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ABSTRACT ARTICLE HISTORY
The surface energy budget over the Qinghai-Tibet Plateau (QTP) and the Received 2 August 2022
Arctic significantly influences the climate system with global Accepted 25 October 2022

consequences. The performances of 30 selected Coupled Model

Intercomparison Project Phase 6 (CMIP6) models were evaluated based Qi py e
L. . i . . inghai-Tibet Plateau; Arctic;

on six sites in the QTP and Arctic. The simulation results for latent heat surface energy budget;

flux (LE) were more accurate in the QTP, where the correlation permafrost

coefficient and root mean square error (RMSE) were 0.9 and 30 W m~2,

respectively. The results for sensible heat flux (H) were more accurate in

the Arctic, the correlation coefficient and RMSE were 0.8 and 24 W m™2,

respectively. Furthermore, the multiple models mean results revealed

that the surface energy flux had seasonal variation and regional

differences over the QTP and the Arctic. In the QTP, H was the lowest in

winter, increased in spring, and reached the maximum in summer.

However, the transitional changes in spring and autumn were not

apparent in the Arctic, mainly due to seasonal net radiation difference

between the two places. LE was affected by precipitation and surface

soil moisture content. This work is important for understanding land-

atmosphere interactions and useful for improving the accuracy of land

surface models simulations.

KEYWORDS

1. Introduction

Permafrost is a key component of the cryosphere, occupying approximately 21.8% of the exposed
land area in the Northern Hemisphere (Obu et al. 2019). The diurnal variation of surface energy
fluxes in permafrost regions is drastic, and has important implications for regional and global cli-
mate change (Ma et al. 2005; Yao et al. 2019). The active layer is the ‘buffer layer’ between the per-
mafrost and the atmosphere, which has complex interactions with surface energy-water exchange
(Dobinski 20205 Li et al. 2012). The active layer thaws in summer and freezes in winter, the phase
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transition process of water and ice during this stage changes the physical properties of the soil and
the underlying surface condition, resulting in the redistribution of surface energy-water cycle (Ding
etal. 2021; Wang, Yang, and Zhang 2020; Zhao et al. 2020). It greatly affects the exchange of energy-
water between the land surface and the atmosphere (Biskaborn et al. 2019; Cheng et al. 2019; Zhao
et al. 2000). Additionally, the surface energy budget also affects the hydrothermal process of the
active layer (Hu et al. 2022; Ma et al. 2022). Therefore, studying the changes of surface energy
fluxes in permafrost regions is of great significance for understanding the interaction between per-
mafrost and the climate system.

Additionally, permafrost is sensitive to climate change and the warming of permafrost regions
can amplify global climate change (Biskaborn et al. 2019; Mu et al. 2020). The Qinghai-Tibet
Plateau (QTP) and the Arctic (north of 60°N), being the highest altitude and latitude areas
in the northern hemisphere, respectively, respond more strongly and prominently to global
warming (Guo and Wang 2016; Pepin et al. 2015). The surface air temperature on the QTP
has increased 0.40-0.52 °C per decade since the 1980s (Cheng et al. 2019). Moreover, the latest
research shows that the Arctic region has warmed at a rate of 0.75 °C per decade in the past 43
years (1979-2021), which is approximately four times the global average (0.19 °C per decade)
(Rantanen et al. 2022). Rapid warming in permafrost regions leads to permafrost degradation
(Biskaborn et al. 2019; Cheng and Wu 2007; Cheng et al. 2019; Zhao et al. 2020), resulting
in changes to surface energy budgets and land-atmosphere interactions (Schaefer et al. 2014;
Wang et al. 2022a). These changes, in turn, severely impact environmental deterioration and cli-
mate change.

Hence, studies on the surface energy fluxes have recently been performed over the permafrost
regions (Hu et al. 2019; Han et al. 2017; Ma, Boos, and Kuang 2014; You et al. 2017). However,
large uncertainties still exist in these systems. Such uncertainties include a mismatch in spatial rep-
resentation between estimated fluxes and in-situ observations, topographical differences, and para-
meterization schemes in land surface models (Han et al. 2017; Yang, Guo, and Wu 2011), especially
regarding surface sensible heat flux and the energy balance in permafrost regions of the QTP (Han
etal. 2017; Yao et al. 2011). Therefore, a further understanding of the surface energy flux, especially
the surface land-atmosphere interactions, would have profound implications for climate change
(Hu et al. 2019; You et al. 2017). Several studies of the surface energy balance have been conducted
on the QTP and the Arctic. The results imply that the surface energy flux has regional differences
with obvious seasonal variations (Duan et al. 2022; Hu et al. 2019; Meng et al. 2021; Riiheld et al.
2017; Yao et al. 2020). However, these studies are primarily based on a single point or separate area.
Studies on the regional variation between the QTP and the Arctic are scarce. Significant differences
were found in permafrost extent, active layer thickness, ground temperatures, soil carbon cycles,
and ecological environments between the QTP and Arctic (Wang et al. 2022a), leading to profound
differences in the surface energy budget of the two regions. The permafrost types of the QTP and
Arctic are very different due to their varying geographical locations. The QTP permafrost has a
higher temperature, thinner active layer thickness, and extremely unstable thermal conditions
than Arctic (Cheng and Wu 2007; Wu and Zhang 2010). The soil moisture content of the Arctic
is higher, and its ecosystems have shown evidence of ‘greening’ (Bhatt et al. 2010; Xu et al.
2013), with an approximate 17% increase in peak vegetation greenness in the Arctic tundra
biome (Jia, Epstein, and Walker 2003). Moreover, the Eurasian continent has a deeper snow
cover for longer period than the QTP. Therefore, the local thermal conditions of the two are highly
different. Additionally, the rapid warming of the Arctic and QTP will lead to atmospheric circula-
tion anomalies (Dobricic, Vignati, and Russo 2016; Feng and Wu 2015). Thus, understanding the
surface energy budget of the QTP and the Arctic plays an important role in the in-depth study of
climate change between the two.

The Coupled Model Intercomparison Project Phase 6 (CMIP6; Eyring et al. 2016) is the latest
and most profound coordinated international climate model intercomparison project (Wild
2020). The differences between the CMIP6 and CMIP5 projects include new generation models
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and a different end year (2014 for CMIP6 and 2005 for CMIP5) for the historical experiments (Gid-
den et al. 2019; Almazroui et al. 2020). Performance measurement of the CMIP6 models while
simulating the surface energy flux in permafrost regions is not completely understood. Meanwhile,
an analysis of the characteristics of surface energy flux and its response to climate change over the
QTP and the Arctic is necessary. Therefore, the following are the main aims of this study: (1) eval-
uating the simulation performance of the CMIP6 models in the surface energy flux in permafrost
regions over the QTP and the Arctic and (2) describing temporal and spatial variation character-
istics of surface energy flux over the QTP and the Arctic.

2. Data
2.1. In situ observations

The in-situ data used in this study were obtained from the Tussock flux tower, Cherskiy flux tower,
Xidatan site (XDT), Wudaoliang site (WDL), NewD66 site, and Tanggula site (TGL) (Figure 1).
Table 1 lists the detailed information of the four sites. The Tussock flux tower was installed at
moist acidic tussock tundra dominated by tussock and dwarf shrubs in Alaska, USA. The mean
annual air temperature was approximately —7.4 °C; and the mean annual precipitation was approxi-
mately 318 mm, mainly concentrated in the summertime with an approximate value of 230 mm (El
Sharif et al. 2019). Vegetation types within the flux footprint were 95% of the tussock tundra, bal-
ancing the overgrown frost boils (Cristobal et al. 2017). The Cherskiy site is located in a region of
forest tundra at the latitudinal treeline 100 km south of the Arctic Ocean. The ice content of the soils
was significantly higher than that of permafrost soils in North America. The eddy-covariance sys-
tems were installed within the height range of 2.5-3 m, consisting of a 3D sonic anemometer and an
open path infrared gas analyzer with a sampling frequency of 10 Hz (El Sharif et al. 2019). The data
of the Tussock and Cherskiy sites were provided by the Arctic Observatory Network (AON) (http://
aon.iab.uaf.edu/imnavait).

The TGL site is located on a gentle slope to the southwest of Tanggula Mountain with an altitude
of 5100 m in the hinterland of the QTP. The grassy alpine meadow was the main land surface type.
Its coverage ranged from 30% to 40% (Li et al. 2019). The average annual air temperature and the
mean annual pressure are approximately —4.9 °C and 538 hPa, respectively. Furthermore, the
annual precipitation is approximately 436.7 mm, of which over 80% was concentrated between
May and September (Gu et al. 2015). The XDT site is located in the northernmost permafrost in
the northern QTP, representing the characteristics of the island-shaped permafrost (Zhao et al.,
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Figure 1. Location of the six sites at the North Hemisphere.
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Table 1. Information of in-situ monitoring sites used in this study

Station Lat Lon Parameter Study period

TGL 33.07 N 9193 E H, LE, Wind speed, 2007.1.1-2009.12.31
ground temperature, air temperature, precipiation

XDT 3572 N 94.13 E H, LE, Wind speed, 2011.1.1-2013.12.31
ground temperature, air temperature, precipiation

WDL 3522 N 93.08 E H, LE 2008.1.1-2009.12.31,

2011.1.1-2013.12.31

NewD66 3543 N 93.59 E H, LE 2013.1.1-2013.12.31

Cherskiy 68.51 N 161.53 E H, LE, Wind speed, 2011.1.1-2013.12.31
ground temperature, air temperature

Tussock 68.36 N 149.18 W H, LE, Wind speed, 2011.1.1-2013.12.31

ground temperature, air temperature

2021). WDL is located in the hinterland of the QTP. The radiation and ground thermal conditions
in this area are well represented in the northern QTP, especially in the vast area between the Kunlun
Mountains and the Tanggula Mountains. The NewD66 observation site is located near the Hoh Xil
National Nature Reserve. The terrain around the NewD66 is open and flat, with an arid climate and
little rainfall. The underlying vegetation coverage is small, mainly consisting of alpine sparse grass-
land. The meteorological data of the TGL and XDT sites primarily include precipitation, global
radiation, soil heat flux, air temperature, wind speed, and relative humidity measurements,
which were measured using the 10-m meteorological gradient tower. The downward and upward
shortwave and longwave radiations were measured by a four-component net radiometer at 2 m
height. All the sensors were attached to a CR1000 data logger. Furthermore, these instruments
were sampled every 5 min, and the data were averaged once after 30 min (Ma et al. 2022). The
data from TGL, XDT, and WDL sites were provided by the Cryosphere Research Station on the
QTP of the Chinese Academy of Sciences (CAS). Nagqu Station of Plateau Climate and Environ-
ment, Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences pro-
vided the data of NewD66 sites.

2.2. CMIP6 data

This study adopted CMIP6 multi-model datasets. Table 2 lists 30 models of surface energy flux from
the CMIP6 ‘historical’ experiments (1850-2014). More details on the CMIP6 dataset can be found
on the CMIP6 database website (https://esgf-nodellnl.gov/projects/cmip6/). The models from
CMIP6 were available with different horizontal resolutions, as listed in Table 2. The surface energy
flux of the CMIP6 models analyzed in this study was selected from the final 30 years of these simu-
lations (1985-2014), representing the present-day conditions. Moreover, all the CMIP6 data were
re-gridded before beginning the analysis from their original resolutions to a common grid with
0.1° x 0.1° resolution using a triangulation interpolation procedure.

3. Results
3.1. CMIP6 models performance evaluation

Figure 2 shows the temporal behavior of LE derived from the 27 CMIP6 models compared to the in-
suit data from the six sites. Most CMIP6 models agree well with in-suit data, especially for the TGL
and XDT sites in the QTP, with a correlation coefficient of approximately 0.9. The correlation
coefficient for WDL and NewD66 sites was approximately 0.7. However, the results of different
models at the WDL site were quite different. The RMSE for the four sites in the QTP was between
15 and 45 W m™2, with an average value of approximately 30 W m~2 However, the simulated LE
was less accurate at the two sites in the Arctic. The correlation coefficient and RMSE were approxi-
mately 0.7 and 12-24 W m™?, respectively, at the Tussock site. The simulation at the Cherskiy site
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Table 2. List of CMIP6 models used in this study

Model name Resolution Institution Variable name
BCC-ESM1 2812 *2.767  Beijing Climate Center hfls, hfss
MRI-ESM2-0 1.125* 1.112  Meteorological Research Institute hfls, hfss
EC-Earth3-Veg 0.703 * 0.696 EC-Earth-Consortium hfls, hfss
SAMO-UNICON 1.250 ¥ 0.942  Seoul National University hfls, hfss
AWI-ESM-1-1-LR 1.875 * 1.850  Alfred Wegener Institute hfls, hfss
INM-CM4-8 2.000 * 1.500 Institute for Numerical Mathematics, Russian Academy of Science hfls, hfss
INM-CM5-0 2.000 * 1.500 Institute for Numerical Mathematics, Russian Academy of Science hfls, hfss
EC-Earth3 0.703 * 0.696  EC-Earth-Consortium hfls, hfss
CESM2 1.250 * 0.942 National Center for Atmospheric Research hfls, hfss
NorESM2-MM 1.250 * 0.942  NorESM Climate modeling Consortium consisting of CICERO hfls, hfss
MIROC6 1.406 * 1.389  Japan Agency for Marine-Earth Science and Technology; hfls, hfss

Atmosphere and Ocean Research Institute, The University of Tokyo;
National Institute for Environmental Studies;

CMCC-CM2-SR5 1.250 * 0.942  Fondazione Centro Euro-Mediterraneo sui Cambiamenti Climatici hfls, hfss
FGOALS-f3-L 1.250 * 1.000  Chinese Academy of Sciences hfls, hfss
IPSL-CM6A-LR 2.500 * 1.268 Institut Pierre Simon Laplace hfls, hfss
CMCC-CM2-HR4 1.250 * 0.942 Fondazione Centro Euro-Mediterraneo sui Cambiamenti Climatici hfls, hfss
ACCESS-ESM1-5 1.875* 1.250  Commonwealth Scientific and Industrial Research Organisation hfls, hfss
CESM2-WACCM 1.250 * 0.942 National Center for Atmospheric Research hfls, hfss
CNRM-CMé6-1 1.406 * 1.389  Centre National de Recherches Meteorologiques hfls, hfss
FGOALS-g3 2.000 *5.181  Chinese Academy of Sciences hfls, hfss
TaiESM1 1.250 * 0.942  Research Center for Environmental Changes hfls, hfss
CNRM-ESM2-1 1.406 * 1.389  Centre National de Recherches Meteorologiques; hfls, hfss
IITM-ESM 1.875 * 1.889  Centre for Climate Change Research, hfls, hfss
Indian Institute of Tropical Meteorology Pune

EC-Earth3-Veg-LR  1.125* 1.112  EC-Earth-Consortium hfls, hfss
NESM3 1.875 * 1.850  Nanjing University of Information Science and Technology hfls, hfss
BCC-CSM2-MR 1.125* 1112 Beijing Climate Center hfls, hfss
ACCESS-CM2 1.875 % 1.250  Commonwealth Scientific and Industrial Research Organisation hfls

CNRM-CM6-1-HR 0.500 * 0495  Centre National de Recherches Meteorologiques hfls, hfss
KIOST-ESM 1.875 * 1.895  Korea Institute of Ocean Science & Technology hfss

CanESM5 2812 %2.767  Canadian Centre for Climate Modelling and Analysis hfss

NorESM2-LM 2.500 * 1.895  NorESM Climate modeling Consortium consisting of CICERO hfss

was the least accurate with correlation coefficients ranging from 0.1-0.6. Most of these were con-
centrated at approximately 0.3. Furthermore, the RMSE ranged from 40 to 60 W m ™2, again show-
ing the worst performance of the six sites.

Figure 3 shows the daily average of the H between 29 CMIP6 models and observation at the
six sites. Generally, the four sites in the QTP have poor simulation results; they are not as good
as those of LE. However, the two sites in the Arctic have better simulation results, and they are
better than LE. The correlation coefficient was approximately 0.4 for the TGL site, and RMSE
was concentrated between 24 and 32 W m™>. For the XDT site, most models showed poor cor-
relation coefficients, with values of approximately 0.2, and RMSE was centered between 20 and
28 W m™2 The simulation results of the WDL and NewD66 sites were relatively similar. For
both, the correlation coefficients were approximately 0.4, and the RMSE was concentrated
between 16 and 36 W m™>. The correlation coefficients for some models, such as the EC-
Earth3, were close to 0 in the QTP. The simulation results in the Arctic region were significantly
better. The correlation coefficient was approximately 0.7, and the RMSE of 24 W m™ and 30 W
m~? for the Tussock and Cherskiy sites, respectively. Overall, this suggests that CMIP6 models
can simulate much of the annual variability of H in the permafrost regions over the QTP and
Arctic.

3.2. The result evaluation of multiple models mean

Figure 4 shows the comparisons between the observed values and the CMIP6 multiple models mean
results of LE in the six sites. The blue dots represent the daily LE, while the red lines denote the
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Figure 2. Taylor program for a daily average of the latent heat flux between CMIP6 models and observation at (a) TGL, (b) XDT,
(c)WDL, (d)NewD66, (e) Tussock, and (f) Cherskiy site. The gray line corresponds to root mean square error (RMSE).

best-fit lines. It is evident that the multiple models mean results agreed well with observations,
matching the observed values closely. The observed values ranged from 0 W m™>"175 W m™ in
the QTP. However, the multiple models mean results were slightly lower, ranging from 0 W
m 27100 W m™2 The squared correlation coeflicients were 0.76, 0.62, 0.47, and 0.50 for the
TGL, XDT, WDL, and NewD66 sites, respectively. The simulation results in the Tussock site
were slightly poorer, with a squared correlation coefficient value of 0.51. Furthermore, the Cherskiy
site showed the best performance; the scatter points were evenly distributed on both sides of the
best-fit line. Moreover, the squared correlation coefficient value was 0.78. Figure 5 shows the per-
formance of the multiple models mean results for H at the six sites. Unlike those of LE, the multiple
models mean results of H were higher than the observed values. The simulation performance of H
was worse than that of LE, especially for QTP. The squared correlation coefficient for the four sites
of QTP were only 0.32, 0.08, 0.19, and 0.13, respectively. The squared correlation coeflicient of H in
the Tussock and Cherskiy sites were 0.52 and 0.50, respectively. The values of H were smaller than
those of LE in both QTP and Arctic. Overall, the CMIP6 multiple models mean results can reason-
ably represent the annual variation of surface energy flux.
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Figure 3. Taylor program for a daily average of the sensible heat flux between CMIP6 models and observation at (a) TGL, (b) XDT,
(c)WDL, (d)NewD66, (e) Tussock, and (f) Cherskiy site. The gray line corresponds to root mean square error (RMSE)

3.3. Spatiotemporal variation characteristics of surface energy flux in the QTP and Arctic

The spatial pattern of mean annual seasonal LE in the permafrost regions over the QTP and the
Arctic derived from multiple models mean results are shown in Figure 6. LE links global energy
and water balance (Wild 2020). The change of LE was closely related to the rainy season of the
QTP and the water content of the soil surface. The LE for the QTP decreased from south to
north and from east to west. It was low in spring, and negative values appeared in the northern
region. The LE increased dramatically, reaching its maximum, in summer, which was consistent
with the distribution of the QTP rainy season (Gu et al. 2015; Yao et al. 2020); it reached more
than 60 W m™? in the high-value area of the eastern region. The LE in most parts of the QTP
reached more than 50 W m™>. However, it decreased rapidly in winter due to the decreasing
water content of surface soil after the end of the rainy season. The value in most areas of the
QTP was below 20 W m™2 Furthermore, LE in the Arctic was weaker than in the QTP. The
land surface had slightly negative values between —10 and 0 W m™~? in winter and spring, indicating
that the atmosphere transported the LE to the surface. The value of Eurasia and North America
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Figure 4. Latent heat flux simulated by the multiple models mean results versus observed at (a) TGL, (b) XDT, (c)WDL,
(d)NewD66, (e) Tussock, and (f) Cherskiy site.
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Figure 5. Sensible heat flux simulated by the multiple models mean results versus observed at (a) TGL, (b) XDT, (c)WDL,
(d)NewD66, (e) Tussock, and (f) Cherskiy site.

continents ranged between 30 and 60 W m™2 in summer and autumn - except for the weakly posi-
tive values of Greenland — which was approximately 5 W m™?, indicating that the surface of the
earth transported LE to the atmosphere, which may be related to the melting of snow. The long-
term average annual energy budget of the entire Arctic is always negative, which is in balance
with the positive value of the long-term average of low-latitude regions. However, significant
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Figure 6. The mean seasonal variation in (a) spring, (b)summer, (c)autumn, and (d)winter of latent heat flux (units: W m™2) during
1985-2014 in permafrost regions over Arctic and QTP from CMIP6 multiple models mean.

differences exist in the average energy budgets of different sub-regions of the Arctic, mostly due to
differences in heat between sea and land.

The interannual trends in seasonal variation of LE in permafrost regions during 1985-2014 is
shown in Figure 7. The QTP and Arctic had larger inter-annual variations in summer and autumn
compared to spring and winter. The LE showed a steep increase during summer in both QTP and
Arctic. However, it increased slightly in spring and autumn. On the contrary, a slightly decreasing
trend was observed in some areas during winter. The annual mean of all regions showed an increas-
ing trend. The trend was approximately 0.1-0.2 W m~? yr~" in the QTP. This increasing trend was
observed to be slightly weaker in the Arctic, with approximately 0.05-0.15 W m™> yr~". This is con-
sistent with the simulation results of Wang, Ma, and Liu (2022b) in the QTP.

Figure 8 shows the spatial pattern of mean annual seasonal H in permafrost regions over the
QTP and Arctic. The value of H in winter and spring was below 10 W m~2 in the QTP. However,
a high-value center exists in the south of the QTP, ranging from 30 to 40 W m™~>. In summer, H
increased rapidly with increasing solar radiation to a maximum value of more than 70 W m™>.
The average value of the central region was between 30 and 60 W m™>. Autumn is a transitional
period between summer and winter. The lowest value in the northern region was reduced to
approximately 10 W m™. For the Arctic, the H of Greenland, Iceland, and the Arctic regions of
Eurasia and North America were negative in winter, indicating that the atmosphere transported
H to the surface. Furthermore, the amount of energy transport ranged mostly from 0 to 30 W
m 2 In summer, all Arctic land except Greenland had positive H values, transported from the sur-
face to the atmosphere, in the range of 0-30 W m 2, which balanced with the H obtained from the
surface in winter.

Interannual trends in the seasonal variation of H in permafrost regions during the period of
1985-2014, based on the multiple models mean results, are shown in Figure 9. The H showed
increasing and decreasing trends in winter and summer in QTP, respectively. For the annual
mean, the central and eastern QTP showed a decreasing trend of approximately —0.05 - —0.15
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Figure 7. The variation trend for latent heat flux in (a) spring, (b)summer, (c)autumn, and (d)winter in permafrost regions over
Arctic and QTP from 1985 to 2014. The dotted area passed the 95% significance test
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during 1985-2014 in permafrost regions over Arctic and QTP from CMIP6 multiple models mean.



1958 J.MAETAL.

180°

0.20

0.15

2y

0.10

s g5
St

r 0.05

- 0.00

Wm=2yrt

180° -0.05

-0.10

90°E

-0.15

—-0.20

Figure 9. The variation trend for sensible heat flux in (a) spring, (b)summer, (c)autumn, and (d)winter in permafrost regions over
Arctic and QTP from 1985 to 2014. The dotted area passed the 95% significance test.

W m~?yr~'; and the western QTP showed an increasing trend of 0.1-0.2 W m™* yr . The H in the

high latitudes of the Arctic showed an increasing trend of 0.1-0.2 W m ™~ yr~'. However, a decreas-
ing trend of 0.1-0.15 W m™? yr™ ' was seen for regions near 60°N, such as Western Siberia.

4, Discussion
4.1. The interaction between permafrost and the surface energy budget

The active layer in permafrost regions is the link between the atmosphere and the land surface. It
has an important impact on the energy-water exchange between the land surface and the atmos-
phere (Li et al. 2012; Zhao et al. 2000). The freeze-thaw process of the active layer is highly complex.
It encompasses physical and chemical changes that have significant impacts on surface energy fluxes
(Hu et al. 2019; Luo et al. 2014; Wani et al. 2021). Previous studies have confirmed that the freeze-
thaw process can significantly affect hydrothermal systems in permafrost regions, especially the sur-
face energy flux within the land surface (Eugster et al. 2000). Moreover, the freezing and thawing of
soil moisture require the release and absorption of large amounts of latent heat (Zhao et al. 2000).
Furthermore, the energy partitioning at the surface also buffers against soil temperature change
attenuating its magnitude (Eugster et al. 2000).

The Bowen ratio is the ratio of sensible to latent heat flux. It summarizes how the energy budget
is partitioned between H and LE. The available energy shifts more towards the H with an increasing
Bowen ratio (Eugster et al. 2000; Hu et al. 2019; Gu et al. 2015). In the Arctic, spring is more appro-
priately called light winter, in which shortwave radiation increases gradually. The increment is not
significant due to the high snow albedo. At this stage, the energy budget is similar to that in winter.
The average negative sensible heat flux is balanced with the long-wave radiation. The latent heat
flux occupies an insignificant position in the energy budget (Figure 6a), Furthermore, the Bowen
ratio is negative for most of the Arctic (Figure 10a). The snow and active layer start to melt during
this period. The latent heat flux also increases with increasing surface soil moisture content. The
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Figure 10. The mean seasonal variation in (a) spring, (b)summer, (c)autumn, (d)winter of Bowen ratio during 1985-2014 in per-
mafrost regions over Arctic and QTP from CMIP6 multiple models mean.

summer period has strong shortwave radiation, the snow cover is the least (Serreze et al. 2007). The
net shortwave radiation is balanced with the net longwave radiation, H, LE, and ground heat flux,
leading to the thawing of the active layer in permafrost regions. The average Bowen ratio is close to
one. However, it varies widely from 0.5-2 in different regions (Figure 10b). This is primarily related
to the local surface soil moisture content (Westermann et al. 2009). The shortwave radiation
decreases sharply in autumn, and the snow cover for a longer period of time has not yet formed.
During this period, the H shifts towards negative values (Figure 8c). However, the freezing of active
layer soil does not begin completely. Shortwave radiation in winter is approximately zero owing to
the arrival of the polar night. At this time, the longwave radiation dominates the system. Longwave
radiation is primarily balanced by negative H, which heats the land surface and cools the atmos-
phere. The LE has only minor importance in the energy balance during this period.

Additionally, different permafrost types and soil properties also have an impact on surface
energy budget changes and simulation accuracy. The TGL site is situated southwest of Tanggula
Mountain on the hinterland of the QTP, the highest altitude observation station in the permafrost
area (Li et al. 2019) and is characterized as cold permafrost. On the contrary, the XDT site is located
along the permafrost boundary in the northern QTP (Zhao et al.,, 2021), It has an abundant soil
moisture content, and is characterized as warm permafrost. Therefore, the two sites have different
land surface energy and water exchange processes. The warm permafrost has a more intensive land
surface process than cold permafrost (Yao et al. 2020); the latent heat effects may retard the incre-
ment in permafrost temperature, increasing the ground temperatures in cold permafrost regions
more rapidly than in warm permafrost regions (Wang et al. 2022a). Furthermore, the soil properties
of the two sites are quite different. The soil of the XDT site has a lower gravel content and higher
clay and silt contents than the TGL site (Yao et al. 2020), which is beneficial for storing soil moisture
and increasing soil thermal conductivity. Consequently, the surface hydrothermal exchange pro-
cesses were stronger at the XDT site than TGL site. The accurate simulation of surface energy
flux is challenging due to the complexity of hydrothermal processes. This is consistent with our
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evaluation result of CMIP6 models (Figures 2-5). We found that the multi-model mean results at
the XDT site were worse than the TGL (Figures 3 and 4), Yang et al. (2021) obtained identical
results; finding that the land surface process model also poorly simulated soil temperature and
soil thermal conductivity at this site.

4.2. Model uncertainties in surface energy flux simulations

This study evaluated the performance of the surface energy flux in 30 CMIP6 models. The multiple
models mean results agreed well with the observed value; however, simulation errors still remained.
LE was low in winter and spring and increased significantly when the rainy season started (You et al.
2017; Wang et al. 2019). We noticed that the simulated LE was underestimated in summer,
especially for the QTP. Previous studies proved that precipitation, soil moisture content, and sur-
face condition were important influencing factors for LE (Ma et al. 2022; Gu et al. 2015; Yao et al.
2011, 2020). Due to the lack of meteorological observation data at some sites, this study compared
the precipitation data from CMIP6 multiple models mean results and observed values from only the
TGL and XDT sites (Figure 11). Precipitation was underestimated in the rainy season (mainly in
July and August), which is an important factor for the underestimation of LE in the QTP seen
in this study. Additionally, the surface energy flux is influenced significantly by the freeze—thaw pro-
cess (Hu et al. 2019); the inaccuracy of land surface models on soil hydrothermal simulation can
have a large impact on the energy budget (Yang, Chen, and Qin 2009). The soil moisture is
often underestimated in the QTP, which is a common phenomenon in land surface models (Li
et al. 2020; Yang et al. 2021; Deng et al. 2020, 2021). Moreover, the reanalysis product also under-
estimated soil moisture. Previous studies indicated that soil moisture was also underestimated by
GLDAS-Noah in the QTP (Chen et al. 2013; Bi et al. 2016). The underestimation of soil moisture
is also an important reason for the underestimation of latent heat. However, the multiple models
mean results and the observed values are very close in the Arctic, which may relate to the difference
in surface conditions and soil moisture content between the QTP and Arctic (Wang et al. 2022a).
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Figure 11. Monthly mean precipitation simulated by the multiple models mean (MMM) results versus observed at (a) TGL, and (b)
XDT site.



INTERNATIONAL JOURNAL OF DIGITAL EARTH 1961

Additionally, the results indicated that H was underestimated in QTP and overestimated in the
Arctic. Previous studies have shown that H is primarily affected by ground air temperature gradi-
ents and surface wind speed (Duan et al. 2022; Yang, Guo, and Wu 2011; Chen et al. 2019; Hu et al.
2019; Xie et al. 2019; Wang, Ma, and Liu 2022b). Subsequently, we compared the ground air temp-
erature gradients, and the surface wind speed between the multiple models mean results and the
observed values at the four sites (Table 3 and Figure 12). Table 3 shows that the multiple models
mean results significantly underestimated the ground air temperature gradients in both QTP and
Arctic. Similar phenomena have also been observed in previous studies, which showed that
CMIP5 models also underestimated the air temperature in QTP (Wu et al. 2017). Additionally,
Cao et al. (2020) evaluated the performance of the ERA5-land soil temperature reanalysis product.
They found that ERA5-Land overestimates soil temperature in the Arctic; however, it underesti-
mates it in mid-low latitudes. We compared the wind speed between the CMIP6 multiple models
mean results and the four sites to further investigate the influencing factors for H. The wind speed
by multiple models mean results was lower than the observed values at the TGL and XDT sites
(Figure 12a and b). The underestimation of ground air temperature gradients and the wind
speed are attributed to the underestimation of H in the QTP. However, we found that the wind
speed by multiple models mean results was higher than the observed values at the two sites over
the Arctic (Figure 12¢ and d), which also explains the overestimation of H in the Arctic.

4.3. Differences in surface energy flux variations between the QTP and the Arctic

We found that seasonal variations in average surface energy flux have significant differences
between the QTP and the Arctic due to factors such as underlying surface conditions, unique
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Figure 12. Monthly mean wind speed simulated by the multiple models mean (MMM) results versus observed at (a) TGL, (b) XDT,
(c) Tussock, and (d) Cherskiy site.



Table 3. Comparison of the difference between the monthly mean surface temperature (°C) and air temperature (°C) in the four sites and their relative error (RE).

Station TGL XDT Tussock Cherskiy

Month CMIP6 Obs RE(100%) CMIP6 Obs RE(100%) CMIP6 Obs RE(100%) CMIP6 Obs RE(100%)
1 0.94 2.71 65.18 0.40 432 90.74 0.18 15.76 98.86 0.06 NaN NaN

2 2.04 4.63 56.06 1.01 2.01 49.75 0.05 17.13 99.71 0.53 NaN NaN

3 2.74 2.86 4.42 191 3.58 46.65 —0.69 10.43 106.62 -0.19 NaN NaN

4 3.20 3.99 19.70 225 444 49.32 —-0.07 10.92 100.64 -0.92 -3.03 69.64
5 2.66 3.13 15.06 2.16 2.50 13.60 —0.33 191 117.28 -1.12 -1.40 20.00
6 243 3.80 36.01 228 1.77 —28.81 1.05 —5.80 118.10 —0.47 —4.93 90.47
7 1.89 3.26 41.94 2.23 2.49 10.44 0.80 -2.12 137.74 —0.03 -3.21 99.07
8 1.50 3.03 50.45 2.09 1.44 —45.14 —-0.12 —0.05 —140.00 -0.23 —-1.98 88.38
9 1.84 3.22 42.99 1.80 3.39 46.90 0.06 4.04 98.51 —0.31 —0.55 43.64
10 215 3.59 40.12 1.91 4.15 53.98 0.29 3.77 9231 0.02 11.17 99.82
1" 1.83 5.17 64.67 1.16 6.28 81.53 0.57 14.15 95.97 0.28 16.70 98.32
12 1.40 2.02 31.00 0.42 6.04 93.05 0.13 14.17 99.08 032 NaN NaN

WLEVNT (=) 2961
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geographic settings, and climate status (Hu et al. 2019; Li et al. 2006). The Asian monsoon and the
freeze-thaw process are the main factors influencing the seasonal change over the QTP (Yao et al.
2020). Furthermore, the QTP is a weak heat sink in winter; however, it is a strong heat source in
summer (Wu et al. 2015). The Arctic has particular lighting and climate conditions (Przybylak
2016). It is generally represented as an energy-deficient area. The energy budget is primarily
influenced by two processes: the net loss of the local radiation budget and the net surplus of the
poleward energy transport in the atmosphere-ocean system (Trenberth and Fasullo 2009). Com-
parison of Figures 2 and 3 and Figures 4 and 5 show that the simulation results of CMIP6 in the
Arctic are better than those in the QTP.

Moreover, H increased rapidly over the permafrost region of the QTP and the Arctic (except in
Greenland) from spring to summer, mainly due to the increasing solar radiation, which caused a
sharp increase in the air temperature (Wang, Yang, and Wan 2013). The annual radiation balance
of Greenland, whose surface is mainly covered by the ice sheet, is smaller than other regions (Lund
etal. 2017). Concurrently, LE also increased over the QTP and the Arctic, except for Greenland, due
to the rainy season. Furthermore, LE played an important role in modulating the hydrologic cycle of
the local (Rawlins et al. 2010). It was mainly affected by precipitation, surface soil moisture content,
and melting snow. Additionally, it responded more strongly and quickly than H; therefore, its value
exceeded H in the summer. However, H and LE started diminishing after autumn due to the rapid
reduction of solar radiation (Figures 6 and 8).

5. Conclusion

In this study, the surface energy flux of 30 CMIP6 models were assessed using in-situ data from six
sites in the QTP and the Arctic. The evaluation results in this study revealed that the majority of
CMIP6 models for latent heat flux (LE) were close to the in-situ data. The simulation results for
LE in the QTP were better. The correlation coefficient reached 0.9, and the RMSE was approxi-
mately 30 W m~2. The simulation results of sensible heat flux (H) in the Arctic were better, the
correlation coefficient of 0.8 and the RMSE of approximately 24 W m™2. Overall, the multiple
models mean results can represent the surface energy flux characteristic over both the QTP and
the Arctic.

The multiple models mean results showed that the surface energy flux had seasonal variation and
regional differences across the QTP and the Arctic. In the QTP, H was low in winter and high in
summer. An obvious transitional stage in spring and autumn was observed. However, the transition
between spring and autumn in the Arctic is not apparent, mainly due to the difference in net radi-
ation changes between the two. The simulation errors of H may result from ground air temperature
gradients and surface wind speed estimation errors. Moreover, LE was large in summer and autumn
and small in spring and winter. The underestimation of the precipitation and surface soil moisture
content in the rainy season is an important reason for the underestimation of LE in the QTP.
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