simulation results were used for com-
parison. Since there were more boreholes in most of the grid
boxes and surface heterogeneity has less effect on deep soil
temperatures (7–10 m depth), we have performed a grid av-
eraging to compare with the model outputs. The time period
chosen for the comparison follows the IPY period: averaging
years 2007 and 2008 outputs.

2.4.4 Continental-scale maps

The Russian permafrost temperature map (Land Resources
of Russia CD-ROM, 2002) was prepared by the Russian
Academy of Sciences and The International Institute for Ap-
plied Systems Analysis (IIASA). This map is an upscaled
product of several meteorological and soil station data that
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Fig. 2. Observed and simulated upper-layer soil temperature at the
Nuuk site. Observed soil temperature at 5 cm is plotted with the
black line and the red line shows the JSBACH-simulated soil tem-
perature in the first layer (ca. 3 cm).

are gathered during the expeditions in the second half of
the 20th century. The data is digitally available (Land Re-
sources of Russia CD-ROM, 2002) and downloadable from
the web server of the IIASA (Land Resources of Russia). In
the map, permafrost temperature is distinguished as 9 tem-
perature classes and the temperature ranges (range of 1 or
2◦C) show a scale from 0 to−17◦C. To prepare a map
comparable with JSBACH simulation results, the mean of
the observed temperature classes were used to plot the ob-
servational map in this paper. Since there was no detailed
information about the depths of these observations, values
are assumed to be representative of those at depth of no sea-
sonal temperature change. Following the observational time
period, mean JSBACH subsoil temperature (last soil layer,
ca. 7 m) of the 1960–1990 period was used for comparison.

The 0.5◦ active-layer thickness map (Beer et al., 2013)
from Yakutia is an upscaled digitized version of the map of
landscapes and permafrost conditions in Yakutia (Fedorov et
al., 1989, 1991). Covering most of eastern Siberia, this map
is very useful to understand the permafrost conditions at a 1:

2 500 000 spatial scale during the period 1960–1987. Maps of
mean and standard deviation of active-layer thickness were
prepared at 0.5◦ spatial resolution based on 0.001◦ raster im-
ages. Active-layer thickness values range from 0.4 m at the
northern continuous permafrost zone to 2.5 m at the southern
borders of permafrost where isolated patches dominate the
landscape.

For comparison with the active-layer thickness map, soil
temperatures simulated at a 0.5◦ spatial scale during the pe-
riod 1960–1990 were used to derive the model’s active-layer
thickness, and then the mean of all these years is used to pre-
pare the comparison map.

Fig. 3. Observed and simulated soil temperature at the Nuuk site.
Observed soil temperature at 30 cm is plotted with the black line
and the red line shows the JSBACH-simulated soil temperature in
the second layer (ca. 18 cm).

2.4.5 Arctic river runoff data

There are several big rivers flowing into the Arctic Ocean
from Russia, Canada and Alaska; and they are all affected
by the conditions of permafrost underlying their respective
basins. By comparing the temporal dynamics of runoff val-
ues at the river mouths, the model performance in represent-
ing the interactions between permafrost processes and the
hydrological scheme can be assessed all around the basin
areas. For testing model hydrological processes, runoff data
from the Lena and Yenisey rivers were compared to simula-
tion results. The runoff observations at the river mouth sta-
tions were gathered from the R-ArcticNET database (Lam-
mers et al., 2001). The simulated runoff values in all the grid
boxes within river basins were accumulated. For the evalua-
tion of the seasonal cycle, simulation results were shifted by
2 months accounting for the time lag between the further grid
cells and the river mouth station, for the reason that JSBACH
does not include a river routing scheme.

3 Results and discussions

3.1 Site-level validation

By forcing JSBACH with the meteorological data from the
Nuuk synoptic station, a site-level simulation was performed.
JSBACH successfully captured the topsoil temperature dy-
namics during the simulation period (Figs. 2 and 3). Fol-
lowing the observations, summer 2008 topsoil temperatures
gradually cool down to 0◦C. Simulated temperatures fluctu-
ate around 0◦C from October to February, in agreement with
the observed data. After June, when the simulated temper-
atures are above zero, it takes until mid-July to capture the
observations again during the summer of 2009.
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Fig. 4. Observed and simulated upper-layer soil temperature at the
Samoylov site. Observed soil temperature at 6 cm is plotted with
the black line and the red line shows the JSBACH-simulated soil
temperature in the first layer (ca. 3 cm).

Fig. 5. Observed and simulated soil temperature at the Samoylov
site. Observed soil temperature at 21 cm is plotted with the black
line and the red line shows the JSBACH-simulated soil temperature
in the second layer (ca. 18 cm).

The second site’s simulation is performed at the Samoylov
site, where the conditions are representative of wet tun-
dra permafrost. Except for the overestimations during early
summer, JSBACH results successfully captured the summer
temperature dynamics at different soil depths (Figs. 4 and
5). During autumn, simulated temperatures are falling down
with a similar slope to the observations, while the warm-
ing up period (May–June) displays an underestimation com-
pared to the observed values. However, winter temperatures
are not simulated as cold as the observed values. The mini-
mum value of the JSBACH winter temperatures are 10–15◦C
warmer than the observations (Figs. 4–6). As in the Nuuk
comparison, the zero curtain is also seen at Samoylov. The
timing of the freezing is also well represented by the model.
Both observed and simulated temperatures are stagnating
at around 0◦C during the freezing period of September–
October (Fig. 5). Figure 6 shows the temperatures at a year-
long frozen depth, where the model comparison to the ob-
served values show similar dynamics.

Fig. 6. Observed and simulated soil temperature at the Samoylov
site. Observed soil temperature at 71 cm is plotted with the black
line and the red line shows the JSBACH-simulated soil temperature
in the third layer (ca. 78 cm).

A more detailed analysis of these comparisons requires
mentioning the effects of freeze/thaw cycles. The latent heat
released (consumed) when the soil water freezes (melts) is
responsible for delaying the cold (heat) penetration into the
soil. The site simulation results show that the topsoil tem-
peratures are wavering around 0◦C during the phase change
event. This so-called zero-curtain effect is also visible in the
observational data (Figs. 2–5). This match indicated that the
phase change is accurately represented by the model.

It is seen from both site-level comparisons that winter soil
temperatures do not drop as low as might be expected due to
atmospheric conditions alone. Even when the air temperature
is minimal in high winter (ca.−20◦C for Nuuk and−40◦C
for Samoylov, not shown), soil keeps a rather warm temper-
ature profile (ca.−3◦C for Nuuk and−25◦C for Samoylov)
as long as snow exists on top.

However, in reality, snow has rather complicated charac-
teristics. Within the snowpack, metamorphism processes cre-
ate various types of snow with different thermal properties
(Loth and Graf, 1993). When there is new snowfall, fresh
snow presses down to squeeze the air out of deeper snow
layers, thus increasing the snow density. With higher density,
the snow insulation effect decreases due to increased snow
heat conductivity. However, depending on site-specific con-
ditions, springtime snow insulation can be altered due to the
effects of depth hoar formation, wind drift or snowmelt wa-
ter. Snow properties can also be modified by rainwater per-
colation into the snowpack. Also, snowmelt water infiltra-
tion into the soil can change the temperature profile of the
soil. Additionally snow albedo changes with these processes.
Boike et al. (2013) explained the strong wind conditions at
Samoylov, where the maximum snow depth does not ex-
ceed 0.5 m. However this is not the case in JSBACH simula-
tions, so there is an overestimation in simulated snow depths
(Fig. 7). Such effects are still not represented in the current
version of JSBACH and they can explain the mismatch in
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Fig. 7.Observed and simulated snow depth at the Samoylov site.

simulated versus observed springtime soil temperature in the
Samoylov site-level simulations (Figs. 4 and 5). Without dy-
namically changing snow properties and lack of these snow-
specific processes, our model cannot correctly represent the
lower spring insulation and keeps a colder soil temperature
profile. Similar effects were also shown by Westermann et
al. (2013). Zhang et al. (2005) and Langer et al. (2013)
pointed out the importance of correct parameterization of the
snow thermal properties in permafrost simulations. Further
progress in resolving these issues will be shown in the next
model version.

3.2 Circumarctic validation

To evaluate the model’s reliability at circumarctic scale, we
compared the IPA permafrost map (Brown et al., 2002)
with the simulated permafrost extent. Depending on the
permafrost coverage, the IPA map classifies the permafrost
zones as continuous, discontinuous, sporadic permafrost and
isolated patches. However, within a global model, we do not
represent such classification inside a grid cell, but rather clas-
sify permafrost or non-permafrost conditions. Having this in
mind, it is seen in Fig. 8 that in general the simulated per-
mafrost extent is in good agreement with the IPA map. It cov-
ers all the continuous and discontinuous zones and extends
further to include some parts of the sporadic permafrost zone
and isolated patches. By definition, sporadic permafrost has
10–50 % of permafrost coverage and isolated patches have
less than 10 %. Simulating permafrost in some of these re-
gions is assumed to be realistic when the binary criterion
permafrost/no permafrost is used in the model.

Another criterion for assessing the validity of our simula-
tion results is to evaluate active-layer thickness. By defini-
tion, active-layer thickness is the maximum thawing depth
in permafrost areas during any given year. It can be con-
sidered a good measure of climate state since it is affected
by summer temperature, precipitation, timing of snowmelt
and history of soil temperature combined. For this reason,
we have compared the current state (1990–2010) of the sim-
ulated active-layer thickness with the CALM network data.

Fig. 8.Northern Hemisphere permafrost extent according to the In-
ternational Permafrost Association’s permafrost map (Brown et al.,
2002). Different permafrost classes are plotted in different colors
and the red line shows the border of the permafrost extent calcu-
lated from the JSBACH simulation (1980–1990 average values).

Fig. 9. Scatter plot of the observed ALT from the CALM network
(Brown et al., 2000) versus the JSBACH results. See text for further
info.

JSBACH matched the active-layer thickness of some of the
sites better than the others but in general there is an overesti-
mation in simulated active-layer thickness (Fig. 9).

Reasons for this mismatch are mostly explained by scale
issues and site-specific conditions together with the model’s
vertical resolution. First, the model output from a 0.5◦

× 0.5◦

grid box cannot be taken as equally comparable to the site’s
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observations given that the grid-box average is not fully rep-
resentative for the heterogeneous surface conditions in this
area. Even though some of the CALM observations were av-
eraged over 1 km×1 km areas, the landscape variability still
brings up a big uncertainty when compared to a model grid-
box average. It is important to note that for this compari-
son, the model was driven by global climate and soil prop-
erties data sets (Sect. 2.2) and not by specific characteristics
at CALM stations. Hence, part of the scatter in Fig. 9 can
be explained by the wrong representation of soil properties
or local climate conditions. Therefore, the overestimation of
site-level active-layer thickness should be interpreted in con-
cert with the comparisons of spatial details of active-layer
thickness (ALT) and permafrost temperature (see next sec-
tion). All things considered, site-level model estimates are
fairly comparable to observations (r2: 0.54, Fig. 9). Sim-
ilar results are observed in some other modeling studies.
Dankers et al. (2011) have shown a deeper simulated ALT
using the JULES (Joint UK Land Environment Simulator)
model. Lawrence et al. (2012) have shown that the coupled
and uncoupled CLM (Community Land Model) model runs
are resulting in deeper ALT in general; although the offline
run from the CLM4 model version showed a more distributed
result with positive and negative differences. Additionally,
it is explained by Gouttevin et al. (2012a) that the freezing
scheme brought a better match with the CALM observations
but still with a positive bias.

Complementary to CALM comparisons, borehole temper-
ature records from GTN-P were used to evaluate simulated
subsoil temperatures (last model layer, ca. 7 m). In general,
the model can explain about 48 % of observed subsoil tem-
perature variation with a tendency to a cold bias at some sites
(Fig. 10). This cold bias can partly be related to the model
assumption of zero heat flux at the bottom of the soil. Pre-
viously shown by Lawrence and Slater (2005), the CLM3
model (with 3.43 m soil depth and vanishing heat flux at the
bottom) simulated strong permafrost degradation by 2100.
Delisle (2007) responds to that by showing the importance
of including bottom energy flux of the permafrost layer in
the model. Delisle (2007) also suggests the necessity of rep-
resenting soil heat transfer by moving groundwater while
Burn and Nelson (2006) explain the CLM3 overestimation
of permafrost loss by using wrong surface temperatures and
lack of near-surface ground ice in their model. In a newer
model version (CLM4), Lawrence et al. (2012) explain the
cold bias in deep soil temperatures with the dry active lay-
ers in their model, which again brings up the importance of
hydrology–heat transfer interactions. Also a deeper soil col-
umn representing up to 50 m is suggested to improve the per-
mafrost temperature results by around 10 m for future model
versions; although the effects of having this deep soil column
is not clear yet. Alexeev et al. (2007) suggests using at least
a 30 m soil depth to capture the seasonal temperature vari-
ability. So it seems there are a few possible reasons for the
cold bias in the JSBACH deep soil temperatures (Fig. 10).

Fig. 10.Scatter plot of observed soil temperature from the GTN-P
borehole temperature data set (Romanovsky et al., 2010b) versus
simulated subsoil temperature (deepest soil layer, ca. 7 m). See text
for further info.

Nonetheless, the borehole temperature comparison illustrates
the current status of our model in representing permafrost
temperatures and shows the need for future model develop-
ments for improvement.

Model results showing deeper active layers seem to dis-
agree with colder soil temperatures at first. However, the
active-layer thickness is more related to topsoil temperature,
whereas borehole comparisons were used to evaluate deeper
layers. The topsoil is strongly coupled to atmospheric con-
ditions and hydrological changes. However, deep soil tem-
perature is less influenced by variable surface conditions, but
show a decadal trend that is strongly affected by long-term
atmospheric changes, snow depth and vegetation cover dy-
namics and the boundary conditions at the bottom of the soil
column. As described in Dankers et al. (2011), active-layer
comparisons are mostly affected by phase change events in
the upper layers, but the colder soil temperature in the deeper
layers is not strongly related to these phase change effects.
Similar cold biases in deep soil temperature are also docu-
mented in other modeling studies (Gouttevin et al., 2012a;
Lawrence et al., 2012).

3.3 Continental-scale validation

Spatial details of modeled permafrost temperature were com-
pared to the Russian permafrost temperature map (Land
Resources of Russia CD-ROM, 2002). The simulated lat-
itudinal temperature gradient acts in accordance with the
observation-based map albeit with regional underestimation
of the model output (Fig. 11). Figure 12 shows the spatial pat-
tern of this cold bias. In general, permafrost temperature dif-
fers from−2 to−5◦C, except in northern Yakutia where the
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Fig. 11.Comparison of Russian permafrost temperature. Observed
(mapa; see text for more details) (Land Resources of Russia CD-
ROM, 2002) and simulated (mapb) Russian permafrost tempera-
ture during the period 1960–1990. The average values in different
temperature classes are plotted with the same color in both maps.

Fig. 12.Difference of simulated and observed permafrost tempera-
tures (mapb−a from Fig. 11).

difference can be as great as−16◦C. A cold bias in subsoil
temperature was also seen in the borehole temperature com-
parison, supporting the fact that it is not a regional issue but
rather a global deficiency of the model or the global climate
forcing data set. As discussed above, one potential reason
for the colder soil temperature is the bottom boundary zero
heat flux assumption. This assumption is widely used in the
global modeling community (Dankers et al., 2011; Lawrence
et al., 2008), but evidently the soil column depth also plays
an important role (Alexeev et al., 2007).

It is also important to mention the higher spatial hetero-
geneity of JSBACH soil temperature when compared to the
observation-based map. Since the observations were gath-
ered very sparsely (due to harsh climate conditions and re-
mote locations in Siberia) and widely interpolated to create
such a large regional product, many features from landscape
heterogeneity were lost in making the Russian permafrost
temperature map. On the contrary, the model simulates each
grid box individually by using meteorological forcing and
surface conditions specific to each grid box. This explains

Fig. 13. Observed (mapa; see text for more details) (Beer et al.,
2013) and simulated active-layer thickness (mapb) in the Yakutsk
area.

the longitudinal changes in the model output (Fig. 11). Also,
representing a different snow depth as well as not matching
the distribution of moss cover affect the amount of heat insu-
lation for the soil and alter the whole soil temperature profile.

Another regional evaluation performed was the compari-
son of observed and simulated active-layer thickness maps.
Figure 13 shows the comparison of the active-layer thickness
map of Yakutia (Beer et al., 2013) and the spatial distribu-
tion of active-layer thickness estimated by JSBACH. As in
the permafrost temperature comparison (Fig. 11), a similar
latitudinal gradient is observed in both maps. Although the
observation-based map shows smaller values in the north-
ern coastal regions, the transition of values from 50 cm at
the coast to 250 cm further inland is comparable to the JS-
BACH map. The mismatches at the coast can be due to the
thick ice overburden in those areas, which are not repre-
sented by JSBACH. The differences between the observed
and simulated results (Fig. 14) show a more diverse spatial
pattern than the map of temperature differences (Fig. 12).
This is due to the complex nature of confounding factors of
active-layer thickness i.e., soil temperature, snow-moss cover
and soil moisture. In general there is an overestimation in
simulated active-layer thicknesses. As seen from the CALM
comparison (Fig. 9), JSBACH simulates deeper active-layer
depths. However, regional differences are apparent in this
comparison. Unlike the CALM comparison where all the
sites were overestimated, the blue regions in the difference
map (Fig. 14) show the underestimated active-layer depths
from model results. These mismatches can be attributed to
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Fig. 14. Difference of simulated and observed active-layer
thickness-ALT (map b−a from Fig. 13).

not representing vegetation and snow cover properly. Finally,
the southern borders of the comparison map (Fig. 14) illus-
trate a strong positive bias (ca.+250 cm). As explained in
Beer et al. (2013), isolated permafrost patches are dominant
in these areas. However, the comparison is not very useful
for these areas since the 0.5◦ values in the observation-based
map represent an average of values in permafrost islands
while the model is simulating a mean soil temperature pro-
file for the 0.5◦ grid cell from which active-layer thickness is
estimated. Therefore, model results of ALT are expected to
be higher in these areas.

3.4 River runoff validation

To evaluate the hydrological processes, Arctic river runoff
dynamics were compared to the model results. The Lena
River was chosen since it has one of the basin areas least
influenced by anthropogenic activities and represents a more
natural pattern that is easily comparable to the model results.
The current model version can simulate the annual changes
(Fig. 15) and the monthly dynamics (Fig. 16) of the Lena
River runoff close to the observations. Permafrost conditions
allow the soil to block water infiltration during the snowmelt
period leading to a dramatic runoff peak in spring. JSBACH
successfully captured these effects. Similar results have been
observed in other studies (Beer et al., 2007; Gouttevin et al.,
2012a).

In addition, the Yenisey River was chosen as a secondary
basin since it has one of the biggest basins among the
Arctic rivers. In general, this comparison is similar to the
Lena Basin comparison. JSBACH underestimated the an-
nual runoff values (Fig. 17) but matched the monthly dy-
namics (Fig. 18). The only issue here is the low values of
the annual runoff. Simulating the Yenisey Basin has a higher
uncertainty, since more landscape types are involved. Nev-
ertheless, JSBACH captured the temporal dynamics of the
Yenisey River runoff values, thus supporting the validity of
the permafrost–hydrology interactions within the model. In-
terestingly, the model fails to reproduce the runoff increase

Fig. 15.Simulated and observed annual Lena River runoff. Red line
represents the JSBACH model version with the permafrost repre-
sentation. The black line shows the observed values from the R-
ArcticNet database (Lammers et al., 2001).

Fig. 16.Simulated and observed monthly mean Lena River runoff.
Line colors are the same as annual runoff plot (red: model values;
black: observed values). Since the model does not use a river routing
scheme, the model results are shifted 2 months to match the actual
peak time in spring.

since 1983. This could be partly due to a global dimming
effect on stomatal conductance, which influences transpira-
tion (Gedney et al., 2006). However, other effects, such as
snowmelt dynamics have an impact as well.

4 Conclusions

In this paper, we have presented an advanced version of
the process-oriented ecosystem model JSBACH that simu-
lates cold regions through enhanced representation of snow
and soil physics. By including the phase-change process,
coupled thermal and hydrological processes and heat insu-
lation from snow and moss cover, the current model ver-
sion is a capable tool for simulating the physical state of
high-latitude terrestrial environments. A multiscale evalua-
tion was conducted and the results demonstrate the strength
and weaknesses of the model. Site-level comparisons at both
permafrost and non-permafrost sites indicate the importance
of freezing and thawing together with snow insulation for
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Fig. 17. Simulated and observed annual Yenisey River runoff. Red
line represents the JSBACH model version with the permafrost rep-
resentation. The black line shows the observed values from the R-
ArcticNet database (Lammers et al., 2001).

Fig. 18. Simulated and observed monthly mean Yenisey River
runoff. Line colors are as in Fig. 17. As for the simulated Lena
River runoff in Fig. 16, the model results are shifted 2 months to
match the actual peak time in spring due to the lack of river routing
scheme in the model.

representing soil temperature dynamics. On the larger scale,
permafrost extent is successfully reproduced. Comparisons
with circumarctic observational data sets revealed that the
model simulates deeper active-layer thicknesses accompa-
nied with colder subsoil temperatures. These issues are ex-
plained by the differences in snow cover and moss-layer dis-
tributions that are not captured by the model, shallow depth
of the soil column and the vanishing heat flux assumption at
the bottom. Additionally, regional comparisons drew atten-
tion to the heterogeneous vegetation cover and the influence
of topographic effects. In conclusion, this modeling study
highlights the importance of the effects of latent heat and in-
sulation from snow/moss cover in simulating the permafrost
state in high-latitude regions.

Acknowledgements.The research leading to these results has
received funding from the European Community’s Seventh Frame-
work Programme (FP7 2007–2013) under grant agreement no.
238366. Nuuk site monitoring data for this paper were provided
by the GeoBasis program run by the Department of Geography,

University of Copenhagen and Department of Bioscience, Aarhus
University, Denmark. The program is part of the Greenland
Environmental Monitoring (GEM) program (www.g-e-m.dk) and
financed by the Danish Environmental Protection Agency, Danish
Ministry of the Environment. The Samoylov observational site is
funded by the European project PAGE21. We wish to thank Birger
Ulf Hansen for providing the Nuuk site information, also Christian
Reick and Soenke Zaehle for JSBACH code maintenance and
Callum Berridge for editing the manuscript.

The service charges for this open access publication
have been covered by the Max Planck Society.

Edited by: I. Rutt

References

ACIA: Arctic Climate Impact Assessment, Cambridge University
Press, New York, USA, 1042 pp., 2005.

Alexeev, V. A., Nicolsky, D. J., Romanovsky, V. E., and Lawrence,
D. M.: An evaluation of deep soil configurations in the CLM3
for improved representation of permafrost, Geophys. Res. Lett.,
34, L09502, doi:10.1029/2007GL029536, 2007.

Beer, C.: The Arctic carbon count, Nat. Geosci., 1, 569–570,
doi:10.1038/ngeo292, 2008.

Beer, C., Lucht, W., Gerten, D., Thonicke, K., and Schmullius, C.:
Effects of soil freezing and thawing on vegetation carbon den-
sity in Siberia: A modeling analysis with the Lund-Potsdam-Jena
Dynamic Global Vegetation Model (LPJ-DGVM), Global Bio-
geochem. Cy., 21, GB1012, doi:10.1029/2006GB002760, 2007.

Beer, C., Fedorov, A. N., and Torgovkin, Y.: Permafrost temperature
and active-layer thickness of Yakutia with 0.5-degree spatial res-
olution for model evaluation, Earth Syst. Sci. Data, 5, 305–310,
doi:10.5194/essd-5-305-2013, 2013.

Beer, C., Weber, U., Tomelleri, E., Carvalhais, N., Mahecha, M.,
and Reichstein, M.: Harmonized European long-term climate
data for assessing the effect of changing temporal variability on
landatmosphere CO2 fluxes, J. Climate, doi:10.1175/JCLI-D-13-
00543.1, in press, 2014.

Beringer, J., Lynch, A. H., Chapin III, F. S., Mack, M., and Bonan,
G. B.: The representation of Arctic Soils in the Land Surface
Model: The Importance of Mosses, J. Climate, 14, 3324–3335,
2001.

Boike, J., Wille, C., and Abnizova, A.: Climatology and sum-
mer energy and water balance of polygonal tundra in the
Lena River Delta, Siberia, J. Geophys. Res., 113, G03025,
doi:10.1029/2007JG000540, 2008.

Boike, J., Kattenstroth, B., Abramova, K., Bornemann, N.,
Chetverova, A., Fedorova, I., Fröb, K., Grigoriev, M., Grüber,
M., Kutzbach, L., Langer, M., Minke, M., Muster, S., Piel, K.,
Pfeiffer, E.-M., Stoof, G., Westermann, S., Wischnewski, K.,
Wille, C., and Hubberten, H.-W.: Baseline characteristics of cli-
mate, permafrost and land cover from a new permafrost obser-
vatory in the Lena River Delta, Siberia (1998–2011), Biogeo-
sciences, 10, 2105–2128, doi:10.5194/bg-10-2105-2013, 2013.

Boone, A. and Etchevers, P.: An Intercomparison of Three Snow
Schemes of Varying Complexity Coupled to the Same Land Sur-
face Model: Local-Scale Evaluation at an Alpine Site, J. Hy-
drometeorol., 2, 374–394, 2001.

www.geosci-model-dev.net/7/631/2014/ Geosci. Model Dev., 7, 631–647, 2014

www.g-e-m.dk
http://dx.doi.org/10.1029/2007GL029536
http://dx.doi.org/10.1038/ngeo292
http://dx.doi.org/10.1029/2006GB002760
http://dx.doi.org/10.5194/essd-5-305-2013
http://dx.doi.org/10.1175/JCLI-D-13-00543.1
http://dx.doi.org/10.1175/JCLI-D-13-00543.1
http://dx.doi.org/10.1029/2007JG000540
http://dx.doi.org/10.5194/bg-10-2105-2013


644 A. Ekici et al.: Simulating high-latitude permafrost regions

Brovkin, V., Raddatz, T., Reick, C. H., Claussen, M., and Gayler, V.:
Global biogeophysical interactions between forest and climate,
Geophys. Res. Lett., 36, L07405, doi:10.1029/2009GL037543,
2009.

Brown, J., Hinkel, K. M., and Nelson, F. E.: The circumpolar active
layer monitoring (CALM) program: research designs and initial
results, Polar Geography, 3, 165–258, 2000.

Brown, J., Ferrians Jr., O. J., Heginbottom, J. A., and Melnikov, E.
S.: Circum-Arctic map of permafrost and ground-ice conditions
(Version 2), National Snow and Ice Data Center, Boulder, CO,
USA, available at:http://nsidc.org/data/ggd318.html(last access:
10 September 2012), 2002.

Burke, E. J., Hartley, I. P., and Jones, C. D.: Uncertainties in the
global temperature change caused by carbon release from per-
mafrost thawing, The Cryosphere, 6, 1063–1076, doi:10.5194/tc-
6-1063-2012, 2012.

Burn, C. R. and Nelson, F. E.: Comment on “A projection of se-
vere near-surface permafrost degradation during the 21st cen-
tury” by Lawrence, D. M. and Slater, A. G., Geophys. Res. Lett.,
33, L21503, doi:10.1029/2006GL027077, 2006.

Christiansen, H. H., Etzelmüller, B., Isaksen, K., Juliussen, H., Far-
brot, H., Humlum, O., Johansson, M., Ingeman-Nielsen, T., Kris-
tensen, L., Hjort, J., Holmlund, P., Sannel, A. B. K., Sigsgaard,
C., Åkerman, H. J., Foged, N., Blikra, L. H., Pernosky, M. A.,
and Ødegård, R. S.: The thermal state of permafrost in the nordic
area during the international polar year 2007–2009, Permafrost
Periglac. Process., 21, 156–181, 2010.

Clapp, R. B. and Hornberger, G. M.: Empirical equations for some
soil hydraulic properties, Water Resour. Res., 14, 601–604, 1978.

Collatz, G., Ribas-Carbo, M., and Berry, J.: Coupled
photosynthesis-stomatal conductance model for leave of
C4 plants, Aust. J. Plant Physiol., 19, 519–538, 1992.

Dankers, R., Burke, E. J., and Price, J.: Simulation of permafrost
and seasonal thaw depth in the JULES land surface scheme, The
Cryosphere, 5, 773–790, doi:10.5194/tc-5-773-2011, 2011.

DeConto, R. M., Galeotti, S., Pagani, M., Tracy, D., Schaefer, K.,
Zhang, T., Pollard, D., and Beerling, D. J.: Past extreme warming
events linked to massive carbon release from thawing permafrost,
Nature, 484, 87–91, 2012.

Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli,
P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G.,
Bauer, P., Bechtold, P., Beljaars, A. C. M., van de Berg, L., Bid-
lot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Geer,
A. J., Haimberger, L., Healy, S. B., Hersbach, H., Holm, E. V.,
Isaksen, L., Kalberg, P., Kohler, M., Matricardi, M., McNally, A.
P., Monge-Sanz, B. M., Morcrette, J. J., Park., B. K., Peubey, C.,
de Rosnay, P., Tavolato, C., Thepaut, J. N., and Vitart F.: The
ERA-Interim reanalysis: Configuration and performance of the
data assimilation system, Q. J. Roy. Meteorol. Soc., 137, 553–
597, 2011.

Delisle, G.: Near-surface permafrost degradation: How severe
during the 21st century?, Geophys. Res. Lett., 34, L09503,
doi:10.1029/2007GL029323, 2007.

De Vries, D. A.: Thermal properties of soils, Physics of Plant Envi-
ronment, edited by: van Wijk, W. R., North Holland, Amsterdam,
1963.

Dümenil, L. and Todini, E.: A rainfall-runoff scheme for use in the
Hamburg climate model, in: Advances in theoretical hydrology –
a tribute to James Dooge, edited by: Kane, J. P., 129–157, 1992.

Dutra, E., Balsamo, G., Viterbo, P., Miranda, P. M. A., Beljaars,
A., Schär, C., and Elder, K.: An Improved Snow Scheme for the
ECMWF Land Surface Model: Description and Offline Valida-
tion, J. Hydrometeorol., 11, 899–916, 2010.

FAO, IIASA, ISRIC, ISS-CAS, and JRC: Harmonized World Soil
Database (version 1.1) FAO, Rome, Italy and IIASA, Laxenburg,
Austria, 2009.

Farquhar, G., Caemmerer, S., and Berry, J.: A biochemical-model of
photosynthetic CO2 assimilation in leaves of C3 Species, Planta,
149, 78–90, 1980.

Fedorov, A. N., Botulu, T. A., and Varlamov, S. P.: Permafrost Land-
scape of Yakutia Novosibirsk: GUGK, 170, 1989 (in Russian).

Fedorov, A. N., Botulu, T. A., Varlamov, S. P., and Melnikov, P. I.:
Permafrost Landscape Map of Yakutia ASSR, Scale 1:2500000,
Moscow: GUGK, 1991.

Gedney, N., Cox, P. M., Betts, R. A., Boucher, O., Huntingford, C.,
and Stott, P. A.: Detection of a direct carbon dioxide effect in
continental river runoff records, Nature, 439, 835–838, 2006.

GLC2000 database: Global Land Cover 2000 database, Euro-
pean Commission, Joint Research Centre, available at:http:
//bioval.jrc.ec.europa.eu/products/glc2000/glc2000.php(last ac-
cess: 5 May 2012), 2003.

Goodrich, L.: The influence of snow cover on the ground thermal
regime, Can. Geotech. J., 19, 421–432, 1982.

Gouttevin, I., Krinner, G., Ciais, P., Polcher, J., and Legout, C.:
Multi-scale validation of a new soil freezing scheme for a land-
surface model with physically-based hydrology, The Cryosphere,
6, 407–430, doi:10.5194/tc-6-407-2012, 2012a.

Gouttevin, I., Menegoz, M., Dominé, F., Krinner, G., Koven,
C., Ciais, P., Tarnocai, C., and Boike, J.: How the insulat-
ing properties of snow affect soil carbon distribution in the
continental pan-Arctic area, J. Geophys. Res., 117, G02020,
doi:10.1029/2011JG001916, 2012b.

Grigoriev, M., Imaev, V., Imaeva, L., Kozmin, B., Kunitzkiy, V.,
Lationov, A., Mikulenko, K. I., Skrjabin, R. M., and Timirsin,
K. V.: Geology, seismicity and cryogenic processes in the arctic
areas of Western Yakutia, Yakutsk: Yakut Scientific Centre SD
RAS, 84, 1996.

Groffman, P. M., Hardy, J. P., Driscoll, C. T., and Fahey, T. J.: Snow
depth, soil freezing, and fluxes of carbon dioxide, nitrous oxide
and methane in a northern hardwood forest, Glob. Change Biol.,
12, 1748–1760, doi:10.1111/j.1365-2486.2006.01194.x, 2006.

Gruber, S.: Derivation and analysis of a high-resolution estimate
of global permafrost zonation, The Cryosphere, 6, 221–233,
doi:10.5194/tc-6-221-2012, 2012.

Hagemann, S. and Stacke, T.: Impact of soil hydrology scheme
on simulated soil moisture memory, Clim. Dynam., submitted,
2014.

Hagemann, S., Blome, T., Saeed, F., and Stacke, T.: Perspec-
tives in modelling climate-hydrology interactions, Surveys
in Geophysics, ISSI special issue on Hydrological Cycle,
doi:10.1007/s10712-013-9245-z, online first, 2013.

Hansen, M., DeFries, R., Townshend, J., Carroll, M., Dimiceli, C.,
and Sohlberg, R.: Vegetation Continuous Fields MOD44B, 2001
Percent Tree Cover, Collection 3 University of Maryland, Col-
lege Park, Maryland, 2003.

Hayes, D. J., McGuire, A. D., Kicklighter, D. W., Gurney, K. R.,
Burnside, T. J. and Melillo, J. M.: Is the northern high-latitude

Geosci. Model Dev., 7, 631–647, 2014 www.geosci-model-dev.net/7/631/2014/

http://dx.doi.org/10.1029/2009GL037543
http://nsidc.org/data/ggd318.html
http://dx.doi.org/10.5194/tc-6-1063-2012
http://dx.doi.org/10.5194/tc-6-1063-2012
http://dx.doi.org/10.1029/2006GL027077
http://dx.doi.org/10.5194/tc-5-773-2011
http://dx.doi.org/10.1029/2007GL029323
http://bioval.jrc.ec.europa.eu/products/glc2000/glc2000.php
http://bioval.jrc.ec.europa.eu/products/glc2000/glc2000.php
http://dx.doi.org/10.5194/tc-6-407-2012
http://dx.doi.org/10.1029/2011JG001916
http://dx.doi.org/10.1111/j.1365-2486.2006.01194.x
http://dx.doi.org/10.5194/tc-6-221-2012
http://dx.doi.org/10.1007/s10712-013-9245-z


A. Ekici et al.: Simulating high-latitude permafrost regions 645

land-based CO2 sink weakening?, Global Biogeochem. Cy., 25,
1–14, 2011.

Heimann, M. and Reichstein, M.: Terrestrial ecosystem carbon dy-
namics and climate feedbacks, Nature, 451, 289–292, 2008.

Hinzman, L. D., Goering, D. J., and Kane, D. L.: A distributed ther-
mal model for calculating soil temperature profiles and depth of
thaw in permafrost regions, J. Geophys. Res., 103, 28975–28991,
1998.

Hugelius, G., Kuhry, P., Tarnocai, C., and Virtanen, T.: Soil organic
carbon pools in a periglacial landscape: a case study from the
central Canadian Arctic, Permafr. Periglac. Process., 21, 16–29,
2010.

Jensen, L. M. and Rasch, M.: Nuuk Ecological Research Opera-
tions, 2nd Annual Report, 2008, Roskilde, National Environmen-
tal Research Institute, Aarhus University, Denmark, 80 pp., 2009.

Jensen, L. M. and Rasch, M.: Nuuk Ecological Research Opera-
tions, 3rd Annual Report, 2009, Roskilde, National Environmen-
tal Research Institute, Aarhus University, Denmark, 80 pp., 2010.

Johansen, O.: Thermal conductivity of soils, Ph.D. thesis, Trond-
heim, Norway, Cold Regions Research and Engineering Labora-
tory Draft Translation 637, 1977, ADA 044002, 1975.

Jungclaus, J. H., Fischer, N., Haak, H., Lohmann, K., Marotzke,
J., Matei, D., Mikolajewicz, U., Notz, D., and von Storch, J. S.:
Characteristics of the ocean simulations in MPIOM, the ocean
component of the MPI-Earth system model, J. Adv. Model. Earth
Syst., 5, 422–446, doi:10.1002/jame.20023, 2013.

Kelley, J. J. J., Weaver, D. F., and Smith, B. P.: The variation of
carbon dioxide under the snow in the Arctic, Ecology, 49, 358–
361, 1968.

Knorr, W.: Annual and interannual CO2 exchanges of the terrestrial
biosphere: process-based simulations and uncertainties, Global
Ecol. Biogeogr., 9, 225–252, 2000.

Koren, V., Schaake, J., Mitchell, K., Duan, Q., Chen, F., and Baker,
J.: A parameterization of snowpack and frozen ground intended
for NCEP weather and climate models, J. Geophys. Res., 104,
19569–19585, 1999.

Koven, C. D., Ringeval, B., Friedlingstein, P., Ciais, P., Cadule,
P., Khvorostyanov, D., Krinner, G. and Tarnocai, C.: Permafrost
carbon-climate feedbacks accelerate global warming, Proc. Natl.
Aca. Sci. USA, 108, 14769–14774, 2011.

Kutzbach, L., Wagner, D., and Pfeiffer, E.: Effect of microrelief
and vegetation on methane emission from wet polygonal tun-
dra, Lena Delta, Northern Siberia, Biogeochemistry, 69, 341–
362, 2004.

Lammers, R., Shiklomanov, A., Vorosmarty, C., Fekete, B., and Pe-
terson, B.: Assessment of contemporary Arctic river runoff based
on observational discharge records, J. Geophys. Res., 106, 3321–
3334, 2001.

Land Resources of Russia: available at:http://webarchive.iiasa.ac.
at/Research/FOR/russia_cd/download.htm(last access: 17 Jan-
uary 2013), Land resources of Russia CD-ROM, 2002.

Langer, M., Westermann, S., Muster, S., Piel, K., and Boike, J.:
The surface energy balance of a polygonal tundra site in north-
ern Siberia – Part 1: Spring to fall, The Cryosphere, 5, 151–171,
doi:10.5194/tc-5-151-2011, 2011.

Langer, M., Westermann, S., Heikenfeld, M., Dorn, W., and Boike,
J.: Satellite-based modeling of permafrost temperatures in a tun-
dra lowland landscape, Remote Sensing of Environment, 135,
12–24, doi:10.1016/j.rse.2013.03.011, 2013.

Lawrence, D. M. and Slater, A. G.: A projection of severe near-
surface permafrost degradation during the 21st century, Geophys.
Res. Lett., 32, L24401, doi:10.1029/2005GL025080, 2005.

Lawrence, D. M., Slater, A. G., Romanovsky, V. E., and Nicolsky,
D. J.: Sensitivity of a model projection of near-surface permafrost
degradation to soil column depth and representation of soil or-
ganic matter, J. Geophys. Res., 113, 1–14, 2008.

Lawrence, D. M., Slater, A. G., and Swenson, S. C.: Simulation
of Present-Day and Future Permafrost and Seasonally Frozen
Ground Conditions in CCSM4, J. C Climate, 25, 2207–2225,
2012.

Li, Q., Sun, S., and Xue, Y.: Analyses and development of a hierar-
chy of frozen soil models for cold region study, J. Geophys. Res.,
115, D03107, doi:10.1029/2009JD012530, 2010.

Loth, B. and Graf, H.: Snow cover model for global climate simu-
lations, J. Geophys. Res., 98, 451–464, 1993.

Loth, B. and Graf, H.: Modeling the snow cover in climate stud-
ies 1.Long-term integrations under different climatic conditions
using a multilayered snow-cover model, J. Geophys. Res., 103,
11313–11327, 1998.

Luo, L. F., Robock, A., Vinnikov, K. Y., Schlosser, C. A., Slater,
A. G., Boone, A., Braden, H., Cox, P., de Rosnay, P., Dickin-
son, R. E., Dai, Y. J., Duan, Q. Y., Etchevers, P., Henderson-
Sellers, A., Gedney, N., Gusev, Y. M, Habets, F., Kim, J. W.,
Kowalczyk, E., Mitchell, K., Nasonova, O. N., Noilhan, J., Pit-
man, A. J., Schaake, J., Shmakin, A. B., Smirnova, T. G., Wetzel,
P., Xue, Y. K, Yang Z. L., and Zeng, Q. C.: Effects of frozen soil
on soil temperature, spring infiltration, and runoff: Results from
the PILPS 2(d) experiment at Valdai, Russia, J. Hydrometeorol.,
4, 334–351, 2003.

McGuire, A. D., Anderson, L. G., Christensen, T. R., Dallimore, S.,
Guo, L., Hayes, D. J., Heimann, M., Lorenson, T. D., Macdon-
ald, R. W., and Roulet, N.: Sensitivity of the carbon cycle in the
Arctic to climate change, Ecol. Monogr., 79, 523–555, 2009.

Meinshausen, M., Smith, S. J., Calvin, K., Daniel, J. S., Kainuma,
M. L.,T., Lamarque, J. F., Matsumoto, K., Montzka, S. A., Raper,
S. C. B., Riahi, K., Thomson, A., Velders, G. J. M., and van Vu-
uren, D. P. P.: The RCP greenhouse gas concentrations and their
extensions from 1765 to 2300, Climatic Change, 109, 213–241,
2011.

Mölders, N., Haferkorn, U., Doering, J., and Kramm, G.: Long-term
investigations on the water budget quantities predicted by the
hydro-thermodynamic soil vegetation scheme (HTSVS) – Part
I: Description of the model and impact of long-wave radiation,
roots, snow, and soil frost, Meteorol. Atmos. Phys., 84, 115–135,
2003.

Nicolsky, D. J., Romanovsky, V. E., Alexeev, V. A., and Lawrence,
D. M.: Improved modeling of permafrost dynamics in a GCM
land-surface scheme, Geophys. Res. Lett., 34, 2–6, 2007.

Niu, G.-Y. and Yang, Z.-L.: Effects of Frozen Soil on Snowmelt
Runoff and Soil Water Storage at a Continental Scale, J. Hydrom-
eteorol., 7, 937–952, 2006.

Oelke, C.: Regional-scale modeling of soil freeze/thaw over the
Arctic drainage basin, J. Geophys. Res., 108, 1–19, 2003.

Olson, D. M., Dinerstein, E., Wikramanayake, E., Burgess, N., Pow-
ell, G., Underwood, E., D’Amico, J., Itoua, I., Strand, H., Morri-
son, J., Loucks, C., Allnutt, T., Ricketts, T., Kura, Y., Lamoreux,
J., Wettengel, W., Hedao, P., and Kassem, K.: Terrestrial Ecore-

www.geosci-model-dev.net/7/631/2014/ Geosci. Model Dev., 7, 631–647, 2014

http://dx.doi.org/10.1002/jame.20023
http://webarchive.iiasa.ac.at/Research/FOR/russia_cd/download.htm
http://webarchive.iiasa.ac.at/Research/FOR/russia_cd/download.htm
http://dx.doi.org/10.5194/tc-5-151-2011
http://dx.doi.org/10.1016/j.rse.2013.03.011
http://dx.doi.org/10.1029/2005GL025080
http://dx.doi.org/10.1029/2009JD012530


646 A. Ekici et al.: Simulating high-latitude permafrost regions

gions of the World: A New Map of Life on Earth, BioScience,
51, 933-938, 2001.

Piani, C., Weedon, G., Best, M., Gomes, S., Viterbo, P., Hagemann,
S., and Haerter, J.: Statistical bias correction of global simulated
daily precipitation and temperature for the application of hydro-
logical models, J. Hydrol., 395, 199–215, 2010.

Ping, C. L., Michaelson, G. J., Jorgenson, M. T., Kimble, J. M.,
Epstein, H., Romanovsky, V. E., and Walker, D. A.: High stocks
of soil organic carbon in the North American Arctic region, Nat.
Geosci., 1, 615–619, 2008.

Poutou, E., Krinner, G., Genthon, C. and de Noblet-Ducoudre, N.:
Role of soil freezing in future boreal climate change, Clim. Dy-
nam., 23, 621–639, 2004.

Raddatz, T., Reick, C., Knorr, W., Kattge, J., Roeckner, E., Schnur,
R., Schnitzler, K.-G., Wetzel, P., and Jungclaus, J.: Will the trop-
ical land biosphere dominate the climate-carbon cycle feedback
during the twenty-first century?, Clim. Dynam., 29, 565–574,
2007.

Richards, L. A.: Capillary Conduction of Liquids through Porous
Mediums, Physics, 1, 318–333, 1931.

Richtmyer, R. D. and Morton, K. W.: Difference Methods for
Initial-Value Problems, Wiley-Interscience, New York, 1967.

Rinke, A., Kuhry, P., and Dethloff, K.: Importance of a soil organic
layer for Arctic climate: A sensitivity study with an Arctic RCM,
Geophys. Res. Lett., 35, L13709, doi:10.1029/2008GL034052,
2008.

Riseborough, D., Shiklomanov, N., Etzelmuller, B., Gruber, S., and
Marchenko, S.: Recent Advances in Permafrost Modelling, Per-
mafr. Periglac. Process., 19, 137–156, 2008.

Roeckner, E., Bäuml, G., Bonaventura, L., Brokopf, R., Esch,
M., Giorgetta, M., Hagemann, S., Kirchner, I., Kornblueh,
L., Manzini, E., Rhodin, A., Schlese, U., Schulzweida, U.,
and Tompkins, A.: The atmospheric general circulation model
ECHAM 5. PART I: Model description. MPI Report No. 349,
Max Planck Institute for Meteorology, Hamburg, 2003.

Romanovsky, V. E., Drozdov, D. S., Oberman, N. G., Malkova,
G. V., Kholodov, A. L., Marchenko, S. S., Moskalenko, N. G.,
Sergeev, D. O., Ukraintseva, N. G., Abramov, A. A., Gilichinsky,
D. A., and Vasiliev, A. A.: Thermal state of permafrost in Russia,
Permafr. Periglac. Process., 21, 136–155, 2010a.

Romanovsky, V. E., Smith, S. L., and Christiansen, H. H.: Per-
mafrost thermal state in the polar Northern Hemisphere dur-
ing the international polar year 2007-2009: a synthesis, Permafr.
Periglac. Process., 21, 106–116, 2010b.

Schaefer, K., Zhang, T., Slater, A. G., Lu, L., Etringer,
A., and Baker, I.: Improving simulated soil temperatures
and soil freeze/thaw at high-latitude regions in the Simple
Biosphere/Carnegie-Ames-Stanford Approach model, J. Geo-
phys. Res., 114, F02021, doi:10.1029/2008JF001125, 2009.

Schaefer, K., Zhang, T., Bruhwiler, L., and Bareett, A. P.: Amount
and timing of permafrost carbon release in response to climate
warming, Tellus B, 63, 165–180, 2011.

Schirrmeister, L., Froese, D., Tumskoy, V., Grosse, G., and Wet-
terich, S.: Yedoma: Late Pleistocene Ice-Rich Syngenetic Per-
mafrost of Beringia, in: The Encyclopedia of Quaternary Sci-
ence, eidted by: Elias, S. A., vol. 3, 542–552, Amsterdam, Else-
vier, 2013.

Schneider von Deimling, T., Meinshausen, M., Levermann, A., Hu-
ber, V., Frieler, K., Lawrence, D. M., and Brovkin, V.: Estimating

the near-surface permafrost-carbon feedback on global warming,
Biogeosciences, 9, 649–665, doi:10.5194/bg-9-649-2012, 2012.

Schuur, E. A. G., Bockheim, J., Canadell, J. G., Euskirchen, E.,
Field, C. B., Goryachkin, S. V., Hagemann, S., Kuhry, P., Lafleur,
P. M., Lee, H., Mazhitova, G., Nelson, F. E., Rinke, A., Ro-
manovsky, V. E., Shiklomanov, N., Tarnocai, C., Venevsky. S.,
Vogel, J. G., and Zimov, S. A.: Vulnerability of Permafrost Car-
bon to Climate Change: Implications for the Global Carbon Cy-
cle, BioScience, 58, 701–714, 2008.

Serreze, M., Walsh, J., Chapin, F., Osterkamp, T., Dyurgerov, M.,
Romanovsky, V., Oechel, W., Morison, J., Zhang, T., and Barry,
R.: Observational evidence of recent change in the northern high-
latitude environment, Climatic Change, 46, 159–207, 2000.

Slater, A. G., Schlosser, C. A., Desborough, C. E., Pitman, A. J.,
Henderson-Sellers, A., Robock, A., Vinnikov, K. Y., Entin, J.,
Mitchell, K., Chen, F., Boone, A., Etchevers, P., Habets, F., Noil-
han, J., Braden, H., Cox, P. M., de Rosnay, P., Dickinson, R. E.,
Yang, Z.-L., Dai, Y.-J., Zeng, Q., Duan, Q., Koren, V., Schaake,
S., Gedney, N., Gusev, Y. M., Nasonova, O. N., Kim, J., Kowal-
czyk, E. A., Shmakin, A. B., Smirnova, T. G., Verseghy, D., Wet-
zel, P., and Xue, Y.: The representation of snow in land-surface
schemes: Results from PILPS 2(d), American Meteorological
Society, 2, 7–25, 2001.

Smith, S. L., Romanovsky, V. E., Lewkowicz, A. G., Burn, C. R.,
Allard, M., Clow, G. D., Yoshikawa, K., and Throop, J.: Ther-
mal state of permafrost in North America: a contribution to the
international polar year, Permafr. Perigl. Process., 21, 117–135,
2010.

Stevens, B., Giorgetta, M., Esch, M., Mauritsen, T., Crueger, T.,
Rast, S., Salzmann, M., Schmidt, H., Bader, J., Block, K.,
Brokopf, R., Fast, I., Kinne, S., Kornblueh, L., Lohmann, U.,
Pincus, R., Reichler, T., and Roeckner, E.: The atmospheric com-
ponent of the MPI-M Earth System Model: ECHAM6, J. Adv.
Model. Earth Syst., 5, 146–172, doi:10.1002/jame.20015, 2012.

Stieglitz, M., Dery, S. J., Romanovsky, V. E., and Osterkamp, T.
E.: The role of snow cover in the warming of Arctic permafrost,
Geophys. Res. Lett., 30, 1721, doi:10.1029/2003GL017337,
2003.

Swenson, S. C., Lawrence, D. M., and Lee, H.: Improved simulation
of the terrestrial hydrological cycle in permafrost regions by the
Community Land Model, J. Adv. Model. Earth Syst., 4, M08002,
doi:10.1029/2012MS000165, 2012.

Takata, K. and Kimoto, M.: A numerical study on the impact of
soil freezing on the continental-scale seasonal cycle, J. Meteorol.
Soc. Jpn., 78, 199–221, 2000.

Tarnocai, C., Canadell, J. G., Schuur, E. A. G., Kuhry, P., Mazhi-
tova, G., and Zimov, S.: Soil organic carbon pools in the north-
ern circumpolar permafrost region, Global Biogeochem. Cy., 23,
GB2023, doi:10.1029/2008GB003327, 2009.

Van Genuchten, M. T.: A closed-form equation for predicting the
hydraulic conductivity of unsaturated soils, Soil Sci. Soc. Am.
J., 44, 892–898, 1980.

Verseghy, D.: CLASS – A Canadian land surface scheme for GCMs,
I. Soil model, Roy. Meteorol. Soc., 11, 111–133, 1991.

Weedon, G., Gomes, S., Viterbo, P., Österle, H., Adam, J., Bellouin,
N., Boucher, O., and Best, M.: The WATCH forcing data 1958–
2001: A meteorological forcing dataset for land surface and hy-
drological models WATCH Tech. Rep. 22, 41 pp., available at:
http://www.eu-watch.org/publications/technical-reports, 2010.

Geosci. Model Dev., 7, 631–647, 2014 www.geosci-model-dev.net/7/631/2014/

http://dx.doi.org/10.1029/2008GL034052
http://dx.doi.org/10.1029/2008JF001125
http://dx.doi.org/10.5194/bg-9-649-2012
http://dx.doi.org/10.1002/jame.20015
http://dx.doi.org/10.1029/2003GL017337
http://dx.doi.org/10.1029/2012MS000165
http://dx.doi.org/10.1029/2008GB003327
http://www.eu-watch.org/publications/technical-reports


A. Ekici et al.: Simulating high-latitude permafrost regions 647

Weedon, G. P., Gomes, S., Viterbo, P., Shuttleworth, W. J., Blyth,
E., Österle, H., Adam, J. C., Bellouin, N., Boucher, O., and Best,
M.: Creation of the WATCH Forcing Data and Its Use to As-
sess Global and Regional Reference Crop Evaporation over Land
during the Twentieth Century, J. Hydrometeorol., 12, 823–848,
doi:10.1175/2011JHM1369.1, 2011.

Westermann, S., Schuler, T. V., Gisnås, K., and Etzelmüller, B.:
Transient thermal modeling of permafrost conditions in South-
ern Norway, The Cryosphere, 7, 719–739, doi:10.5194/tc-7-719-
2013, 2013.

ZackenbergGIS: available at: http://dmugisweb.dmu.dk/
zackenberggis/datapage.aspx, last access: 10 September
2012.

Zhang, T., Influence of the seasonal snow cover on the ground
thermal regime: An overview, Rev. Geophys., 43, RG4002,
doi:10.1029/2004RG000157, 2005.

Zhang, Y., Carey, S. K., and Quinton, W. L.: Evaluation of the al-
gorithms and parameterizations for ground thawing and freezing
simulation in permafrost regions, J. Geophys. Res., 113, 1–17,
2008.

Zhuang, Q., Melillo, J. M., Sarofim, M. C., Kicklighter, D. W.,
McGuire, A. D., Felzer, B. S., Sokolov, A., Prinn, R. G., Steudler,
P. A., and Hu, S.: CO2 and CH4 exchanges between land ecosys-
tems and the atmosphere in northern high latitudes over the 21st
century, Geophys. Res. Lett., 33, 1–5, 2006.

Zimov, S. A., Davydov, S. P., Zimova, G. M., Davydova, A. I.,
Schuur, E. A. G., Dutta, K., and Chapin, F. S.: Permafrost carbon:
Stock and decomposability of a globally significant carbon pool,
Geophys. Res. Lett., 33, L20502, doi:10.1029/2006GL027484,
2006.

www.geosci-model-dev.net/7/631/2014/ Geosci. Model Dev., 7, 631–647, 2014

http://dx.doi.org/10.5194/tc-7-719-2013
http://dx.doi.org/10.5194/tc-7-719-2013
http://dmugisweb.dmu.dk/zackenberggis/datapage.aspx
http://dmugisweb.dmu.dk/zackenberggis/datapage.aspx
http://dx.doi.org/10.1029/2004RG000157
http://dx.doi.org/10.1029/2006GL027484

