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[1] Permafrost and seasonally frozen ground conditions on the Tibetan Plateau were
investigated using the Community Land Model, version 4 (CLM4), forced by a suite of new,
high-resolution data. This new data set was highly accurate and had an advantage in the
frozen ground simulations for its fine temporal and spatial resolution. The simulated current
(1981-2000) near-surface permafrost area was 151.50 x 10* km?, which is close to, but
slightly larger than, the range from previous studies (111.80 ~150.0 x 10*km?). The
simulated current active layer thicknesses ranged from 0 to 4.74 m, with an average of 2.01 m.
The other frozen ground parameters, such as the maximum freezing depths for seasonally
frozen ground, the date of freeze start, the date of freeze end, and the freeze duration at 1 m
depth, were also examined. Considering the issue of scale mismatch, the simulated soil
temperature and other frozen ground parameters were reasonable compared to our
observations. In response to the Plateau warming of approximately 0.44°C/decade from 1981
t0 2010, the near-surface permafrost area decreased at a rate 0f9.20 x 10* km?/decade, and the
area-mean active layer thickness increased by 0.15 m/decade. The area-mean maximum
freezing depth of the seasonally frozen ground decreased by 0.34 m/decade. At a depth of 1 m,
the dates of freeze start for permafrost and seasonally frozen ground delayed linearly by 3.8
and 4.0 days/decade, respectively, while the dates of freeze end for them advanced linearly by
5.9 and 4.6 days/decade, respectively. These trends in the dates of freeze start and freeze end
resulted in freeze durations that were shortened by 9.7 and 8.6 days/decade for permafrost and
seasonally frozen ground, respectively. These results give detailed permafrost and seasonally

frozen ground states as well as their changes, which will be useful for studying frozen
ground’s response to climate change and frozen ground engineering stabilization.

Citation: Guo, D., and H. Wang (2013), Simulation of permafrost and seasonally frozen ground conditions on the
Tibetan Plateau, 1981-2010, J. Geophys. Res. Atmos., 118, 5216-5230, doi:10.1002/jgrd.50457.

1. Introduction

[2] With an average elevation of more than 4000 m, the
Tibetan Plateau is the highest and the most extensive plateau
in the world [Liu and Chen, 2000]. Almost all of the Tibetan
Plateau is underlain by permafrost and seasonally frozen
ground because of its high elevation. The present permafrost
on the Tibetan Plateau is a relict of the late Pleistocene per-
mafrost, which had degraded during the Holocene [Jin et al.,
2007]. It has higher temperature and thus being particularly
susceptible to climate change [Qiu and Cheng, 1995; Jin
et al., 2007]. A significant climate warming has occurred
on the Tibetan Plateau during the recent decades [Liu and
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Chen, 2000; Guo and Wang, 2011]. This warming will nec-
essarily result in thawing of permafrost on the Tibetan
Plateau. Previous studies indicated that permafrost thawing
can affect local hydrology, ecosystems, soil biogeochemis-
try, and engineering infrastructure [Nelson et al., 2001;
Nelson, 2003; Lawrence and Slater, 2005; Zimov et al.,
2006; Schuur et al., 2009; Guo et al., 2012]. Therefore,
detailed investigation of permafrost change on the Tibetan
Plateau is of great importance in understanding the Plateau’s
ecological environment change as well as guiding the
construction and maintenance of human infrastructures
(such as Qinghai-Tibet railway).

[3] Some observational studies have been conducted on
the Tibetan Plateau in recent years [Wang et al., 2000;
Cheng and Wu, 2007; Wu and Zhang, 2008, 2010; Yang
et al., 2010]. These observational studies provide some
important facts, but they are restricted in representation
due to the sparse number of field observational sites on the
Tibetan Plateau. Studies focusing on the Plateau’s frozen
ground at the regional scale and long-term time scales are
quite useful but currently still few. Numerical simulation
can be an appropriate method for expanding a site study to
the regional and long-term time scales, but this method is
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Figure 1. Comparison of the (a) gridded HY and CNOS5 air temperatures as well as the (b) gridded HY

and APHRO precipitation with the (c) corresponding station observations from 72 meteorological stations
located in the Tibetan Plateau. MB denotes the mean bias.

usually difficult for the Tibetan Plateau because the Pla-
teau’s rugged and varied topographic characteristics require
high-resolution forcing data and a sophisticated frozen
ground model. Development of scientific researches has
brought opportunities [Ju et al., 2007; He, 2010; Lawrence
et al., 2011; Gao et al., 2012]. Guo et al. [2012] projected
the Plateau’s permafrost degradation during the 21st century
and the impact of permafrost degradation on local hydrolog-
ical processes using the Community Land Model, version 4
(CLM4), forced by archived data (every 6 h and 0.2° x 0.2°
in longitude and latitude) from RegCM3 (Regional Climate
Model version 3) nested within the MIROC3.2 HiRes
(Model for Interdisciplinary Research on Climate 3.2 hires).

[4] The objectives of this study are (1) use a suite of new,
high-resolution (every 3h and 0.1° x 0.1° in longitude and
latitude) atmospheric data to force CLM4 to investigate in
more detail the Plateau’s permafrost and seasonally frozen
ground and their changes during the recent decades, (2) val-
idate the simulated results with in situ observations, and (3)
examine the Plateau’s soil freeze/thaw cycle at 1 m depth
and its change during the recent decades.

2. Data, Model, Experimental Design, and Methods

2.1. Data

[5] The monthly surface air temperature and precipitation for
72 meteorological stations above 2000 m that were used for
forcing data evaluation were obtained from the Data and

Table 1. Information of Site Observations at a Depth of 1 m

Information Center, China Meteorological Administration.
The data cover the period from 1961 to 2007. The stations have
an uneven distribution, and majority of the stations are situated
in the eastern and central Tibetan Plateau (Figure 1c). The data
have carried out basic logic and spatial consistency tests and
thus are reliable. These data have been widely used in research
on climate change over the Tibetan Plateau [Sun et al., 2010;
Guo and Wang, 2011; Wang and Zeng, 2012].

[6] The daily temperature grid data that were used for
forcing data evaluation were derived from the China Meteo-
rological Administration (CNO5). These grid data have a
resolution of 0.5° x 0.5° in longitude and latitude and cover
the period from 1961 to 2009. These data were developed by
interpolating 751 stations observations in China [Xu et al.,
2009] and have been widely used for validation of model’s
performance [Gao et al., 2012; Guo et al., 2012].

[7] The precipitation grid data used for forcing data eval-
uation were developed by the Asian Precipitation-Highly
Resolved Observational Data Integration Towards Evalua-
tion of the Water Resources Project in collaboration with
the Research Institute for Humanity and Nature and the
Meteorological Research Institute of the Japan Meteorological
Agency (APHRO). This data set has a resolution of 0.25°
0.25° in longitude and latitude and covers the period from
1951 to 2007. The data were constructed by interpolating rain
gauge observations obtained from meteorological and
hydrological stations throughout the region. More detailed
information is provided by Yatagai et al. [2009].

Station Name Latitude (deg) Longitude (deg) Elevation (m)

Observation Period Type of Frozen Ground

KM1 35.63 94.07 4770
KM2 35.62 94.07 4759
D66 35.52 93.78 4560
CM1 3551 93.74 4552
CM2 35.40 93.53 4482
WDI 35.23 93.09 4610
WD2 35.13 93.04 4707
D105 33.06 92.16 5020
TG1 32.71 91.87 4997
D110 32.69 91.86 5000
™1 32.49 91.82 4873
AD1 32.38 91.71 4786
Anduo 32.24 91.62 4710
BJ 31.37 91.90 4509
MS3608 31.23 91.78 4610

1996-2002 Permafrost
1996-2002 Permafrost
1997-2007, missing period: Oct 1999 to Permafrost
Aug 2000, Jan to Aug 2006
1996-2001 Permafrost
1996-2006 Permafrost
1996-2001 Permafrost
19962006 Permafrost
1998-2005 Permafrost
1999-2006 Permafrost
1998-1999, 2003-2005 Permafrost
19992006 Permafrost
1999-2006 Permafrost
1998-2002, 2005
2001-2007 Seasonally frozen ground

1997-2009, missing period: Sep 2001 to

Aug 2002, Mar to Aug 2006

Seasonally frozen ground
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Figure 2. Comparison of the mean HY with CNO5 air temperature, averaged over 1981 to 2000. (a and
b) Spring (MAM), (c and d) summer (JJA), (e and f) autumn (SON), and (g and h) winter (DJF). The rect-
angle in subgraph (Figure 2d) is for comparison with that in Figure 8a.

[8] The atmospheric forcing data that were used in this
work were developed by the Hydrometeorological Research
Group at the Institute of Tibetan Plateau Research, Chinese
Academy of Sciences [He, 2010] (HY data). The temporal
and spatial resolutions of the preliminary version of this data
set were every 3 h and 0.25° x 0.25° in longitude and lati-
tude from 1998 to 2006. After several updates, the latest ver-
sion was released in May 2012 and has a temporal and
spatial resolution of every 3h and 0.1° x 0.1° in longitude
and latitude from 1981 to 2010, covering the entire region
of China. The near-surface air temperature, pressure, wind
speed, and specific humidity were constructed by merging
740 meteorological stations’ observations with correspond-
ing Princeton meteorological forcing data [Sheffield et al.,

2006]. The observation height for air temperature and
specific humidity was 1.5m above the ground, while
wind speed was measured 10m above the ground. The
precipitation data set was constructed by combining three
precipitation data sets, including observations from 740
meteorological stations, the Tropical Rainfall Measuring
Mission (TRMM) 3B42 precipitation products [Huffinan
et al., 2007], and the Asian Precipitation-Highly Resolved
Observational Data Integration Towards Evaluation of the
Water Resources project [Yatagai et al., 2009]. The down-
ward shortwave radiation was obtained by correcting the
Global Energy and Water Cycle Experiment-Surface
Radiation Budget shortwave radiation data set [Pinker and
Laszlo, 1992], with reference to radiation estimates from

5218



GUO AND WANG: CHANGE IN FROZEN GROUND

(a) Mean precipitation, MAM, APHRO,mm/day

40N~

35N

30N

25N

T T T T
75E  80E 85E 90E 95E 100E 105E
I T
02 04 0.8 1.4 24 34 46 6

(€) Mean precipitation,JJA,APHRO,mm/day
40N_ 1 1 1 1 - 1

35N

30N

25N T T T T T
75E  80E 85E 90E 95E 100E 105E
I T

02 04 0.8 14 24 34 46 6

(e) Mean precipitation,SON,APHRO,mm/day
4ON— 1 1 1 1 1 |

35N

30N

25N T T T T T
75E  80E 85E 90E 95E 100E 105E
T T

02 04 0.8 14 24 34 46 6

(9) Mean precipitation,DJF,APHRO,mm/day

40N L
3Ny T s
30N i"w A ; L
25N .

T T T T
75E  80E 85E 90E 95E 100E 105E
02 04 08 14 24 34 46 6

(b) Mean precipitation, MAM,HY,mm/day

40N

35N

30N

25N

T T T T
75E  80E 85E 90E 95E 100E 105E
T T

02 04 0.8 14 24 34 46 6

40N

(d) Mean precipitation,JJA,HY,mm/day

35N

30N

25N T T T T T
75E  80E 85E 90E 95E 100E 105E
I T

02 04 0.8 1.4 24 34 46 6

(f) Mean precipitation, SON,HY,mm/day
40N— 1 1 1 1 1 |

35N

30N

25N T T T T T
75E  80E 85E 90E 95E 100E 105E
T T

02 04 0.8 14 24 34 46 6

(h) Mean precipitation,DJF,HY,mm/day
40N i 1 1 1 1 1 |

35N I

'4

h '
25N T

T T T T
75E  80E 85E 90E 95E 100E 105E

30N -
.

02 04 0.8 14 24 34 46 6

Figure 3. Comparison of the mean HY with APHRO precipitation, averaged over 1981 to 2000. (a and
b) Spring (MAM), (c and d) summer (JJA), (e and f) autumn (SON), and (g and h) winter (DJF).

meteorological station data using a hybrid radiation model
[Yang et al., 2006]. The downward longwave radiation
was estimated using Crawford and Duchon’s [1999] model,
which is driven by the known near-surface air temperature,
pressure, specific humidity, and downward shortwave radia-
tion. This data set is available at the following Web site:
http://westdc.westgis.ac.cn/data/7a35329¢-¢53f-4267-aa07-
e0037d913a21.

[¢] He [2010] presented an evaluation of this forcing
data set compared to site observations from the Global
Energy and Water Cycle Experiment/Asian Monsoon
Experiment (GAME-Tibet) and the Coordinated Enhanced
Observing Period/Asia-Australia Monsoon Project on the
Tibetan Plateau (CAMP-Tibet). For three-hourly down-
ward shortwave radiation at 11 sites, the mean bias and
the correlation coefficient of them were —1.60 Wm >

and 0.93, respectively. For three-hourly air temperature at
four sites, their mean biases and correlation coefficients
were —0.18°C and 0.95, respectively. These results indi-
cated that the constructed forcing data set was reliable.
Subsequently, Chen et al. [2011] found that the mean land
surface temperature bias in early afternoon could be
reduced by more than 2°C when this new forcing data
set was used to drive the Noah model.

[10] The majority of soil temperature and active layer
thickness observations that were used to validate the
simulated results were derived from Wu and Zhang [2008,
2010]. The other soil temperature observations were
obtained from the GAME-Tibet and the CAMP-Tibet. The
information from the observations is presented in Table 1.
Detailed observational information is described in Yang
et al. [2003] and Guo et al. [2011a, 2011b].
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Figure 4. (a) Spatial distribution of trends in the air temperature of the HY forcing data from 1981 to

2010 and the (b) comparison of the annual air temperature time series from the HY data as averaged over
the entire Tibetan Plateau with that from 72 meteorological stations. Areas with significance level exceed-

ing 95% are denoted with dots.

[11] The Plateau’s frozen ground map, used to validate the
simulated frozen ground distributions, was developed by Li
and Cheng [1996]. This map is currently thought to present
a reasonable distribution pattern of frozen ground on the
Tibetan Plateau [Zhao, 2004; Cheng and Wu, 2007; Ran
et al., 2012]. However, the map may still be inaccurate in
some areas because it was produced based on sparse bore-
hole observations and terrain data [Li and Cheng, 1996].

2.2. Model

[12] The land-surface model CLM4 was used in this study
[Oleson et al., 2010]. It is the latest version of CLM model,
from the update of the CLM3.5. Guo et al. [2012] provide a
more detailed description of the features and improvements
of CLM4. The modifications that are directly relevant to this
study include an explicit treatment of the frozen ground pro-
cesses, an incorporation of a freezing point depression
expression, a representation of the thermal and hydraulic
properties of soil organic matter, and a deepening of the soil
column (approximately 50 m). It has been well demonstrated
that these modifications are able to greatly improve the accu-
racy of frozen ground simulations [Burn and Nelson, 2006;
Lawrence and Slater, 2006; Niu and Yang, 2006; Yi et al.,
2007; Delisle, 2007; Nicolsky et al., 2007; Alexeev et al.,
2007; Lawrence and Slater, 2008; Lawrence et al., 2011].
Hence, the use of CLM4 was advantageous for the simula-
tion of frozen ground.

2.3. Experimental Design

[13] Six atmospheric forcing elements are required by
CLM4, including incoming shortwave radiation flux, precip-
itation, wind speed, air temperature, specific humidity, and
atmospheric pressure. The HY data (every 3h and 0.1° x 0.1°
in longitude and latitude) were used as atmospheric forcing
data. A regional simulation was performed, and CLM_QIAN
was selected as the DATM (Data Atmosphere) mode. The
model domain is 20°N to 45°N and 70°E to 105°E. The
simulation yielded daily output results with a spatial resolution
of 0.31° x 0.23° in longitude and latitude. The simulations
were spun up for 400 years with the RegCM3’s results from
1951 [Gao et al., 2012] and for continuous 100 years with
HY data from 1981. The change in soil temperature was less

than 0.001°C/year at all soil levels when the spin-up phase
ended. The period of simulation was from January 1981 to
December 2010.

2.4. Methods

[14] In the soil layers of the upper 4.7 m soil of a model
grid cell, if there is at least one layer in which the monthly
soil temperature remains below 0°C for 24 consecutive
months, we identify this grid cell as containing near-
surface permafrost. Similarly, in the soil layers of the upper
4.7 m soil of a model grid cell, if there is no layer in which
the monthly soil temperature remains below 0°C for 24 con-
secutive months but there is at least one layer in which the
monthly soil temperature remains below 0°C for a period
of 24 consecutive months, we identify this grid cell as
containing seasonally frozen ground. The annual active layer
thickness was defined as the maximum thawing depth during
the period from January 1 to December 31, which was calcu-
lated by daily data. Before the active layer thickness was
calculated, the soil temperature layers first were linearly
interpolated to evenly spaced layers with a thickness of
0.01 m. To avoid the potential impact of random soil temper-
ature on the movement from one soil phase to the next when
calculating the dates of freeze start and freeze end, the pas-
sage of three consecutive days meeting a chosen category
of criteria (i.e., daily soil temperature below or above zero)

Temperature/ °C
A
AN EEEE AN NN

TT T[T T T[T TT[TTT

2000 2005 2010
RegCM3

1980 1990 1995

— HY

Figure 5. Comparison of the area-mean time series of air
temperature between HY, RegCM3, and CNOS5 data from
1981 to 2010, averaged over the area 30°N to 36°N; 83°E
to 100°E.
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Figure 6. Comparison of monthly gridded soil temperature from the simulation driven by high resolu-
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gitude and latitude) forcing data, with the corresponding site observations at (a, ¢) 0.04 m and (b, d) 0.6 m
depth at the MS3608 and D66 sites from 1998 to 2006. MB denotes the mean bias.

was used as the indicator of the phase change, and the first
day of these three days was recorded as the start date of
the next phase. The change rate of the frozen ground param-
eters was calculated using ordinary least squares regression
by deriving the slope of the linear fit. The significance of
the trends was assessed using a nonparametric test approach
[Wang and Swail, 2001; Wei, 2007].

3. Results

3.1.

[15] The quality of the simulation of frozen ground was
largely dependent on the accuracy of the atmospheric forc-
ing data [e.g., Wang and Zeng, 2011; Lawrence et al.,
2012]. Thus, we evaluated the data before the simulation.
Specifically, we compared them with CNO5 data and
APHRO data, respectively, to evaluate spatial patterns. To
evaluate the magnitude, we compared the data with meteoro-
logical station observations. The spatial distribution pattern
of HY air temperature was similar to that of the CNO5 data
in the spring, autumn, and winter, their spatial correlation
coefficients were 0.87, 0.87, and 0.90 for these three sea-
sons, respectively. Clearly, the HY air temperature includes
more detailed information due to its high spatial resolution
(Figure 2). In summer, the spatial distribution pattern of
HY air temperature is also similar to that of CNO5 (spatial
correlation coefficient is 0.83), except that the HY air tem-
perature is higher than the CNO5 data in the northwestern
region of the Plateau (i.e., the area that is surrounded by
the blue rectangle in Figure 2d). In this area, we could not
determine which data (CNO5 or HY) were more accurate
because there were no station observations there. Further
observational studies are required to rectify this situation in

Evaluation of the Forcing Data

the future. However, compared to the 72 meteorological
stations’ observations from the central and eastern regions
of the Plateau, the HY air temperature had a mean bias of
—1.30°C, which was much smaller than the mean bias
of —2.90°C for the CNOS5 air temperature (Figure 1a). The
higher resolution of the HY data could represent more
detailed topography information, which favors the smaller
bias in air temperature.

[16] For precipitation, the spatial distribution pattern of the
HY data was quite close to that of the APHRO data in all
four seasons, and their spatial correlation coefficients were
0.95, 0.86, 0.91, and 0.80 for the spring, summer, autumn,
and winter, respectively (Figure 3). Similarly, compared to
the 72 meteorological stations’ data, the HY precipitation
had a mean bias of 0.003 mm/d, which was also much
smaller than the mean bias of 0.016 mm/d in the APHRO
precipitation data (Figure 1b).

[17] The time series of the HY temperature data was also
compared to those of the 72 meteorological stations
(Figure 4b) and the CNO5 data (Figure 5). The interannual
changes of the HY and the observed temperature data were
very consistent, with a correlation coefficient of 0.95; how-
ever, their magnitudes were different because the meteoro-
logical station observations cover the eastern and central
Plateau, while the HY temperature covers the entire Plateau.
In addition, the rate of increase in the HY air temperature
was 0.44°C/decade, which is similar to the 0.48°C/decade
rate of increase at the 72 meteorological stations from
1981 to 2007. The time series of HY air temperature was
also quite consistent with that of the CNOS5 air temperature
in the chosen area of 30°N to 36°N and 83°E to 100°E.
Their increasing rates of air temperature were 0.49 and
0.52 °C/decade, respectively. These results indicate that the
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(a) Frozen soil map, Li and Cheng (1996)
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Figure 7. Comparison of the simulated results with the
Plateau’s frozen ground map. (a) The Plateau’s frozen
ground map (after the work by Li and Cheng [1996]) and
(b) the simulated mean distribution pattern of permafrost
and seasonally frozen ground from 1981 to 2000.

HY data were high quality and suitable for the frozen ground
simulation of the Tibetan Plateau.

[18] To further explore the impact of the temporal and spa-
tial resolution of the atmospheric forcing data on the frozen
ground simulation, we performed two simulations that were
driven by the HY forcing data, one with higher resolution
(every 3h and 0.1° x 0.1° in longitude and latitude) and one
with coarser resolution (every 6 h and 0.2° x 0.2° in longitude
and latitude). The coarser-resolution forcing data were derived
by interpolating the higher-resolution forcing data. The results
indicated that soil temperatures from the simulation that was
driven by the higher resolution forcing data were closer to
the observations than those from the simulation that was
driven by the coarser resolution forcing data (Figure 6). The
mean bias between the simulated and observed soil tempera-
tures was reduced by 0.40°C at sites D66 and MS3608 when
the simulation was driven using the higher-resolution forcing
data. This result implies that the higher-resolution atmospheric
forcing data are useful for improving the accuracy of the fro-
zen ground simulation, at least at this level of resolution.
Therefore, the use of higher-resolution atmospheric forcing
data was advantageous to our study.

3.2. Frozen Ground Simulation and Validation

3.2.1. Frozen Ground Simulation

[19] As shown in Figure 7, the simulated permafrost and
seasonally frozen ground distributions were very similar to
the Plateau’s frozen ground map. Compared to the results

from Guo et al. [2012], this study produced a more detailed
frozen ground distribution because of its use of the new
atmospheric forcing data. However, more permafrost was
simulated in the eastern region of the Plateau and less
permafrost was simulated in the southwestern region of the
Plateau. The discrepancies between the simulated results
and the Plateau’s frozen ground map could be partially
attributed to possible inaccuracies in the soil organic matter
content and the soil texture data in the model. In addition,
the discrepancies could also be due to possible inaccuracies
in the Plateau’s frozen ground map.

[20] The simulated permafrost covered a total area of
151.50 x 10*km? (excluding glaciers and lakes). This area
was similar to, but slightly larger than, the range of
111.80~150.0 x 10*km? from previous studies (Table 2).
The model also yielded a total seasonally frozen ground area
of 87.10 x 10* km? (excluding glaciers and lakes) and a total
unfrozen ground area of 6.10 x 10*km? (Table 2).

[21] The simulated mean active layer thickness from 1981
to 2000 is displayed in Figure 8a. The simulated active layer
thickness was shallowest in the northwestern corner of the
permafrost area, with a range of approximately 0-2m. It
was also relatively shallow in some grids in the eastern
permafrost area, with a range of approximately 1-2m.
Evidently, the active layer thickness in the black rectangle
was relatively deep, with a range of approximately 2—-3 m.
This was related to the relatively higher summer air temper-
ature in this region, as depicted in Figure 2d. For the whole
permafrost area, the active layer thickness ranged from 0 to
4.74 m, with an average of 2.01 m.

[22] The spatial distribution patterns of the simulated date
of freeze start, date of freeze end, and freeze duration at a
depth of 1 m were similar to that of the active layer thickness
(Figures 8b—8d). Basically, the permafrost with shallower
active layer thickness, e.g., in the northwestern corner of
the permafrost area, had an earlier date of freeze start, a later
date of freeze end, and a longer freeze duration, while the

Table 2. Total Area of Frozen Ground on the Tibetan Plateau, as
Calculated Using Different Methods (Unit: 10*km?)

Seasonally  Unfrozen

Permafrost Frozen Ground
Methods Area Ground Area  Area  Data Sources
Regional statistical ~ 150.0 Zhou and Guo
survey [1983]
Historical data 140.10 Li and Cheng
analysis [1996]
Altitude model 129.40 Li and Cheng
[1999]
Digitized map 126.70 122.40 Nan [2003]
Altitude model 136.0 Nan [2003]
The surface frost 127.80 123.60 Nan [2003]
number
Mean annual ground 111.80 Nan [2003]
temperature model
TTOP (Temperature 138.70 Nan [2003]
at the Top of
Permafrost) model
RegCM3/CLM4 122.20 127.90 1.20 1980-2000
average, Guo
et al. [2012]
HY/CLM4 151.50 87.10 6.10 1981-2000
average, this
study
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Figure 8. Spatial distribution of the (a) simulated active layer thickness, (b) date of freeze start at 1 m
depth, (c) date of freeze end at 1 m depth, and (d) freeze duration at 1 m depth of permafrost, averaged over
1981 to 2000. Black grids represent those areas where soil does not thaw to 1 m depth over the course of
the year. Data in the belt (near 34.10°N to 35.04°N; 92.19°E to 100.93°E) were removed because the sim-
ulated results in this belt could be inaccurate. This is related to the possible inaccuracy of the soil organic
matter content in these locations because the global organic matter data used in the model are based on

relatively few observations [Guo et al., 2012].

permafrost with the deeper active layer thickness, e.g., in the
black rectangle on Figure 8a, had a later date of freeze start,
an earlier date of freeze end, and a shorter freeze duration.
The area-averaged dates of freeze start, date of freeze end,
and freeze duration at a depth of 1 m were approximately
the 296th day (23 October), the 174th day (23 June), and
254 days, respectively (Table 3).

[23] The simulated current maximum freezing depth, date
of freeze start, date of freeze end, and freeze duration at a
depth of 1 m for seasonally frozen ground are presented in
Figure 9. The maximum freezing depth was relatively shal-
low in the grids located in the center of the seasonally frozen
ground area but was relatively deep in the grids located at
the edge of the seasonally frozen ground area. Despite
these features of distribution, the shallowest maximum
freezing depth was located in the southern region of the
seasonal frozen ground area. For the whole seasonally
frozen ground area, the area-mean for maximum freezing
depth was 2.47 m.

[24] The spatial distribution patterns of the simulated date of
freeze start, date of freeze end, and freeze duration at a depth
of 1 m were similar to those of the maximum freezing depth.
Basically, seasonally frozen ground with shallower maximum
freezing depth, e.g., in the southern region of the seasonally
frozen ground area, had a later date of freeze start, an earlier
date of freeze end, and a shorter freeze duration, while season-
ally frozen ground with deeper maximum freezing depth, e.g.,
at the edge of the seasonally frozen ground area, had an earlier
date of freeze start, a later date of freeze end, and a longer
freeze duration. The area-averaged dates of freeze start, date
of freeze end, and freeze duration at a depth of 1 m were
approximately the 342nd day (8 December), the 112th day
(22 April), and 124 days, respectively (Table 3).

3.2.2. Validation of the Simulated Results With In
Situ Observations

[25] Soil temperature was one of the key variables in the
evaluation of the frozen ground simulation. For the evaluation
of temporal change, we compared the simulated monthly

Table 3. Simulated Values of Various Frozen Ground Parameters, Averaged Over Their Own Areas, as Shown in Figures 8, 9, 11, and 12

Current (1981-2000)

Changes in 1981-2010 (Per Decade)

Frozen Ground Parameters Permafrost Seasonally Frozen Ground Permafrost Seasonally Frozen Ground
Active layer thickness (m) 2.01 0.15
The maximum freezing depth (m) 2.47 —0.34
Date of freeze start at 1 m depth (day) 296th 342nd 3.8 4.0
Date of freeze end at 1 m depth (day) 174th 112th -5.9 —4.6
Freeze duration at 1 m depth (days) 254 124 —-9.7 —8.6
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Figure 9. Spatial distribution of (a) simulated maximum freezing depth, (b) date of freeze start at 1 m
depth, (c) date of freeze end at 1 m depth, and (d) freeze duration at 1 m depth of seasonally frozen ground,
averaged over 1981 to 2000. Black grids represent those areas where soil does not freeze to 1 m depth over

the course of the year.

gridded soil temperatures with the corresponding site observa-
tions (i.e., the grids containing measured sites) at depths of
0.04m and 0.6m at sites D66 and MS3608 from 1998 to
2006 (Figure 6). Notably, the model did not directly calculate
the soil temperatures at depths of 0.04m, 0.6 m, 1 m, or 6 m.
Soil temperatures at these layers were estimated using simple
linear interpolation between the known values. As displayed
in Figures 6a and 6b, the simulated monthly gridded soil tem-
peratures showed good agreement with the corresponding ob-
servations at site MS3608. Their mean biases were —1.90°C
and —2.10°C, and their correlation coefficients were 0.97
and 0.94 at depths of 0.04 m and 0.6 m, respectively. At site
D66, the simulated monthly gridded soil temperatures were
close to, but systematically lower than, the corresponding
observations, with mean biases of —2.70°C and —2.90°C
and correlation coefficients of 1.00 and 0.99 at depths of
0.04 m and 0.6 m, respectively (Figures 6¢ and 6d).

[26] For the evaluation of spatial change, we compared the
simulated gridded mean soil temperatures at 1 m and 6 m
depths, the active layer thickness, the maximum freezing
depth, the date of freeze start, the date of freeze end, and the
freeze duration with the corresponding observations at 15 sites
(Figure 10). Among all 15 sites, the mean bias between the
simulated soil temperatures and the corresponding site obser-
vations at a depth of 1 m ranged from —0.20 to —3.20°C, with
a mean of —1.80°C (Figure 10a). At a depth of 6 m, the mean
bias between the simulated soil temperatures and the corre-
sponding site observations ranged from —0.10 to —2.50°C,
with a mean of —1.30°C for all nine sites (Figure 10b).

[27] As displayed in Figure 10c, the simulated active layer
thicknesses at five sites were close to the corresponding site
observations, with biases of less than 0.40 m. However, at
the remaining four sites, the biases were relatively large (0.57
to 1.76 m). Among all nine sites, the mean bias between the
simulated active layer thickness and the corresponding site

observations was —0.02m (the mean absolute bias was
0.70 m). There were only two sites with observations for the
maximum freezing depth. The simulated maximum freezing
depth was evidently shallower than that of the site observations
at these two sites, with a mean bias of 1.40 m (Figure 10d).

[28] The simulated date of freeze start at 1 m depth fit best
with the corresponding observations at two sites, with biases
of'less than 10.5 days (Figure 10e). At the remaining four sites,
the simulated date of freeze start was —16.5 to —44 days ear-
lier than the corresponding observations. The mean bias for all
six sites was —21 days. The simulated date of freeze end at | m
depth also fit well with the corresponding observations at two
sites, with biases of less than 4 days (Figure 10f), but the bias
was large at the remaining four sites (—17.8 to 45 days). For
all six sites, the mean bias was 12 days. The simulated freeze
duration at 1 m depth was longer than the corresponding ob-
servations, except for the D110 site. The mean bias between
the simulated freeze duration and the corresponding observa-
tions for all six sites was 33 days (Figure 10g).

[29] Itshould be noted that a scale mismatch existed in these
comparisons because they were based on grid-mean simulated
results and individual site observations. Furthermore, the mea-
sured active layer thickness, date of freeze start, date of freeze
end, and freeze duration tended to vary substantially over
small distances. This could be especially significant on the
Tibetan Plateau, where the topography is very rugged and var-
ied. In addition, the observation sites on the Tibetan Plateau
were usually located in plains, basins, and valleys at relatively
low altitudes where the permafrost may have been relatively
warmer than that at adjacent higher altitude areas [Wu et al.,
2010]. In this case, the grid containing the observation site
and the adjacent higher altitude areas would have a lower
grid-mean soil temperature than the observation site. Consid-
ering these sampling issues, the simulated frozen ground
parameters were basically reasonable.
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Figure 10. Comparison of the simulated annual-mean gridded soil temperature at (a) 1 m and (b) 6 m
depths, (c) active layer thickness, (d) maximum freezing depth, (e) freeze start date at 1 m depth, (f) freeze
end date at 1 m depth, and (g) freeze duration at 1 m depth with the corresponding mean site observations,
averaged over 1996 to 2006 (for some sites with shorter observation periods, averaged over their recorded
period). The red rectangles represent the sites that were located in the seasonally frozen ground area, while
the blue rectangles represent the sites that were located in the permafrost area. The locations of the
observed sites are shown in subgraph (Figure 10h). MB denotes the mean bias.

3.3. Changes in Frozen Ground During 1981-2010 1981 to 2010 is presented in Figure 11. The active layer
thicknesses for most of the grids display increasing linear
trends, except for a small number of grids that were located
in the west-central region of the permafrost area, which dis-

play negative linear trends. The grids with the shallowest

[30] The spatial pattern of trends in the active layer thick-
ness, the date of freeze start, the date of freeze end, and the
freeze duration at a depth of 1 m in permafrost areas from
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Trends in the (a) simulated active layer thickness (m/decade), (b) date of freeze start at 1 m depth

(day/decade), (c) date of freeze end at 1 m depth (day/decade), and (d) freeze duration at 1 m depth (day/decade)
for permafrost from 1981 to 2010. Similar to Figure 8, the data in the belt near 34.10°N to 35.04°N; 92.19°E to
100.93°E were removed. Black grids represent those areas where soil does not thaw to 1 m depth over the course
of at least 1 year from 1981 to 2010. Areas with significance level exceeding 95% are denoted with dots.

current active layer thicknesses, e.g., in the northwestern
corner of permafrost area, experienced smaller increases in
their active layer thicknesses, with a range of approximately
0-0.10 m/decade. Over the entire permafrost area, the major-
ity of trends in the active layer thickness ranged from 0 to
0.50 m/decade, the maximum trend was 0.70 m/decade
locally, with an area-averaged value of 0.15 m/decade.

(a) Trend in the maximum freezing depth

[31] Oelke and Zhang [2007] simulated a trend in the
active layer thickness on the Tibetan Plateau of 0.14 m/decade
for their northern subregion, 0.12 m/decade for the discontinu-
ous permafrost area, and 0.07 m/decade for the sporadic
permafrost area from 1980 to 2001. Despite the different re-
search period and permafrost area, our result was similar to,
but slightly larger than, that of Oelke and Zhang [2007]. Our

(b) Trend in date of freeze start at 1m depth
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1 m depth (day/decade), (c) date of freeze end at 1 m depth (day/decade), and (d) freeze duration at 1 m
depth (day/decade) for seasonally frozen ground from 1981 to 2010. Black grids represent those arcas
where soil does not freeze to 1 m depth over the course of at least 1 year from 1981 to 2010. Areas with
significance level exceeding 95% are denoted with dots.
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Figure 13. Time series of the (a) simulated near-surface permafrost area (including glaciers and lakes),
(b) time series of the simulated seasonally frozen ground (SFQG) area (including glaciers and lakes), (c) the
area-mean time series of the simulated active layer thickness, averaged over the minimum permafrost area
from 1981 to 2010, and (d) the area-mean time series of the simulated maximum freezing depth, averaged
over the minimum seasonally frozen ground area from 1981 to 2010. CR denotes a change in rate.

results were also basically consistent with the magnitude of the
trends in the active layer thicknesses (0.10—0.50 m/decade)
from southern Alaska, northern Canada, and south-central
Siberia [Oelke et al., 2004].

[32] The simulated date of freeze start at 1 m depth for
almost all of the grids in the permafrost area displayed a
delaying trend, except for a small number of grids that were
scattered in the permafrost area. Most of the trends in the date
of freeze start ranged from 0 to 12days/decade for the
entire permafrost area, with an area-averaged value of
3.8 days/decade. In contrast, the simulated date of freeze end
at 1 m depth displayed an advancing trend for nearly all of
the grids. There were also a few grids with delaying trends
in the freeze end date. Most of the trends in the date of freeze
end ranged from —12 to 0 days/decade for the whole perma-
frost area, with an area-averaged value of —5.9 days/decade.
Both the delaying trend for the freeze start date and the
advancing trend for the freeze end date resulted in shorter
freeze durations, with a majority of the trends ranging from
—24 to 0 and an area-averaged value of —9.7 days/decade.

[33] Figure 12 presents the spatial pattern of trends for the
maximum freezing depth, the date of freeze start, the date of
freeze end, and the freeze duration at a depth of 1 m for sea-
sonally frozen ground from 1981 to 2010. Almost all of the
grids experienced decreasing trends in the maximum freez-
ing depth, except for a few grids that were located in the
southern region of the seasonally frozen ground area. Basi-
cally, the grids with relatively shallow current maximum
freezing depths, e.g., in the center of the seasonally frozen

ground area, have smaller decreasing trends in maximum
freezing depth, while the grids with relatively deep current
maximum freezing depths, e.g., at the edge of the seasonally
frozen ground area, have larger decreasing trends for maxi-
mum freezing depth. For the whole seasonally frozen ground
area, most of the trends in the maximum freezing depth
ranged from —0.60 to 0 m/decade, and the area-averaged
trend was —0.34 m/decade. Similar to permafrost areas, the
simulated date of freeze start, date of freeze end, and freeze
duration at 1 m depth for the majority of the grids in the
seasonally frozen ground area also experienced delaying,
advancing, and shortening trends, respectively, except for a
few grids that were located in the southern region of the
seasonally frozen ground area. The majority of the trends
ranged from 0 to 9 days/decade, from —9 to 0 days/decade,
and from —18 to 0days/decade, respectively, and their
area-averaged trends were 4.0 m/decade, —4.6 m/decade,
and —8.6 m/decade, respectively.

[34] Based on the daily Special Sensor Microwave/Imager
(SSM/1) data, Li et al. [2012] reported that the date of freeze
start for near-surface soil was delayed by 5 days/decade, the
date of freeze end in the near-surface soil was advanced by
7 days/decade, and freeze duration for near-surface soil
was shortened by 16.8days/decade on the Tibetan
Plateau from 1988 to 2007. By comparison, our simulated
results indicated a delaying trend of approximately
3.9 days/decade (permafrost: 3.8 days/decade, seasonally
frozen ground: 4.0 days/decade) in the date of freeze start
at lm depth, an advancing trend of approximately

5227



GUO AND WANG: CHANGE IN FROZEN GROUND

5.3 days/decade (permafrost: 5.9 days/decade, seasonally
frozen ground: 4.6 days/decade) in the date of freeze end at
Im depth, and a shortening trend of approximately
9.2 days/decade (permafrost: 9.7 days/decade, seasonally
frozen ground: 8.6 days/decade) in the freeze duration at
1 m depth from 1981 to 2010. Apparently, the magnitude
of our work was close to, but smaller than, that of Li et al.
[2012]. The deviation between these two works might be
partially due to the difference in two research periods and
the difference in two soil depths. More reasons for the devi-
ation require further evaluation in the future.

[35] The time series for the simulated permafrost area,
seasonally frozen ground area, active layer thickness, and
the maximum freezing depth are displayed in Figure 13.
The time series of the permafrost area indicated a significant
decreasing trend, with a rate of 9.20 x 10* km*/decade from
1981 to 2010. This decreasing rate was somewhat larger
than the rate of 7.60 x 10*km?/decade during the same
period that was reported by Guo et al. [2012], which results
from the different atmospheric forcing data. This time series
for the Plateau’s permafrost area was consistent with that of
the Northern Hemisphere permafrost area simulated by
CCSM4 in the 1980s and in 1990s [Lawrence et al., 2012].

[36] The loss of permafrost occurred at the edge, espe-
cially the southern edge of the simulated permafrost bound-
ary. The losing permafrost was converted into seasonally
frozen ground, thus resulting in the increase in the season-
ally frozen ground area. The loss of the seasonally frozen
ground occurred at the southern edge of the Tibetan Plateau,
which was reflected in that it is converted into the unfrozen
ground. Large loss in the permafrost and relatively slight in-
crease in the unfrozen ground result in the time series of the
seasonally frozen ground area basically having a pattern that
was essentially opposite to that of the permafrost area, with a
trend of 8.40 x 10* km*/decade.

[37] The time series for the active layer thickness displayed
an increasing trend, with evident interannual changes. It had a
statistically significant correlation coefficient of 0.7 with the
time series of active layer thicknesses that was reported by
Guo et al. [2012]. The deviation between these two results
was attributed to the different atmospheric forcing data that
were used by these two studies. Interannual changes were also
evident in the time series of the maximum freezing depth,
which displayed a decreasing trend.

4. Discussion

[38] The physics-based simulation of frozen ground is
especially difficult on the Tibetan Plateau due to the lack
of high-resolution atmospheric forcing data and reliable fro-
zen ground models. Consequently, a suite of new, high-
resolution atmospheric forcing data and the CLM4 model
has been developed and released [He, 2010; Chen et al.,
2011; Lawrence et al., 2011]. Using CLM4, forced by this
suite of high-resolution atmospheric forcing data, our work
simulated the current frozen ground state and changes in
the frozen ground during the recent decades on the Tibetan
Plateau. The model simulated a current permafrost area of
151.50 x 10*km?. This area was close to, but slightly larger
than, the ranges of permafrost areas reported in previous
studies that were based on different methods. These methods
included a regional statistical survey, a historical data

analysis, a digitized map, and some statistical-empirical
models (Table 2). The large differences in research methods
between the present work and previous research could be a
primary cause of the deviation in the permafrost areas. Con-
versely, the current permafrost area in the present work is
29.30 x 10*km? larger than the result reported by Guo
et al. [2012], despite the single difference of atmospheric
forcing data between these two studies. This discrepancy in-
dicates that the permafrost simulation is also very sensitive
to the atmospheric forcing data. Because air temperature is
a climatic factor that is closely related to the permafrost
simulation, we further compared the air temperatures of
the atmospheric forcing data used by these two studies
(Figure 5). From 1981 to 2000, the area-mean HY air tem-
perature was 0.17°C lower than the RegCM3 air temperature
used in the work of Guo et al. [2012]. The lower air temper-
ature of the HY data could be a primary cause of the larger
permafrost area in the present work. The differences in the
other forcing elements, e.g., precipitation (snowfall) and
radiation, may also have resulted in the deviation of the
permafrost area between these two studies to some extent.

[39] The present work also investigated permafrost change
in response to climate warming on the Tibetan Plateau dur-
ing 1981 to 2010. This warming consists of an area-mean
rate of increase of 0.44°C/decade. As shown by Figure 4a,
a large portion of the Plateau has experienced a significant
warming trend. The increases in air temperature were more
significant in the northern, central, and western regions of
the Plateau. With this amplitude of increase in air tempera-
ture, the CLM4 simulated that the near-surface permafrost
area could decrease by 9.20 x 10*km?/decade, and the
active layer thickness could increase by 0.15m/decade.
The results are close to, but larger than, the decreasing rate
of 7.60 x 10*km*/decade for permafrost areas and the
increasing rate of 0.17 m/decade for active layer thicknesses
during the same period that were reported by Guo et al.
[2012]. The deviation between these two research results
can be attributed to the difference in their atmospheric forc-
ing data. In the present work, the time series and the increas-
ing rates of HY air temperature agree well with those of the
CNO5 air temperature (Figure 5), which provided an assur-
ance of the rationality of the simulated frozen ground
changes in the present work.

[40] We evaluated the air temperature and precipitation of
the atmospheric forcing data, which are thought to be closely
related to the frozen ground simulation [Lawrence et al.,
2012; Guo et al., 2012]. However, the other forcing elements,
e.g., radiation and wind speed, did not obtain a systemic eval-
uation due to the lack of observed data. To fully clarify the
biases in the atmospheric forcing data and their possible
impacts on the simulated results, more observed data are
needed in the future. In addition, the observed site data used
to validate the simulated results are sparse. This sparseness
resulted in a partial scale mismatch in the comparison between
the simulated results and observations. Undoubtedly, this lack
of data makes it difficult to more reasonably simulate frozen
ground on the Tibetan Plateau. One solution for this problem
is to establish denser observation sites in the future. Another
solution is to further enhance the spatial resolution of the
model. However, this may be challenging because a higher-
resolution model also requires finer and more accurate surface,
soil organic matter, and soil texture data sets.
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[41] Similar to the work by Guo et al. [2012], the present
study also encountered a belt of unchanging active layer
thickness with the same area approximately 34.10°N to
35.04°N and 92.19°E to 100.93°E, which was related to
the possible inaccuracy of the soil organic matter content
in these locations. The simulated frozen ground parameters
in this belt may be inaccurate and, thus, they were removed.
In the other regions, e.g., the eastern region of the Plateau,
the inaccuracies in the soil organic matter content may be
small but could also cause the bias in the permafrost simula-
tion to some extent. In addition, possible inaccuracies in the
other surface and soil texture data sets were also notable for
their contribution to the uncertainties in the simulation of
frozen ground.

[42] Snow cover is crucial for permafrost simulation due
to its insulating effect, which mediates thermal connection
between the air and land surface, thus affecting the simulated
soil thermal environments [Yang et al., 2008; Koven et al.,
2012]. In this work, total precipitation was inputted as forc-
ing data, and then the model used a formulation based on air
temperature to determine the precipitation in solid and/or
solid form. This may bring some biases in snowfall and
the related uncertainties in permafrost simulation. Therefore,
individual input of accurate solid and liquid precipitation or
a sophisticated method of dividing solid and liquid precipita-
tion in model would be helpful for permafrost simulation.

5. Summary

[43] The new, high-resolution forcing data used in this
study were of a higher quality and also advantageous to
the Plateau’s frozen ground simulation; we found that the
simulated soil temperature was closer to our observations
when forced by higher resolution temporal and spatial data.
Moreover, these forcing data also produced a more detailed
frozen ground distribution map than the previous work.

[44] Simulated permafrost covered a total area of
151.50 x 10* km?, which is close to, but slightly larger than,
the ranges from previous studies. The simulated area-mean
active layer thickness is 2.01 m. The model also yielded the
area-mean date of freeze start, date of freeze end, and freeze
duration at a depth of 1 m for permafrost of approximately
the 296th day (23 October), the 174th day (23 June), and
254 days, respectively. For seasonally frozen ground, the
model yielded area-mean maximum freezing depth, date of
freeze start, date of freeze end, and freeze duration at a depth
of 1 m of approximately 2.47 m, the 342nd day (8 December),
the 112th day (22 April), and 124 days, respectively.

[45] The simulated results were validated by comparing
them to the corresponding site observations. They appeared
to be reasonable, considering the known issues (e.g.,
scale mismatch).

[46] From 1981 to 2010, the permafrost area decreased
significantly at a rate of 9.20 x 10" km?/decade. Meanwhile,
the active layer thickness increased at a rate of 0.15 m/decade.
At 1 m depth of the entire frozen ground area, the model
generated a delaying trend in the date of freeze start by a rate
of approximately 3.9 days/decade and an advancing trend
in the date of freeze end by a rate of approximately 5.3 days/
decade. The delaying date of freeze start that was associated
with the advancing date of freeze end resulted in a shorter
freeze duration of approximately 9.2 days/decade.

[47] These results give detailed permafrost and seasonally
frozen ground states as well as their changes during the
recent decades. They will be useful for studying frozen
ground’s response to climate change and frozen ground
engineering stabilization. Further discussions showed this
study’s uncertainties were primarily attributed to possible
inaccuracies in the soil organic matter content and even in
the other surface and soil texture data sets. Additional
observed data and further enhancement of the spatial resolu-
tion of the model will improve the simulation of frozen
ground on the Tibetan Plateau in the future. Continued work
will investigate the near-surface soil freeze/thaw conditions
and diurnal freeze/thaw cycles of the ground surface on the
Tibetan Plateau and their changes in recent decades.
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