1 JANUARY 2018

PENG ET AL.

Spatiotemporal Changes in Active Layer Thickness under Contemporary and

Projected Climate in the Northern Hemisphere

XIAOQING PENG,? TINGJUN ZHANG,* OLIVER W. FRAUENFELD,® KANG WANG,®
DONGLIANG LU0, BIN CAO,* HANG SU,* HUUUN JIN,Y AND QINGBAI WU

2 Key Laboratory of Western China’s Environmental Systems (Ministry of Education), College of Earth and
Environmental Sciences, Lanzhou University, Lanzhou, China
® Department of Geography, Texas A&M University, College Station, Texas
€ Institute of Arctic and Alpine Research, University of Colorado Boulder, Boulder, Colorado
4 State Key Laboratory of Frozen Soil Engineering, Northwest Institute of Eco-Environment and Resources,
Chinese Academy of Sciences, Lanzhou, China

(Manuscript received 6 October 2016, in final form 29 September 2017)

ABSTRACT

Variability of active layer thickness (ALT) in permafrost regions is critical for assessments of climate
change, water resources, and engineering applications. Detailed knowledge of ALT variations is also im-
portant for studies on ecosystem, hydrological, and geomorphological processes in cold regions. The primary
objective of this study is therefore to provide a comprehensive 1971-2000 climatology of ALT and its changes
across the entire Northern Hemisphere from 1850 through 2100. To accomplish this, in situ observations, the
Stefan solution based on a thawing index, and the edaphic factor (E factor) are employed to calculate ALT.
The thawing index is derived from (i) the multimodel ensemble mean of 16 models from phase 5 of the
Coupled Model Intercomparison Project (CMIP5) over 1850-2005, (ii) three representative concentration
pathways (RCP2.6, RCP4.5, and RCP8.5) for 2006-2100, and (iii) Climatic Research Unit (CRU) gridded
observations for 1901-2014. The results show significant spatial variability in in situ ALT that generally ranges
from 40 to 320 cm, with some extreme values of 900 cm in the Alps. The differences in the ALT climatology
between the three RCPs and the historical experiments ranged from 0 to 200 cm. The biggest increases,
of 120-200 cm, are on the Qinghai-Tibetan Plateau, while the smallest increases of less than 20 cm are in
Alaska. Averaged over all permafrost regions, mean ALT from CMIPS5 increased significantly at
0.57 * 0.04cmdecade ! during 1850-2005, while 2006-2100 projections show ALT increases of 0.77 =
0.08 cm decade ! for RCP2.6, 2.56 *+ 0.07 cm decade ! for RCP4.5, and 6.51 *+ 0.07 cm decade ™! for RCP8.5.
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1. Introduction

The combined land and ocean surface air tempera-
tures increased 0.85°C from 1880 to 2012 (IPCC 2013).
Considering the land surface air temperature changes
alone, there has been an increase of 0.75°C between
1906 and 2005, which is most likely caused by the rapid
rise in anthropogenic greenhouse gas concentrations in
the atmosphere (Wang et al. 2011; Betts et al. 2016).
Compared to the global mean, the rate and magnitude of
temperature rise were much greater in high-latitude
(Rothrock et al. 1999; Serreze et al. 2000; Symon et al.
2004; Chapin et al. 2005; Hinzman et al. 2005; Screen and
Simmonds 2010; Jeong et al. 2012) and high-altitude
regions (Pepin et al. 2015; Guo and Wang 2016).
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This temperature rise has resulted in worldwide per-
mafrost degradation, including an increase in active
layer thickness (ALT) (Frauenfeld et al. 2004; Zhao
et al. 2010; Kaverin et al. 2012; Shiklomanov et al. 2012;
Vaughan et al. 2013; Blunden and Arndt 2016; Luo et al.
2016; Wu et al. 2016). These ALT changes in permafrost
regions can subsequently affect geomorphic processes,
hydrologic processes, land cover and vegetation, in-
frastructure, and the sustainability of northern commu-
nities. Hazards associated with increases in ALT have
important impacts on human activities (Shroder et al.
2014). In some areas, permafrost contains vast amounts
of carbon and a large fraction is localized in the active
layer (Mu et al. 2015; Schédel et al. 2016). Rising air
temperatures can lead to ground warming and thicken-
ing of the active layer, which can result in previously
frozen organic carbon becoming available for mineralization,
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elevating greenhouse gas concentrations if released to the
atmosphere (Mu et al. 2016). Hydrological processes are
similarly affected, such that ALT influences soil water
storage and partitioning of surface water (Velicogna et al.
2012), as well as atmospheric moisture and precipitation
(Ford and Frauenfeld 2016).

ALT is an important indicator of climate change in
permafrost regions. Previous studies have developed
several ground-based measurement methods to de-
termine ALT at the point scale by using mechanical
probing, thaw tubes, and ground temperature measured
in boreholes (Romanovsky and Osterkamp 1995; Zhang
et al. 1997, 2005; Brown et al. 2000; Hinkel et al. 2003;
Smith et al. 2010; Zhao et al. 2010). At the regional scale,
some indirect measurements of ALT have been de-
veloped using, for example, remote sensing and mod-
eling techniques (Goodrich 1978; Nelson and Outcalt
1987; Anisimov et al. 1997, 2002, 2007; Shiklomanov and
Nelson 2002; Oeclke et al. 2004, 2007; Liu et al. 2012;
Arzhanov et al. 2013; Koven et al. 2013).

Changes in ALT have been reported at regional,
hemispheric, and global scales (IPCC 2013). Significant
increases in ALT have been reported in Russia
(Frauenfeld et al. 2004; Zhang et al. 2005; Kaverin et al.
2012; Streletskiy et al. 2015), central and eastern Canada
(Smith et al. 2010), central Asia (Zhao et al. 2010), and
the Qinghai-Tibetan Plateau (Oelke and Zhang 2007;
Wu and Zhang 2010; Pang et al. 2012; Wu et al. 2012,
2015). However, ALT in northern Alaska and western
Canada shows little or no changes in recent decades
(Streletskiy et al. 2008; Smith et al. 2009). The in-
teractions between ALT and its driving factors are thus
complex and depend on many interrelated physical
processes. Climatic factors play a dominant role in ac-
counting for the spatial and temporal variability of ALT
at all scales (Streletskiy et al. 2008; Park et al. 2013,
2015), but nonclimatic factors such as vegetation cover,
soil properties, and environmental factors are also crit-
ical (Jafarov et al. 2013; Mishra and Riley 2014; Gao
et al. 2016). In most previous studies historical ALT
changes were considered at the point scale, which can-
not account for regional patterns of change. At the re-
gional scale, simulations such as those from land surface
models are the most common method for estimating
ALT. However, in most cases, models assume the lower
boundary to be at 3.5-5.0-m soil depth with zero heat
flux lower boundary conditions and constant thermal
properties in the active layer (Lawrence and Slater 2005;
Koven et al. 2013; Guo and Wang 2016). These simpli-
fications result in a low accuracy of the ALT estimations
(Lawrence and Slater 2005). Finite difference models
for one-dimensional heat conduction with phase change
have also been used to estimate ALT at the regional
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scale (Oelke et al. 2003, 2004), and Kudryavtsev’s so-
lution has been used to estimate ALT at the hemispheric
scale (Anisimov et al. 1997). However, such numerical
methods require data for climate forcing, vegetation,
soil texture, soil moisture, snow, and other parameters.
These variables are difficult to obtain, especially their
dynamic changes at the hemisphere scale.

Given the important role of ALT changes in the cli-
mate system and the limitations and uncertainties of
estimating ALT, it is important to properly evaluate and
predict the spatiotemporal ALT changes at regional and
hemispheric scales. The primary objective of this study is
therefore to establish a 1971-2000 climatology of ALT
and its changes for the entire Northern Hemisphere
from 1850 through 2100 by combining in situ data and
numerical modeling. To achieve this, we compiled in situ
ALT data from 347 sites and derived the soil edaphic
factor across the Northern Hemisphere. We then simu-
lated ALT by using the Stefan solution with the air
temperature thawing index estimated from various datasets
and model outputs.

The unique and novel contribution of this study is our
application of the most comprehensive database of 347
ALT observing stations, applying the Stefan solution with
an improved edaphic factor methodology, and providing a
long-term (251 yr) assessment of ALT variations across the
Northern Hemisphere. These estimates of regional ALT
changes are important indicators of contemporary and
projected climate change in permafrost regions.

2. Data and methods

We use monthly mean air temperature, monthly pre-
cipitation, daily and monthly soil temperatures at mul-
tiple depths, in situ measured ALT, and a permafrost
distribution map for the Northern Hemisphere. We
derive a number of parameters, including the annual
thawing index of air temperature and the edaphic factor,
which will be used to estimate ALT in the permafrost
regions of the Northern Hemisphere.

a. Climatic Research Unit air temperature

The Climatic Research Unit (CRU) version 3.23 time
series dataset of surface air temperature is developed by
the University of East Anglia (https://crudata.uea.ac.uk/
cru/data/hrg/cru_ts_3.23/). The monthly 1901-2014
0.5° X 0.5° latitude-longitude gridded temperatures are
used to calculate the thawing index, which will be used
as an input to estimate ALT.

b. CMIP5 air temperature

We used air temperature output from 16 models from
phase 5 of the Coupled Model Intercomparison Project
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TABLE 1. Description of CMIP5 models used in this study. (Expansions of acronyms are available online at http://www.ametsoc.org/

PubsAcronymlList.)

Spatial gridpoint

Model Institution and country resolution (lat X lon)
CCSM4 National Center for Atmospheric Research, United States 192 X 288
CanESM2 Canadian Centre for Climate Modelling and Analysis, Canada 64 X 128
FIO-ESM First Institute of Oceanography, State Oceanic Adminsitration, China 64 X 128
GISS-E2-H NASA Goddard Institute for Space Studies, United States 90 X 144
GISS-E2-R NASA Goddard Institute for Space Studies, United States 90 X 144
IPSL-CM5A-LR Institute Pierre-Simon Laplace, France 96 X 96
IPSL-CM5A-MR Institute Pierre-Simon Laplace, France 143 X 144
MIROC-ESM-CHEM Japan Agency for Marine-Earth Science and Technology, 64 X 128

Atmosphere, Japan
MIROC-ESM Japan Agency for Marine-Earth Science and Technology, 64 X 128
Atmosphere and Ocean Research Institute (The University of Tokyo),
and National Institute for Environmental Studies, Japan
MIROCS Atmosphere and Ocean Research Institute (The University of Tokyo), 128 X 256
National Institute for Environmental Studies, and Japan Agency for
Marine-Earth Science and Technology, Japan
MPI-ESM-LR Max Planck Institute for Meteorology, Germany 96 X 192
MPI-ESM-MR Max Planck Institute for Meteorology, Germany 96 X 192
MRI-CGCM3 Meteorological Research Institute, Japan 160 X 320
NorESM1-M Norwegian Climate Centre, Norway 96 X 144
BCC_CSM1.1(m) Beijing Climate Center, China Meteorological Administration, China 160 X 320
BCC_CSM1.1 Beijing Climate Center, China Meteorological Administration, China 64 X 128

(CMIPS), developed by various international research
institutions (Table 1; https://esgf-node.llnl.gov/projects/
esgf-linl/; Joetzjer et al. 2013). These model outputs
employ different spatial resolutions but cover the same
period from 1850 to 2100. Output from four CMIP5 ex-
periments will be used: one historical experiment for
18502005 and three projections for 20062100 (Taylor
et al. 2012). The three future scenarios are the represen-
tative concentration pathways (RCPs) developed for the
Intergovernmental Panel on Climate Change (IPCC)
Fifth Assessment Report (ARY), specifically RCP2.6,
RCP4.5, and RCP8.5. Each of these four experiments is
characterized by different radiative forcing. The histori-
cal experiment is forced with the observed atmospheric
composition (Taylor et al. 2012). The CMIP5 model
data were regridded to a common resolution of 0.5° X
0.5° using a bilinear interpolation method (Chen and
Frauenfeld 2014).

¢. Thawing index of air temperature

The annual air temperature thawing index is defined
as the sum of daily air temperatures for all days with
temperatures above 0°C over a calendar year (1 January
through 31 December). However, mean monthly air
temperatures can also reliably be used to estimate the
annual thawing index (Frauenfeld et al. 2007; Wu et al.
2011; Peng et al. 2016). Both monthly CRU air tem-
peratures and the CMIP5 monthly air temperatures are

used to calculate the annual thawing index of air tem-
perature, which is subsequently used to estimate ALT.

d Insitu ALT

We assembled ALT observations from the Circum-
polar Active Layer Monitoring Network (CALM)
(Brown et al. 2000), the Global Terrestrial Network for
Permafrost (GTN-P), meteorological stations in Russia
including long-term records of soil temperature
(Gilichinsky et al. 1998), and long-term field monitoring
sites on the Qinghai-Tibetan Plateau (Table 2).

CALM currently comprises 240 sites across the
Northern Hemisphere, mainly located in Arctic regions
(Shiklomanov et al. 2012; Streletskiy et al. 2012). Except
for some locations with missing data, 220 sites with ALT
data and analogous information are available (https://
www.gwu.edu/~calm/data/data-links.html). CALM em-
ploys three primary methods of thaw depth measure-
ments (Brown et al. 2000; Biskaborn et al. 2015; Fagan
and Nelson 2017): 1) direct measurements by mechanical
probing along grids or transects of various sizes, 2) thaw-
tube observations, and 3) thaw depth inferred from
ground temperature measurements. CALM also utilizes
boreholes and soil temperature sites, where ALT is ob-
tained from the temperature profile at single location.
Different methods for measuring ALT are inevitable and
the precise uncertainties among different methods vary,
and are unknown.


https://esgf-node.llnl.gov/projects/esgf-llnl/
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TABLE 2. Summary of the in situ ALT datasets.

Type Collected Used Methods
CALM 240 220 Thaw tube and soil temperature
GTN-P 207 65 Hourly, daily, and monthly soil temperature
Russia meteorological stations 62 39 Daily and monthly soil temperature
Own monitored sites 23 23 Daily soil temperature

The GTN-P dataset includes 21 sites with hourly soil
temperature, 69 sites with daily data, and 117 sites with
monthly soil temperature. All stations were classified as
located on either permafrost or seasonally frozen
ground based on soil temperature at each depth
(Frauenfeld et al. 2004). ALT was computed by de-
termining the annual maximum thaw depth of the 0°C
isotherm in the soil temperature profile. Because some
sites are not located on permafrost or contain missing data,
65 sites are retained for computing ALT in this study.

Long-term measurements of soil temperature at
closely spaced intervals (5-40cm) to depths of up to
320 cm at meteorological stations have been collected for
many decades in the former Soviet Union (Gilichinsky
et al. 1998; Frauenfeld et al. 2004; Zhang et al. 2005).
There are 31 permafrost stations recording daily soil
temperatures, with some records extending from the late
1950s and mid-1960s to 2006. There are also 31 stations on
permafrost derived from monthly soil temperatures, and
the record includes annual maximum thaw depths from
1930 to 1990. Comparing the location of the stations in
these two datasets, 14 have both soil temperature and
thaw depth observations. Because ALT calculated using
daily soil temperatures is more accurate, we retain those
ALT records. Altogether, there are 39 stations with ALT
estimations from these two datasets.

We compiled additional ALT data from 10 sites on the
Qinghai-Tibetan Plateau (Wu and Zhang 2010; Wu
et al. 2015) and 13 sites from the Heihe River basin
northeast of the Tibetan Plateau (Wang et al. 2015).
Altogether, we have ALT data and information from
34 stations on the Qinghai-Tibetan Plateau.

By combining all available in situ ALT datasets, we
are able to improve on the study by Luo et al. (2016),
who compiled ALT observations from approximately
230 sites, to assemble observations from 347 locations
across the Northern Hemisphere. To our knowledge,
this represents the most comprehensive observational
ALT dataset and is used as ground truth in this study.

e. Methods

To compare the edaphic factor derived from the dif-
ferent methods with observational and simulated ALT
results, the mean percent error (MPE), mean bias error
(MBE), and root-mean-square error (RMSE) are used:

1¥H —-H
- ie im ¢
MPE == ; i 100, 1)
N
MBE= ) (H,—H,)/N, and )
i=1
N
RMSE = /> (H,—H, )’ / N, (3)
i=1

where H;, and H;,, are simulated and observed data,
respectively, and N is the sample size. To investigate the
temporal variations and statistical characteristics of
ALT, a simple linear tendency combined with least
squares is used to quantify the trends.

fi ALT calculated by the Stefan solution

The approximate Stefan solution is widely used in
calculating ALT in permafrost regions (Nelson and
Outcalt 1987; Zhang et al. 1997; Shiklomanov and
Nelson 2002; Zhang et al. 2005):

ALT= 2K @
“\p,wL”

In Eq. (4), k, is the thermal conductivity of the thawed
soil (Wm™'°C™), n, is the n factor for the thawing
season, reflecting the relationship between the air and
surface freezing/thawing index, TI is the annual thaw-
ing index (°Cday '), P, is the soil bulk density
(kgm?), W is the soil water content by weight (di-
mensionless), and L is the latent heat of fusion (J kg™ ').
This method requires parameters that are only avail-
able at few specific sites, but not at regional or
hemispheric scales.

Here, we used the modified Stefan equation and
simplified it (Zhang et al. 2005) to where Eq. (4) can be
rewritten as

ALT = EVTI, (5)
where
— 2klnt
E=\pwrL ©)
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Therefore, E is a catchall scaling parameter, which
Nelson and Outcalt (1987) referred to as ‘“‘the edaphic
term’” and we refer to it as the edaphic factor or E factor.

g. E factor

Applying the concept of the edaphic factor would
simplify the ALT estimation. However, the new chal-
lenge is to obtain reliable E-factor values because it is
very difficult to obtain each parameter on the right-hand
side of Eq. (6). From Eq. (5), E can also be written as

E = ALT/V/TI. (7)

To apply Eq. (7), we can use in situ ALT and air
thawing index from the same stations. Therefore, we
calculated the E-factor values at each individual loca-
tion based on the 347 in situ ALT measurements and
thawing index from the corresponding CRU grid cell.
The spatial distribution of the E factor at the various
sites ranges from 0 to greater than 18 across the per-
mafrost regions of the Northern Hemisphere, with
most being between 0 and 12 (Fig. 1). The E-factor
standard deviation (STD) varies between 0.0 and ap-
proximately 1.4, with 58 % of all sites having an STD of
0.0-0.3 and only 12% of sites having an STD greater
than 1.0. This indicates that the interannual variability
of the E factor is not very pronounced. Having rela-
tively constant E factors at most of the sites is helpful
for projecting ALT changes into the future based on
different scenarios. Provided that an appropriate gridded
E-factor value can be calculated and combined with a
gridded thawing index, the gridded ALT can be determined
based on Eq. (5).

Most previous studies evaluated the spatial variability
of the E factor based on land-cover type (Zhang et al.
2005; Park et al. 2016) or ecoregion (Smith et al. 2009).
To assess the most appropriate method for calculating
the E factor, we used several approaches. The spatial
variability of the E factor was evaluated by categorizing
the values at individual locations based on their respective
land-cover type. A global land-cover dataset at 0.05° res-
olution is obtained from the Moderate Resolution Imaging
Spectroradiometer (MODIS) International Geosphere—
Biosphere Programme (IGBP) classification system
(https://Ipdaac.usgs.gov/). Next, we derive the spatial £
factor based on soil type using the Harmonized World
Soil Database (HWSD) version 1.2 (http://webarchive.
iiasa.ac.at/Research/LUC/External-World-soil-database/
HTML/). We then use an inverse-distance weighting
(IDW) method to estimate the spatial E-factor values,
and also to derive the soil parameters’ spatial variability
(Robinson and Metternicht 2006). Kriging, a nonlinear
method with an unbiased optimal estimator, is also used
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FIG. 1. Spatial distribution of edaphic factors across the sites:
(a) mean E factor, (b) the STD of the E factor, and (c) distribution
of STD.

to derive the spatial E-factor values (Gotway et al.
1996). Finally, a nonlinear radial basis function arti-
ficial neural network (RBFANN) method, which is
widely used in simulating soil parameters (Dong et al.
2010), is also applied to estimate the spatial E-factor
values. Table 3 summarizes these different estimates
relative to observed E factors. The best method for
deriving the spatial E-factor value is kriging, because
it has the smallest MPE of 14.1%, MBE of —0.02, and
RMSE of 2.04 (Table 3). Thus, the spatial E-factor
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TABLE 3. The E factor evaluation based on MPE, MBE, and
RMSE for the different estimation methods.

Method MPE (%) MBE RMSE
Land cover 46.9 —0.44 4.03
Soil type 50.4 -0.39 4.30
IDW 29.9 0.79 3.19
Kriging 14.1 -0.02 2.04
RBFANN 15.4 -0.71 5.53

values are gridded using the kriging method at the
same spatial resolution as the CRU dataset (Fig. 2).
The spatial variability of the gridded E factor ranges
from 1 to greater than 15, with its STD ranging be-
tween 0.0 and 1.5. The ratio between the STD and
E factor is less than 10%. Therefore, we assume the
E factor has few to no interannual changes in this
study. The E-factor values are applied to provide grid-
cell level ALT using thawing index estimates over
both the CRU historical record and that of the CMIP5
model outputs.

h. Permafrost map

We use the International Permafrost Association
(IPA) circum-Arctic map of permafrost and ground ice
conditions (Brown et al. 1998; Zhang et al. 1999, 2003) to
identify permafrost regions in the Northern Hemi-
sphere. The regions for ALT estimation are limited
within the permafrost boundaries as determined by the
IPA map.

3. Results
a. Historical ALT in the Northern Hemisphere

1) IN SITU ALT SPATIAL VARIABILITY

Based on all in situ ALT measurements in the
Northern Hemisphere (Fig. 3), ALT ranges from less
than 40 cm in northern Alaska to more than 300 cm on
the Mongolian and Qinghai-Tibetan Plateaus, with an
extreme value of up to 900cm over the Alps. The
multiyear average ALT was less than 40cm in con-
tinuous permafrost regions, and 40-80cm in the dis-
continuous permafrost regions of Alaska. This is
relatively shallower than other high-latitude regions.
For the rest of North America, ALT ranged from 80 to
200cm over continuous permafrost, and more than
240 cm in the sporadic and isolated permafrost regions
of the Rocky Mountains. In Siberia east of 150°E,
ALT was up to 80 cm, and ranges from 120 to 240 cm in
the continuous permafrost regions from 120°-150°E.
In western Siberia, ALT varies from about 80cm to
more than 240 cm. On the Mongolian Plateau, ALT is
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FIG. 2. Spatial distribution of (a) the E factor and (b) its STD at the
regional scale.

about 120 cm in continuous permafrost regions, and
more than 320 cm in sporadic and isolated permafrost
regions. Similarly, on the Qinghai-Tibetan Plateau,
the ALT ranges from 120cm to more than 320 cm.
The maximum ALT was located in the Alps, where it
varies from 200 to 900cm in sporadic and isolated
permafrost regions. Luo et al. (2016) reported ALT
to be 48cm in Alaska, 93 cm in Canada, 60-92 cm in
Russia, and 230 cm over the Tibetan Plateau. Given
their different (1990-2015) analysis period and dif-
ferent datasets (only CALM), these values still gen-
erally correspond to our findings.

2) ALT CLIMATOLOGY DERIVED FROM THAWING
INDEX DURING THE HISTORICAL PERIOD

Based on thawing index computed from the CRU
dataset, from ensemble-averaged CMIPS data during
1971-2000, and from spatially gridded E-factor values,
we estimated ALT (Figs. 4a,b) over the Northern
Hemisphere using Eq. (5). ALT of about 30 cm is found
in Greenland. In northern Alaska, it varies between 30
and 60 cm. For the rest of North America, between 180°
and 60°W, the mean ALT varies from about 30cm to
more than 300cm. In Siberia, ALT varies from 60 to
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FIG. 3. Spatial distribution of multiyear average in situ ALT at each
site across the Northern Hemisphere.

250cm, and generally increases from east to west. On
the Mongolian Plateau, ALT varies from 200 to 500 cm.
In northeastern China, ALT is generally 320 cm in most
regions. On the Qinghai-Tibetan Plateau, ALT varies
from 150 to 400 cm, but it can be up to 650 cm in some
regions. In the Alps and northern Europe, ALT varies
from about 100 cm to greater than 300 cm.

150° W 180° 150° E 150° W 180°

30°E
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Spatial ALT patterns from the historical ensemble
CMIPS dataset are similar to that of the CRU data during
1971-2000 (Figs. 4a,b) but there are notable differences
(Fig. 4c). A large negative bias (less than —50cm) is lo-
cated north of 60°N and in the Alps. The reason for this is
likely that the thawing index derived from CMIPS is
underestimated in these regions compared to the CRU
dataset, which is consistent with previous results
(Knutson et al. 2013). Large positive differences
(greater than 20 cm) are evident on the Qinghai-Tibetan
Plateau, which likely indicates that ALT derived from
CMIPS is overestimated relative to CRU. Previous re-
search reported that surface air temperature is over-
estimated by CMIP5 on the Tibetan Plateau (Chen and
Frauenfeld 2014).

ALT derived from both the CRU dataset and the
ensemble-averaged CMIPS output shows dramatic
changes along different longitudinal and latitudinal
gradients in the Northern Hemisphere (Fig. 5). Along
the 65°N transect (Fig. 5a), ALT ranges from 17 to
250 cm, with an average of 120 cm. Along this transect,
the shallower ALTs are mainly in Alaska and the east-
ern Siberian regions. Along the transect of 95°E
(Fig. 5b), the mean ALT ranges from 360 to 600 cm near
30°N and then decreases, reaching a minimum of less
than 100 cm around 34°N. ALT increases northward and
ranges from about 400 to 500 cm between 40° and 44°N.
From 45°N poleward, the mean ALT decreases as lati-
tude increases. This transect represents ALT variations
from the high-altitude Tibetan Plateau, through the
midlatitude Mongolian Plateau, ending with high-
latitude Siberian regions in the Eastern Hemisphere.
In the Western Hemisphere, we chose the 120°W tran-
sect (Fig. 5c), which shows that the mean ALT decreases
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FIG. 4. Spatial distribution and differences of 30-yr-average ALT in permafrost regions across Northern Hemisphere, showing (a) values
based on CRU data for 1971-2000, (b) the ensemble mean of 16 CMIP5 models for the historical experiment for 1971-2000, and (c) the

ALT difference between CRU and CMIP5 for 1971-2000.
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as latitude increases. This transect represents the ALT
variability across North America.

Combining the spatial patterns of the 30-yr aver-
age ALT and the three transects of ALT in Northern
Hemisphere, a greater ALT is found in both low-
latitude and high-altitude regions, while a shallower
ALT is only found in high-latitude regions. Beside air
temperature, ALT is also influenced by local soil pa-
rameters, land cover, and topography. In cold regions
such as Arctic and subarctic environments, some land
surfaces are covered by moss and peat. This surface
cover can cause cooling due to a low thermal con-
ductivity in summer, and a high thermal conductivity
of the frozen, saturated overburden material in win-
ter. In addition, underlying the surface moss cover,
there is often peat and loam with a higher air volume
and water content (Burn 1998; Beringer et al. 2001;
Jafarov et al. 2013). Kade and Walker (2008) reported
that the addition of a 10-cm layer of moss resulted in
almost a 3°C decrease in the mean summer soil tem-
perature and a 15% reduction in ALT in northern
Alaska. On the Qinghai-Tibetan Plateau, high ele-
vation leads to lower temperatures compared to other
areas at similar latitudes. Elevation is higher in the
western plateau than in the east, resulting in mean
annual air temperature in the west about 10°C lower
than in the east (Frauenfeld et al. 2005). Compared
with high-latitude regions, the vegetation cover is very

sparse with dry tundra over the Qinghai-Tibetan
Plateau, and it is even more sparse in the north than
in the south. Because of high wind during the cold
season and the sparse vegetation cover, the ground
surface is usually covered by sand and gravel, espe-
cially in the north. The percentage of organic soil is in
general much lower compared with some subarctic
regions where land is covered by mosses and peat. Wu
and Zhang (2010) found that soils on the Qinghai-
Tibetan Plateau are dry and the mean ALT is greater
than in high-latitude regions under the same mean
annual air temperature conditions.

3) SPATIAL ALT TRENDS DURING 1901-2005

To analyze the long-term changes of ALT derived
from the thawing index, we estimated the spatial pat-
terns of 1901-2005 ALT trends (Figs. 6a,b). ALT in-
creased significantly in most areas, except for small
regions with no changes based on the CRU dataset
(Fig. 6a). The region with the highest increase in ALT
was in the Alps, with a rate larger than 3 cm decade !,
followed by northeastern North America between 90°
and 60°W with a rate larger than 2cmdecade ™ '; ALT
increased over the Qinghai-Tibetan Plateau at a rate of
0.5-2 cm decade !, with trends in the remaining regions
of less than 2cmdecade™!. ALT for 1901-2005 from
CMIPS indicates a similar trend pattern as the one from
CRU (Fig. 6b).
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FIG. 6. Spatial variability of changes in ALT over Northern Hemisphere permafrost regions from (a) CRU during
1901-2005 and (b) ensemble mean of 16 CMIP5 models for the historical experiment during 1901-2005.

b. ALT projections for the twenty-first century in the
Northern Hemisphere

1) SPATIAL VARIATIONS OF ALT DERIVED FROM
THAWING INDEX DURING THE TWENTY-FIRST
CENTURY

The spatial pattern of the 30-yr (2071-2100) clima-
tology of ALT derived from the ensemble-averaged
CMIPS5 thawing index for the three RCPs (Figs. 7a—c)
demonstrates that ALT will become greater. Areas
where ALT is greater than 150 cm will also increase. For
example, ALT changes from less than 70 cm in RCP2.6,
50-80cm in RCP4.5, and 60-100cm in RCPS8.5 in
Alaska. In Siberian, the extent of ALT less than 120 cm
becomes smaller, while the extent of ALT greater than
150 cm increases. A similar pattern also occurs on the
Qinghai-Tibetan Plateau.

A substantial difference between the three RCP
experiments during 2071-2100 and the historical ex-
periment during 1971-2000 (Figs. 7d-f) is evident.
Given that the three RCP scenarios begin to diverge in
the middle of the twenty-first century (Fig. 8), these
2071-2100 differences primarily reflect those RCP
patterns. Positive differences were found in all per-
mafrost regions in the Northern Hemisphere, indicating a
greater ALT in the future for all RCP experiments. The
largest differences are, on average, about 60cm in
RCP8.5, about 30cm in RCP4.5, and about 18cm in
RCP2.6. Taking the Qinghai-Tibetan Plateau as an
example, the increase is less than 40cm in RCP2.6,
60-80cm in RCP4.5, and more than 100cm in
RCP8.5. The spatial pattern of ALT differences be-
tween the RCP experiments and the historical ex-
periment seems comparable. Taking RCP8.5 as an
example, the maximum ALT difference is about 120-
200cm, mainly on the Qinghai-Tibetan Plateau,
about 60-120cm in northeastern North America,
followed by about 20-60cm in the south of the

Mongolian Plateau. The smallest increase of about 0-
20cm is in Alaska.

2) PROJECTED TRENDS IN ALT

To understand long-term ALT trends derived from
CMIPS5, we computed time series of area-averaged ALT
during 2006-2100 from the three RCP experiments
(Fig. 8) and then compared ALT trends with those from
each individual CMIP5 model (Fig. 9).

Time series of the area-averaged ALT for 1850-
2100 demonstrate substantial changes of varying
magnitudes among the three RCPs experiments
(Fig. 8). There is a statistically significant increase of
about 0.57 + 0.04 cm decade ! during 1850-2005, and
about 0.84 *= 0.06cmdecade” ' during 1901-2005
from the historical experiment, and about 0.79 =
0.09 cm decade™! during 1901-2014 from the CRU
dataset. The RCP8.5 scenario exhibits the largest
increase of 6.51 *+ 0.07cmdecade ! for 2006-2100.
The RCP4.5 and RCP2.6 scenarios show a relatively
smaller positive trend, at a rate of 2.56 * 0.07 and
0.77 *= 0.08cmdecade !, respectively, over the
same period.

The area-averaged ALT trends show substantial
differences among the 16 models (Fig. 9). The ALT
trends of the 16 models show virtually the same sig-
nificant increasing pattern for the historical experi-
ment, and also for the three future scenarios. Two
exceptions are the FIO-ESM’s RCP4.5 simulation,
which is not statistically significant, and GISS-E2-R for
RCP2.6. Several models project greater rates of ALT
increases than others, such as CanESM2, IPSL-CM5A -
LR, MIROC-ESM-CHEM, MIROC-ESM, MIROCS,
and NorESM1-M. In the historical experiment, ALT
derived from the GISS-E2-R model is most close to the
ensemble mean, while it is IPSL-CM5A-MR for
RCP2.6, MPI-ESM-MR for RCP4.5, and NorESM1-M
for RCPS.S.
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4. Discussion

Previous studies have demonstrated the feasibility of es-
timating ALT at different scales, from the point scale to the
hemispheric scale. However, at the hemispheric scale, pre-
vious results are based on limited observational datasets.
Compared to these previous studies, we used more complete
observational datasets, adjusted the Stefan solution meth-
odology to overcome the lack of data for complex variables,
and provided ALT changes under contemporary and proj-
ect climate changes. Although some biases in the E factor
using the simplified Stefan solution produce uncertainties in
the ALT estimate, the standard deviation of the E factor
(Figs. 1 and 2) and the ALT verification between observed
and simulated data (Fig. 10) suggest that the simplified
Stefan solution can be effectively used for ALT calcula-
tions at the hemisphere scale (Anisimov et al. 1997).

a. Uncertainties of ALT from different methods

We used in situ ALT data as ground truth based on
347 monitoring sites over the Northern Hemisphere

permafrost regions (Fig. 3). These in situ measurements
were compiled in different regions, by different people,
using different instruments and methods. Thus, these
data naturally contain a variety of differences, errors,
and uncertainties. As described in Brown et al. (2000),
ALT measurements obtained from probing do not
necessarily correspond to the maximum thaw penetra-
tion as indicated by the 0°C isotherm from thaw tubes or
soil temperature measurements. Furthermore, replicate
mechanical probing of ALT is performed annually at
grid points using metal rods, inserted into the soil to the
point of resistance. The probing time varies ranging
from mid-August to mid-September in the Arctic and
subarctic regions (Brown et al. 2000). While the maxi-
mum thaw depth generally occurs during this period,
this is not necessarily the case at all sites, such as in
midlatitudinal mountainous areas with warm perma-
frost (Luo et al. 2016). The IPA initiated the CALM
program, intending to standardize techniques and
methods to measure ALT (Brown et al. 2000). ALT
data from CALM and GTN-P sites are comparable.
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FIG. 8. Time series of ALT derived from CRU and CMIP5 for
permafrost regions across the Northern Hemisphere. Shown are
the ALT anomaly from the CRU dataset during 1901-2014 (thick
green line), the ensemble-mean ALT anomaly from CMIPS his-
torical experiment during 1850-2005 (thick black line), and the
projected ALT anomaly from 16 CMIP5 models during 2005-2100:
RCP2.6 (thick magenta line), RCP4.5 (thick blue line), and RCP8.5
(thick red line).

Regarding ALT computed from daily and monthly soil
temperatures, Frauenfeld et al. (2004) estimated the
errors and uncertainties based on data from 14 stations
across Siberia. The results demonstrate that there is a
strong statistically significant relationship, but ALT
from monthly mean soil temperatures is underestimated
by approximately 6cm. An important caveat is that
in situ measurements do not consider the surface de-
formation due to frost heave and thaw settlement. The
magnitude of frost heave and thaw settlement can be up
to several centimeters. The long-term accumulated thaw
settlement could be much greater in some areas because
of the melting of ice-rich or ice-saturated permafrost
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near the permafrost table. This may be one of the rea-
sons why, despite climate warming in northern Alaska,
ALT shows little or no significant change based on
CALM measurements. Satellite remote sensing tech-
niques, such as Interferometric Synthetic Aperture Ra-
dar (InSAR), have been used to detect the surface
deformation and ALT in Arctic and sub-Arctic regions
(Liu et al. 2012, 2014). In this study, our application of
the Stefan equation assumes a stable surface, and con-
sequently the ALT results do not include any settlement
of the surface. Therefore, future modeling efforts should
attempt to include surface deformation for ALT esti-
mation. Other caveats are that we used the IPA per-
mafrost extent data from 1998 (Brown et al. 1998; Zhang
et al. 1999) and thereby assume there has been no
change in areal extent over the study period (1850-
2100). This assumption may lead to underestimates of
ALT for the historical experiment, and ALT over-
estimates for the three RCP experiments.

Using ALT from in situ measurements as the ground
truth, we validated simulated ALT from CRU data (Fig.
10). The results demonstrate that there is generally a
good agreement between observed and simulated ALTSs
with R = 0.84, MPE of 4.7%, MBE of —11.7cm, and
RMSE of 64cm. As for the differences or potential er-
rors and uncertainties, there are several possible rea-
sons. Scale issues due to the spatial latitude—longitude
resolution of estimated ALT being 0.5° X 0.5°, while
observations are either at a point scale (temperature
profiles) or a grid of 10m X 10m, 100m X 100m, or
1000m X 1000m at CALM sites. The largest CALM
grid is 1.0km?. From the point scale to different grid
sizes, soil properties, soil moisture, morphology, land
cover, and vegetation likely change substantially.
Within a 0.5° X 0.5° grid, these differences could be even
greater. Additionally, complex terrain issues prevent
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FIG. 9. Trends in area-averaged ALT across Northern Hemisphere permafrost regions from
different CMIP5 experiments during 1850-2100: historical, RCP2.6, RCP4.5, and RCPS.5.
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field measurements from accurately representing an
area’s mean value (Park et al. 2013). Potential sources of
errors or uncertainties can be introduced when the
thawing index is estimated from monthly mean CRU air
temperature, because the gridding process can introduce
errors. Furthermore, using monthly rather than daily
mean air temperature to calculate thawing index can
introduce uncertainties up to 5% (Zhang et al. 1997;
Frauenfeld et al. 2007). Additional uncertainties may
arise when the E factor is estimated with the accumu-
lated thawing index and thaw depth because it changes
spatially and temporally due to different soil properties
and variable soil moisture content. Finally, in situ ALT
measurements have their own inherent errors and
uncertainties.

b. ALT driving variables

There are many factors controlling changes in ALT,
including climatic and nonclimatic factors, many of
which are incorporated into the E factor. Air tempera-
ture is perhaps a direct and main driver, and likely
contributes the most to changes in ALT (Zhang and
Stamnes 1998; Akerman and Johansson 2008).

Precipitation is another important factor influencing
ALT because it increases soil moisture, which increases
the soil’s thermal conductivity, potentially leading to a
greater ALT (Park et al. 2013; Slater and Lawrence
2013; Subin et al. 2013; Park et al. 2015). Anisimov et al.
(1997) demonstrated that the effect of soil moisture

changes on ALT is substantial for silt soils, less pro-
nounced for sandy soils, and small for soils with high
organic content. More summer precipitation implies a
wetter ground surface and more energy expended via
evaporation, thereby cooling the ground surface (Zhang
etal. 2001) and decreasing ALT. However, under global
warming conditions, extreme rainfall events may in-
crease, which would lead to increased runoff. There-
fore, not all precipitation would contribute to increased
latent heating through evaporation (Traxl et al. 2016).
Further, not all regions are expected to see wetter
conditions with a changing climate (Zhao and Dai
2015). Additional research should focus on the effects
of precipitation on ALT and the analogous physical
mechanisms.

Studies have shown that snow cover may play a sig-
nificant role on ALT changes. High albedo and emis-
sivity result in cooling the snow surface and the
underlying soils. The low thermal conductivity of snow
can be an efficient insulator, preventing the ground
surface from cooling and keeping soil temperatures
elevated (Zhang 2005). During snowmelt, latent heat is
needed, which may lead to a thermal offset between the
air and soil. The insulating effect of snow cover may be
more sensitive in colder northern regions where soil
temperature is largely based on the thermal regimes
controlled by the long winter snow season (Zhang et al.
1996; Ling and Zhang 2003; Zhang 2005; Osterkamp
2007; Lawrence and Slater 2010; Park et al. 2015).



1 JANUARY 2018

In addition to these climate factors, ALT changes
also depend on many nonclimatic variables such as
geomorphology, vegetation, land cover, soil proper-
ties, soil moisture, microrelief, slope, and aspect (Woo
et al. 2007; Yi et al. 2007, 2013; Gao et al. 2016). ALT
changes substantially over short distances because the
soil temperature, moisture, and heat transfer are
mainly determined by subsurface soil properties,
which are a product of the interactions among many
highly localized environmental factors (Nelson et al.
1997; Haeberli 2013; Gangodagamage et al. 2014; Gao
et al. 2016). Although previous studies have focused
on the environmental factors influencing ALT, most
still focus on primarily qualitative knowledge. Thus,
these factors should be the focus of future research,
and the physical mechanisms influencing ALT should
be examined.

5. Conclusions

This study investigated the spatiotemporal variability
of ALT under contemporary and projected climate
change in the Northern Hemisphere based on CRU data
and CMIPS outputs. The spatial patterns of the ALT
climatology derived from CRU and CMIPS are similar,
with maximum ALTSs located in the Alps, the Qinghai—
Tibetan Plateau, and the Mongolian Plateau. Relatively
shallower ALT is found in high-latitude regions, espe-
cially in Alaska and eastern Siberia. A transect across
65°N indicates that ALT becomes greater from west to
east in North America, but deepens from east to west on
the Eurasian continent. A south-north Eurasian (95°E)
transect representing ALT variability from the Qinghai-
Tibetan Plateau across the Mongolian Plateau and into
Siberia demonstrates that ALT decreases with in-
creasing latitude. A North American (120°W) transect
shows similar ALT variability across North America.

ALT differences between the historical period and the
three future RCP experiments indicate similar spatial
patterns, with positive trends and largest increases on
the Qinghai-Tibetan Plateau, and smallest increases in
Alaska. The largest ALT increases are observed for the
RCP8.5 experiment, followed by RCP4.5, while RCP2.6
projects the smallest changes.

Based on the time series of area-averaged ALT de-
rived from CRU and CMIPS, a statistically significant
increase is found over the study period. The area-
averaged ALT has a statistically significant increase of
0.79 + 0.09cmdecade ' during 1901-2014 based on
CRU data, and 0.57 = 0.04 cm decade ™! during 1850-
2005 in the historical experiment. For the three RCPs,
the area-averaged ALT increases at a rate of 0.77 =
0.08 cm decade™ " in RCP2.6,2.56 + 0.07 cm decade ™' in
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RCP4.5, and 6.51 * 0.07 cm decade ' in RCP8.5 during
2006-2100 in the Northern Hemisphere.
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