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ABSTRACT

The Noah land surface model (LSM) can simulate well the hydrological and thermal processes of permafrost in the
Qinghai-Tibet Plateau (QTP) and provides more permafrost metrics than those of statistical empirical models. The
aim of this study was to develop a prototype for permafrost modelling by Noah and validate the model with field data.
This was accomplished by modifying Noah, introducing a new thermal roughness scheme, a parameter calibration
method and extending the simulation depth to allow for soil heterogeneity. The modified Noah LSM was validated
using observations from the Tanggula meteorological station. Key permafrost metrics were simulated, including
mean annual ground temperature (MAGT) at the depth of zero annual amplitude (DZAA), active layer thickness
(ALT) and ground ice content of the West Kunlun area in the QTP. The permafrost distribution of the West Kunlun
was mapped using the simulated MAGT and compared to a permafrost distribution map based on field observations.
Data from ten boreholes were used for verification. The simulation error of the MAGT is less than 1.0 °C for eight
boreholes, and the ALT simulations have relative errors of less than 25 per cent for seven boreholes. The Kappa co-
efficient for the two maps is 0.70. Permafrost characteristics including the distribution of different permafrost types,
DZAA, ALT, MAGT and ground ice content in the West Kunlun are strongly influenced by altitude and the local
environment. Such permafrost modelling can be extended to the rest of the QTP. Copyright © 2015 John Wiley &
Sons, Ltd.
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INTRODUCTION

The Qinghai-Tibet Plateau (QTP) is the highest plateau in
western China, with an average elevation of over 4000m
asl. Permafrost in the QTP is estimated to exceed 1 million
km2 in area and is sensitive to climate change (Cheng and
Jin, 2013). Modelling of permafrost properties is essential
to evaluate the thermal state, distribution and characteristics
of permafrost (Scherler et al., 2010; Weismuller et al.,
2011). It is also useful in projecting the response of perma-
frost to climate change and assessing hazards resulting
from permafrost degradation (Farbrot et al., 2013; Marmy
et al., 2013).
respondence to: Z. Nan, Cold and Arid Regions Environmental and
neering Research, Chinese Academy of Sciences Institute, Lanzhou,
00, People’s Republic of China. E-mail: nztong@lzb.ac.cn

right © 2015 John Wiley & Sons, Ltd.
Statistical empirical models have been traditionally
adopted in modelling the permafrost distribution in the
QTP. The commonly used models include the Gaussian
model (X. Li and Cheng, 1999), the mean annual ground
temperature (MAGT) model (Nan et al., 2005), the perma-
frost table temperature model (Q. B. Wu et al., 2000) and
the probability distribution model (J. Li et al., 2009). Such
models, being comparatively simple, cannot represent well
the regional differences in permafrost distribution. The simu-
lation resolution and accuracy also vary with local environ-
mental factors. In contrast, process-based models such as
land surface models (LSMs) have advantages in temporal
and spatial modelling with their regionally adaptable process
options and parameterisation schemes (Riseborough et al.,
2008; Etzelmüller, 2013). Significant permafrost metrics
including the MAGT at the depth of zero annual amplitude
(DZAA), active layer thickness (ALT) and ground ice con-
tent can also be obtained and analysed through land surface
modelling. In practice, LSMs have been widely applied in
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simulations of shallow soil layers of permafrost (Schaefer
et al., 2009; Subin et al., 2013). In many cases, simulations
of permafrost sites with varying substrates on the QTP have
been conducted by improving the parameterisation schemes
of thermal roughness, surface energy partitioning, organic
matter, soil heterogeneity and supercooled water in perma-
frost (Yang et al., 2005; Luo et al., 2009; Chen et al.,
2010; Xiao et al., 2012; Zeng et al., 2012). Hydrological
and thermal processes in permafrost are complex due to
multiple influences from the surrounding environment, es-
pecially water-energy interactions related to soil properties
and ground ice content (Romanovsky and Osterkamp,
2000; Hinkel et al., 2001; Hoelzle et al., 2001; Kane
et al., 2001), which pose a challenge in parameterising the
process-based modelling of permafrost.
Modelling of the permafrost distribution and characteris-

tics in the QTP is especially difficult given the scarcity of
available survey data. Guo et al. (2012) projected the perma-
frost distribution and its future changes in the QTP by cou-
pling the Community Land Model with a regional climate
model (RegCM3). The generated permafrost distribution
map was compared with theMap of Permafrost Distribution
on the Qinghai-Xizang (Tibetan) Plateau (S. X. Li and
Cheng, 1996). However, available data were very limited
in preparing S. X. Li and Cheng’s map in 1996 and survey
data in the western QTP were largely absent. The ongoing
changes in permafrost in the QTP since 1996 thus cannot
be included. Consequently, the results of Guo et al. (2012)
cannot be verified in a meaningful way. Modelling of the
current permafrost distribution and characteristics in the
QTP, especially in the remote area of the western QTP, is im-
perative, and thus the motivation for this study.
The Noah LSM (Mitchell, 2005) is widely used with many

weather and regional climate models such as the North
America Land Data Assimilation System (Mitchell et al.,
2004) and the Land Information System (Peters-Lidard
et al., 2007). Many studies (e.g. Velde et al., 2009; Yang
et al., 2009; Chen et al., 2011; Zeng et al., 2012) have con-
firmed that Noah can simulate well the hydrological and ther-
mal processes of permafrost. This study uses Noah to model
permafrost in the QTP, which is characterised by a thin
snowpack, alpine meadow or alpine desert in land cover and
substantial gravel in the ground soil profile. It has two objec-
tives. First, the Noah LSM was modified with a new thermal
roughness scheme, a parameter calibration method and exten-
sion of the simulation depth allowing for soil heterogeneity in
order to reflect the unique hydrological and thermal condi-
tions of the QTP (a continental climate with intense radiation,
strong wind and a cold, dry atmosphere). The modified Noah
was validated against observations from a standard meteoro-
logical station, Tanggula (TGL). Second, the permafrost char-
acteristics and distribution of the 43.7 × 103km2West Kunlun
area in the arid western QTP were simulated with the modified
Noah and compared to permafrost in the pan-Arctic and
Qinghai-Tibet Highway/Railway areas. It is the first time
that land surface modelling in the remote area of the western
QTP has been verified with field observations. In 2009,
Copyright © 2015 John Wiley & Sons, Ltd.
the Investigation of Permafrost and its Environment over
the QTP (Zhao, 2009) project set up a series of active layer
observation systems and boreholes in the once-unexplored
West Kunlun area of the QTP. The modelling was verified
against borehole data and compared to a permafrost distri-
bution map based on field observations. This study develops
a prototype of permafrost modelling that can be extended to
the rest of the QTP.
METHODS

Modifications of the Noah Model

Noah LSM.
Noah is a multi-layer LSM evolved from the one-

dimensional Planetary Boundary Layer model (Ek and
Mahrt, 1991; Ek et al., 2003). It has adopted the Penman
potential evaporation approach (Mahrt and Ek, 1984), a
simple water balance model (Schaake et al., 1996) and a
snow-frozen ground process (Koren et al., 1999). Before
simulation, soil temperature, unfrozen water content and
soil moisture are assigned for each layer as initial condi-
tions. Meteorological data are the input forcing data and
are brought to equilibrium to eliminate the uncertainty of
the initial conditions. Simulation parameters include soil
thermal and hydraulic parameters, vegetation parameters
and lower boundary conditions. Noah features a moderate
number of parameters and less computational intensity than
that of other commonly used LSMs. To determine the rela-
tive sensitivity of soil parameters in permafrost modelling of
the QTP, single-factor sensitivity analysis was carried out
and three sensitive soil parameters out of the prescribed
ten soil parameters of Noah were identified, including the
soil quartz content (QTZ), the soil pore distribution index
of the Clapp-Hornberger soil hydraulic conductivity func-
tion (BB) (Clapp and Homberger, 1978) and the saturated
soil conductivity (SATDK). Thus, only a small number of
parameters including the sensitive soil parameters, vegeta-
tion types and lower boundary conditions of the model are
tuned during the parameterisation process.

A New Thermal Roughness Scheme.
Thermal roughness Z0h is an important parameter in the

energy exchange between ground and atmosphere. Noah
adopted Equations 1 and 2 to calculate Z0h (Zilitinkevich,
1995):

Z0h ¼ Z0m�exp �1:0kCRe0:5�
� �

(1)

Re� ¼ Z0mu�=v (2)

where Z0h is the thermal roughness, Z0m is the aerodynamic
roughness, C = 0.075, k = 0.4, Re* is the Reynolds number,
u* is the frictional velocity and v is the liquid viscosity.
This original Noah model generally underestimates land
surface temperatures in the daytime and overestimates
Permafrost and Periglac. Process., (2015)
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sensible heat flux in arid and semi-arid regions. Therefore,
a new thermal roughness scheme is proposed as Equation 3
(Chen et al., 2010).

Z0h ¼ 70v=u�ð Þ�exp �7:2u0:5� T�j j0:25� �
(3)

where T* stands for the potential temperature. Simulation of
the land surface temperature and sensible heat flux of four
stations (two in the QTP) in the arid and semi-arid regions
were improved by adopting Equation 3 in the Noah model
(Chen et al., 2010).

Introduction of Soil Heterogeneity.
Noah divides the 2m soil column into four layers with

homogenous properties by default. We have extended the
simulation depth to below 15m to obtain key permafrost
metrics. The different soil parameter settings for each layer
reflect the soil heterogeneity.

Soil Parameter Calibration.
The soil layers are divided into three types: the surface layer,

subsurface layer and bottom layer. Soil types can also be
further divided into several sub-types. Layers in each type or
sub-type are assigned the same parameters. As soil parameters
in the QTP are unique and cannot be covered by the original
Noah settings, soil parameters or parameter value ranges were
set for each type according to the soil profile, the laboratory
soil particle distribution analysis or the original value settings
in the Noah soil parameters table (Mitchell, 2005).
A new parameter calibration method is proposed by

minimising the cost function through optimising the sensi-
tive parameters. The cost function Φ is defined as the error
of the simulated target variables to the observed ones.
Firstly, the sensitive parameters are initialised within the
prescribed range of values. Then, the value of one parameter
is changed by a fixed step and the other parameters remain
unchanged. The optimum value of the parameter is deter-
mined when the cost functionΦ reaches its minimum. Then,
the parameter is replaced by the optimum value and the op-
timisation of the next parameter follows the same proce-
dure. When all the optimum values for sensitivity
parameters are determined, the final simulation results are
computed with all the optimum sensitivity parameters.

Model Validation

Soil temperature and unfrozen water content data from the
standard meteorological station TGL (91°56’E, 33°04’N,
5100m asl, Figure 1a) in the QTP were used for validation.
The station is underlain with permafrost and located in a
cold alpine meadow (Yao et al., 2008). The mean annual
air temperature is -4.9 °C and the annual precipitation is
around 400mm during the years of 2007 to 2010. Meteoro-
logical data from 1 April 2007 to 31 December 2010 are
used as the forcing data. The new thermal roughness
scheme and the initial conditions of 1 April 2007 are
adopted in the simulation. The simulation depth is 15m
Copyright © 2015 John Wiley & Sons, Ltd.
and the vegetation type is defined as ‘sparse vegetation’.
Sensitive soil parameters (QTZ, BB and SATDK) of
0–1m soil layers are provided by the laboratory soil particle
size distribution analysis and the empirical model of soil pa-
rameters based on soil texture (Saxton and Rawls, 2006).
Table 1 shows the settings of the sensitive soil parameters.
The soil parameters of the subsurface and bottom layers are
determined by the parameter calibration method proposed in
the Soil Parameter Calibration section. The cost function Φ
is defined as the Nash-Sutcliffe model efficiency coefficients
(NSEs) of the soil temperature and unfrozen water content
simulation of layers two, five and twelve as the layers can rep-
resent the surface layers, subsurface layers and bottom layers,
respectively, and have a better quality of observation data. The
NSEs of temperature simulation for the shallow soil layers
(above 2.45m) are above 0.8; those of unfrozen water content
are above 0.5 (Table 2). The simulation error of the MAGT for
the bottom layers is within 0.2 °C. The time series curves of the
above results indicate that the modified Noah model can
simulate well the hydrological and thermal processes in the
permafrost area of the QTP (Figure 2). The simulation of
hydrological processes is less successful than that of thermal
processes, especially when the soil layer deepens.
Modelling of the Permafrost Distribution and Charac-
teristics of the West Kunlun

West Kunlun Area and Data.
The West Kunlun (78.8–81.5°E, 34.5–36.1°N) area covers

an area of 43.7 × 103km2 that consists of alpine mountains,
lacustrine basin deposits, alluvial plains and small hills.
Glaciers and lakes cover an area of about 6.3 × 103 km2.
The West Kunlun area ranges in elevation from 2797m asl
to 6399m asl, with vast expanses of permafrost. The mean
annual air temperature is -6.3 °C and the mean annual precip-
itation is 20.6mm at Tianshuihai (TSH) station (80.9°E,
35.3°N, 4840m asl) from the years 1965 to 1970 (Zhou
et al., 2000). The West Kunlun area is sparsely covered with
alpine steppes, alpine meadows and desert steppes.

In 2011, a field observation project Investigation of Perma-
frost and its Environment over the QTP (Zhao, 2009) drilled
32 boreholes (8–20m deep), examined 67 test pits, carried
out 18 Ground-penetrating radar traverses and measured 63
vegetation quadrats in the West Kunlun area (Figure 1a).

The field observations were used to produce a permafrost
distribution map with a resolution of 250m × 250m
(Figure 3a, 3d). The map was compared to the permafrost
distribution maps of the West Kunlun based on Noah
modelling. The map was compiled according to the lower
boundary of permafrost, which was calculated from the
borehole data and classified by four slope aspects: 4650m
asl in the north, 4800m asl in the south and 4700m asl in
the east and in the west (K. Li et al., 2012; Zhao et al.,
2012). The ArcGIS Spatial Analyst, Environmental Systems
Research Institute, Redlands, CA, USA was used in the
compilation of the map based on field data. It is the tradi-
tional method to compile a permafrost distribution map of
Permafrost and Periglac. Process., (2015)



Figure 1 . (a) Map showing the locations of the TGL station and the West Kunlun area as well as the distribution of boreholes, vegetation plots, radar points
and test pits over the West Kunlun area. Some sampling points overlap; (b) clay content distribution of the 0–1.2 m layer in the West Kunlun area; (c) dis-
tribution of vegetation schemes in the West Kunlun area; (d) distribution of soil schemes in the West Kunlun area. See text for abbreviations. This figure is

available in colour online at wileyonlinelibrary.com/journal/ppp

Table 1 Soil layers and parameters at the TGL station.

Category Number of layers Depth(m) QTZ BB SATDK × 10-6m× s-1 Soil description

Surface layer 2 0–0.12 0.65 4.52 4.12 Sandy loam
Subsurface layer 1 5 0.12–0.92 0.60 3.12 2.21 Sand, loam, gravel
Subsurface layer 2 6 0.92–3.02 a0.4–0.7 b2–5 c2–5 Sand, gravel
Bottom layer 10 3.02–15.82 a0.4–0.7 b2–5 c2–5 Sand, gravel, rock

aValue range of QTZ; bvalue range of BB; cvalue range of SATDK; value ranges of QTZ, BB and SATDK are determined by the
field soil profile, the laboratory soil particle distribution analysis or the original value settings in the Noah soil parameters table.
See text for abbreviations.

H. Chen et al.
the QTP and the map has a higher resolution than the map
based on Noah modelling.
A permafrost distribution map with a resolution of 0.1°

× 0.1° (approximately 10 km × 10km) was compiled ac-
cording to the simulated value of the MAGT at the
DZAA of each grid cell. Borehole whose altitude was
closest to the average altitude of its grid cell was chosen
to represent the thermal state and the soil parameter
scheme of the grid cell. Geothermal data from the bore-
holes were used to verify the model. The locations, coor-
dinates and altitudes of 12 representative boreholes are
Copyright © 2015 John Wiley & Sons, Ltd.
shown in Figure 1a and Table 3. Because the altitudes
of boreholes No. 11 DYQK and No. 12K508 are remark-
ably different from the average altitude of their grid cells,
the thermal data of these boreholes were not used in ver-
ification but in establishing the linear regression equation
for the lower boundary of modelling.

Ground Meteorological Forcing Data.
The meteorological forcing data-set used in this study is

the China Meteorological Forcing Dataset (CMFD) (Chen
et al., 2011; He and Yang, 2011). The data-set has merged
Permafrost and Periglac. Process., (2015)



Table 2 Nash-Sutcliffe model efficiency coefficients (NSEs) of soil temperature and unfrozen water content for the surface and
subsurface layers and the simulated and observed MAGT of the bottom layers at the TGL station.

Category
Layer
No.a

Depth
(m)

NSE (soil
temperature, °C)

NSE (unfrozen
water content, %)

Simulated
MAGT (°C)

Observed
MAGT (°C) Soil texture

Surface layer 2 0.05 0.955 0.653 Sandy loam
Surface layer 3 0.10 0.965 0.788 Sand, loam, gravel
Subsurface layer 5 0.40 0.966 0.521 Sand, loam, gravel
Subsurface layer 8 1.05 0.957 0.548 Sand, gravel
Subsurface layer 12 2.45 0.838 0.678 Water-saturated, gravel
Bottom layer 22 13 -0.341 -1.1 -1.3 Sand, gravel, rock
Bottom layer 23 15 -0.877 -1.1 -1.2 Sand, gravel, rock

aNumber of layers counting down from the surface. See text for other abbreviations.

Figure 2 Simulated and observed unfrozen water content and soil temperature of the representative soil layers of the TGL station at different depths. See text
for abbreviation. This figure is available in colour online at wileyonlinelibrary.com/journal/ppp

Noah Modelling of Permafrost
meteorological data from the ChinaMeteorological Adminis-
tration, reanalysis data-set of Princeton, Global Land Data
Assimilation System, radiation data of Global Energy and
Water Exchanges-Surface Radiation Budget and precipita-
tion data of Tropical Rainfall Measuring Mission. The
highest meteorological station involved in the CMFD is
located in Anduo (91°5’E, 32°21’N) at 4800m asl. The
Copyright © 2015 John Wiley & Sons, Ltd.
temporal resolution of the data is 3 h and the horizontal spatial
resolution is 0.1°. The CMFD includes revisions of longwave
and shortwave radiation errors of the QTP (Yang et al., 2010)
and has been successfully applied in permafrost and water-
shed hydrology simulations of the QTP (Guo and Wang,
2013; Xue et al., 2013). The precipitation distribution of the
CMFD in western China has been shown to be better than
Permafrost and Periglac. Process., (2015)



Figure 3 (a) Permafrost distribution map of the West Kunlun based on field observations with 250m × 250m resolution as well as the distribution of
boreholes, vegetation plots, radar points and test pits; (b) permafrost distribution map of the West Kunlun based on field observations with 0.1° × 0.1° reso-
lution; (c) simulated permafrost distribution map of the West Kunlun with 0.1° × 0.1° resolution; (d) permafrost distribution map of the West Kunlun based on

field observations with 250m × 250m resolution as well as the distribution of the grid centers and Area A. This figure is available in colour online at
wileyonlinelibrary.com/journal/ppp

Table 3 Location details of 12 boreholes and their corresponding grid cells in the West Kunlun.

ID Code Latitude (°) Longitude (°) Altitude (m) Grid cell altitude (m)

1 YH 35.77 79.40 4850 4966
2 K512 35.86 79.39 4766 4848
3 MPQT 35.68 79.49 5175 5295
4 K529 35.72 79.46 4952 5018
5 TSH 35.36 79.55 4834 4839
6 SLMC 34.56 80.39 5050 5090
7 NLMC 34.64 80.39 5016 5069
8 MPJS 34.54 80.42 5177 5090
9 ELMC 34.61 80.64 5156 5148
10 LZL 34.80 81.33 5009 4986
11 DYQK 35.90 79.15 4319 5312
12 K508 35.86 79.37 4582 4848

See text for abbreviations.

H. Chen et al.
that of other data-sets (Kan et al., 2013). To verify the data
quality, meteorological forcing data from 1 April 2007 to
31 December 2010 were extracted from the CMFD at the lo-
cation of the TGL station. Pearson correlation analyses show
that the daily air temperature of the CMFD and the TGL
observation data is strongly correlated (r = 0.981, p < 0.01),
as is the monthly precipitation data (r = 0.914, p < 0.01)
(Figure 4), findings that are similar to previous studies
Copyright © 2015 John Wiley & Sons, Ltd.
(He, 2013; Kan et al., 2013). Simulation results show that
the NSE of the CMFD modelling of ground soil temperature
(0.05m) is above 0.9. Thus, the CMFD are suitable for the
modelling of permafrost in the QTP.

Parameter Settings.
Three soil parameter schemes comprising a mountain

pass in the Qitai area (MPQT), north of the Longmu Co
Permafrost and Periglac. Process., (2015)



Figure 4 Linear regression curve of observation data from the TGL station and data extracted from the CMFD for (a) daily air temperature (linear regression
equation y = 0.93x - 0.64; correlation coefficient r = 0.981) and (b) monthly precipitation (linear regression equation y = 0.77x + 8.14; correlation coefficient r
= 0.914). Contrast of 0.05 m soil temperatures between in-situ observation and results simulated by the forcing data from (c) meteorological data of the TGL

station and (d) CMFD at the TGL station. See text for abbreviations. This figure is available in colour online at wileyonlinelibrary.com/journal/ppp
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Lake (NLMC) and east of the Longmu Co Lake (ELMC)
were established using the soil profiles of the correspond-
ing boreholes. The MPQT scheme is based on the soil pro-
file of borehole No. 3 MPQT located in a high-altitude
area. The soil surface is covered with gravelly soil, and
bedrock occurs below a depth of 3m. Grid cells with eleva-
tions exceeding 5295m asl in the West Kunlun have
adopted the MPQT scheme. The NLMC scheme is repre-
sented by borehole No. 7 NLMC located in a lacustrine de-
posit basin with high proportions of clay. Figure 1b shows
the clay content of the West Kunlun extracted from the
Harmonized World Soil Database (HWSD) (FAO/IIASA/
ISRIC/ISS-CAS/JRC, 2009). Grid cells with clay content
exceeding 20 per cent in the West Kunlun have adopted
Table 4 Landscape, soil profiles, soil composition and stratificatio
Kunlun.

Soil parameter
scheme

Landscape and
landform

Surface
layer (SL)

MPQT Mountain pass, barren
land, southwest slope

Sand, loam, gravel

NLMC Lacustrine deposit basin,
plain, barren land

Sand, clay, loam

ELMC Plain, barren land Sand, loam

aTotal soil layers of the SL, SSL and BL. See text for other abbrevi

Copyright © 2015 John Wiley & Sons, Ltd.
the NLMC scheme. The ELMC scheme is represented by
borehole No. 9 ELMC located in an alluvial plain
surrounded by hills with sandy and gravelly soil. The re-
maining grid cells in the West Kunlun have adopted the
ELMC scheme. Table 4 shows the landscape, soil profiles,
soil composition and stratification of different soil schemes
in the West Kunlun. The distribution of the soil schemes
is revised by borehole data. The TSH area (Area l in
Figure 1b, d) was a lake since the Pleistocene period and
gradually dried out, leaving substantial lacustrine deposits
(B.Y. Li, 2000). Our field observations indicate that the
deposits have high clay and ground ice contents, whereas
the data from HWSD show that the clay content is less than
10 per cent. The field data are regarded as more reliable and
n of the established three soil parameter schemes of the West

Subsurface
layer (SSL)

Bottom
layer (BL)

Stratification
(SL:SSL:BL)a

Sand, gravel Gravel, rock 3:8:12

Clay, loam, gravel Clay, sand, gravel 3:10:10

Sand, gravel Sand, gravel 3:10:10

ations.

Permafrost and Periglac. Process., (2015)
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the TSH area adopts the NLMC scheme. The final distribu-
tion of the soil schemes can be seen in Figure 1d.
Sensitive soil parameters (QTZ, BB and SATDK) of the

surface layer of the soil schemes were calculated from the
soil particle size distribution analysis and the empirical
model of soil parameters based on soil texture (Saxton and
Rawls, 2006). The soil parameters of the subsurface and
bottom layers were determined by the method proposed in
the Soil Parameter Calibration section. The cost function
Φ is defined as the error of simulated values of the MAGT
at the DZAA compared to observations.
The deep soil temperature (DST) parameter was used as the

lower boundary in the Noah LSM. In our case, soil tempera-
ture at 40m was set as the DST. The DSTs of representative
boreholes were calculated according to the geothermal gradi-
ent at 20m depth. Then, the linear regression relationship be-
tween the DST and the altitude of the West Kunlun area was
analysed using data from the 12 representative boreholes.
The DST of borehole No. 5 TSH is abnormally low (Figure 5)
because of its unique lacustrine deposits, and so it was ex-
cluded from analysis. The remaining 11 borehole DSTs were
linearly fitted into a regression equation (Equation 4).

y ¼ �0:0063xþ 30:98 (4)

where y is DST (°C) and x is altitude (m); the linear correlation
coefficient r = -0.891. All of the grid cells except those in Area
1 were used to calculate the DST using Equation 4. All the grid
cells in Area 1 adopted the DST of borehole TSH because they
have similar altitudes, soil properties and environmental
conditions.
The distribution of vegetation in the West Kunlun is de-

rived from the 1:1 000 000 scale Vegetation Atlas of China
Figure 5 Linear regression curve of deep soil temperature (40m) and al-
titude in the West Kunlun area (linear correlation coefficient r = -0.891).
The curve is fitted by field temperature data from 11 representative bore-
holes at different altitudes. The temperature is used as the lower boundary
of modelling in the West Kunlun area; borehole 5 is not used in fitting. This
figure is available in colour online at wileyonlinelibrary.com/journal/ppp

Copyright © 2015 John Wiley & Sons, Ltd.
(Chinese Editorial Board of Vegetation Map, 2001) and re-
vised by the vegetation quadrats obtained through the field
survey. According to the prescribed vegetation types of
the Noah model, ‘Barren or sparsely vegetated’ and ‘Alpine
vegetation’ are defined as two vegetation schemes in the
West Kunlun. Figure 1c shows the vegetation scheme distri-
bution in the West Kunlun.

Simulation of Permafrost Characteristics.
Forcing data between the years 2001 and 2010 were

extracted from the CMFD and interpolated into 1 h time
steps using MATLAB (MATLAB, The MathWorks,
Natick, Massachusetts, USA) linear interpolation. A total
of 432 grid cells of the West Kunlun were simulated with
a resolution of 0.1° × 0.1° by the modified Noah LSM.
The simulation depth was 18m, deeper than the values of
the DZAA of all grids. The initial conditions of representa-
tive boreholes were used for their grid cells. The initial
conditions of boreholes MPQT, NLMC and ELMC were
adopted as initial conditions for the remaining grid cells
according to their soil parameter scheme (Figure 1d),
except those in Area 1. The initial conditions of borehole
No. 5 TSH were adopted for grids in Area 1 because they
have higher ice contents compared to other areas that
contain lacustrine deposits.

Previous studies have shown that the initial freezing date
of the active layer in the QTP in the past 10 years is around
mid-September, with variations of less than 10 days for sta-
tions ranging from 4400m asl to 5100m asl (Zhao et al.,
2000; R. Li et al., 2012). The simulated ALT was set as
the simulated maximum soil depth that remains above 0 °C
during August, September and October of the last 3 years.

The ground ice content of the simulated depth was calcu-
lated by extracting the simulated soil moisture and unfrozen
water content of the permafrost layer, and then calculating
the total ground ice in each grid cell using Equations 5 and 6.

I ¼ ∑
n

i¼1
θi � θliquidi

� �
�Vi� ρw

ρice

� �
(5)

Vi ¼ 10000�10000�li (6)

where I is the total ground ice content, i is the soil layer
number i, n is the number of layers, θi is the volumetric soil
moisture content of layer i, θliquidi is the volumetric unfrozen
water content of layer i, ρice is the density of ice and set to
0.9 × 103 kg × m-3, ρw is the density of water (1.0 ×
103 kg × m-3), Vi is the volume of soil layer i (m3) and li is
the thickness of soil layer i (m).
RESULTS

Borehole Validation

The simulation errors of the MAGTs at the DZAA for eight
of the ten simulated boreholes are within 1 °C and the
Permafrost and Periglac. Process., (2015)
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remaining two are within 1.5 °C (Table 5). The simulated
MAGTs are generally lower than the observed ones, which
can be attributed to the lower altitudes of boreholes com-
pared to the average altitudes of simulated grid cells. How-
ever, since the altitude deviation is within 120m, it is
appropriate to verify the simulated thermal state of the grid
cells with the borehole data. The observed MAGT of bore-
hole No. 1 YH is 1.2 °C higher than that of the simulated
one. To explain the large discrepancy, the general condi-
tions of boreholes YH1, YH and the neighbouring borehole
K512 were analysed. Field surveys showed that the area is
scattered with salt lakes and that the thermal states of YH1
and YH are strongly influenced by the neighbouring salt
lake. Boreholes nearer to the salt lakes tend to have higher
MAGTs (Table 6), which is consistent with previous find-
ings (Lin et al., 2010). In another case, borehole No. 7
NLMC is 350m and borehole No. 6 SLMC is 1300m
from the Longmu Co Lake (LMC), an ancient glacial lake
(Fontes et al., 1993). Field surveys have shown that the
LMC can influence the ground temperature within
400–600m. Boreholes nearer to the LMC have higher tem-
peratures (Table 6). However, lakes of different areas and
origins have different scales of influence on the thermal
state of soil. Our results show that the simulation error
for borehole NLMC is less than that of borehole YH.
Borehole No. 3 MPQT is located in the sunny southwest
Table 5 Simulated and observed values of MAGTs at the DZAA an

Code ID
Simulated
MAGT(°C)

Observed
MAGT(°C)

aError
(°C)

YH 1 -1.9 -0.7 -1.2
K512 2 -1.9 -1.1 -0.8
MPQT 3 -4.2 -2.8 -1.4
K529 4 -1.9 -1.7 -0.2
TSH 5 -3.5 -3.0 -0.5
SLMC 6 -2.7 -1.9 -0.8
NLMC 7 -2.1 -1.8 -0.3
MPJS 8 -1.7 -1.3 -0.4
ELMC 9 -1.8 -1.3 -0.5
LZL 10 -2.9 -2.3 -0.6

aDifference between the simulated and observed metrics; brelative e

Table 6 Location details and site characteristics of six boreholes ne

Code Location Altitude (m) MAGT

YH1 N:35.72, E:79.37 4780 -0.4
YH N:35.77, E:79.40 4850 -0.7
K512 N:35.86, E:79.39 4766 -1.1
NLMC1 N:35.64, E:80.39 5001 -0.9
NLMC N:35.64, E:80.39 5016 -1.8
SLMC N:34.56, E: 80.39 5050 -1.9

YH1, YH and K512 are near to the same salt lake; NLMC1, NLM
abbreviations.

Copyright © 2015 John Wiley & Sons, Ltd.
aspect of an alpine pass. The influences of slope and as-
pect, which are not represented in the Noah model, to-
gether with other sources of uncertainty result in the
simulation error of -1.4 °C.
MAGT Distribution

The MAGT at the DZAA shows a strong negative correla-
tion with altitude (r = -0.863, p < 0.01) and a weak negative
correlation with annual precipitation (r = -0.327, p < 0.01)
(Table 7), which suggests that altitude controls permafrost
distribution in the West Kunlun. The neighbouring Area 1
TSH and Area 2 have similar altitudes (Figure 6). Area 1
TSH belongs to the area of lacustrine deposits and adopts
the NLMC scheme, whereas Area 2 adopts the ELMC
scheme. Consequently, the MAGT of Area 1 is lower than
that of Area 2 (Figure 6c), which reflects the influence of lo-
cal ground features on the simulated MAGT. Similarly, the
altitude of Area 3 is higher than that of Area 1 TSH, whereas
surprisingly the MAGT of Area 3 is higher than that of Area
1 TSH. This can be attributed to the influence of different
soil and vegetation types and to local geomorphic processes
and topographically related climatic conditions. However,
because Area 3 lacks borehole data, more field investigation
is needed to explain the MAGT of Area 3.
d ALT for the ten boreholes in the West Kunlun.

Simulated
ALT(m)

Observed
ALT(m)

aError
(m)

bRE
(%)

2.3 1.7 0.6 36.5
2.3 3.0 -0.7 22.7
1.6 2.5 -0.9 35.2
1.9 2.5 -0.6 24.8
1.6 1.8 -0.2 10.0
2.3 2.8 -0.5 17.1
2.3 0.8 1.5 190.0
2.3 2.1 0.2 10.5
2.3 3.0 -0.7 22.7
1.9 2.0 -0.1 5.0

rror of the ALT simulation. See text for abbreviations.

ar the lakes.

(°C) Distance to the lake (m) Aspect Slope

500 190 1°
700 135 0.5°

>1000 150 4°
200 0 0°
350 150 4°

1300 0 0°

C and SLMC are near to the Longmu Co Lake. See text for
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Table 7 Correlation (p < 0.01) matrix of environmental
parameters in the West Kunlun area.

MAGT Ground ice content ALT

Altitude -0.863 0.596 -0.499
Precipitation -0.327 0.353 -0.540
MAGT — -0.576 0.771
ALT 0.771 -0.647 —

See text for abbreviations.

H. Chen et al.
ALT Distribution

ALTs in the West Kunlun are mainly between 0 and 2.5m
(Figure 7b). The ALT shows weak negative correlations
with altitude (r = -0.499, p < 0.01) and annual precipitation
(r = -0.540, p < 0.01), and a strong positive correlation with
the MAGT at the DZAA (r = 0.771, p < 0.01) (Table 7).
This suggests that precipitation may be as crucial to the
ALT as altitude, and that the ALT is closely related with soil
temperature, such as the MAGT. The absolute value of ALT
simulation errors of four boreholes of the ten simulated ones
are more than 0.6m and the largest one is 1.5m (NLMC)
(Table 5). Seven boreholes have relative errors of less than
Figure 6 (a) Altitude and (b) annual average precipitation of the West Kunlun ar
distribution in the West Kunlun area. See text for abbreviations. This figur

Copyright © 2015 John Wiley & Sons, Ltd.
25 per cent and two of less than 40 per cent, which is similar
to previous modelling (Pang et al., 2009). The large error in
the NLMC borehole can be attributed to the freezing of the
shallow soil layers as the borehole was drilled in early
October. The inaccuracy of time-domain reflectometer mea-
surement of the unfrozen water content in the active layer
also contributes to the error. In general, the ALT simulation
in this study is less accurate than the simulation of the
MAGT but is regarded as acceptable.

Permafrost Classification and Distribution

Previous research suggests that the continuity-based perma-
frost classification proposed by the International Permafrost
Association is not suitable for mountainous permafrost regions
(Heginbottom, 2002). Our study adopted a MAGT-based per-
mafrost classification focusing on the stability of high-altitude
permafrost (Cheng, 1984), in which permafrost was classified
as extremely stable, stable, sub-stable, transitional, unstable
and extremely unstable according to the MAGT range at the
DZAA. The altitudinal distribution of stable permafrost, sub-
stable permafrost and transitional permafrost overlap, whereas
seasonally frozen ground only occurs below 4300m asl in
river and mountain valleys (Table 8). High-altitude areas
ea; (c) simulated MAGT at the DZAA and (d) simulated ground ice content
e is available in colour online at wileyonlinelibrary.com/journal/ppp
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Figure 7 (a) Permafrost types based on the MAGT at the DZAA and the distribution of each type in the West Kunlun area; (b) ALT distribution map of the
West Kunlun area with 0.1° × 0.1° resolution. See text for abbreviations. This figure is available in colour online at wileyonlinelibrary.com/journal/ppp

Table 8 Permafrost types (based on the MAGT at the DZAA) and altitude in the West Kunlun area.

Permafrost type MAGT (°C) Altitude (m) Total grid cells

Extremely stable permafrost < -5.0 —
Stable permafrost -3.0– -5.0 6399–4839 94
Sub-stable permafrost -1.5– -3.0 5929-4767 290
Transitional permafrost -0.5– -1.5 5742-4699 17
Unstable permafrost 0– -0.5 4703-4403 8
Seasonally frozen ground >0 4329-2969 23

See text for abbreviations.

Noah Modelling of Permafrost
(above 5200m asl) and lacustrine deposit areas (Area 1) tend
to have stable permafrost (Figure 7a).

Ground Ice Content

The ground ice content within the simulated depth
(15.82m) was calculated using Equations 5 and 6. The
ground ice content is positively correlated with altitude
(r = 0.596, p < 0.01), negatively correlated with the
MAGT distribution (r = -0.576, p < 0.01) and with the
ALT (r = -0.647, p < 0.01), and weakly correlated with
annual precipitation (r = 0.353, p < 0.01) (Table 7). The
ice-rich permafrost is mainly distributed in the stable per-
mafrost areas near glaciers and the lacustrine deposit Area
1 (Figure 6d). As no field data are available to verify the
simulation of ice content, the results mainly suggest that
the distribution trend in ground ice content has been influ-
enced by meteorological factors during the past 10 years.
More knowledge about the ancient climate of the West
Kunlun since the late Pleistocene is needed to determine
the accurate distribution of ground ice content.
Copyright © 2015 John Wiley & Sons, Ltd.
Permafrost Distribution Map

The permafrost distribution map based on field observations
at 250m × 250m resolution (Figure 3d) was upscaled to a
resolution of 0.1° × 0.1° (Figure 3b). Using 0 °C of the
MAGT at the DZAA to distinguish between permafrost
and seasonally frozen ground, the simulated permafrost dis-
tribution map is shown in Figure 3c. Comparisons of Fig-
ure 3b–d show that the discrepancy between the maps of
model data and observational data mainly occurs in the un-
stable permafrost areas, such as Area A, where the MAGT
at the DZAA is above -0.5 °C. This is reasonable because
the modelling accuracy of the MAGT at the DZAA is gen-
erally within 1 °C. Both maps were projected by the Albers
projection to calculate the proportion of permafrost in the
whole West Kunlun area without glaciers and lakes. Our re-
sults show that the area of simulated permafrost distribution
is 35.0 × 103 km2, accounting for 80.1 per cent of the West
Kunlun area, and the area of simulated seasonally frozen
ground is 2.4 × 103 km2, accounting for 5.5 per cent
(Figure 3c). For comparison, the area of observed
Permafrost and Periglac. Process., (2015)
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permafrost is 34.8 × 103 km2, accounting for 79.7 per cent
of the West Kunlun area, and the area of observed season-
ally frozen ground is 2.6 × 103 km2, accounting for 5.9 per
cent (Figure 3d). The discrepancy of permafrost distribution
in the two maps is 0.40 per cent. The Kappa coefficient for
Figure 3b and c is 0.70, which indicates that the two maps
substantially agree with each other.
DISCUSSION

Model Validation

Because fieldwork in the unexplored West Kunlun area is
challenging and has begun only recently, no long-term data
are available for model validation. The borehole data used
are from in-situ observations collected during 3months,
and so the validation of soil temperatures is conducted with
the MAGT at the DZAA. Previous work indicates that the
DZAA on the QTP ranged from 10 to 15m (Q. B. Wu
et al., 2010), whereas our simulations and measurements
showed that the DZAA in West Kunlun ranged from 13m
to 17m. Thus, we used geothermal data at the DZAA from
ten boreholes ranging from 13m to 17m for model valida-
tion. Our results show that the model simulates well the
values of the MAGT at the DZAA.
The soil in the QTP is generally rich in gravel and sand,

which makes it difficult to determine the soil thermal and
hydrological parameters when the simulated soil becomes
deeper than 1m and soil layers become thicker than 0.4m.
Thus, a soil parameter calibration method was applied to de-
termine the soil parameters of the subsurface and bottom
layers. The value ranges of soil parameters shown in Table 1
are determined by the field soil profile, the laboratory soil
particle distribution analysis or the original value settings
in the Noah soil parameters table. Our results show that
the method is reasonable, although it is a coarse approach
and more soil samples need to be acquired and analysed to
verify the calibrated soil parameters.

Scaling Problems

The model resolution in this study is determined by the
CMFD forcing data-set (0.1° × 0.1°). As the radiation and
precipitation of the QTP are optimised in the CMFD, it is
more reliable than other finer-scale data-sets for applications
on the QTP (Guo and Wang, 2013; Xue et al., 2013). How-
ever, many permafrost maps that are based on observations
are at a resolution below 200m × 200m. As a result, down-
scaling or upscaling is needed to make comparisons between
the maps, and both types of scaling introduce scaling error.
In our case, Area A in Figure 3d is located in the transi-

tional area of unstable permafrost and seasonally frozen
ground. After the 250m × 250m permafrost map (Figure 3d)
is upscaled to 0.1° × 0.1° (Figure 3b), Figure 3b designates
part of Area A as seasonally frozen ground, whereas the
simulated 0.1° × 0.1° map (Figure 3c) designates Area A as
Copyright © 2015 John Wiley & Sons, Ltd.
complete permafrost. Such scaling operations can enlarge or
shrink the proportion of permafrost and result in error in the
comparison. Thus, the interpolation of forcing data should
be considered carefully in order to create finer simulation
maps. However, when the LSM simulation is near a resolu-
tion of 1km × 1km, lateral thermal flux and other environ-
mental factors need to be considered, which requires further
modifications of the models.

When borehole data are used to validate simulated geo-
thermal conditions, the representativeness of boreholes to
the corresponding grid cell should be carefully considered.
Altitude, microclimate, surface characteristics, soil proper-
ties and the lower boundary of modelling are major factors
that influence the permafrost distribution. Thus, the selected
boreholes should occur in the general environment de-
scribed by the above mentioned factors. Boreholes strongly
influenced by other environmental factors such as rivers,
lakes, hillslopes and aspect should be reconsidered.
Permafrost Characteristics of the West Kunlun Area

Other research in pan-Arctic permafrost areas demonstrates
that the DZAA in sediments of discontinuous permafrost
areas generally does not exceed 7 to 8m, with the MAGT
ranging from -1 to -3 °C (Romanovsky et al., 2010; Smith
et al., 2010; Lewkowicz et al., 2012). Boreholes in bed-
rock or bedrock overlain by metres of sediments in Scan-
dinavia demonstrate that DZAAs can reach 10 to 16m
when MAGTs range from 0 to -4 °C, which can be as-
cribed to higher thermal diffusivities in the bedrock
(Christiansen et al., 2010; Farbrot et al., 2011, 2013;
Isaksen et al., 2011). Boreholes along the Qinghai-Tibet
Highway/Railway show that permafrost temperatures at
15m depth (DZAA) are higher than -4.0 °C (Q. B. Wu
et al., 2010). Field observations indicate that permafrost
areas developed in bedrock are small in the West Kunlun
area. Our simulation shows that the DZAA in sediments of
the permafrost area in the West Kunlun area ranges from
13 to 15m, with the MAGT ranging from 0 to -4.5 °C. With
the same MAGT, permafrost developed within sediments in
the West Kunlun generally has a deeper DZAA compared
with permafrost within sediments in higher latitudes. As
the West Kunlun belongs to the semi-desert and alpine re-
gion, the phenomenon can be attributed to the scarcity of
the snowpack, the richness of gravel and sand in soil, and
the sparsely vegetated land cover. The thermal state of per-
mafrost in the West Kunlun is in accordance with permafrost
along the Qinghai-Tibet Highway/Railway with respect to
the DZAA and MAGT (Q. B. Wu et al., 2010).

Our simulation results show that the West Kunlun be-
longs to the predominantly plateau discontinuous perma-
frost region, with small areas of seasonal frost distributed
in river and mountain valleys (Figure 7a). The permafrost
types mainly include stable and sub-stable permafrost. The
conclusion is in accordance with the map of the distribution
of frozen ground in China (Ran et al., 2012) and different
from the map of geocryological regionalisation and
Permafrost and Periglac. Process., (2015)
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classification in China, in which theWest Kunlun is defined as
a predominantly continuous permafrost region (Qiu et al.,
2000). During the past 20 to 30years, borehole data show that
the ground surface temperature has increased by 0.60 °C
decade�1 in the QTP (T. Wu et al., 2013). Field observations
in the TSH area of the West Kunlun show evidence of perma-
frost degradation with large-scale degraded vegetation and soil
salinisation (Yu et al., 2006). Our field observations and
modelling support the view that current permafrost in theWest
Kunlun is predominantly plateau discontinuous permafrost.
Whether or not it is related with ongoing permafrost degrada-
tion still needs further investigation.
CONCLUSIONS

Our study draws the following conclusions:

1. The Noah LSM has been modified to meet the require-
ments of permafrost modelling of the QTP by introducing
a new thermal roughness scheme, a soil parameter cali-
bration method and by extending the simulation depth
to allow for soil heterogeneity. It is the first time that land
surface modelling in the remote western QTP is fully val-
idated with field data. Although our results show that the
modelling is sound, the modelling accuracy and resolu-
tion still need improvements. Error control in downscal-
ing or upscaling of simulation is necessary, and more
field observations of the key environmental factors such
as soil texture are needed. Our modelling provides a pro-
totype that can be extended to the rest of the QTP.
Copyright © 2015 John Wiley & Sons, Ltd.
2. The Noah LSM can simulate the temporal and spatial
distribution of permafrost metrics such as the MAGT,
ALT, DZAA and the ground ice content. Noah can rep-
resent the comprehensive influence of environmental
factors on permafrost, making it suitable for research in-
vestigating permafrost evolution under conditions of cli-
mate change.

3. The thermal state of permafrost in the West Kunlun is
similar to permafrost along the Qinghai-Tibet High
way/Railway with respect to the DZAA and the MAGT,
and slightly different from permafrost in pan-Arctic
areas. The type of permafrost in the West Kunlun is pre-
dominantly plateau discontinuous permafrost, and it is
strongly influenced by local environmental factors.
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