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Abstract
Numerous studies were published in the last two decades to evaluate and project the permafrost changes in its thermal state, mainly based on
the soil temperature datasets from the Coupled Model Intercomparison Project (CMIP), and discuss the impacts of permafrost changes on
regional hydrological, ecological and climatic systems and even carbon cycles. However, limited monitored soil temperature data are available to
validate the CMIP outputs, resulting in the over-projection of future permafrost changes in CMIP3 and CMIP5. Moreover, future permafrost
changes in CMIP6, particularly over the QinghaieTibet Plateau (QTP), where permafrost covers more than 40% of its territory, are still un-
known. To address this gap, we evaluated and calibrated the monthly ground surface temperature (GST; 5 cm below the ground surface), which
was often used as the upper boundary to simulate and project permafrost changes derived from 19 CMIP6 Earth System Models (ESMs) against
in situ measurements over the QTP. We generated the monthly GST series from 1900 to 2014 for five sites based on the linear calibration models
and validated them through the three other sites using the same calibration methods. Results showed that all of the ESMs could capture the
dynamics of in situ GST with high correlations (r > 0.90). However, large errors were detected with a broad range of centred root-mean-square
errors (1.14e4.98 �C). The Top 5 model ensembles (MME5) performed better than most individual ESMs and averaged multi-model ensembles
(MME19). The calibrated GST performed better than the GST obtained from MME5. Both annual and seasonal GSTs exhibited warming trends
with an average annual rate of 0.04 �C per decade in the annual GST. The average seasonal warming rate was highest in winter and spring and
lowest in summer. This reconstructed GST data series could be used to simulate the long-term permafrost temperature over the QTP.
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1. Introduction

The QinghaieTibet Plateau (QTP) occupies the largest
permafrost area (approximately 1.06 million km2) in the
middle-latitude and low-latitude regions (Zou et al., 2017).
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Permafrost reflects energy exchange (Guo et al., 2011), hy-
drological processes (Walvoord and Kurylyk, 2016), biogeo-
chemical processes (Mu et al., 2017) and engineering activities
(Wu et al., 2015). Ground surface temperature (GST) is
generally defined as the ground temperature at a certain depth
between 0 cm and 10 cm below the ground surface. GST is one
of the critical parameters in investigating permafrost changes
because it is an essential indicator of climate change and an
upper boundary in permafrost modelling (Guo et al., 2018).
GST variation can reflect active layer changes (Zhao et al.,
2011), and its seasonal variation is directly related to the
heat exchange between the surface and the atmosphere, thus
affecting the regional climate and East Asia's atmospheric
circulation (Zhang et al., 2008). Permafrost is the long-term
climatic consequence of the landeatmosphere interaction
under specific climatic conditions, which respond slowly to
climate change. Therefore, the investigation of long-term GST
variability enables us to better understand the climate changes
in permafrost regions and their ecosystem stabilities.

Because of the harsh natural environment and inconvenient
accessibility over the permafrost regions of the QTP, research
is often impeded by sparse observations (Fang et al., 2018; Liu
et al., 2015; Zhu et al., 2017). However, alternative and reli-
able long-term datasets over the large spatial scale of GST are
needed. Reanalysis and satellite products have been widely
used to cope with this deficiency. Most previous studies have
indicated that reanalysis products had large uncertainties over
the permafrost regions of the QTP compared with in situ ob-
servations because of assimilation, quality control and forecast
modelling (Hu et al., 2019a; Huang et al., 2022; Qin et al.,
2017, 2020; Yang et al., 2020). Moreover, most of the rean-
alysis and satellite products can only be available from 1979
or later, which fails to extend GST changes to a more extended
period (Ding et al., 2018; Guo, 2017). Nevertheless, with the
growth and development of numerical modelling simulation,
high spatiotemporal GST can be simulated.

Earth System Models (ESMs), developed by various
modelling groups across the globe under the aegis of the
Coupled Model Intercomparison Project (CMIP) since the
1990s, has been widely used to investigate the impacts of past,
present and future climate changes at the global scale (Meehl
et al., 1997; Taylor et al., 2007, 2012). Nevertheless, the soil
temperature simulated by the CMIP3 and CMIP5 models
tended to over-project future permafrost changes. Koven et al.
(2013) and Lawrence et al. (2012) indicated that the earlier
intercomparison phases (e.g. CMIP3 and CMIP5) could not
simulate GST well over the permafrost regions. For instance,
Slater and Lawrence (2013) detected permafrost over various
models. They reported that CMIP5 models overestimated the
mean soil temperature from 1986 to 2005 by more than 7 �C in
the present-day permafrost region, resulting in rapid perma-
frost degradation (Burke et al., 2020; Guo et al., 2012). The
permafrost projections also showed that the permafrost dis-
tribution would decrease by 60%e80% or even disappear on
the QTP by 2100 under the highest Representative Concen-
tration Pathway (RCP8.5) scenario (Anisimov and Nelson,
1996; Guo and Wang, 2016; Lu et al., 2017; Zhang et al.,
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2022). Recently, the slow thermal response of permafrost to
climate warming was noted at the two investigated sites over
the permafrost regions of the QTP by Sun et al. (2019), who
reported that shallow permafrost might disappear, but deep
permafrost would persist by 2100 even under the most radical
warming scenario (RCP8.5). Thus, the ESM-based CMIP6
GST needs to be evaluated and optimised before its applica-
tions over the permafrost regions of the QTP.

Compared with the earlier intercomparison phases, CMIP6
has addressed the long-standing problems of model bias and
poor quantification of radiative forcing in CMIP5 (Eyring
et al., 2016; Stouffer et al., 2017). Moreover, the CMIP6
models were considered to better represent the quasi-biennial
oscillation variability and the dynamics of the Indian summer
monsoon (Gusain et al., 2020; Li et al., 2020). Therefore, the
GST dataset of CMIP6 ESMs over the permafrost regions of
the QTP needs to be evaluated such that it can be used to
assess the permafrost thermal state and changes. However,
previous research on the evaluation of CMIP6 ESMs over the
QTP mainly focused on meteorological variables (e.g. pre-
cipitation and surface air temperature (TAS); (Gao et al., 2022;
Lun et al., 2021; Shang et al., 2021; Wu et al., 2020; Zhu and
Yang, 2020), surface energy flux (Ma et al., 2022) and surface
soil moisture (SSM) (Li et al., 2017). Because of scarce GST
observations over the permafrost regions of the QTP, few
works were conducted in this region to evaluate the perfor-
mance of the CMIP6 ESM-based GST.

In this study, we focused on permafrost regions of the QTP
to 1) evaluate the performance of 19 ESMs archived by the
state-of-the-art CMIP6 in reproducing GST relative to in situ
measurements, 2) establish the linear calibration models to
obtain accurate long-term monthly GST and 3) analyse the
annual and seasonal GST variations over the past 100 years to
better understand the thermal response of permafrost to
climate warming.

2. Materials and methods
2.1. In situ measurements
The active layer's soil temperature and moisture monitoring
network has been deployed on the QTP by the Cryosphere
Research Station, Chinese Academy of Sciences (Zhao et al.,
2021). Five sites on this network, from the northern boundary
to the southern boundary over the permafrost regions of the
QTP, were selected to evaluate the GST (Fig. 1 and Table 1).
The flat terrain condition of all five sites enabled the observed
soil temperatures to better represent a large region (Fig. A1).
The surface vegetation conditions are dominated by grassland,
specifically alpine wet meadow (CN04), alpine meadow
(QT04 and QT09), alpine steppe (CN03) and alpine desert
steppe (QT08). Soil temperatures were monitored by 105T
thermocouple probes (Campbell, USA) with an accuracy of
±0.5 �C (Zhao et al., 2021). At each site, soil temperature
sensors are horizontally inserted into 1, 2 or 5 cm topsoil, and
the measuring time interval is set to 30 min. We also collected
daily SSM (0e10 cm) for QT08 and QT09 from 2013 to 2014
ture in permafrost regions along the QinghaieTibet engineering corridor from
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Fig. 1. Location of the monitoring sites and study area, (a) in situ sites, and (b) grid cells of the study area with a resolution of 1� � 1� (The frozen ground map was

derived from Zou et al. (2017)).
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and TAS at 2 m height for QT04, QT08 and QT09 from 2010
to 2014 to explore the uncertainties of ESMs. The SSM was
measured using the Hydra soil moisture sensor (Campbell,
USA) with an accuracy of ±2.5%, and the TAS was measured
using the HMP45C temperature/relative humidity sensor with
an accuracy of ±0.5 �C. The SSM from July to August in the
thawed soil at each site was used as the modelled SSM
considering both the liquid and solid water contents. However,
the in situ sensor is only sensitive to the liquid water content.

Furthermore, to validate the established linear calibration
models, the monthly GSTs at the Tuotuohe (alpine steppe),
Qumalai (alpine meadow) and Maduo (alpine wet meadow)
sites from 1961 to 2014 were collected from the China
Meteorological Administration (http://data.cma.cn/; Fig. 1).
The GLDAS-Noah reanalysis GST product from 1961 to 2014
was also collected to compare with the reconstructed GST in
the subsequent analyses. Only high-quality in situ measure-
ments after quality controls were used. Their locations, active
layer thickness and available periods are listed in Table 1 (see
Zhao et al. (2021) for more details on the quality control
procedures).
Table 1

In situ sites used.

Site Location Longitude (�E) Latitude (�N) Altitude (m) Active lay

CN03 Wuli 92.73 34.47 4625 2.8

CN04 Liangdaohe 91.74 31.82 4808 1.2

QT04 Tanggula 91.94 33.07 5100 3.5

QT08 Wudaoliang 93.08 35.22 4783 2.4

QT09 Xidatan 94.13 35.72 4538 1.3
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2.2. CMIP6 ESMs
We focused on the CMIP historical simulations
(1850e2014) of the CMIP6 project and selected 19 ESMs
(Table 2) as the variant label of r1i1p1f1 had been completed.
‘ripf’ (i.e. r: realization; i: initialization; p: physics; and f:
forcing) distinguishes each member of an ensemble (see
https://pcmdi.llnl.gov/CMIP6/Guide/dataUsers.html for more
details). CMIP is an all-forcing simulation of past climate and
is primarily based on observations (Pascoe et al., 2019). We
only analysed the monthly ESMs because of insufficient daily
or sub-daily ESM soil temperature datasets. The following
monthly output variables from the CMIP historical simulations
were collected: 1) tsl: temperature of soil; 2) tas: 2-m near-
surface air temperature; and 3) mrsos: moisture in the upper
portion of the soil column (0e10 cm). Information, including
modelling groups, countries, abbreviations, resolution, land
surface model, soil layer and depth of each experiment, is
shown in Table 2. Further information on their configurations
or features can be obtained from the CMIP6 website at https://
esgf-node.llnl.gov/search/cmip6/.
er thickness (m) Vegetation type Period Variable

Alpine steppe 2002e2014 GST

Alpine wet meadow 2002e2014 GST

Alpine meadow 2007e2014 GST and TAS

Alpine desert steppe 2010e2014 GST, TAS and SSM

Alpine meadow 2008e2014 GST, TAS and SSM

ture in permafrost regions along the QinghaieTibet engineering corridor from

esearch, https://doi.org/10.1016/j.accre.2023.01.007

http://data.cma.cn/
https://pcmdi.llnl.gov/CMIP6/Guide/dataUsers.html
https://esgf-node.llnl.gov/search/cmip6/
https://esgf-node.llnl.gov/search/cmip6/


Table 2

Summary of the Coupled Model Intercomparison Project Phase 6 (CMIP6) ESMs used.

Model Institute Country Grid number

(longitude � latitude)

Land surface model Soil layers Soil depth (m) Reference

ACCESS-ESM1-5 CSIRO-ARCCSS Australia 192 � 145 CABLE2.4 6 2.9 Ziehn et al. (2020)

AWI-ESM-1-1-LR AWI Germany 192 � 96 JSBACH3.2 5 7 Danek et al. (2020)

BCC-CSM2-MR BCC China 320 � 160 BCC_AVIM2 10 2.9 Li et al. (2019)

CanESM5 CCCma Canada 128 � 64 CLASS3.6.2/CTEM1.2 3 4.1 Swart et al. (2019)

CAS-ESM2-0 CAS China 256 � 128 CoLM/IPA_DGVM/

CoLM-LBCM

15 35.2 Zhang et al. (2020)

FGOALS-f3-L 288 � 192 CLM4 15 35.2 He et al. (2019)

CESM2 NCAR USA 288 � 192 CLM5 25 42 Danabasoglu et al. (2020)

EC-Earth3 EC-Earth-

Consortium

Europe 512 � 256 HTESSEL 4 2 D€oscher et al. (2020)

E3SM-1-0 E3SM USA 360 � 180 CLM4.5 15 35.2 Golaz et al. (2019)

GFDL-CM4 NOAA-GFDL USA 288 � 180 LM4.0.1 20 8.8 Held et al. (2019)

GISS-E2-1-G NASA-GISS USA 144 � 90 GISS LSM6 6 2.8 Miller et al. (2021)

IPSL-CM6A-LR IPSL France 144 � 143 ORCHIDEE2.0 18 65.6 Boucher et al. (2020)

MPI-ESM1-2-LR MPI-M Germany 192 � 96 JSBACH3.2 5 7 Mauritsen et al. (2019)

MPI-ESM1-2-HR 384 � 192 JSBACH3.2 5 7

MIROC6 MIROC Japan 256 � 128 MATSIRO6.0 6 9 Tatebe et al. (2019)

MRI-ESM2-0 MRI Japan 320 � 160 HAL 1.0 14 14 8.5 Yukimoto et al. (2019)

NorESM2-LM NCC Norway 144 � 96 CLM 25 42 Tjiputra et al. (2020)

NorESM2-MM 288 � 192 CLM 25 42

TaiESM1 AS-RCEC China 288 � 192 CLM 15 35.2 Lee and Liang (2020)
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2.3. Method

2.3.1. Preprocessing
Because of the different temporal resolutions of the in situ

measurements and CMIP6 ESM outputs, the in situ mea-
surements were processed into monthly average GST, SSM
and TAS. The topsoil depths of the 19 ESM soil temperature
datasets range from 0.048 to 10 cm. To better match surface
soil depth between the CMIP6 ESM outputs and in situ
measurements, the tsl and mrsos datasets were vertically linear
interpolated into 5 cm to obtain GST and SSM because it is a
convenient depth for all ESMs (Cao et al., 2020). Given that
the model outputs were in different spatial resolutions, all
ESM datasets were re-gridded to a common 1.0� � 1.0� res-
olution using the nearest interpolation following Hu et al.
(2019b). Differences among the grid cells of the ESMs and
in situ sites could be detected. Thus, we use centred
rootemeanesquare error (cRMSE) and unbiased
rootemeanesquare error (ubRMSE) as the evaluation metrics
of performance because they are less impacted (i.e. less than
bias) by the spatial mismatch between ESMs and in situ
measurements. Given that the SSM unit of CMIP6 ESMs is kg
m�2, for comparison, it was converted into volumetric water
content (m3 m�3) as instructed by Cui et al. (2018).

2.3.2. Evaluation metrics
The Taylor diagrams (Taylor, 2001), which provide a way

to graphically summarise how closely a pattern matches the
observations, were used to evaluate the performance of ESM-
based GST (GSTESM) against in situ GST (GSTREF) from
2010 to 2014. To ensure fair intercomparisons, the selection of
the evaluation period is a compromise as the record for the
Please cite this article as: XING, Z.-P et al., Changes in the ground surface tempera
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QT08 site is available for a shorter period (2010e2014) than
the other sites. The normalized standard deviation (SDV; Eq.
1) indicates the ratio of the SDV of GSTESM to the SDV of
GSTREF. r (Eq. 2) and cRMSE (Eq. 3) are the Pearson cor-
relation coefficient and the cRMSE between GSTESM and
GSTREF, respectively.

SDV¼sGSTESM

sGSTREF

ð1Þ

r¼ 1

N � 1

XN
i¼1

�
GSTESM i �GSTESM

sGSTESM

��
GSTREF i �GSTREF

sGSTREF

�

ð2Þ

cRMSE2¼RMSE2 �Bias2

sGSTREF
2

ð3Þ

ubRMSE (�C) is defined as follows:

ubRMSE¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RMSE2 �Bias2

p
ð4Þ

where N is the total number of in situ measurements. In the
Taylor diagrams, SDVand r are shown as the radial distance and
an angle in the polar plot. Thus, cRMSE is the distance to the
point ‘Obs’ on the Taylor diagrams. The shorter this distance, the
better the agreement between GSTESM and GSTREF (Al-Yaari
et al., 2016; Albergel et al., 2013). cRMSE and ubRMSE are
recommended for the evaluation of performance because the bias
can be effectively eliminated (Al-Yaari et al., 2016).

The comprehensive model ranking (MR; Chen et al., 2011)
measures the consistency of the simulations of each ESM,
which is defined as follows:
ture in permafrost regions along the QinghaieTibet engineering corridor from
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MR¼ 1� 1

1�m� n

Xn

i¼1

ranki ð5Þ

where m and n are the numbers of ESMs and indices, and ranki
is based on the ESM's order of performance on each index.
The MR of the best-performing ESM is close to 1, indicating
high skill (You et al., 2017).

MME19 was obtained by averaging the GST of the avail-
able ESMs. Based on the MR, the Top 5 ESMs from 19 ESMs
of each site were selected, and the Top 8 ESMs from 19 ESMs
of all 5 sites were selected. Then, the optimal five model
ensemble (hereafter MME5), optimal eight model ensemble
(hereafter MMEsup) and MME19 GST simulations were
compared with the in situ measurements based on the error
metrics of ubRMSE (Eq. 4), slope and coefficient of deter-
mination (R2). The slope is used to evaluate the consistency
between GSTESM and GSTREF at each site (the closer to 1, the
better the consistency).

2.3.3. Bias calibration
The least squares regression method is used to adjust the

GSTESM with the hypothesis that the systematic bias charac-
teristics between GSTREF and GSTESM during the training
period still apply in the correction period. For the evaluation,
the observation periods at the five sites were divided into two
periods. Specifically, 2002e2013 for CN03 and CN04,
2007e2013 for QT04, 2010e2013 for QT08 and 2008e2013
for QT09 were selected as the training periods to establish the
linear calibration models, and 2014 was chosen for all sites as
the evaluation period. Moreover, ubRMSE (Eq. 4) and bias)
were used to evaluate the calibration results. Afterwards,
Fig. 2. Standardised Taylor diagrams for comparing the monthly ESM-based GST

(cRMSE is the distance to the point ‘Obs’).
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GSTESM from 1900 to 2014 was revised based on the linear
calibration models.

3. Results and discussion
3.1. GST evaluation and calibration

3.1.1. GST evaluation
The performance criteria (i.e. SDV, r and cRMSE) esti-

mated between the 19 CMIP6 GSTESM and GSTREF at the five
sites from 2010 to 2014 are presented in the Taylor diagrams
shown in Fig. 2. Regarding correlation, all ESMs captured the
temporal dynamics of GST well over the study region with
high temporal correlation coefficients (r > 0.9). However,
large errors with a broad range of cRMSE (1.14e4.98 �C)
were detected among different ESMs and sites, indicating the
inconsistent performance of different ESMs over different
sites. IPSL-CM6A-LR obtained the highest cRMSE at QT08
(cRMSE ¼ 4.98 �C). Furthermore, for a given site, most of the
ESMs were frequently out of the arc of one normalized SDV,
except for CN03, indicating a large variability of modelling
GST at the other sites. The GSTs of IPSL-CM6A-LR, CAS-
ESM2-0 and GFDL-CM4 at CN04 exhibited significant vari-
ability. Most of the GSTESM were colder than the GSTREF, as
indicated by a negative bias (GSTESM minus GSTESM), among
which IPSL-CM6A-LR has the largest biases with an average
value of �7.70 �C for all sites (Fig. A2).

The large errors of GSTESM could be partly attributed to the
uncertainties of the estimates simulated by the climate models
(e.g. TAS) and the structural weakness in the soil hydrology of
the underlying LSMs. Fig. 3 shows the bias of TAS between
(GSTESM) against in situ GST (GSTREF) at the five sites from 2010 to 2014

ture in permafrost regions along the QinghaieTibet engineering corridor from
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Fig. 3. Average annual TAS bias between the 19 CMIP6 ESMs and in situ

measurements at QT04, QT08 and QT09 on the QTP from 2010 to 2014.
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climate models and in situ measurements. Notably, the TAS
derived from the climate models exhibited poor performance
in terms of a broad range of biases (ESM TAS minus in situ
TAS ¼ �14 to 5 �C) at three sites (i.e. QT04, QT08 and
QT09). Most ESMs presented cold bias, which could partly
explain the underestimation of GSTESM (Fig. A2). For
instance, TAS and GST of IPSL-CM6A-LR were observed to
have the most significant cold bias (average TAS
bias ¼ �11.62 �C and average GST bias ¼ �8.08 �C), indi-
cating that the TAS simulated by the climate models do in-
fluence the performance of GST simulated by subsequent
LSMs. This finding is consistent with those of Hu et al.
(2019b) and Cheon et al. (2013), who reported a close rela-
tionship between air and soil temperature in LSMs. Moreover,
the structural weakness in the soil hydrology of different
LSMs is highly related to the performance of GSTESM over the
permafrost regions (Slater and Lawrence, 2013; Zhou and Du,
2015). Large wet biases of the SSM derived from LSMs are
observed in Fig. 4, which further illustrate their influence on
the cold bias of GSTESM. The more water retained in the soil,
the more heat is consumed by water evaporation, leading to a
decrease in GST (Li et al., 2012). All LSMs equipped in the
ESMs were not initially developed for permafrost research,
and many parameterisation schemes were unsuitable for
Fig. 4. Average SSM bias between the 19 CMIP6 ESMs and in situ mea-

surements at QT08 and QT09 of QTP from July to August in 2013e2014.
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permafrost (Hu et al., 2019a; Yang et al., 2020). Previous
studies have noted that soil thermal conductivity and unfrozen
water content parameterisation schemes used in the LSMs
were unsuitable for the permafrost regions of the QTP (Hu
et al., 2017, 2020). Furthermore, the accuracy of the simula-
tion of soil thermal properties (e.g. soil thermal conductivity)
is dependent on several parameters, such as soil moisture, soil
texture (e.g. FAO soil dataset) and bulk density, resulting in
high complexity in representing the mechanism of the soil
hydrothermal process in the LSMs (Luo et al., 2009; Wang
et al., 2021). Moreover, many previous studies have attemp-
ted to enhance the site ‘representation’ by averaging the in situ
measurements from multiple sites within one grid to represent
the ground truth. However, this study was conducted based on
individual sites because of insufficient observations over the
permafrost regions of the QTP. It is difficult to tell how
representative the observations are for the ESM data charac-
terised by grid resolutions of 1.0� � 1.0�, which may introduce
some uncertainties to the analysis.

The portrait diagram shows the overall ranking (i.e. MR) of
all ESMs for the monthly GST at all sites (Fig. 5). Each ESM
was ranked from 1 (best) to 19 (worst) for each site to illus-
trate their overall performance. Notably, all of the ESMs have
large differences in simulating GST at different sites, and none
of the best-performing ESMs is uniformly superior at all sites.
ACCESS-ESM1-5, CESM2, E3SM-1-0, EC-Earth3,
FGOALS-f3-L, NorESM2-LM, NorESM2-MM and TaiESM1
obtained better scores than the other ESMs. Meanwhile, AWI-
ESM-1-1-LR, CanESM5, CAS-ESM2-0, GFDL-CM4, GISS-
E2-1-G, IPSL-CM6A-LR, MPI-ESM1-2-LR and MPI-ESM1-
2-HR exhibited poor performances. Because of the GSTESM

performance discrepancy at these sites, the Top 5 ESMs with
the sequence number in the portrait diagram at each site were
defined as optimal ESMs.

The performance of two ensemble simulations was evalu-
ated based on three statistical metrics (i.e. slope, R2 and
ubRMSE) against GSTESM at the five sites over the permafrost
regions from 2010 to 2014 (Fig. 6). One ensemble simulation
only selected the Top 5 ESMs (MME5), whereas the other
ensemble simulation used all 19 ESMs (MME19). As ex-
pected, the two multi-model ensemble simulations had better
R2 and ubRMSE than most of the individual ESMs, with R2

higher than 0.91 and ubRMSE lower than 2.30 �C. Moreover,
MME5 (slope ranged from 0.91 to 1.13) performed better than
MME19 (slope ranged from 0.87 to 1.33) at all sites because
the slope of MME5 is closer to 1. Notably, MME5 is more
consistent with GSTREF than MME19. Thus, MME5 of
GSTESM was obtained.

3.1.2. GST calibration
Based on the results presented in Section 3.1.1, we cali-

brated the monthly GSTESM obtained from the MME5 using
the least squares regression method. Table 3 shows the cali-
bration models and their correlation coefficients. GSTESM

obtained from the MME5 at all sites was significantly posi-
tively correlated with GSTREF (R2 > 0.88) during the
ture in permafrost regions along the QinghaieTibet engineering corridor from

esearch, https://doi.org/10.1016/j.accre.2023.01.007



Fig. 5. Portrait diagrams of the model ranking based on the composite rating

indicator for GSTESM of all sites from 2010 to 2014(The colours of the

symbols represent the model's rank to characterise the synthetic performance

of GSTESM. Only the Top 5 ESMs for each site were labelled with the

sequence number).
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calibration periods, which indicated that the calibration
models performed well.

The error metrics between the original and calibrated GST
and GSTREF in 2014 are also shown in Table 3. The calibrated
GST exhibited better performance with lower bias (median
bias ¼ 0.41 �C) and ubRMSE (median ubRMSE ¼ 0.95 �C)
than the uncalibrated GST (median bias ¼ �0.60 �C and
median ubRMSE ¼ 1.21 �C). After calibration, the absolute
median bias and median ubRMSE values were reduced by
0.19 and 0.17 �C, respectively. Furthermore, the linear cali-
bration models improved the performance of the original GST
at the five sites because the large errors (i.e. bias and
ubRMSE) of the original GST obtained from MME5 have
been corrected (Fig. 7). Thus, the optimal multi-model
Fig. 6. Comparisons between monthly GST simulated by the averaged multi-mod

GSTREF from 2010 to 2014.
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ensemble and calibration models are recommended before
applying the CMIP6 GSTESM for permafrost modelling.

To assess the validity of theGST calibrationmodels shown in
Table 3, we calibrated the GSTs of the three other sites (i.e.
Tuotuohe (alpine steppe), Qumalai (alpinemeadow) andMaduo
(alpine wet meadow)) in the surrounding area using the same
calibration methods by their vegetation types (i.e. CN03 (alpine
steppe), QT04 (alpine meadow) and CN04 (alpine wet
meadow)), with the hypothesis that the grids with similar
vegetation types were subjected to similar bias in GSTESM. The
MME5GST values for the three sites were first calculated using
the Top 5ESMs confirmed in Fig. 3 and then calibrated using the
GST calibration models with the corresponding vegetation
types. The results of MME5 and the calibrated GST were
evaluated against the in situ measurements at the three sites.

Fig. 8 shows the error metrics of MME5 and the calibrated
GST against the in situ measurements at the three sites.
Notably, the calibrated GST (bias ranges from 0.67 to 2.17 �C
and RMSE ranges from 2.99 to 3.70 �C) performed better than
MME5 (bias ranges from 3.5 to 4.98 �C and RMSE ranges
from 4.21 to 5.43 �C) with lower bias and RMSE, indicating
that our GST calibration models are effective. Moreover, large
errors and variabilities of the original GST from the 19 ESMs
(Fig. A3; bias ranges from 2 to 13 �C and RMSE ranges from
2 to 14 �C), which are higher than those of MME5 and the
calibrated GST, are detected, indicating that the reconstructed
long-term GST obtained from MME5 and the calibration
models could be used for further applications. Nevertheless,
some uncertainties may exist in the GST calibrations. For
example, the GST calibration models for QT08 and QT09
el ensemble (MME19) and optimised multi-model ensemble (MME5) against

ture in permafrost regions along the QinghaieTibet engineering corridor from
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Table 3

Error metrics of the original and calibrated GST against observations.

Site Calibration models, R2 Bias (�C) ubRMSE (�C)

Original Calibrated Original Calibrated

CN03 y ¼ 1.07x þ 1.24,

R2 ¼ 0.99

�0.63 0.55 0.81 0.88

CN04 y ¼ 0.84x þ 2.48,

R2 ¼ 0.94

�2.60 0.00 2.01 1.48

QT04 y ¼ 0.92x þ 0.89,

R2 ¼ 0.97

�0.60 0.41 1.12 0.95

QT08 y ¼ 0.96x � 1.24,

R2 ¼ 0.89

1.55 0.33 0.61 0.56

QT09 y ¼ 0.94x � 0.23,

R2 ¼ 0.95

1.00 0.78 1.50 1.22

Median e �0.6 0.41 1.12 0.95

Note: *All regressions are significant ( p < 0.01). The periods 2002e2013 for

CN03 and CN04, 2007e2013 for QT04, 2010e2013 for QT08 and

2008e2013 for QT09 were used to establish the linear calibration models, and

2014 was used for all sites to calculate bias and ubRMSE.
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were established with relatively short training periods, which
may ignore the signals of some strong climate changes during
the training period.
3.2. Annual and seasonal GST variations
Based on the GST calibration models established in Section
3.1.2, the monthly MME5 GSTREF from 1900 to 2014 was
Fig. 7. Monthly GST of in situ measurements, original GST obtain

Fig. 8. Comparisons between the monthly GST simulated by the optimised m
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revised. Similar warming patterns were observed in the annual
and seasonal calibrated GSTs at all sites, although some dif-
ferences in peaks and troughs related to variability are noted
(Fig. 9aee). The warming rates of the calibrated annual and
seasonal GSTs at the five sites from 1900 to 2014 are pre-
sented in Fig. 9f. The average warming rate of the annual GST
at all sites was 0.04 �C per decade. The highest warming rate
was detected at CN03 and CN04 (0.06 �C per decade),
whereas the lowest warming rate was detected at QT09
(0.01 �C per decade). Regarding seasonal variations, the
calibrated GST warmed faster in winter, slower in spring and
autumn, and slowest in summer at all sites, except for CN04
and QT04, which had higher warming trends. This finding is
consistent with those of Wu et al. (2013), Guo (2017), Lu et al.
(2017), Zhu et al. (2017) and Liu and Chen (2000), who re-
ported major changes in winter for shallow soil and air
temperatures.

Furthermore, we compared the warming rates with that
derived from the optimal five ESMs for each site from 1900 to
2014 (Fig. 10) and the GLDAS-Noah GST product from 1961
to 2014 (Fig. A4). Notably, the average warming rates of the
calibrated GSTwere lower than those of most original optimal
five ESMs (Fig. 10), indicating that the original optimal five
ESMs overestimated soil temperature in the present-day
permafrost region as previous studies (Burke et al., 2020;
Guo et al., 2012). Meanwhile, similar warming patterns and
ed from MME5 and calibrated GST at the five sites in 2014.

ulti-model ensemble (MME5) and the calibrated GST at the three sites.

ture in permafrost regions along the QinghaieTibet engineering corridor from
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Fig. 9. Time series of the annual and seasonal calibrated GSTs at the five sites (aee) from 1900 to 2014, and (f) warming rates (All are statistically significant at the

0.05 level).
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warming rates were observed in both GLDAS-Noah and
revised GST at the five sites from 1961 to 2014, which
reconfirmed the sound performance of the established long-
term GST datasets (Fig. A4). Nevertheless, our results
showed a lower warming rate than the previous studies. For
instance, the observed soil temperature warming rate from
meteorological sites on the QTP was 0.58 �C per decade at a
depth of 5 cm from 1983 to 2013 (Zhu et al., 2017) partly
Fig. 10. Box plots of the GSTwarming rate of the (a) annual and (bee) seasonal GS
median warming rates of the original optimal five ESMs are denoted by the red li

values, respectively. The average warming rate of the original optimal five ESMs a

linear trends are statistically significant ( p < 0.05)).
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because most of the meteorological sites are distributed on the
seasonally frozen ground. Because the release and absorption
of heat during the freezeethaw cycle of the active layer re-
duces the annual soil temperature dynamic, the warming rate
of permafrost is lower than that of seasonally frozen ground
(Zhao et al., 2004).

Vegetation significantly impacted the GST over the
permafrost regions (Lu et al., 2006). Our results showed that
Ts at the five sites from the original optimal five ESMs from 1900 to 2014 (The

ne, and the upper and lower boundaries indicate the maximum and minimum

nd the calibrated GST are denoted by the red and black dots, respectively. All

ture in permafrost regions along the QinghaieTibet engineering corridor from

esearch, https://doi.org/10.1016/j.accre.2023.01.007
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the annual warming rate was higher at CN03 and CN04
(0.06 �C per decade) with alpine steppe and alpine wet
meadow than at the three other sites from 1900 to 2014 and
lowest at QT04 (0.01 �C per decade) with alpine meadow. The
in situ measurement of CN04 with alpine wet meadows did not
exhibit a low warming rate, which is inconsistent with that
reported by Hu et al. (2019a). This finding could be attributed
to the coarse spatial resolution (1.0� � 1.0�) of the CMIP6
ESMs and the particular position of CN04, located in the
lower boundary of the permafrost regions, which increases the
warming rate of CN04 by introducing the influence of the
surrounding seasonally frozen ground. Thus, model simula-
tions with enhanced spatial resolutions are urgently needed to
obtain accurately modelled GST.

4. Conclusions

The study assesses a suite of 19 CMIP6 ESMs in GST
simulation and calibrates and reconstructs long-term GST
time series. The main conclusions are as follows: 1) The
GST of the 19 CMIP6 ESMs at the five sites exhibited large
cold bias (cRMSE ranged from 1.14 to 4.98 �C). This
finding could be partly attributed to the cold bias of TAS
derived from surface climate and the wet bias of SSM
simulated by the underlying LSMs. ACCESS-ESM1-5,
CESM2, E3SM-1-0, EC-Earth3, FGOALS-f3-L, NorESM2-
LM, NorESM2-MM and TaiESM1 performed better than
the other ESMs for all sites. Meanwhile, AWI-ESM-1-1-LR,
GFDL-CM4, GISS-E2-1-G, IPSL-CM6A-LR, MPI-ESM1-2-
LR and MPI-ESM1-2-HR exhibited poor performance. 2)
Compared with the monthly GST from the MME19, higher
correlation coefficients (r > 0.91), lower ubRMSE (ubRMSE
< 2.30 �C) and better slope (closer to 1) than the monthly
GST from the MME5 and in situ measurements at all sites
were obtained. Compared with the original GST obtained
from MME5, the accuracy of the calibrated GST was
effectively improved with a lower median bias
(bias ¼ 0.41 �C) and ubRMSE (ubRMSE ¼ 0.95 �C). 3)
Both annual and seasonal GSTs exhibited warming trends.
The warming rate was highest in winter and spring, followed
by autumn, and lowest in summer from 1900 to 2014. The
highest warming rate was detected at CN03 with the alpine
steppe, and the lowest warming rate was detected at QT04
with the alpine meadow.
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