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Abstract Numerical simulation is of great importance to the investigation of changes in frozen ground on
large spatial and long temporal scales. Previous studies have focused on the impacts of improvements in the
model for the simulation of frozen ground. Here the sensitivities of permafrost simulation to different
atmospheric forcing data sets are examined using the Community Land Model, version 4.5 (CLM4.5), in
combination with three sets of newly developed and reanalysis-based atmospheric forcing data sets
(NOAA Climate Forecast System Reanalysis (CFSR), European Centre for Medium-Range Weather Forecasts
Re-Analysis Interim (ERA-I), and NASA Modern Era Retrospective-Analysis for Research and Applications
(MERRA)). All three simulations were run from 1979 to 2009 at a resolution of 0.5° × 0.5° and validated with
what is considered to be the best available permafrost observations (soil temperature, active layer thickness,
and permafrost extent). Results show that the use of reanalysis-based atmospheric forcing data set
reproduces the variations in soil temperature and active layer thickness but produces evident biases in their
climatologies. Overall, the simulations based on the CFSR and ERA-I data sets give more reasonable results
than the simulation based on the MERRA data set, particularly for the present-day permafrost extent and the
change in active layer thickness. The three simulations produce ranges for the present-day climatology
(permafrost area: 11.31–13.57 × 106 km2; active layer thickness: 1.10–1.26 m) and for recent changes
(permafrost area: �5.8% to �9.0%; active layer thickness: 9.9%–20.2%). The differences in air temperature
increase, snow depth, and permafrost thermal conditions in these simulations contribute to the differences in
simulated results.

1. Introduction

Simulation is of great importance for the study of frozen-ground change on regional and long-term temporal
scales. Frozen ground includes permafrost and seasonally frozen ground (Muller, 1947), with the former cov-
ering approximately 25% of the land area in the Northern Hemisphere (Zhang et al., 1999). Studies have
shown that severe permafrost degradation can significantly affect hydrology and water resources (Cuo
et al., 2015; Liljedahl et al., 2016; Yang et al., 2014), ecosystems (Qin et al., 2014; Yang et al., 2010; Yi et al.,
2014), human engineering facilities (Guo & Sun, 2015; Guo & Wang, 2016a; Nelson et al., 2002), and climate
change (Schuur et al., 2015). These impacts have made permafrost change a hot topic in climate change
research in the context of the recent and the projected future climate warming (Collins et al., 2013).
Permafrost is mostly distributed in high-latitude and high-elevation regions. Observations are scarce and
are of a short-term nature in these regions because the cold climate and often rugged topography make con-
ventional ground measurements difficult. The study of permafrost dynamics on large spatial and long-term
temporal scales by ground observations is therefore limited. Thus, there is a need for a numerical simulation
method that can be used to study permafrost change and its associated mechanisms on regional and long-
term temporal scales.

Simulations of frozen ground have largely been advanced by a series of improvements in frozen-ground-
related processes in models (Lawrence et al., 2008, 2012). Using version 3.0 of the Community Climate
System Model, with the CLM3.0 (Community Land Model, version 3.0) land module, Lawrence and Slater
(2005) projected a severe near-surface permafrost degradation of 60–90% by 2100. Burn and Nelson
(2006) argued that such a severe degradation is not likely to occur and that the results may be
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overestimated, mostly due to the absence of the organic layer and shallow soil profile in the land model.
Consequently, the organic layer of the surface was incorporated into the CLM4.0, and its impacts on
frozen-ground simulation were examined by Nicolsky et al. (2007). In addition, the soil profile of the
model has been significantly extended to account for the thermal inertia from the cold, deep permafrost
layers (Alexeev et al., 2007; Lawrence et al., 2008). Furthermore, frozen-ground parameterizations and cold-
region hydrology processes have also been corrected in the Community Land Model, version 4.5 (CLM4.5)
(Niu & Yang, 2006; Swenson et al., 2012). These efforts have improved the performance of frozen-ground
simulations from a model development perspective.

The performance of frozen-ground simulations is also affected by atmospheric forcing data set (Guo et al.,
2012; Lawrence et al., 2012). For example, Guo et al. (2012) performed a correction to atmospheric forcing
data set from a dynamical downscaling simulation in order to decrease the bias in the simulation of perma-
frost on the Tibetan Plateau. Lawrence et al. (2012) found that the projected rate of permafrost degradation
reduced to approximately 29% after the simulated climate biases in air temperature and precipitation that
were inputted into the land surface model were ameliorated.

In the present study, three sensitivity simulations were performed using the latest version of CLM4.5, driven
respectively by different atmospheric forcing data sets, to address the issue as to what extent the variation
in the atmospheric forcing data set affects the simulated permafrost conditions and changes. Three
reanalysis-based atmospheric forcing data sets were newly developed before the simulation was performed.
In addition, comprehensive frozen-ground observations, including soil temperature, active layer thickness,
and permafrost extent, were collected to validate the simulated results.

2. Data, Model, Experimental Design, and Methods
2.1. Data

The three reanalysis data sets used to develop an atmospheric forcing data set were the National Oceanic and
Atmospheric Administration Climate Forecast System Reanalysis (CFSR) (Saha et al., 2010), the European
Centre for Medium-Range Weather Forecasts Re-Analysis Interim (ERA-I) (Dee et al., 2011), and the National
Aeronautics and Space Administration Modern Era Retrospective-Analysis for Research and Applications
(MERRA) (Rienecker et al., 2011). The original horizontal (and temporal) resolutions are 0.5° × 0.5° (6-hourly),
0.75° × 0.75° (3-hourly), and 0.5° × 0.33° (hourly) for CFSR, ERA-I, and MERRA, respectively (Table T11). All these
reanalysis data sets start at 1979 and have been continually updated to the present day. These reanalysis data
sets have been confirmed to be more accurate than the earlier ones, such as the National Centers for
Environmental Prediction-National Center for Atmospheric Research reanalysis Q5(Rienecker et al., 2011), and
have been widely used to assess past climate conditions and to drive numerical models (Chen et al., 2017;
Fan et al., 2016; Gao et al., 2016; Sun, 2017 Q6; Wang & Zeng, 2012; Zhou et al., 2016).

Soil temperature observations at depths of 1 m and 6 m were obtained from Russian meteorological station
(RMS) (http://meteo.ru/english/climate/soil.php) and International Polar Year thermal state of permafrost
(IPY-TSP) (Romanovsky et al., 2010) data (http://nsidc.org/data/G02190), respectively. The RMS data were
measured at depths ranging from 0.02 to 3.2 m. They cover the total period from 1963 to 2011 but are not
continuous, and many stations have shorter observation periods than this. Only the data for the period
1981–2009 were used in this study to validate the simulated results, because most stations have continuous
records during this period. These data are reliable because a strict quality control procedure was carried out
in the postprocessing stage of the data. The IPY-TSP data were measured at depths ranging from 0 to 100 m.

Table 1
Details of the Atmospheric Forcing Data Sets

Variable
Resolution

(°longitude × °latitude)
Mean annual air
temperature (°C)

Annual maximum
air temperature (°C)

Annual minimum
air temperature (°C)

Mean annual soil temperature
at 1 m depth (°C)

Winter snow
depth (m)

CFSR 0.5° × 0.5° �9.32 (0.44) 11.41 (0.30) �28.62 (0.54) �5.49 (0.46) 0.73 (0.01)
ERA-I 0.75° × 0.75° �9.69 (0.50) 10.97 (0.30) �30.52 (0.45) �5.22 (0.60) 0.69 (0)
MERRA 0.5° × 0.33° �9.47 (0.44) 12.16 (0.42) �29.97 (0.39) �4.19 (0.60) 0.64 (0.01)

Note. All variables are area-averaged values over observed permafrost region, with trends (per decade) from 1979 to 2009 shown in brackets.
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They cover a total period from 2006 to 2010, but this is not the case for all stations. The IPY-TSP data are also
reliable and have been used to validate published model results (Guo & Wang, 2016a; Lawrence et al., 2012).
For both RMS and IPY-TSP data, soil temperature at the depths of interest (1 m and 6 m) were not measured
directly but were calculated by simple linear interpolation between known values, which is allowed due to
the linear relationship of mean soil temperature with depth (Koven et al., 2013).

Active layer thickness observations were obtained from two sources: (1) the Circumpolar Active Layer
Monitoring (CALM) network (Brown et al., 2000) (http://www.gwu.edu/~calm/); and (2) the historical active
layer thickness estimated from the observed soil temperatures at 31 weather stations in Russia (AL_RHST)
(Zhang et al., 2006) (https://data.eol.ucar.edu/dataset/106.ARCSS160). The CALM data cover the period from
1990 to 2015, although measurements at many stations are not continuous and begin in 1996. The data for
the period 1996–2007 were used in this study because most of the stations have continuous records during
this period. The AL_RHST data cover the period 1930–1990, and the data for 1981–1990 were used in this
study for validating the model results during the corresponding period. These two sets of active layer thick-
ness data are reliable and have been employed to validate the results of climate models (Guo &Wang, 2016a;
Lawrence et al., 2012). Notably, for the validation of present-day climatology, site observations were first aver-
aged over the periods that have records at each station and then compared to the corresponding grid mean
simulated values. For the validation of interannual variation, station observations were first averaged over all
stations and then compared to the corresponding grid mean simulated results.

Permafrost extent observations, used to validate the simulated present-day permafrost distribution, were
obtained from the circum-Arctic map of permafrost and ground ice conditions (Brown et al., 1997). The data
have a resolution of 0.5° × 0.5° and are available at http://nsidc.org/data/docs/fgdc/ggd318_map_circumarc-
tic/index.html. These data are considered to be the best available for permafrost. In this data set, permafrost is
classified into continuous, discontinuous, isolated, and sporadic, but it is argued that only continuous and dis-
continuous permafrost could be captured by climate models due to their coarse horizontal resolution (Burn &
Nelson, 2006). We therefore only compared these two types to the simulated results. It should be noted that
this would not be appropriate if higher-resolution simulation were performed.

2.2. Model

The latest version of CLM (CLM4.5), was used in this study. CLM4.5 is an update of CLM4.0 (Oleson et al., 2013).
CLM has undergone a series of improvements since version 3.0 (Lawrence et al., 2011). These include a
revision of the surface data sets (Lawrence & Chase, 2007), the incorporation of a two-leaf model for
photosynthesis Q7(Thornton & Zimmermann, 2007), modifications to the snow model (Flanner et al., 2007;
Wang & Zeng, 2009), inclusion of a TOPMODEL-based model for runoff (Niu et al., 2007), incorporation of a
carbon-nitrogen biogeochemical model (Thornton et al., 2009; Wang et al., 2015; Xie et al., 2016), and correc-
tions to the parameterization of frozen ground (Lawrence et al., 2011). The improvements with regard to
frozen-ground simulation are incorporation of a freezing point depression expression for updating the freez-
ing and melting processes (Niu & Yang, 2006), representation of the thermal and hydraulic properties of soil
organic matter for reducing soil temperature (Nicolsky et al., 2007), deepening of the soil column to account
for the thermal inertia resulting from the cold deep permafrost (Alexeev et al., 2007), and improvement to the
hydrological processes in the cold region for moderating dry surface organic soil (Swenson et al., 2012). The
performance of CLM in simulating frozen ground has been greatly improved by these upgrades (Koven et al.,
2013; Lawrence et al., 2008), and it has been widely used to assess the historic and future dynamics of perma-
frost (Guo & Wang, 2013; Guo et al., 2012; Lawrence et al., 2012; Liu & Jiang, 2016).

2.3. Experimental Design

Three simulations were performed using CLM4.5, driven by three atmospheric forcing data sets (CFSR, ERA-I,
and MERRA). The atmospheric variables required as input data by CLM4.5 include air temperature, precipita-
tion, air pressure, wind speed, specific humidity, and downward short-wave radiation. All three simulations
were conducted on a global scale, with a simulation period from 1979 to 2009. Spatial and temporal resolu-
tions for the output of the simulations were set at 0.5° × 0.5° and daily, respectively. For model initialization,
the model was first run for 100 years, cyclingly driven by CRUNECP forcing data set (the default forcing data
set in CLM4.5) from 1979, and the final states were saved. Using such final states as initial fields, the model
was then run for 30, 30, and 40 years with the CFSR, ERA-I, and MERRA forcing data set from 1979,
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respectively. At the end of these three initializations, the interannual variations in soil temperature were
<0.003°C at 0–7.8 m (the analyzed deepest depth) soil levels, which could be regards the model arriving
the equilibrium states Q8. For each initialization run, the final states were saved and used to initiate the
corresponding transient simulation from 1979 to 2009.

2.4. Methods

Three new atmospheric forcing data sets (CFSR, ERA-I, andMERRA) were developed based on the original rea-
nalysis data sets. The three original reanalysis data sets were interpolated into a common horizontal resolu-
tion of 0.5° × 0.5° but retaining the original temporal resolution. A bilinear interpolation method was

Figure 1. Simulated mean soil temperature (1981–2000) (°C) at a depth of 1 m over observed permafrost region based on
the atmospheric forcing data set from (a) CFSR, (c) ERA-I, and (e) MERRA and (b, d, f) their validations with station obser-
vations during the corresponding period. Observation stations for the soil temperature are denoted with circles in
Figure 1a. Area-averaged values are given in the bottom right corner of Figures 1a, 1c, and 1e. Mean bias (MB) and the
spatial correlation coefficient (SCC) are given in the top left corner of Figures 1b, 1d, and 1f. All SCCs exceed a significance
level of 95%. Five countries and the Tibetan Plateau (TP), containing mostly permafrost, are outlined by the gray
dashed lines.
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employed to downscale the meteorological variables of air temperature, pressure, wind, specific humidity,
and downward short-wave radiation. For precipitation, the bilinear interpolation method would reduce the
spatial variability and produce incorrect results due to the temporal heterogeneity of precipitation. The fol-
lowing method was therefore used in this study: The original grid box of reanalysis precipitation was first
divided into 0.01° × 0.01° pixels, with the amount of precipitation remaining unchanged. Then, the average
of precipitation of the pixels within a common grid cell of 0.5° × 0.5° was taken as the value of this common
grid cell. With this method, the precipitation amount in a specified area remained the same before and after
downscaling. More details of the development of these forcing data sets can be found in Wang et al. (2016).

Bias in the reanalysis precipitation was corrected during the development of the new atmospheric forcing
data set. Previous studies have indicated that reanalysis precipitation data (e.g., CFSR, ERA-I, andMERRA) have
large biases against observation-based precipitation products (Bosilovich et al., 2011). The monthly precipita-
tion product from the Global Precipitation Climatology Project (GPCP), version 2.2 (Huffman et al., 2009), was
used to correct the bias in the reanalysis precipitation in this study. GPCP precipitation was produced by
merging station observations and satellite measurements at a horizontal resolution of 2.5° × 2.5°. The
GPCP precipitation was first divided into grid cells of resolution 0.5° × 0.5°. The ratio of monthly GPCP to
monthly reanalysis precipitation was then calculated for each grid cell. The reanalysis precipitation was finally
corrected by multiplying by this ratio at each time step in the same month. More details regarding the cor-
rection of bias in the precipitation reanalysis data can be found in Wang et al. (2016).

Permafrost is identified as ground where monthly soil temperature is less than 0°C for 24 consecutive months
in at least one layer of the upper 10 soil layers (3.8 m) (Lawrence et al., 2012). It should be mentioned that this
definition of permafrost represents “near-surface permafrost.” Generally, near-surface permafrost is more
sensitive to climate change than deep permafrost (Lawrence et al., 2008). Loss of near-surface permafrost
at a location does not mean that deep permafrost is also lost at this location. Near-surface permafrost was
selected for investigation in this study and in previous studies (e.g., Lawrence et al., 2012) due to its greater
sensitivity to climate change. The active layer thickness is the maximum depth of thaw for permafrost over
the course of a year and was calculated based on daily soil temperature data (Lawrence et al., 2008).

Mean bias, mean absolute bias, correlation coefficients, and Nash-Sutcliffe efficiency (NSE) (Nash & Sutcliffe,
1970) were used to evaluate the level of agreement between the simulated and observed results. NSE
denotes the relative magnitude of the residual variance compared to the variance of observation, indicating
how closely the plot of simulations and observations fits the 1:1 line. The NSE statistic ranges from �∞ to 1,
and the closer it is to 1 themore accurate is the simulated result. The least squares fitting method was used to
calculate the trend as the slope of the linear regression, and the Student’s t test was used to assess the
statistical significance of the linear trend.

3. Results
3.1. Soil Temperature

The three simulations show a similar spatial distribution in soil temperature climatology at a depth of 1 m
(Figure F11). The differences are mostly seen over the Tibetan Plateau, where the simulated soil temperatures
based on MERRA data are the warmest, followed by those based on ERA-I data, while the simulated soil tem-
peratures based on CFSR data are the coolest. The area-averaged soil temperatures are �5.49, �5.22, and
�4.19°C over the observed permafrost region for the simulations based on CFSR, ERA-I, and MERRA, respec-
tively. The observation-based validation shows that all three simulated soil temperatures agree well with
observations but with a cold bias ranging from �1.82 to �1.99°C (Figure 1 and Table T22).

The three simulations also show a similar spatial distribution in soil temperature climatology at a depth of 6m
(Figure F22). Similar to the situation at 1 m depth, the differences in the spatial distribution among the three
simulations are mainly over the Tibetan Plateau. The area-averaged soil temperatures are �5.64, �5.39,
and �4.35°C over the observed permafrost region for simulations based on CFSR, ERA-I, and MERRA, respec-
tively. The simulated soil temperatures at 6 m depth have somewhat weaker correlations with the observa-
tions, but smaller mean absolute bias and larger NSE, compared to the simulated soil temperature at 1 m
depth (Table 2). The soil temperatures at 6 m depth from the CFSR-based simulation fit better with observa-
tions than those from the ERA-I-based simulation, followed by those from the MERRA-based simulation.
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Figure 2. Same as in Figure 1 but for simulated mean soil temperature (1981–2000) (°C) at a depth of 6 m over (a, c, and e)
observed permafrost region. In addition, the period for (b, d, and f) this validation is from 2006 to 2010, which is
different from the period 1981–2000 for validation of soil temperature at a depth of 1 m in Figure 1.

Table 2
Statistics of Similarities Between the Simulated and Observed Soil Temperature Climatology at Depths of 1 and 6 m, Soil Temperature Change at a Depth of 1 m, Active
Layer Thickness Climatology Based on CALM and AL_RHST Data, and Active Layer Thickness Change Based On CALM Data

Index

Soil temperature (°C) Active layer thickness (m)

Climatology (1 m,
1981–2000) CFSR,
ERA-I, MERRA

Climatology (6 m,
2006–2010) CFSR,
ERA-I, MERRA

Change (1 m,
1981–2009) CFSR,
ERA-I, MERRA

Climatology CALM,
1991–2000) CFSR,
ERA-I, MERRA

Climatology (AL_RHST,
1981–1990) CFSR,
ERA-I, MERRA

Change (CALM,
1996–2007) CFSR,
ERA-I, MERRA

Mean bias �1.99, �1.99, �1.82 0.22, 0.80, 1.16 0.21, 0.33, 0.66 �0.33, �0.29, �0.11
Mean absolute bias 2.31, 2.30, 2.24 1.78, 2.07, 2.21 0.52, 0.63, 0.89 0.50, 0.44, 0.52
Correlation coefficient 0.80, 0.82, 0.79 0.74, 0.63, 0.65 0.89, 0.92, 0.91 0.69, 0.62, 0.51 0.18, 0.41, 0.12 0.62, 0.83, 0.75
Nash-Sutcliffe efficiency 0, 0.05, 0.05 0.49, 0.30, 0.26 0.41, 0.38, 0.38 0.42, 0.25, �0.34 �0.56, �0.20, �0.47 �0.64, 0.36, �3.99

Note. The three simulations are based on atmospheric forcing data sets from CFSR, ERA-I, and MERRA. Bold type denotes a statistical significance >95%.
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Similar spatial distributions of the trends of the simulated soil tempera-
tures at 1 m depth are produced by the three simulations, except on the
Tibetan Plateau where obvious differences in the trend are shown
across the three simulations (Figure F33). The greatest increase in soil tem-
perature is seen in Siberia, Russia, followed by the northern parts of
Canada and Alaska. The area-averaged trends are 0.46, 0.60, and
0.60°C decade�1 over the observed permafrost region for simulations
based on CFSR, ERA-I, and MERRA, respectively. As shown in Figure 3d,
the simulated variations in soil temperature agree well with observa-
tions, although the model overestimates the increase in soil tempera-
ture during the period 2006–2009. Compared to the trends in the soil
temperature from the ERA-I-based simulation (0.68°C decade�1) and
the MERRA-based simulation (0.63°C decade�1), the trend in the soil
temperature from the CFSR-based simulation (0.59°C decade�1) is closer
to the observed results (0.46°C decade�1).

Figure 3. Distribution of trends in the simulated soil temperature (°C decade�1) at a depth of 1 m over observed perma-
frost region during the period 1979–2009 based on the atmospheric forcing data sets from (a) CFSR, (b) ERA-I, and (c)
MERRA and (d) the validation of soil temperature change from 1981 to 2009 based on observations from Russian
meteorological stations, denoted with black hollow circles in Figure 3a. Areas with significance levels exceeding 95% are
denoted with crosses. Area-averaged values are given in the bottom right corner of Figures 3a–3c. The observed and
simulated trends are given in the top left corner of Figure 3d. Five countries and the Tibetan Plateau (TP), containing mostly
permafrost, are outlined by the gray dashed lines.

Figure 4. Simulated change in soil temperature (°C) at a depth of 1 m from
1979 to 2009 based on atmospheric forcing data sets from CFSR, ERA-I, and
MERRA, as averaged over observed permafrost region. Shaded areas
represent one standard deviation across the simulations based on the
three types of atmospheric forcing data sets. The simulated trends are
given in the top left corner of the figure.
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The three simulations give a consistently significant increase in area-averaged soil temperature during the
period 1979–2009 (Figure F44). The trends are 0.46, 0.60, and 0.60°C decade�1 for the simulations based on
CFSR, ERA-I, and MERRA, respectively. The average trend is 0.55°C decade�1, with one standard deviation
of 0.06°C decade�1 across the three simulations (Table T33). The relative change in soil temperature at 1 m
depth is 22%, 30%, and 35% for the CFSR-, ERA-I-, and MERRA-based simulations, respectively.

3.2. Permafrost Area

The spatial distribution of present-day permafrost is captured by the three simulations, except for those over
the Tibetan Plateau (Figure F55). The simulated permafrost extent is smaller than that from observations, espe-
cially for the ERA-I- andMERRA-based simulations. Themodel underestimates the permafrost extent in south-
ern Alaska, the United States, in the northern Western Siberian Plain, Russia, and over the Tibetan Plateau. The
simulated permafrost areas are 13.6 × 106 km2, 12.6 × 106 km2, and 11.3 × 106 km2 for the simulations based
on the CFSR, ERA-I, and MERRA data, respectively. These values are smaller compared to the observations
being 15.2 × 106 km2, due to the underestimation of permafrost extents in the three regions mentioned
above. Among the three simulations, the permafrost extent from the CFSR-based simulation is the closest
to observations, followed by the ERA-I- and MERRA-based simulations.

For the period 1979–2008, the decrease in permafrost extent mainly occurs at the southern edge of the per-
mafrost, especially in Canada, eastern Russia, and the Tibetan Plateau (Figure F66). It can also be seen that the
permafrost extent shows an increase in a small number of grids, which are mostly distributed at the southern
edge of the permafrost in Alaska and the edge of permafrost in Sayan and on mountains in south Baikal.
Overall, these spatial changes in permafrost extent are very similar for all three simulations.

The three simulations give a consistent decrease in permafrost area from 1979 to 2008 (Figure 6d).
The decrease is especially distinct during the recent decade. The decreasing trends are 0.36, 0.28, and
0.29 × 106 km2 decade�1 for the CFSR-, ERA-I-, and MERRA-based simulations, respectively. The average trend

Table 3
Present-Day Climatology (1981–2000), Trend in the Period 1979–2009, and Relative Change for Soil Temperature, Permafrost
Area, and Active Layer Thickness

Variable Present day (1981–2000) Trend in 1979–2009 (per decade) Relative change

Soil temperature (1 m) (°C) �4.97 ± 0.56 0.55 ± 0.06 29.4% ± 5.3%
Permafrost area (× 1012 km2) 12.51 ± 0.93 �0.31 ± 0.03 �7.1% ± 1.4%
Active layer thickness (m) 1.16 ± 0.07 0.05 ± 0.016 15.4% ± 4.3%

Note. The range of uncertainty is one standard deviation across the simulations based on the three types of atmospheric
forcing data sets. The relative change relative to 1979 is calculated as: trend / 10 × (2009–1979 + 1) / value in
1979 × 100%.

Figure 5. Comparison of the simulated present-day permafrost extent (shaded color) based on the atmospheric forcing data sets from (a) CFSR, (b) ERA-I, and (c)
MERRA to observations (areas outlined in blue). The bias between the simulated and observed permafrost area is given in the bottom right corner of Figures 5a–
5c. Five countries and the Tibetan Plateau (TP), containing mostly permafrost, are outlined by the gray dashed lines.
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(Table 3). The relative change in the permafrost area is 5.8%, 6.5%, and 9.0% for the CFSR-, ERA-I-, and MERRA-
based simulations, respectively.

3.3. Active Layer Thickness

The three simulations give a very similar spatial pattern for the active layer thickness climatology, (i.e., the
active layer thickness decreases with increasing latitude; Figure F77). The active layer thickness ranges from 0

Figure 6. Spatial change in permafrost extent in 2008 relative to 1979 from the simulations based on the atmospheric
forcing data sets from (a) CFSR, (b) ERA-I, and (c) MERRA and (d) the simulated change in permafrost area (106 km2) from
1979 to 2009 based on atmospheric forcing data sets from CFSR, ERA-I, and MERRA. Five countries and the Tibetan Plateau
(TP), containing mostly permafrost, are outlined by the gray dashed lines in Figures 6a–6c. Shaded areas in Figure 6d
represent one standard deviation across the simulations based on the three types of atmospheric forcing data sets. The
simulated trends are given in the bottom left corner of Figure 6d.
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to 3.23 m (CFSR simulation), from 0 to 7.92 m (ERA-I simulation), and from 0 to 3.02 m (MERRA simulation),
with area-averaged values of 1.10 m (CFSR simulation), 1.13 m (ERA-I simulation), and 1.26 m (MERRA
simulation). The CALM observation-based validation shows that the simulated active layer thickness is
significantly correlated to the observations and has a positive mean bias ranging from 0.21 m (CFSR
simulation) to 0.66 m (MERRA simulation). When AL_RHST observations are used for validation, the
correlation between simulations and observations weakens, and a negative bias is present, with a range
from �0.11 m (MERRA simulation) to �0.33 m (CFSR simulation). Such positive (based on CALM
observations) and negative biases (based on AL_RHST observations) in active layer thickness are related
to warm (based on IPY-TSP observations) and cold (based on RMS observations) biases in the soil
temperature. Among the three simulations, the CFSR and ERA-I simulations generally show a more
reasonable active layer thickness than the MERRA simulation (Table 2).

Figure 7. Same as in Figure 1 but for (a, c, and e) simulated mean active layer thickness (1981–2000) (m) over the present-
day (1981–2000) simulated permafrost region. In addition, black (blue) solid circles represent the validation based on
observations from CALM (AL_RHST) sites, denoted with black (blue) hollow circle in Figure 7a. The period for validation
based on the CALM (AL_RHST) data is 1991–2000 (1981–1990).
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Compared to the spatial distribution of trends in soil temperature and permafrost extent, the three simula-
tions produce more inconsistencies in the spatial distribution of trends in the active layer thickness
(Figure F88). For example, the CFSR-based simulation shows a negative center in the Northern Siberian Plain,
Russia, which is not present in the results from the ERA-I and MERRA simulations. The CFSR and ERA-I simula-
tions show negative trends in the Canadian Archipelago, whereas the MERRA simulation shows a positive
trend. In spite of these differences, all three simulations produce positive trends in the active layer thickness
in the hinterlands of Russia and Canada, as well as negative trends at the grids situated at the southern edge
of the high-latitude permafrost region (such as the southern edge of the permafrost in Alaska and the edge of
permafrost in Sayan and on mountains in south Baikal). Observations-based validation shows that the CFSR-
and ERA-I-based simulations capture the interannual variations in active layer thickness reasonably, but the
MERRA-based simulation distinctly magnifies the amplitude of the variations. The trend from the CFSR simu-
lation (0.12 m decade�1) is the same as the observations of 0.12 m decade�1, while trends from the ERA-I
(0.18 m decade�1) and MERRA (0.17 m decade�1) simulations are close to but higher than the observations.

The active layer thickness experiences a significant increase from 1979 to 2009, as indicated by all three simu-
lations (Figure F99). The area-averaged trends in active layer thickness are 0.03, 0.05, and 0.07 m decade�1 for
the CFSR, ERA-I, and MERRA simulations, respectively. The average trend is 0.05 m decade�1, with one stan-
dard deviation of 0.016 m decade�1 across the three simulations (Table 3). The relative change in active layer

Figure 8. Similar as in Figure 3 but for simulated active layer thickness (ALT) trends (m decade�1) from 1979 to 2009 over
the simulated permafrost region where permafrost remains in each year during the period 1979–2009. In addition,
in Figure 8d, the validation for the period 1981–1990 (1996–2007) is based on observations from AL_RHST (CALM).
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thickness is 9.9%, 16.0%, and 20.2% for the CFSR-, ERA-I-, and MERRA-
based simulations, respectively, indicating a considerable range result-
ing from the different atmospheric forcing data sets.

4. Discussions

Soil temperature observations at depths of 1 m from (RMS) and 6m (IPY-
TSP) as well as the active layer thickness from two sources (CALM and
AL_RHST), were collected to validate both simulated present-day clima-
tology and recent variations in permafrost-related variables. The results
show that the three simulations can reproduce the recent variations in
soil temperature and active layer thickness. For present-day climatology,
however, the simulations produce a 1.82–1.99°C cold bias in soil tem-
perature at 1 m depth. The same cold bias was also found in the simu-
lated results by CLM4.0 (Lawrence et al., 2012). Lawrence et al. (2012)
explained that the cold bias may be a result of excessively dry simulated
soil in the active layer of organic-rich regions. Dry soils have lower ther-
mal conductivity, which limits heat penetration into the soil during the

summer. This results in lower soil temperature with associated shallow active layer. Cold-region hydrology
has been updated in CLM4.5, including the hydraulic properties of frozen ground that is modified to depend
on liquid content rather than total water content, incorporation of an ice impedance function, and correction
of the consistency between soil water state and water table position (Swenson et al., 2012). However, the cold
bias in soil temperature can still be seen in CLM4.5 in the results presented here. Further research and model
development are thus required to correct for these cold biases. Despite the cold bias in the 1 m soil tempera-
ture, a smaller and positive bias (0.22–1.16°C) is shown in the deeper soil layer at 6 m. This indicates that
CLM4.5 may be better at capturing the soil temperature at deeper layers. The same conclusion is reached
by Guo and Yang (2010) using the Simultaneous Heat and Water model (Guo & Yang, 2010).

It should bementioned that scale mismatch in this comparisonmay contribute to the bias in soil temperature
and active layer thickness. Our comparisons are based on individual site observations and the corresponding
grid mean simulated results. In regions with varied topography, soil temperature and active layer thickness
tend to vary substantially over small distances (Lawrence et al., 2012). In this case, a grid mean value might
not be accurately represented by site observations contained within the grid. This mismatch in scale was also
encountered and explained by Lawrence et al. (2012). However, the horizontal resolution used in the present
work is about twice that (0.94° × 1.25°) used in Lawrence et al. (2012), which would be expected to weaken
the impact of the scale mismatch.

This study produces a smaller simulated permafrost area than the circum-Arctic map of permafrost and
ground ice conditions (Brown et al., 1997). This mostly happened over the Tibetan Plateau region, where
the simulated permafrost extent is considerably smaller than in the observations. The simulated permafrost
area refers to “near-surface” permafrost, which is of more concern due to its greater sensitivity to climate
change. The circum-Arctic map of permafrost and ground ice conditions does not distinguish between
near-surface and deeper permafrost. When a deeper soil layer standard (upper 11 soil layers (6.3 m)) is
included in permafrost identification, the permafrost extent in high latitudes shows a slight increase, whereas
the permafrost extent over the Tibetan Plateau shows a larger increase (not shown). The active layer thick-
ness (permafrost table) is shallow for high-latitude permafrost but relatively deep for the high-elevation
permafrost over the Tibetan Plateau. Consequently, when using the shallow layer standard to identify perma-
frost, high-latitude permafrost is identified but the high-elevation permafrost over the Tibetan Plateau is not.
This implies that different standards should be used to identify high-latitude and high-elevation permafrost
in the future.

Nevertheless, the simulated permafrost extent over the Tibetan Plateau is still much smaller than that derived
from observations, even if a standard of the upper 12 soil layers (10.4 m) is used to identify permafrost (not
shown). When a suite of new, high-resolution atmospheric forcing data set (HY data) were used to drive
CLM4.0, a reasonable permafrost extent was obtained on the Tibetan Plateau (Guo & Wang, 2013). As an
update from CLM4.0, CLM4.5 (as used in this study) is less prone to this bias. Consequently, the

Figure 9. Simulated change in active layer thickness (ALT) (m) based on
atmospheric forcing data sets from CFSR, ERA-I, and MERRA from 1979 to
2009, as averaged over the simulated permafrost region where permafrost
remains in each year during the period 1979–2009. Shaded areas represent
one standard deviation across the simulations based on the three types of
atmospheric forcing data sets. The simulated trends are given in the top
left corner of the figure.

Journal of Geophysical Research: Atmospheres 10.1002/2017JD027477

GUO ET AL. HISTORICAL SIMULATION OF PERMAFROST 12

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67



atmospheric forcing data sets developed from reanalysis data are likely to be responsible for the bias. This
suggests that the reanalysis-based atmospheric forcing data set may be less suitable for the simulation of
permafrost over the Tibetan Plateau based on CLM.

The smallest increase in simulated annual soil temperature at 1 m depth is seen in the CFSR-based simulation
(0.46°C decade�1), followed by the ERA-I-based (0.60°C decade�1) and MERRA-based (0.60°C decade�1)
simulations. As shown in Table 1, the smallest increase in annual air temperature is seen in the CFSR-based
(0.44°C decade�1) and MERRA-based simulation (0.44°C decade�1), followed by the ERA-I-based simulation
(0.50°C decade�1). While the MERRA-based simulation shows the lowest increase in annual air temperature,
this is not consistent with the same simulation showing the greatest increase in soil temperature (Table 1).
This inconsistency may be caused by snow depth. The MERRA-based simulation has the shallowest snow
depth among the three simulations (Table 1). Less snow means there is less of an insulating effect, making
it easier for heat from air temperature increase to penetrate into the soil, resulting in higher soil temperature.

The smallest decreases in simulated permafrost area are seen in the ERA-I-based simulation (�0.28 × 106 km2

decade�1), followed by the MERRA-based (�0.29 × 106 km2 decade�1) and CFSR-based (�0.36 × 106 km2

decade�1) simulations. While the CFSR-based simulation shows the most decrease in permafrost area, this
is not consistent with the same simulation showing the smallest increase in soil temperature (0.46°C dec-
ade�1) at 1 m depth. This inconsistency is because CFSR-based simulation produces distinctly more perma-
frost on the Tibetan Plateau than ERA-I- and MERRA-based simulations and the permafrost on the Tibetan
Plateau shows apparent decrease in area (Figures 6a–6c), which results in the most decrease in total perma-
frost area in CFSR-based simulation. When permafrost change on the Tibetan Plateau is not taken into
account, the smallest decreases in simulated permafrost area are seen in the CFSR-based simulation
(�0.19 × 106 km2 decade�1), followed by the ERA-I-based (�0.25 × 106 km2 decade�1) and MERRA-based
(�0.28 × 106 km2 decade�1) simulations. This order is consistent with that of the increase in simulated
soil temperature.

The smallest increases in active layer thickness are seen in the CFSR-based simulation (0.03 m decade�1), fol-
lowed by the ERA-I-based (0.05 m decade�1) and MERRA-based (0.07 m decade�1) simulations. This order is
consistent with that of the increase in simulated soil temperature. In spite of the relation with soil tempera-
ture, changes in permafrost area and active layer thickness are related to the present-day climatology of soil
temperature. This is because the changes in permafrost area and active layer thickness are identified
according to whether or not the soil temperature is above 0°C. Colder permafrost is less likely to reach 0°C
than warmer permafrost and thus has a smaller rate of change, if the same increase in soil temperature is
assumed to occur. Indeed, differences in permafrost area—and active layer thickness—change among the
three simulations correspond favorably to their present-day climatology of soil temperature (Table 1).

In order to examine the relative importance of atmospheric forcing data sets with other factors such as model
physics to permafrost simulation, we compare the percentage sensitivities of permafrost simulation to differ-
ent atmospheric forcing data sets and model physics improvements. It is found that the sensitivity (+14.9%)
of changingMERRA to CFSR is close to those of organic soil (+14.4%) and organic soil +50 m deep soil column

Table 4
Relative Sensitivity of Simulated Permafrost Extent to Different Factors, Including Model Physics and Atmospheric Forcing
Data Sets

CLM3.5 (revised
hydrology)

Organic
soil

Organic soil +50 m
deep soil column

Simulated
climate bias

Different forcing
data sets

Relative sensitivity �3.6% +14.4% +15.8% �7.9% +6.1% (MERRA to ERA-I);
+14.9% (MERRA to CFSR)

Reference Lawrence
et al. (2008)

Lawrence
et al. (2008)

Lawrence et al.
(2008)

Lawrence
et al. (2012)

This Study

Note. Observed permafrost areas used to calculate relative sensitivity are 15.2 × 106 km2 (the Northern Hemisphere) and
13.9 × 106 km2 (north of 45°N) from the circum-Arctic map of permafrost and ground ice conditions (Brown et al., 1997).
Relative sensitivity is calculated as (simulated permafrost area � observations)/observations × 100%. Negative symbol
means that the sensitivity is away from observations, whereas positive symbol means that the sensitivity is close to
observations.
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(+15.8%) (Table T44). This indicates that different atmospheric forcing data sets could be of the same impor-
tance as improvements of some model physics.

5. Conclusion

Sensitivities in the simulation of permafrost to different atmospheric forcing data sets were investigated in
this study. The reanalysis-based simulation makes a more reasonable estimate of the recent interannual
variations than the climatology in soil temperature and active layer thickness. The CFSR- and ERA-I-based
simulations overall produce better estimates of permafrost extent and active layer thickness than the
MERRA-based simulation. The three simulations produce similar spatial patterns of present-day climatology
and trends in soil temperature and permafrost extent, except over the Tibetan Plateau. However, the ranges
seen in the simulated temporal changes in area-averaged permafrost area (�5.8% to�9.0%) and active layer
thickness (9.9%–20.2%), indicate that different atmospheric forcing data sets are responsible for uncertainties
in the results of permafrost simulation.

These results are useful for understanding the impacts of atmospheric forcing data set on permafrost simula-
tion. The differences in the results for permafrost change among the three simulations are mostly related to
the differences in air temperature increase, snow depth, and permafrost temperature conditions in these
simulations. Previous studies on the improvement of permafrost simulations concentrated mainly on the
modifications of the frozen-ground process of the model (Lawrence et al., 2008, 2011). The present study
focuses on the impacts of different atmospheric forcing data sets on the simulated permafrost results. In
the present study, cold biases of 1.82–1.99°C are still found in the soil temperature at 1 m depth simulated
by CLM4.5, despite the model’s update with respect to hydraulic properties in cold regions. Further research
and model development are underway to correct these cold biases in the future.
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