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Abstract

Equilibrium climate sensitivity (ECS) and its related feedbacks are important metrics used to measure the global mean surface
temperature change in future climate projections. This paper uses the radiative kernel approach and a simplified cloud feedback
calculation (comparing three different cloud feedback methods) to analyze the differences in the ECS, as well as the feedbacks
contributing to it, between two versions of the Flexible Global Ocean-Atmosphere-Land System model (i.e., FGOALS-g2 and
FGOALS-g3). The results show that the ECS of FGOALS-g3 is smaller than that of FGOALS-g2 (2.8 K versus 3.3 K). The
main feedbacks contributing to the ECS change in FGOALS-g3 are the weaker surface albedo feedback and stronger negative
shortwave cloud feedback. The reduced surface albedo feedback in FGOALS-g3 is associated mainly with its mean base state,
which has a lower surface air temperature and larger sea ice area compared with FGOALS-g2. The enhanced negative shortwave
cloud feedback in FGOALS-g3 is caused mainly by the larger low-cloud area fraction and liquid water path. Furthermore, the
ECS change can be traced back to the different cloud parameterization scheme, parameter tuning, ocean grid, and external

forcings used in FGOALS-g3, as these all affect the mean climate state of the model.
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Key Points:
e Three methods of different complexities for calculating cloud feedbacks are compared.
e The equilibrium climate sensitivity of FGOALS-g3 is smaller than that of FGOALS-g2.

e The equilibrium climate sensitivity decrease in FGOALS-g3 can be attributed mainly to
its more cloud and weaker surface albedo feedback.
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Abstract

Equilibrium climate sensitivity (ECS) and its related feedbacks are important metrics
used to measure the global mean surface temperature change in future climate projections. This
paper uses the radiative kernel approach and a simplified cloud feedback calculation (comparing
three different cloud feedback methods) to analyze the differences in the ECS, as well as the
feedbacks contributing to it, between two versions of the Flexible Global Ocean-Atmosphere-
Land System model (i.e., FGOALS-g2 and FGOALS-g3). The results show that the ECS of
FGOALS-g3 is smaller than that of FGOALS-g2 (2.8 K versus 3.3 K). The main feedbacks
contributing to the ECS change in FGOALS-g3 are the weaker surface albedo feedback and
stronger negative shortwave cloud feedback. The reduced surface albedo feedback in FGOALS-
g3 is associated mainly with its mean base state, which has a lower surface air temperature and
larger sea ice area compared with FGOALS-g2. The enhanced negative shortwave cloud
feedback in FGOALS-g3 is caused mainly by the larger low-cloud area fraction and liquid water
path. Furthermore, the ECS change can be traced back to the different cloud parameterization
scheme, parameter tuning, ocean grid, and external forcings used in FGOALS-g3, as these all

affect the mean climate state of the model.
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Plain Language Summary

Equilibrium climate sensitivity (ECS) is an important quantity as it measures the
magnitude of projected warming. However, there is some uncertainty regarding ECS-related
feedbacks due to the different methods used to calculate them. Three methods of different
complexity used to calculate cloud feedbacks are compared here, and the simplest method is
selected to analyze the change in ECS between two versions of the Flexible Global Ocean-
Atmosphere-Land System model (i.e., FGOALS-g2 and FGOALS-g3). The main causes of the
ECS difference between FGOALS-g3 and FGOALS-g2 are the surface albedo feedback and the
shortwave cloud feedback. These are related to the different base states which are further due to
the different cloud schemes, parameter tuning, and ocean grids used in the two models. Regional
characteristics cause the differences between the surface albedo feedback of the two versions of

the model to change over time.
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1 Introduction

Climate warming is an important topic related to the future of humankind, and carbon
dioxide is one of the main greenhouse gases (GHGS) that causes this warming. Equilibrium
climate sensitivity (ECS), defined as the equilibrium change in annual global mean surface
temperature following a doubling of the atmospheric CO, concentration relative to the pre-
industrial level (piControl; Flato et al., 2013), can be used to understand how much the Earth’s
surface temperature will change in response to a certain CO, concentration (Zeebe, 2011). The
ECS magnitude could be amplified or damped by many feedbacks—an interaction in which a
perturbation in one climate quantity causes a change in another, which in turn leads to an
additional change in the first quantity (Cubasch and Cess, 1990; Pachauri et al., 2014). The
physical feedbacks affecting the ECS include the temperature feedback (Ar), water vapor
feedback (Awy), surface albedo feedback (), and cloud feedbacks (A¢; Zhang et al., 1994). The
temperature feedback can further be decomposed into the Planck feedback (Apianck) and lapse rate
feedback (ALR).

The ECS range of climate models participating in the Coupled Model Intercomparison
Project phase 3 (CMIP3; Randall et al., 2007) was 2.1-4.4 K, and then 2.1-4.7 K for CMIP5
(Flato et al., 2013), and 1.8-5.6 K for CMIP6 (Zelinka et al., 2020), indicating that the large
uncertainty in the ECS has not narrowed with the ongoing model development (Soden and Held,
2006). Although the lower limit of climate sensitivity is well-constrained and already provides
useful information for policy makers, the upper limit is more difficult to quantify (Knutti and
Hegerl, 2008). The wide ECS range in the CMIP models is caused by many factors: different
resolutions and/or grids (McGregor, 2015; Doescher et al., 2002), cross-field correlations (Soden

et al., 2008), different climate background states (Friedrich et al., 2016), and uncertainties
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regarding the evolution of tropical low cloud (Vial et al., 2017). For example, different cloud
parameterizations are always considered to be a major factor affecting the ECS (Zhao et al.,
2016), and the greater decrease in low cloud coverage and extra-tropical albedo is the main
reason for the higher ECS of the CMIP6 models compared with those in CMIP5 (Zelinka et al.,
2020). Furthermore, aerosol—cloud interactions are the primary cause of the different ECS in the
two versions of the European Centre Earth model, EC-Earth2 and EC-Earth3 (Wyser et al.,
2020). In addition, advances in the methods used to calculate the ECS mean our understanding of
climate feedbacks is constantly changing; hence, the calculation method is another important link
affecting the values of ECS and climate feedback parameters.

A number of methods have been developed to quantify and compare the ECS and the
feedbacks contributing to it associated with different models. Among these methods, the one
proposed by Gregory et al. (2004) is the most widely used for calculating the ECS of a General
Circulation Model (GCM) in which the climate variables respond to a constant forcing, such as
an instantaneous doubling or quadrupling of CO,. In this method,

N =F —H = F + A0, AT, (1)
where N is the top of atmosphere (TOA) net radiative flux, F is the radiative forcing induced by
the forcing agent, H is the radiative response caused by the raised CO, concentrations, which
offsets F, A;,; is the total climate feedback parameter, and AT is the change in the near-surface
air temperature (SAT). If F = H, then N is equal to zero and the SAT change reaches a new
equilibrium state AT, (Shine et al., 2003). In this case, in an experiment of abruptly
quadrupled CO; concentration (abrupt4xCQO2) relative to the piControl run, the ECS is taken to

be half of AT, 4.
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Based on the partial radiative perturbation method (Wetherald and Manabe, 1988), Soden
and Held (2006) proposed a widely used technique that decomposes each feedback into two
parts: a “radiative kernel”, [0(N — F)/dX], describing the TOA radiative flux response to an
incremental change in a variable X (surface temperature, atmospheric temperature, water vapor,
surface albedo, cloud) that depends on the base state of the model, and the climate response of
the variable, (dX/dT;). The two parts are combined to measure the feedback amplitude of a
particular variable. The radiative kernel part implies that there is a linear relationship between
the TOA radiative flux and the perturbated variable. However, because cloud processes are
nonlinear, cloud feedbacks are more appropriately calculated in a different way (Shell et al.,
2008).

The simplest method to calculate the cloud feedback parameter is to regress the change in
cloud radiative forcing (CRF) onto the change in global average SAT between the doubled-CO,
run and piControl run (Cess and Potter, 1988). Alternatively, the cloud feedback parameter can
be calculated as the residual difference between the total climate feedback (1;,;) and the sum of
the other feedbacks (A, 4,, and 4y,,; Soden and Held 2006; Senior and Mitchell, 2000).

To further reduce the sensitivity to uncertainties caused by external radiative forcings,
another method has been proposed that involves adjusting the model-simulated change in CRF to
account for cloud masking effects (Soden et al., 2008). For example, in the Community
Atmosphere Model version 5 (CAM5), the cloud forcing was adjusted to account for the direct
and indirect effects of GHGs and aerosols by introducing a “GHG kernel” and “aerosol kernel”,
which remove the forcing effects of GHGs and aerosols, respectively (Hansen et al., 2005;
Gettelman et al., 2016). In addition, to correct for changes in non-cloud variables that can alter

the cloud feedback, Vial et al. (2013) used the difference in the kernels for temperature, water
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vapor, and surface albedo between all-sky and clear-sky conditions as part of the cloud feedback
term.

Yet another method to determine cloud feedbacks is to use overcast-sky CRF histograms,
where “overcast” indicates that cloud covers the entire atmospheric column in the radiation code.
In this method, zonal and monthly mean annual cycles of temperature and water vapor profiles
are averaged together as input to the Fu and Liou (1992) radiation code (Zelinka et al., 2012).

In brief, although the ECS calculation proposed by Gregory et al. (2004) is the most
commonly used, methods of different complexity are used to calculate feedbacks contributing to
the ECS, especially the cloud feedback. These methods all produce different feedback parameter
values, which makes it difficult to directly compare different studies. Consequently, one aim of
this study is to compare the values of the cloud feedback parameter obtained using different
methods and to identify the method that results in the smallest residual value. Another aim is to
analyze the change in the ECS, as well as the feedbacks contributing to that change, between two
versions of the Flexible Global Ocean-Atmosphere-Land System model, FGOALS-g2 and
FOGALS-g3, which are participating in CMIP5 and CMIP6, respectively.

The remainder of this paper is organized as follows. The two versions of the FGOALS-g
model and the comparison of different cloud feedback methods are described in section 2. The
analysis of ECS and the contributing feedback components are presented in section 3. A

summary and discussion are provided in section 4.

2 Model Description, Methods, and Data Processing

2.1. Model Description
FGOALS-g is a coupled model developed at the State Key Laboratory of Numerical

Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics (LASG), part of the
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Institute of Atmospheric Physics (IAP) of the Chinese Academy of Sciences. The model
currently has three formal versions; i.e., FGOALS-g1, FGOALS-g2, and FGOALS-g3, which
have participated in CMIP3, CMIP5, and CMIP6 respectively (Li et al., 2007, 2013a, 2020a).
These versions of FGOALS-g comprise four component models (i.e., the atmospheric model,
ocean model, sea ice model, and land surface model) and a coupler. Compared with FGOALS-
g2, the components were updated in FGOALS-g3 as follows. The Grid-point Atmospheric
Model of LASG/IAP version 3 (GAMIL3; Li et al., 2020b) was used instead of GAMIL2 (Li et
al., 2013b), the LASG/IAP Climate system Ocean Model version 3 (LICOMS3; Yu et al., 2018)
was used in place of LICOM2 (Liu et al., 2012), the Land Surface Model for Chinese Academy
of Sciences (CAS-LSM; Xie et al., 2018) was used rather than the Community Land Model
version 3 (CLM3, Oleson et al., 2004), the coupler 6 (Craig et al., 2005) was upgraded to the
coupler 7 (Craig et al., 2012), and the external forcings recommended by CMIP6 (Eyring et al.,
2016) were used instead of those from CMIP5 (Taylor et al., 2012). The upgrades of the
component models focus mainly on the horizontal grid resolution, physical processes, and tuning
parameters (Li et al., 2020a). In both FGOALS-g2 and FGOALS-g3, the sea ice model is the
Community Ice CodE version 4 (CICE4). CAS-LSM is based on CLM4.5 (Oleson et al., 2013)
and takes into account the effects of lateral groundwater flow (Xie et al., 2012; Zeng et al.,
2018), human water intake (Zou et al., 2014; Zeng et al., 2016), soil freezing and thawing
interface changes (Gao et al., 2016; 2019), and river nitrogen transport processes (Liu et al.,

2019).

2.2. Methods
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Our feedback calculations were based on the radiative kernels of CAM5 (Pendergrass et al.,
2018) and used three different cloud feedback methods. The default method was to use the sum
of the net TOA radiation flux change under GHG forcing and aerosol forcing as cloud masking

of radiative forcing, which may be written as follows:

whole sk whole sk whole sk
Atot = Asum + Res = A7, Y+ Ay T+ Ay Y+ A, + Res 2)
ACRE | ACREGHG  pcRrpAerosol clear sky whole sky
A= +=f—+—Ff—+2Z x(2% — Ay ®)

The left-hand side of Eq. (2) is the total feedback (4;,;) corresponding to the ECS calculated by
the Gregory et al. (2004) method. The first term on the right-hand side of Eq. (2) is the sum of all

feedback components (A,,,,) calculated using the radiative kernels of CAMS5, which include the

temperature feedback (17" *), the water vapor feedback (15" *”), and the surface albedo

feedback (12"° *<7) of the whole sky, as well as the cloud feedback (1.). The second term on
the right-hand side is a residual term (Res). In Eq. (3), ACRE is the change in cloud radiative
effect (CRE), in which the CRE is the difference between the TOA whole-sky radiative flux and
clear-sky radiative flux. The second and third terms on the right-hand side of Eq. (3) are the
GHG forcing and aerosol forcing adjustment terms, respectively. The fourth term on the right-
hand side of Eq. (3), [Zx (A5 *%Y — 27" *K¥)], is the sum of differences between whole-sky
and clear-sky feedbacks (except for the cloud feedback).

Another relatively simple cloud feedback method used in this study is that of Soden et al.

(2004):

ACRE
AC - AT +/1Cloudcorr (4)

_ clear sky whole sky
Acloudcorr = ZX(Ax - /1x (5)
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Eq. (4) is relatively accurate when perturbations are small, however its accuracy decreases when
perturbations become large, as in the abrupt4xCO2 experiments (Jonko et al., 2012; Block and

Mauritsen, 2013). Eq. (4) can alternatively be written as:

ACRE clear sk whole sk
Ao = 2R84 (qstearsky _ ) y

T
+/11C,|l;,ar5ky A\&//P‘L/ole sky +/1clearsky A\(;vhole sky) (6)
Combining Eqg. (2) and Eq. (6),
l k l k l k ACRE
Amt_l;earsy_l_lcearsy_l_acearsy_i_ = + Res (7)

The methods that are based on Eq. (3) and Eq. (4) require the use of kernel data to calculate
the cloud feedback, but the following method does not. In this method, the cloud feedback term

(Chen et al., 2014) is simplified as:

ACRE
Je =2 (®)

Using Eq. (8) to replace the cloud feedback term in Eq. (2):

whole sk whole sk whole sk ACRE
Aeor = Ag T Y+ Ay y+AT + Res (9)
N

ACREG ACREAerosol
and , are zero,
ATy

If the second and third terms on the right-hand side of Eq. (3),

then Eq. (2) becomes equivalent to Eq. (7). If the second term on the right-hand side of Eq.
(4), Acioud,,,, 1S zero, then Eq. (7) becomes equivalent to Eq. (9).

In real calculations, there are large uncertainties associated with the residual term among
different kernel methods (Vial et al., 2013). Therefore, we compared the residuals calculated
using three different methods: the CAMS5 radiative kernel method (Eg. (2) and Eq. (3), group 1),
the wholly simplified method (Eq. (9), group 2), and the simplified method (Eq. (7), group 3;
Fig. 1). In the three methods, except for the calculation of cloud feedback is different, the

calculation of other feedback is identical, different cloud feedback methods have great influence
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(about 0.3~0.7) on the cloud feedback and final residual in multi-model comparison. The
residual amplitude in group 2 (A¢oua corr = 0) Was the smallest among the three groups in both
versions of FGOALS-g. It should be noted that in group 1, the GHG and aerosol forcing
experiments of CAM5 were used to calculate the FGOALS-g feedback. As these experiments
were not performed using FGOALS-g, this may be one of the reasons for the large residual
associated with this method. We used the wholly simplified method based on Eg. (9) in the
following analysis because of its simple calculation, easy operation, clear physical meaning, and
small residual.

To further investigate the source of the residual term, we divided the residual in Eg. (9) into

longwave (LW) and shortwave (SW) components as follows. Eq. (9) can be rewritten as:

Ar +Awy + A + Ao + Res =W (10)

where the net radiative flux (R) is set to be positive downward and negative upward. The
feedbacks calculated by kernels were separated into LW and SW radiative fluxes (R, and

Rgyy). The LW and SW radiative feedbacks are written as:

—R

)\T + )\LWWV + )\LWC + ReSLW = TZ;W = ALW (11)
R

Aa + }\SWWV + ASWC + RQSSW = AS_T‘"/SV = )\SW (12)

where Res;y, and Resgy, are the residuals of the difference between the total feedback and the

sum of the LW and SW component feedbacks, respectively.

2.3. Data Processing
During post-processing of the model data, the stratosphere is masked, with the height of the

tropopause crudely estimated at 100 hPa in the tropics and lowered to 300 hPa at the poles. As
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introduced in Soden and Held (2006), we use decadal means to compare FGOALS-g3 with
FGOALS-g2 to diminish interannual variability. Considering the dependence of ECS on data
length (Senior and Mitchell, 2000), the 150-year abrupt4xCQO2 and piControl simulations were
divided into fast-response (years 1-20) and slow-response (years 21-150) stages to facilitate a
more comprehensive understanding of the differences between the two model versions. In
addition, there is an assumption that the radiative flux of a variable X is calculated independently

for each layer, which is generally valid at the global scale (Colman and McAvaney, 1997).

3 Results

3.1. Equilibrium Climate Sensitivities and Feedbacks

The ECS was 2.8K for FGOALS-g3 and 3.3K for FGOALS-g2 when using the 150-year
dataset, but this increased to 3.0K and 3.7K for FGOALS-g3 and FGOALS-g2, respectively,
when considering only the slow-response stage (years 21-150; Fig. 2). Thus, there was a 0.2K
and 0.4K difference in the ECS of FGOALS-g3 and FGOALS-g2, respectively, when
considering only later years in the simulation, which we attribute to their different fast- and slow-
response stages.

The SAT anomaly (SATA) variation in the 150" year of the FGOALS-g3 simulation was
smaller than that of FGOALS-g2 (Fig. 3a, solid line), which is consistent with the change in the
ECS. However, the changes of the SATA were significantly different in the fast- and slow-
response stages between the two model versions; compared with FGOALS-g2, changes were
larger in the fast-response stage and smaller in the slow-response stage in FGOALS-g3. As with
the global mean SATA evolution, the decrease of the sea ice area (SIA) in the Northern

Hemisphere occurred faster (slower) in FGOALS-g3 in the fast- (slow-) response stage than in
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FGOALS-g2 (Fig. 3b, solid line). The decrease of the SIA in the Southern Hemisphere was
consistently slower in FGOALS-g3 than in FGOALS-g2 throughout the whole simulation. In
addition, the global mean SAT of FGOALS-g3 was higher by about 0.75K than that of
FGOALS-g2 in the piControl simulation (Fig. 3a, dashed line), whereas the SIA in the Northern
Hemisphere of FGOALS-g3 was larger than that of FGOALS-g2 (Fig. 3b, dots). Overall, the
different evolution of the SAT in the fast- and slow-response stages between the two model
versions was associated with the sea ice reduction.

During the slow-response stage, the value of A, was relatively close to A, again
demonstrating the small residual of our chosen feedback calculation method (Fig. 4). The
difference in A, between the two model versions can be attributed to the differences in each
feedback. How much each feedback contributes depends on the dataset length, because the
climate feedback amplitudes are related to the dataset length used (Table 1).

Considering the full dataset length (Fig. 4, triangles), the differences in the lapse rate
feedback, water vapor feedback, and surface albedo feedback more or less cancel out, resulting
in the cloud feedback contributing the most to the ECS difference. That is, the stronger negative
cloud feedback in FGOALS-g3 is the main reason for the ECS decrease from FGOALS-g2 to
FGOALS-g3, which is consistent with the result that stronger positive cloud feedbacks
contribute to the higher multi-model mean ECS of CMIP6 models compared with CMIP5
models (Zelinka et al., 2020; Table 1).

During the slow-response stage (Fig. 4, hollow circles), the difference in the surface albedo
feedback between the two model versions was close to that of the cloud feedback, and was
therefore another main contributor to the lower ECS in FGOALS-g3. The causes of these

changes will be discussed in sections 3.2 and 3.3.
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3.2. Surface Albedo Feedback

The surface albedo feedback is closely related to changes in SIA. As described in the
previous section, the SIA evolution in both polar regions during the slow-response stage is
consistent with the variation in SAT,; i.e., the SIA decreases less in FGOALS-g3 than in
FGOALS-g2, and the SAT increases less in FGOALS-g3 than in FGOALS-g2. Changes in the
surface albedo feedback unfold differently in the three stages considered here, so for simplicity
and brevity, in the following we focus on the Arctic region only.

The overall change in the surface albedo feedback between the two model versions arises
mainly during the slow-response stage around the center of the Arctic, during the fast-response
stage in the Okhotsk Sea, and during both the fast- and slow-response stages in the North
Atlantic and Bering Sea (not shown). Figure 5 shows the differences in the surface albedo
feedback, SAT, and SIA between the abrupt4xCO, and piControl simulations in the center of the
Arctic, North Pacific (Bering Sea and Okhotsk Sea), and North Atlantic (Davis Strait, Labrador
Sea, and Norway Sea) in the fast- and slow-response stages.

In the fast-response stage, the SIA decrease in FGOALS-g3 occurs significantly faster than
in FGOALS-g2 in the North Atlantic, North Pacific, and Hudson Bay, which could be associated
with the relatively large SIA at the edge of the Artic region in FGOALS-g3. Hence the range and
amplitude of the warming in FGOALS-g3 are larger than in FGOALS-g2 (Fig. 5a and 5b). In the
central Arctic, although the decrease in SIA in FGOALS-g3 occurs slightly slower than in
FGOALS-g2, the mean SIA decreases faster in the Northern Hemisphere (Fig. 3b). These results

show that the SIA change in the central Arctic does not dominate the stronger surface albedo
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feedback in FGOALS-g3 during the fast-response stage, but rather the SIA change at the edge of
the Arctic region is dominant (Table 1).

In the Okhotsk Sea and North Atlantic (Davis Strait, Labrador Sea, and Norway Sea), the
difference in the surface albedo feedback during the fast-response stage between the two model
versions is also related to changes in the ocean circulation. The Atlantic meridional overturning
circulation (AMOC) is important in regulating the pace of surface warming (Medhaug and
Furevik, 2011; Chen and Tung, 2018). The AMOC index, defined as the maximum of the
meridional overturning stream function between 15°N and 65°N below 500 m in depth,
decreases significantly faster in FGOALS-g3 (about —21 Sv) than in FGOALS-g2 (about —8 Sv)
during the fast-response stage (Fig. 6). The stronger AMOC and AMOC decrease are closely
associated with the faster changes in SAT, SIA, and surface albedo feedback in FGOALS-g3.

On the other hand, during the slow-response stage, the AMOC remains essentially
unchanged in both model versions, which is similar to the small changes seen during the slow-
adjustment stage in the Geophysical Fluid Dynamics Laboratory (GFDL) model (He et al.,
2017). During the slow-response stage, the change in SIA in the central Arctic is consistent with
the finding that differences in the surface albedo feedback between models stem mainly from the
sensitivity of the surface albedo to surface temperature (Winton, 2006). That is, the more
regional snow and sea ice there is, the higher the surface albedo, which leads to lower local
temperatures, thus promoting the increase of regional snow and sea ice, and vice versa. The
positive surface albedo feedback loop in FGOALS-g3 is slower than in FGOALS-g2 during the
slow-response stage around the center of the Arctic (Fig. 5¢ and 5d) and eventually dominates
the change in surface albedo feedback in the simulation as a whole, which is closely related to

the lower background temperature in FGOALS-g3 (about 2 K lower). Moreover, the weak
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AMOC of FGOALS-g3 in the slow stage will weaken the heat northward transport in the upper
ocean level, which can contribute to slow down the warming (Fig. 6). Levermann et al. (2007)
also pointed out that the positive relationship between mean AMOC and AMOC decline under
CO2 forcing is mediated by sea ice. However, the relationship among AMOC, SAT and SIA is
complex in CMIP5 or CMIP6 models which is not simply to promote or inhibit the change of
ECS among different models (Weijer et al., 2020).

In general, the difference in the surface albedo feedback between FGOALS-g2 and
FGOALS-g3 can be attributed mainly to their different climate base states; i.e., the lower
temperature, larger sea ice cover, stronger AMOC in FGOALS-g3 in the piControl simulation,
and weaker AMOC in FGOALS-g3 in the slow-response stage. These mean-state differences are
further related to the different external forcings used in CMIP5 and CMIP6, and the different
ocean grids used in the two model versions; in FGOALS-g3, the ocean grid was updated from a

latitude-longitude grid to a tripolar grid (Li et al., 2017; Lin et al., 2020; Li et al., 2020a).

3.3. Cloud Feedback

Different types of clouds have different radiative effects (Zelinka et al., 2012). Low clouds
reflect solar radiation and therefore have a cooling effect, whereas high clouds absorb the LW
radiation emitted by the Earth and so have a warming effect. Consequently, the net effect
(cooling or warming) depends on the type of clouds present. In the FGOALS-g model, the CRF
calculations are closely associated with the cloud area fraction (CAF) and liquid water path
(LWP; Li et al., 2014, 2015). The CAF anomaly increases significantly faster in FGOALS-g3
than in FGOALS-g2 in the simulation as a whole and the difference in the CAF between the two

model versions at the 150" year reaches about 1.2% (Fig. 7a). Moreover, the piControl CAF of



362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

FGOALS-g3 is higher by about 0.8% than that of FGOALS-g2 (Fig. 7a). The LWP anomaly at
the 150" year of FGOALS-g3 is also higher by about 1.5 g m than in FGOALS-g2, and the
LWP in the FGOALS-g3 piControl run is higher by about 12 g m than in FGOALS-g2 (Fig.
7b). However, the ice water path (IWP) anomaly at the 150" year of FGOALS-g3 decreases by
about 0.4 g m™ more than in FGOALS-g2, and the background IWP of FGOALS-g3 is lower by
about 2 g m2 than in FGOALS-g2 (Fig. 7b). The change in the condensed water path includes
changes to the LWP and IWP, and comes mainly from the LWP, as the IWP changes less in the
FGOALS-g models. As pointed out in many studies, the changes in LWP affect cloud scattering,
which leads to a big difference in the cloud feedback between the two model versions and further
affects the ECS (Turner et al., 2007; Zelinka et al., 2012; Bodas-Salcedo et al., 2016).

Compared with FGOALS-g2, FGOALS-g3 has a higher CAF and LWP, and a stronger
negative cloud feedback (Table 1). This is consistent with the amplification of the water vapor
feedback (Silvers et al., 2018). Figure 8 shows that the difference in the spatial distribution of
cloud feedbacks between the two model versions, especially the SW cloud feedback, is more
prominent around the equatorial South Pacific and Indian Ocean (the sea area near the
Indonesian islands), and the Southern Ocean, whereas the water vapor feedback is clearly
enhanced in the equatorial South Pacific in FGOALS-g3. Many observational and model
simulation studies have shown that supercooled liquid clouds are ubiquitous over the Southern
Ocean and contribute about one-third of the reflected solar radiation during the austral summer
(Hu et al., 2010; Huang et al., 2015; Zelinka et al., 2012; Bodas-Salcedo et al., 2016; Bacmeister
et al., 2020).

Zelinka et al. (2020) showed that the stronger positive net cloud feedback in CMIP6 arises

primarily from the SW low-cloud component, whereas the non-low-cloud feedback has slightly
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decreased in the CMIP6 models compared with the CMIP5 models. On average, the SW low-
cloud feedback is more positive in CMIP6 due to larger reductions in low-cloud cover and
smaller increases in LWP with warming. The change in the SW low-cloud feedback from
FGOALS-g2 to FGOALS-g3 is just the opposite of the change in the multi-model mean from
CMIP5 to CMIP6. The SW low-cloud feedback in FGOALS-g3 is more negative than that in
FGOALS-g2 (Fig. 8c). This stronger negative SW low-cloud feedback can be attributed to the
larger CAF and LWP in the piControl run, which enhances cloud scattering and suppresses the
temperature increase near the ground.

Low cloud (i.e., below 700 hPa) and high cloud (i.e., above 400 hPa) increase more in
response to a quadrupling of CO; in FGOALS-g3 than in FGOALS-g2, and vice versa for mid-
level cloud (Fig. 9). As in most models, the change in the low-cloud SW feedback dominates the
net cloud feedback in FGOALS-g3 (Zelinka et al., 2020). In some of the climate models
participating in CMIP3, the low-cloud SW feedback in the equatorial region has an opposite
trend to the mid-level-cloud SW feedback (Zelinka et al., 2012), which is consistent with the
increase in low clouds and decrease in mid-level clouds in FGOALS-g3. Moreover, the
enhancement of the low-cloud SW feedback is related to the thickening of low clouds in
FGOALS-g3. The vertical profile of the CAF in Fig. 9 also shows that the cloud cover in both
FGOALS-g2 and FGOALS-g3 is basically constant within each layer throughout the simulation.
This may be because the low-level CAF and LWP in the piControl simulations differ between
the two model versions. The low-level CAF and LWP of the climate base state in FGOALS-g3
are higher than in FGOALS-g2, which is primarily caused by the reduction in the high-cloud

relative humidity threshold, the changed stratocumulus cloud scheme, and the parameter tuning
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(especially the stability trigger for stratus clouds and relative humidity threshold for layer clouds)

in FGOALS-g3 (Li et al., 2020b).

4 Discussion and Conclusions

In this study, we compared three methods of differing complexity that can be used to
calculate the cloud feedback in two versions of the FGOALS-g coupled climate model and found
that, the methods of cloud feedback have great influence (about 0.3~0.7) on cloud feedback in
two versions of the FGOALS-g. Moreover, in both FGOALS-g2 and FGOALS-g3, the residual
term is smallest when the cloud feedback parameter is simply equal to the change in CRE
normalized by the change in surface temperature. Based on this simplified method, we analyzed
the differences in the ECS and its related physical feedbacks between the two versions of the
model. Applying an abrupt4xCQO2 scenario relative to the piControl run, we obtained ECS
values, calculated using a 150-year linear regression (whole-response stage) and a two-stage
(fast-response and slow-response stage) linear regression of 2.8K and 3.0K, respectively, from
FGOALS-g3, and 3.3K and 3.7K, respectively, from FGOALS-g2.

The main feedbacks contributing to the ECS reduction from FGOALS-g2 to FGOALS-g3
were the surface albedo feedback and cloud feedback, although other feedbacks also have
impacts. The negative cloud feedback is strengthened in FGOALS-g3 during the fast, slow, and
whole-response stages. The positive surface albedo feedback was weakened in FGOALS-g3
during the slow and whole-response stages, but was still the biggest term during the slow-
response stage, whereas it is strengthened during the fast-response stage, which is related to the

change in ocean—atmosphere interaction between the fast- and slow-response stages.



430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

Compared with FGOALS-g2, during the fast-response stage of FGOALS-g3, the SIA in the
Northern Hemisphere decreased faster, the SAT increased faster, and the surface albedo
feedback became stronger in the abrupt4xCQO2 scenario relative to the piControl run. This
change can be attributed to the SIA at the edge of the Arctic being larger in FGOALS-g3 than in
FGOALS-g2, which causes it to melt more rapidly, and this is the result of the large
change/mean state in the AMOC intensity during the fast-response/piControl stage. During the
slow-response stage, the changes in SIA occur mainly in the center of the Arctic. This can also
be attributed to the larger SIA and lower SAT in the center of the Arctic in FGOALS-g3 than in
FGOALS-g2, which makes it harder for the ice to melt in FGOALS-g3. These features are
related to the different climate background states in the two model versions, which are caused by
the different external forcings recommended by CMIP5 and CMIP6, and the different ocean
grids used (i.e., a latitude-longitude grid is used in FGOALS-g2 and a tripolar grid in FGOALS-
g3; Lietal., 2017; Lin et al., 2020; Li et al., 2020a).

The difference in the cloud feedback between the versions of the two model is more
prominent in the equatorial Pacific, Indian Ocean, and Southern Ocean, and this is associated
with the increased low CAF and LWP in the piControl run of FGOALS-g3. Compared with the
multi-model average results of Zelinka et al. (2020), the change in the cloud feedback was also
the main cause of the change in ECS between FGOALS-g2 and FGOALS-g3, but the reasons for
the change in this cloud feedback differ. In particular, the differences in the cloud fraction
scheme and parameter (threshold for cloud formation) tuning between FGOALS-g2 and
FGOALS-g3 are important. In addition, the change in the surface albedo feedback is an
important contributing factor to the change in ECS. Compared with the EC-Earth model results

of Wyser et al. (2020) in which the aerosol-cloud interactions contribute to the change of ECS,
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the aerosol-cloud interaction scheme keep the same in two FGOALS-g versions in two
simulations (piControl and abrupt4xCQ2).

In brief, we attribute the changes in the cloud feedback in FGOALS-g3 primarily to the
different LWP and CAF in the climate base state, especially regarding low clouds. These
changes are associated with the reduction of the high-cloud relative humidity threshold, the
different stratocumulus cloud scheme, and different tuning parameters used in FGOALS-g3 (Ll
et al., 2020a).

Using multi-model statistics, Tian (2015) found that weak (strong) double Intertropical
Convergence Zone (ITCZ) biases correspond to high (low) ECS values in CMIP5. However,
FGOALS-g2 shows a stronger double ITCZ than FGOALS-g3 (Li et al., 2020a), and yet the ECS
in FGOALS-g2 is higher than that in FGOALS-g3. Indeed, the emergent relationship between
ECS and a double-1TCZ bias was found to be barely significant in CMIP6 (Schlund et al., 2020).
Moreover, the increase in low cloud coverage has a stronger cooling effect in the high latitudes
of the Northern Hemisphere (e.g., the North Atlantic) in FGOALS-g3, which slows down the
temperature increase in that area and affects the feedback between temperature and surface
albedo. In addition, the change in the cloud feedback in the North Atlantic is related to the
AMOC; the stronger interaction between the AMOC and cloud feedback in FGOALS-g3 also
leads to a stronger negative cloud SW feedback in that area.

The cloud feedback can be divided into LW and SW feedbacks. We calculated and
compared the LW and SW feedbacks in the sum of the component results (left side of Eq. (11)
and Eq. (12)) and the model net long wave results (right side of Eq. (11) and Eq. (12)). The LW
(Fig. 10a and 10b) and SW (Fig. 10c and 10d) residuals in FGOALS-g3 in the equatorial Pacific

are significantly greater than in FGOALS-g2, indicating a strong correlation between the cloud
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and other feedbacks, especially the water vapor feedback. The LW and SW residuals in
FGOALS-g3 at the two poles are slightly less than in FGOALS-g2, indicating a weak
relationship between the cloud and other feedbacks. In addition, the uncertainty of cloud
feedback comes from the selection of different cloud feedback methods. Some methods calculate
negative feedback, while others can calculate positive feedback. No matter how complex they
are, their residual terms are difficult to explain clearly. Moreover, the influence of internal

variability during the slow-response stage cannot be ignored.
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Table 1.Vertically-integrated (up to the tropopause) global and decadal mean values of

feedback parameters (A, Apjancis ALr» Awvs Ag, and A.) given in W m? K%, and their sum (Agym)

estimated using the CAMD5 radiative kernels and CRE under all-sky conditions. The total

feedbacks (A.,;) were calculated using the method of Gregory et al. (2004). ‘Res’ indicates the

difference between A, and Agym-

version stage Ar Aplanck Ar Awy AwviLr Albedo A Asum Aot Res
All -3.5986 -3.1855 -0.4167 2.3278 1.9112 0.5364 -0.3978  -1.1321 -1.3088 -0.1767
FGOALS
Fast -3.7650 -3.1750 -0.5940 2.4429 1.8489 0.5380 -0.5423 -1.3263 —1.5000 -0.1737
-93
Slow -3.2332 -3.1442 -0.0927 2.3241 2.2314 0.5204 -0.1811 -0.5698 —-1.0400 -0.4702
All -3.4004 -3.1440 -0.2629 2.0494 1.7865 0.6218 -0.0218 -0.7511 -0.8692 -0.1181
FGOALS
Fast -3.7775 -3.2110 -0.5729 2.3402 1.7673 0.3764  -0.2902  -1.3511 -1.3700 -0.0189
_92
Slow -3.1705 -3.0966 -0.0802 2.1944 2.1142 0.7478 0.0236 —0.2048 -0.6500 —0.4452
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Figure 1. The residual term of the three cloud feedback calculation methods: the CAM5

radiative kernel method (group 1), the wholly simplified method (21944 corr = 0) (group 2), and

the simplified method (A¢1ouq corr # 0) (group 3).
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842 Figure 2. TOA net radiation against global mean SAT change in the abrupt4xCO2 scenario
843  relative to the piControl run for (a) FGOALS-g3 and (b) FGOALS-g2. The black lines show the
844  fast-response stage (the first 20 years) and the slow-response stage (the last 130 years). The red

845  lines show all 150 years.
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Figure 3. (a) The SAT anomaly change in the abrupt4xCO2 experiment relative to the

piControl run (solid line), and the SAT base state in the piControl simulation (dashed line) for

FGOALS-g2 (blue) and FGOALS-g3 (red). (b) The SIA anomaly change in the Northern

Hemisphere (solid line) and Southern Hemisphere (dashed line) in the abrupt4xCO2 experiment

relative to the piControl run, and the SIA base state in the Northern Hemisphere (dots) and

Southern Hemisphere (plus signs) in the piControl simulation for FGOALS-g2 (blue) and

FGOALS-g3 (red).
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Figure 4. Difference of climate feedback parameters between FGOALS-g3 and FGOALS-
g2, including the total feedback parameter A.,. (calculated using the all-sky net radiation against
the global mean SAT change in the abrupt4xCQO2 scenario relative to the piControl run), its
components (At, Apjanck: ALR» Awvs Aq, @Nd A,), and the sum of all components (Ag,,). The

residual, Res, is equal to Aot — Aqym-

0.5 T T T T T T T 0 T T T
: A whole-response stage
— 0.4 : O fast-response stage |
| : O slow-response stage
¥ 03 A 1 n
o~ 1
| 1
0.2 ' T
£ % ] !
% 041} 8 0 ‘ ]
8 o g ~ —-
8 N 8 ! R
o f¢) A 1
8 .01 i o T
(e A : o
o 0oL A ot
2 02 o CD’ ;
= \
503 : 7
©
L A 8 ° |
g : A
05 1 ] ] ] 1 1 1 L 1 1 ]
T Planck Lapse RateWater Vapor WV+LR Albedo Cloud A A Res

sum tot



886

887

888

889

890

891

892

893

894

Figure 5. Surface albedo feedback (color fill), SAT (contour line), and SIA (shadow fill) in
the versions of the two model around the Arctic. (a), (b) The surface albedo feedback in the fast-
response stage, and the change of SAT and SIA from the 10" to the 20" year in the
abrupt4xCO2 experiment relative to the piControl run. (c), (d) The surface albedo feedback in
the slow-response stage, and the change of SAT and SIA from the 140" to the 150" year in the

abrupt4xCO2 experiment relative to the piControl run. (a), (c) FGOALS-g3, (b), (d) FGOALS-

g2.
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895 Figure 6. The AMOC index anomaly change in the abrupt4xCO2 experiment relative to the
896  piControl run (solid line) and the AMOC index base state in the piControl run (dashed line) for
897 FGOALS-g2 (blue) and FGOALS-g3 (red). The AMOC index is defined as the maximum of the
898  meridional overturning stream function between 15°N and 65°N below 500 m in depth.
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911 Figure 7. Anomaly change in the abrupt4xCQO2 experiment relative to the piControl run
912  (solid line), and the base state in the piControl run (dashed line) for FGOALS-g2 (blue) and
913 FGOALS-g3 (red). (a) Total cloud area fraction (CAF), (b) liquid water path (LWP), and (c) ice

914  water path (IWP).
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918 Figure 8. The difference in the distribution of (a) cloud feedback, (b) water vapor feedback,

919  and (c) cloud SW feedback between FGOALS-g3 and FGOALS-g2.
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Figure 9. The CAF profile anomaly in the abrupt4xCO2 experiment relative to the

piControl run for (a) FGOALS-g3 and (b) FGOALS-g2.
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Figure 10. The LW and SW residual term in the abrupt4xCO2 scenario relative to the

piControl run. (a) The LW residual term of FGOALS-g3. (b) The LW residual term of

FGOALS-g2. (c) The SW residual term of FGOALS-g3.(d) The SW residual term of FGOALS-
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