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Abstract: Many global climate models (GCMs) have difficulty in simulating climate variabilities over
high northern latitudes. One of the main reasons is the inability of GCMs to simulate proper cloud
fraction and the amount of liquid-containing cloud over the region. This study assessed the impact of
cloud simulation in high latitudes by comparing the long-term parallel simulations of Community
Atmosphere Model version 6 (CAM6) and CAM5, the previous version. The results show that the
CAM6 simulation exhibits a considerable improvement in the Arctic, especially by reducing the
cold bias of CAM5 throughout the year. Over the sub-Arctic region, however, CAM6 produces an
excessive cold bias in summer and a warm bias in winter compared to the observation, which is
closely related to the overestimation of cloud fraction and the amount of cloud liquid. In summer,
the overestimation of the cloud in CAM6 tends to alleviate the cold bias compared to CAM5 due to
an increase in downward longwave radiation over the high latitudes, while causing the excessive
cold bias by blocking downward shortwave radiation over the sub-Arctic land area. In winter, when
there is little incidence of shortwave radiation, the overestimation of the cloud in CAM6 increases the
downward longwave radiation, which alleviates the cold bias in CAM5 over the Arctic but induces
an excessive warm bias over the sub-Arctic land. The excessive cloudiness in CAM6 could weaken
the high-latitude internal variability, exacerbating the deteriorating climate variability and long-term
trend simulations in the region.

Keywords: CAM6; high latitudes; cloud; climate

1. Introduction

The high latitudes and the Arctic are experiencing the most rapid warming compared
to any other place on Earth due to the increasing emission of greenhouse gases [1,2]. The
so-called Arctic of warming is caused by complicated climate feedback mechanisms such as
sea ice–albedo feedback [3], water vapor and cloud feedback [4], and lapse-rate feedback [5].
In addition to its regional impacts, it is also responsible for global circulation change, such
as the expansion of the jet stream center and the occurrence of Ural blocking [6], as well
as extreme weather and climate events over mid-latitude continents [7–9]. Most global
climate models (GCMs) are, however, still struggling to represent the high-latitude climate
accurately. As a result, the inter-GCM spread of the global warming scenario is the largest
over the Arctic and the high latitudes [10–12]. Previous research has reported that such
poor simulation of high-latitude climate in GCMs is associated with the shortwave (SW)
and longwave (LW) radiation biases at the surface, which are linked tightly to the cloud
simulation properties of the model [13–15].

Over the high latitudes, most GCMs underestimate the cloud fraction [11,14,16,17]
and cloud liquid mass [17–19]. Less cloud fraction and cloud liquid mass lead to a weaker
cloud radiative effect (CRE), producing a cold bias in GCMs compared to the observation.
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Community Atmospheric Model version 5 (CAM5) [20], one of the most widely used
climate models in climate research, also tends to simulate less cloud fraction and cloud
liquid mass over the Arctic and high latitudes. Baek et al. (2020) [15] suggested that this
is partly explained by the lesser supply of moisture and heat from outside of the Arctic.
Due to the deficiency in the simulations of cloud fraction and cloud liquid mass in the
Arctic, CAM5 suffers negative surface air temperature (SAT) bias throughout the year.
Some studies discovered that the cloud fraction and cloud liquid amount are sensitive to
the perturbation magnitude on the Wegener–Bergeron–Findeisen (WBF) process [21,22].
They suggested that a better representation of the WBF process can improve the Arctic
cloud simulation. Recently, CAM5 was updated to its new version, CAM6, which included
new cloud physics parameterizations [23]. Danabsoglu et al. (2019) [23] demonstrated
that CAM6 contains many substantial scientific and infrastructure improvements, as well
as new capabilities, resulting in improved historical simulations compared to CAM5 and
to available observations. McIlhattan et al. (2020) [24] reported that Arctic cloud liquid
had increased dramatically from CAM5 to CAM6, which led to an increase in mean
downwelling longwave and an increase in SAT over the Arctic using their preindustrial
control runs. However, their study focused on the preindustrial period and analyzed it
over the limited domain confined to the Arctic region.

To examine the characteristics of clouds and their impact on the climate simulated
by CAM6 over the high northern latitudes in present-day climate simulation in this study,
Atmospheric Model Intercomparison Project (AMIP)-type simulations using both CAM5
and CAM6 were performed. By comparing the two simulations, we elucidate (1) the
differences in the climate and cloud characteristics between CAM6 and CAM5 over the
high latitudes and (2) the impacts of simulated cloud properties on the high-latitude climate
simulation. Section 2 describes the model design and data used in this study. Section 3
presents the results, and Section 4 provides a summary and discussion.

2. Methods
2.1. Model and Experimental Design

As a successor to CAM5, CAM6 uses the same Finite Volume (FV) dynamical core
as CAM5, but with significant changes in physical parameterizations [23]. One of the
most important changes is the inclusion of the unified turbulence scheme Cloud Layers
Unified By Binormals (CLUBB) [25]. CLUBB unifies the processes of cloudy turbulent
layers by directly replacing the separate shallow convection boundary layer, and grid-
scale condensation schemes (i.e., cloud macrophysics scheme) presented in CAM5 [26].
It is a high-order closure representation of moist turbulence that closes many terms by a
novel use of a simple, multivariate binormal probability density function (PDF) describing
subgrid-scale variations in temperature, humidity, and vertical velocity. Another important
change is that the Morrison–Gettelman cloud microphysics scheme (MG1) [27] in CAM5
has been replaced by an updated version (MG2) [28], which is able to forecast, instead
of diagnose, the mass and number concentration of falling condensed species (i.e., rain
and snow). Additionally, there were some changes in various physics parameterizations,
such as Modal Aerosol Model version 4 (MAM4) [29] and orographic gravity wave drag
parameterization [30]. Previous studies reported that the primary changes in cloud physics
parameterizations in CAM6 lead to an increase in cloud fraction and cloud liquid amount
over the Arctic [24].

To evaluate the impact of physical parameterization changes in cloud simulation and
associated high-latitude climate from CAM5 to CAM6, we conducted AMIP simulations
with CAM5 and CAM6 for 36 years, from January 1979 to February 2015, with a horizontal
resolution of 1.9◦ latitude × 2.5◦ longitude and with 30 vertical layers. Both simulations
were run with five ensembles and used the same observed monthly mean SST and sea ice
concentration data from the HadOI products [31]. We compared the ensemble-averaged
monthly climatologies of the two simulations. The model cloud fraction was calculated
using the lidar simulator in the Cloud Feedbacks Model Intercomparison Project (CFMIP)
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Observation Simulator Package (COSP) diagnostic model for comparison with satellite
observation data. A detailed description of the COSP diagnostic model can be found in
Shaw et al. (2021) [32].

2.2. Observational Data

The observed cloud fraction was obtained from the Cloud–Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIPSO)–GCM Oriented CALIPSO Cloud Product
(CALIPSO–GOCCP) from June 2006 to February 2015 [33]. CALIPSO, an active remote
sensing satellite, is specifically well adapted for observing (i) clouds with optical depth
lower than 3, (ii) sparse clouds such as shallow cumulus, and (iii) occurrence of clouds
within the first 2 km above the surface (continent and ocean) [16]. Thus, CALIPSO–GOCCP
currently provides the best satellite observations of high-latitude clouds because it can
detect optically thin clouds without relying on the albedo or thermal contrast [16,34]. The
climatology data of long-term ground-based cloud and radiation measurements from 1998
to 2010 at the North Slope of Alaska (NSA) Barrow site (71.38◦ N, 156.68◦ W) from the
Atmospheric Radiation Measurement (ARM) Best Estimate (ARMBE) dataset [35] were
used for the model evaluation. The high-latitude SAT, downward SW radiation at the
surface (FSDS), downward LW radiation at the surface (FLDS), and cloud condensate mass
were obtained from the European Center for Medium-Range Weather Forecasts (ECMWF)
ERA-Interim reanalysis dataset from January 1979 to February 2015 [36].

3. Results

In terms of annual averages, both models simulate the spatial SAT pattern reasonably
well over the high latitudes (Figure 1a–c) with CAM5; however, they exhibit a cold bias
compared to observations in most high latitudes. The bias is large up to 5 K over the Arctic,
as reported in previous studies [15] (Figure 1d). CAM6 shows noticeable improvements
in the climate simulation over the high latitudes and the Arctic (Figure 1f). The most
notable one is that the cold bias in the Arctic has almost disappeared in CAM6. However,
when looking at the summer (JJA) and winter (DJF) averages in Figure 2, the removal of
this bias shows a different pattern in the Arctic and sub-Arctic continents. In summer,
CAM5 shows a relatively weak cold bias over the Arctic and a weak warm bias over
the sub-Arctic continent (Figure 2a). CAM6 simulates the warmer Arctic, alleviating the
cold bias (Figure 2b). Over the sub-Arctic continents, in contrast, CAM6 simulates colder
temperatures than CAM5, showing a rather cold bias with respect to the observation
(Figure 2c). The magnitude of the bias in CAM6 is somewhat larger than that of CAM5
(Figure 2a,c). In winter, CAM5 shows a cold bias over the Arctic and the high latitudes.
Similar to the annual mean bias pattern (Figure 1d), the cold bias is most significant over the
central Arctic Ocean and the Canadian Archipelago. However, the sub-Arctic cold bias is
also not negligible (Figure 2d). CAM6 simulates significantly warmer than CAM5 over most
Arctic and sub-Arctic continents, such as northern Eurasia and northern Canada (Figure 2e).
This effectively reduces the large cold bias of CAM5 over the Arctic region, which is the
most noticeable improvement of CAM6 over CAM5. However, in the northernmost part of
Eurasia, CAM6 exhibits a warm bias instead. Thus, the relatively weak bias of the annual
mean SAT over the sub-Arctic continents in CAM6 (Figure 1f) can be considered as the
result of offsetting the bias, showing different signs in summer and in winter.

To investigate the peculiar nature of this seasonal contrast of model bias of CAM6, we
further examined the cloud and related climate variables over the Arctic (marked circle in
Figure 2c,f, north of 70◦ N) and the Northern Eurasian continent (the marked trapezoid
in Figure 2c,f, longitude 60◦ E~150◦ E, latitude 55◦ N~70◦ N), which is denoted as sub-
Arctic in Figures 3, 5, 8 and 9). We focused on the changes in the cloud amount over the
denoted regions because both LW and SW CRE are essentially important in determining
the high-latitude SAT. Over the Arctic and sub-Arctic region, the increase in summer
clouds has a net cooling effect because the SW blocking effect is much larger than the LW
reflection effect [37]. In contrast, the increase in clouds in winter when there is little incident
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SW radiation leads to a net warming effect because of the increase in downwelling LW
radiation.
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reanalysis, and (c) CAM6 simulation. Biases of the SAT against the reanalysis were obtained from
(d) CAM5 and (f) CAM6, and (e) the differences in SAT between CAM6 and CAM5.
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Figure 3. Annual cycles of the (a) total cloud fraction (TCF) and (b) low cloud fraction (LCF) averaged
over the Arctic from CALIPSO–GOCCP observations averaged from June 2006 to November 2010
(black line), CAM6 (red line), and CAM5 (blue line). The CALIPSO–GOCCP observations were
averaged from June 2006 to February 2015, and the model results are the means of AMIP simulation
results for 36 years, from January 1979 to February 2015. (c,d) are the same as (a,b), except for over
the sub-Arctic area.

Figure 3 shows the simulated cloud fraction in CAM5 and CAM6 together with
satellite observation values. As reported in previous studies [15], the simulated total
cloud fraction (TCF) over the Arctic in CAM5 is smaller than that of CALIPSO–GOCCP
satellite observation throughout the year. This tendency is more prominent, especially in
winter (Figure 3a). The lower cloud fraction (LCF), which greatly influences the radiative
process, has a similar pattern to TCF but represents a weak overestimation in summer
(Figure 3b). Conversely, CAM6 overestimates TCF and LCF compared to observations over
the Arctic throughout the year (Figure 3a,b). It is noteworthy that CAM5 exhibits seasonal
variation similar to that observed in the Arctic, while CAM6 overestimates both TCF and
LCF compared to the observation in winter, which fails to represent seasonal variability.
Over the sub-Arctic, similarly, CAM5 (CAM6) underestimates (overestimates) the cloud
fraction compared to the observation (Figure 3c,d). Over the sub-Arctic region, CAM6
overestimates by above 10% in summer and by about 30% in winter. In summary, CAM6
simulates a considerably larger cloud fraction than CAM5 over the Arctic and the high
latitudes throughout the year, which even causes an excessive overestimation compared to
observation. The increase in the cloud fraction of CAM6 can further increase CRE compared
to CAM5 over the region. Not only the biases against satellite observation but also the
biases against Arctic ground-based observation show similar characteristics between the
two models. Figure 4 shows the annual cycles of TCF, liquid water path (LWP), FSDS,
and FLDS from CAM5, CAM6, and the observations at the Barrow site. The TCF is less
in the CAM5 results than in the observations, except in July and August. The LWP is also
underestimated over the entire period. Accordingly, the FSDS is overestimated and the
FLDS is underestimated, particularly in autumn and winter. In contrast, the TCF and the
LWP in CAM6 are overestimated compared with the observations over the entire period,
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which causes the underestimation of the FSDS in summer and the overestimation of the
FLDS in winter.
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Figure 4. Annual cycles of total cloud fraction (TCF), upper part in (a) and liquid water path (LWP),
bottom part in (a) from the climatology of ground-based cloud and radiation measurements at the
North Slope of Alaska (NSA) Barrow site (black line), CAM6 (red line), and CAM5 (blue line). Biases
of surface downward SW flux (FSDS), upper part in (b) and surface downward longwave flux (FLDS),
bottom part in (b) of SAM0 (red line) and CAM5 (blue line) against the climatology of ground-based
cloud and radiation measurements at the NSA Barrow site.

Figure 5 shows the vertical profiles of the annual mean total cloud condensate, cloud
liquid, and cloud ice simulated by CAM5/CAM6 and ERA-Interim reanalysis over the
Arctic and the sub-Arctic. CAM5 simulates less total cloud condensates than that of the
reanalysis over the Arctic both for cloud liquid and cloud ice. In particular, the underesti-
mation of cloud liquid amount is larger than that of cloud ice; that is, the simulated cloud
liquid (ice) amount is about one-seventh (one-fourth) less than the reanalysis, respectively.
This result is consistent with that of previous studies which show that CAM5 underesti-
mates supercooled liquid-containing clouds [15,34], and this shortcoming is similarly found
by many other GCMs [18,38]. Macilhattan et al. (2020) reported that CAM6 produces more
cloud liquid and less cloud ice than CAM5, which indicates that the mixed-phase clouds
increase [24]. Our results also indicate that the amount of cloud liquid (ice) simulated
in CAM6 is more (less) than in CAM5. The ratio of the mixed-phase clouds in CAM6 is
even larger than the observation (not shown). Because of the overestimation of the cloud
liquid amount in CAM6, the total cloud condensate is also overestimated compared to the
reanalysis. The simulated cloud characteristics of CAM6 over the sub-Arctic are similar
to those of the Arctic. Notably, CAM5 simulates a similar cloud liquid amount to the
reanalysis over the sub-Arctic region. The increase in the ratio of cloud liquid amount over
the Arctic and the high latitudes increases the cloud optical depth, which can increase CRF.
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Figure 5. Annual mean vertical profiles of grid-mean (a) cloud condensate mass (cloud liquid + cloud ice),
(b) cloud liquid mass, and (c) cloud ice mass averaged over the Arctic from ERA-Interim reanalysis
(ERA, black lines), CAM6 (red lines), and CAM5 (blue lines). (d–f) are the same as (a–c) except for
over the sub-Arctic area.

Figure 6 shows the bias of LCF, downward longwave radiation at the surface (FLDS),
downward shortwave radiation at the surface (FSDS), and SAT, as well as the differences
between the two models in summer. CAM5 underestimates LCF compared to the obser-
vations over the Arctic, Greenland, and Central Siberia, while it overestimates it in East
Siberia and Alaska (Figure 6a). The reduction in Arctic clouds in CAM5 slightly decreases
FLDS and strongly increases FSDS (Figure 6d,g). Although the bias in the FSDS is larger
than that of the FLDS, the CRE by FSDS is very small because of the high surface albedo on
sea ice over the Arctic. Then, the sum of the CREs by FLDS and FSDS causes a weak cold
bias over the Arctic (Figure 6j). Compared to CAM5, CAM6 simulates a substantial increase
in LCF over the Arctic and the high latitudes, which leads to Arctic warming due to the
increase in FLDS and to the sub-Arctic cooling due to the decrease in FSDS (Figure 6b,e,h,k).
Compared with the observation, the change in CAM6 substantially reduced the bias of
FLDS in the Arctic. Meanwhile, excessive cloud overestimation enhances the reduction in
FSDS and causes cold bias over the sub-Arctic region (Figure 6c,f,i,l).
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Figure 6. Biases of (a–c) low cloud fraction (LCF) against the CALIPSO–GOCCP observation, (d–f)
downward longwave (LW) radiative flux at the surface (FLDS), (g–i) downward shortwave (SW)
radiative flux at the surface (FSDS), and (j–l) surface air temperature (SAT) against the ERA-Interim
reanalysis during JJA obtained from (left) CAM5 and (right) CAM6, and (center) the differences in
each variable between CAM6 and CAM5.

As mentioned above, CRE by FLDS is dominant in determining SAT over the high
latitudes, and SW radiation is almost zero in winter. Figure 7 shows the deviations in
LCF, FLDS, and SAT from observations and the differences between the two models in
wintertime. CAM5 underestimates LCF over all the high latitudes compared to the obser-
vation, which causes a decrease in the FLDS and a cold bias at the surface (Figure 7a,d,g).
CAM6 produces a larger LCF than CAM5, which leads to an increase in both the FLDS
and SAT (Figure 7b,e,h). This increase in LCF in CAM6 causes excessive overestimation of
the LCF and FLDS compared to the observation. The excessive CRE by FLDS successfully
reduces the cold bias over the Arctic but causes warm bias over the sub-Arctic region
compared to the observation (Figure 7c,f,i). Our results reveal that the spatial pattern of
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the difference in the downwelling cloud radiation between the two models is consistent
with that of SAT. The magnitude of the radiation strength is also large enough to affect
SAT changes in both summer and winter. Consequently, the increase in cloudiness in
CAM6 is responsible for improving the Arctic climate simulation and the degradation of
the sub-Arctic climate simulation.
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Figure 7. Biases of (a–c) low cloud fraction (LCF) against the CALIPSO–GOCCP observation, (d–f)
downward longwave (LW) radiative flux at the surface (FLDS), (g–i) surface air temperature (SAT)
against the ERA-Interim reanalysis during DJF obtained from (left) CAM5 and (right) CAM6, and
(center) the differences in each variable between CAM6 and CAM5.

CAM6 simulates interannual variability and linear trends of the high-latitude climate
differently from CAM5. Figure 8 shows the interannual variation of the annual and seasonal
mean SAT over the Arctic and sub-Arctic region. Over the Arctic, as discussed above, CAM6
reduces the cold bias of CAM5 during the analysis period (i.e., 34 years) in both summer
and winter, simulating the annual mean SAT similar to the observation. The magnitude
of interannual variability of annual mean SAT in CAM6 is relatively small, unlike CAM5
and the observation mainly due to small interannual variability in the summertime. Both
models simulate a weaker Arctic warming trend than the observed, especially in winter.
Over the sub-Arctic region, CAM5 represents a weak warm bias in the summertime and a
strong cold bias in the wintertime. In contrast, CAM6 produces a robust cold bias in the
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summertime and a robust warm bias in the wintertime continuously during the analysis
period. The magnitudes of interannual variability in CAM6 are smaller than that of CAM5
and the observation for both of the two seasons. The linear trend of annual mean SAT
simulated in CAM5 is similar to the observation, whereas CAM6 overestimates instead,
especially in the summertime. Both models show a warming trend in winter, whereas
observation shows a cooling trend. The characteristics of interannual climate variability
simulated in both models are closely related to cloud simulation. Figure 9 shows the
interannual variation in the seasonal mean SAT and LCF over the Arctic and sub-Arctic
regions. In both models, the correlation between the interannual variabilities in the SAT
and LCF is significantly high, except for the summer Arctic, where the CRFs of LW and
SW are combined. The magnitude of LCF’s interannual variability in CAM6 is smaller
than that in CAM5 in the Arctic and sub-Arctic summer and in the sub-Arctic winter. That
seems to make the magnitudes of SAT’s interannual variability in CAM6 small compared
to CAM5. Consequently, the excessive cloudiness in CAM6 induces low interannual
variability, which impairs the simulation performance of climate variability and trend over
the sub-Arctic region.
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Figure 8. Interannual time series of the surface air temperature (SAT) averaged over (a) the Arctic
and (b) sub-Arctic during (upper) JJA, (middle) annual mean, and (bottom) DJF from ERA-Interim
reanalysis (ERA, black lines), CAM6 (red lines), and CAM5 (blue lines). The solid thin lines indicate
their linear trend.
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Figure 9. Interannual time series of the surface air temperature (SAT, solid line) and low cloud
fraction (LCF, dotted line) averaged over (a,c) the Arctic and (b,d) the sub-Arctic region during
(a,b) JJA and (c,d) DJF from CAM6 (red lines) and CAM5 (blue lines). “Corrxx = XX” indicates the
correlation between SAT and LCF for CAM6 (red) and CAM5 (blue). The asterisks indicate statistical
significance (p < 0.05).

4. Summary and Discussion

Many GCMs have difficulty simulating climate and clouds over the Arctic and the
northern high latitudes. This study assessed the impact of cloud simulation in high latitudes
by comparing the long-term parallel simulations of CAM6, the latest version, and CAM5,
the previous version. The results show that CAM6 represents a considerable improvement
over the Arctic in reducing the cold bias of CAM5 throughout the year. In contrast, over
the sub-Arctic region, CAM6 simulates larger biases of SAT and clouds than that of CAM5
in producing an excessive cold bias in summer and an excessive warm bias in winter.
Although the characteristics of high-latitude climate simulation in CAM6 vary according to
seasons and regions, there is one cause: CAM6 simulates more cloud fraction and cloud
liquid amount than CAM5 both over the Arctic and the sub-Arctic areas throughout the
year. In particular, the cloud fraction simulated in CAM6 does not represent seasonal
variability, unlike CAM5 and the observation, which causes a considerable overestimation
of the winter cloud fraction compared to the observation. Previous studies noted that
the increases in cloud liquid amount over the high latitudes in CAM6 are mainly due to
two updated physical parameterizations: a mixed-phase ice nucleation scheme and a new
version of the microphysics package (MG2) [39]. The new mixed-phase ice nucleation
scheme implies that in relatively clean air, such as the one above the Arctic, ice nucleation
and cloud ice formation are limited [40]. The prognostic precipitation in MG2 reduces the
precipitation frequency in the liquid cloud over the high-latitudes [24]. The two physical
parameterizations in CAM6 may enhance to increase the cloud liquid relative to CAM5.

The increases in the cloud fraction and the cloud liquid amount enhance CRF over
the high latitudes. In the summer, the overestimation of the cloud amount in CAM6
alleviates the cold bias in CAM5 increasing FLDS in the Arctic, but it causes an excessive
cold bias by blocking FSDS over the sub-Arctic land area. In winter, the overestimation of
the cloud amount in CAM6 alleviates the cold bias in CAM5 over the Arctic, increasing
FLDS, but induces the excessive warm bias over the sub-Arctic land area. In addition,



Atmosphere 2022, 13, 936 12 of 13

the excessive cloudiness in CAM6 causes low interannual variability, which impairs the
simulation performance of climate variability and trends over the sub-Arctic region. The
characteristics of high-latitude climate and cloud simulation in CAM6 should be considered
when interpreting the various results of climate experiments using CAM6. Not only the
climate simulation but also the increase in the cloud fraction and cloud liquid amount over
the Arctic may be responsible for the sea ice simulation in fully coupled GCM. Huang et al.
(2021) [41] examined this issue using Community Earth System Model version 1(CESM1),
whose atmospheric component is CAM5. They demonstrated that the increase in the cloud
fraction and cloud liquid amount enhances melting sea ice over the North Atlantic Ocean,
most likely caused by a positive feedback process between clouds, radiation, and sea ice.
Our further study will address this issue using CESM2 including CAM6.
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