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Abstract The Grid‐point Atmospheric Model of the IAP LASG version 3 (GAMIL3) has been developed
by upgrading the horizontal resolution, methods of parallel computation, boundary layer scheme, aerosol
parameterization, convective parameterization, stratocumulus cloud fraction scheme, land component, and
coupler, as well as tuning some moist physical parameters with large uncertainties. Its performance is
evaluated, and the results show significant improvements compared with the previous version, GAMIL2.
The simulated performance of mean states is notably enhanced, including the energy budget terms at the top
of the atmosphere (TOA) and surface, shortwave/longwave cloud radiative forcing (SWCF/LWCF),
precipitation, zonal wind, low‐level temperature, 500‐hPa geopotential height, and snow cover fraction in
the Northern Hemisphere. The characteristics of internal variability are captured well, such as the frequency
band and active areas of quasi‐biweekly (QBW) oscillation, spectral power of convectively coupled
equatorial waves (CCEWs), Madden‐Julian Oscillation (MJO) eastward propagation, and heat flux response
to El Niño‐Southern Oscillation (ENSO), and these variabilities are generally strengthened in GAMIL3. In
addition, the anthropogenic aerosol climate effects are weakened when using the forcings recommended by
CMIP6.

Plain Language Summary The Coupled Model Intercomparison Project (CMIP) provides a
multimodel platform for research in climate change originating from unforced variability or in response
to changes in anthropogenic forcings. The Atmospheric Model Intercomparison Project (AMIP) experiment,
which is part of the sixth phase of CMIP (CMIP6), is designed to evaluate the atmospheric component in the
climate system. The GAMIL3 is the atmospheric component of Flexible Global‐Ocean‐Atmosphere‐Land
SystemModel Grid‐point version 3 (FGOALS‐g3), one of the CMIP6 models, and it has been developed from
GAMIL2. This paper presents a description of the GAMIL3 model and its upgrades, the performance of the
simulated mean state and internal variability, and the anthropogenic aerosol climate effects. This
description is useful for understanding climate variability and change.

1. Introduction

The documentation of new Atmospheric General Circulation Model (AGCM) versions and their evaluation
under Atmospheric Model Intercomparison Project (AMIP) simulations are important to understand model
performance and identify the relative contributions of the AGCM to the complex coupled model biases. The
Flexible Global‐Ocean‐Atmosphere‐Land SystemModel Grid‐point version 3 (FGOALS‐g3) developed at the
State Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics
(LASG), Institute of Atmospheric Physics (IAP) of the Chinese Academy of Sciences (CAS), was recently
used to complete the new phase of the Coupled Model Intercomparison Project (CMIP6) experiments (Li
et al., 2020). The atmospheric component of this coupled model is the recently upgraded Grid‐point
Atmospheric Model of the IAP LASG (GAMIL) version 3. The purpose of this paper is to describe the mod-
ifications and to evaluate the performance of the new version compared with its previous version (GAMIL2)
under AMIP mode.
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All GAMIL versions (from 1 to 3) share the same finite difference dynamical core that adopts semi‐implicit
external gravity wave scheme and uses a weighted equal area in high latitudes to compute stably in the polar
regions without any filtering or smoothing (Wang et al., 2004). In this dynamical core, the total mass is con-
served, and total effective energy conservation is also conserved under the standard stratification approxima-
tion. A latitude‐longitude grid is used in the horizontal and a σ coordinate in the vertical based on the air
pressure normalized by surface pressure with the model top at 2.194 hPa. The advection scheme is a
two‐step shape‐preserving advection scheme (TSPAS) (Yu, 1994). The physical processes of GAMIL1 were
initially taken from the Community Atmospheric Model version 2 (CAM2) (Collins et al., 2003), and then
the convection parameterization, cumulus cloud fraction, and cloud microphysical scheme were upgraded
in its second version (GAMIL2) along with tuning of 14 uncertain parameters (Li, Wang, et al., 2013).

GAMIL1 and GAMIL2 are the atmospheric components of FGOALS‐g1 and FGOALS‐g2, respectively,
which participated in various CMIP3 and CMIP5 experiments (Li, Lin, et al., 2013). Some intermediate ver-
sions, for example, GAMIL1.1.0 and GAMIL1.1.1 as well as their corresponding coupled versions, were used
to conduct experiments for other intercomparison projects, such as the Climate of the 20th Century (C20C)
and Climate Prediction and its Application to Society (CliPAS), and to study seasonal prediction, cloud feed-
back, and the Pacific‐North America teleconnection, etc. (e.g., Hodson et al., 2010; Li et al., 2007a, 2007b,
2008; Scaife et al., 2009; Yan et al., 2010; Yang et al., 2009). These intercomparisons and applications helped
clarify the development aims for the new version of GAMIL, such as a reduction of biases in cloud radiative
forcing (CRF) and zonal winds over the Southern Ocean (SO), better conservation of water vapor in advec-
tion, and insufficient stratus clouds over the subtropical eastern oceans. Besides the cloud‐related variables,
the biases of other variables, for example, temperature, geopotential height, humidity, sea level pressure, and
internal variability (Madden‐Julian Oscillation [MJO]), are still obvious. At the same time, the external for-
cings recommended by each phase of CMIP have undergone many changes, influencing the model perfor-
mance (e.g., Nie et al., 2019). Hence, another goal of this study is to alleviate the above biases and to
partly explain the impacts of changes in external forcings, particularly in anthropogenic aerosols.

The remainder of the paper is organized as follows. Section 2 presents the major updates in GAMIL3 com-
pared with GAMIL2, including the tuned parameters. The experiment design, external forcings, and obser-
vational data sets are introduced in section 3. Section 4 analyzes the results including climatological mean
states, climate variabilities from 10 days to interannual scales, and anthropogenic aerosol climate effects.
A summary and discussion are given in section 5.

2. Updates in GAMIL3

Compared with GAMIL2, GAMIL3 has updates in the dynamical core, the methods used to perform parallel
processing, physical processes, external forcings, and the land surface model as well as in the coupler
(Table 1).

2.1. Dynamical Core and Parallel Processing

Through modifying the horizontal grid cells and tuning the parameter B in the area coordinate transforma-
tion that controls meridional grid intervals from the poles (Wang et al., 2004), the horizontal resolution is
increased from about 2.8° (grid size 128 × 60) in GAMIL2 to about 2° (180 × 80) in GAMIL3 and the time
step of the dynamical core is decreased from 240 to 120 s and from 1,200 to 600 s for the physical processes
for computational stability (Table 1). By changing B from 2.5 in GAMIL2 to 2.0 in GAMIL3, the meridional
grid interval of nearest poles is reduced from 6.13° to 5.18°. In area‐weighted meridional grids, an area
weighting function ρ(θ) multiplies some parts of the spatial operators, such as the zonal advection terms.
In the previous versions of GAMIL, several incorrect uses of the function ρ(θ) are found in the TSPAS moist-
ure advection codes, which results in nonconservation of moisture mass. These coding errors are fixed in the
new version of GAMIL, and moisture is now conserved. Correspondingly, the global average water balance
between rainfall and evaporation at the surface is improved from 0.02 mm day−1 in GAMIL2 to
−1.0 × 10−5 mm day−1 in GAMIL3 (Li, Wang, et al., 2013).

In developing the parallel version of GAMIL3 using Message Passing Interfaces (MPI), the dynamical core is
parallelized through regularly decomposing the longitude‐latitude grid domain in both longitude and lati-
tude directions, while the physical package can use the same parallel decomposition as the dynamical
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core or a different parallel decomposition (Liu et al., 2014). With careful development, the parallel version of
GAMIL3 can achieve bitwise identical simulation results under different parallel settings.

2.2. Physical Processes

Prescribed anthropogenic aerosol optical properties and an associated Twomey effect as suggested by CMIP6
(i.e., a simple plume implementation of the second version of the Max Planck Institute Aerosol Climatology
[MACv2‐SP]) were implemented in GAMIL3 (Table 1). TheMACv2‐SP is an empirical formula derived from
gridded aerosol climatology, which produces anthropogenic aerosol optical properties used in the radiative
transfer scheme and normalized changes in cloud droplet number needed for calculating cloud optical prop-
erties for the historical and future periods. Additional details about MACv2‐SP may be found in Stevens
et al. (2017). In GAMIL3, the same pre‐industrial aerosol‐cloud interactions as in GAMIL2 are represented
by the physically based aerosol activation parameterization in the two‐moment cloud microphysics (Shi
et al., 2013, 2019), and a constant background aerosol optical depth of 0.14 (default value) is assumed for nat-
ural aerosols. Anthropogenic aerosol optical properties are provided by MACv2‐SP. The background droplet
number concentration (Nc) is calculated from prescribed natural aerosol data (i.e., pre‐industrial [PI], year
1850). To consider anthropogenic aerosol Twomey effects, the background Nc used for calculating cloud
optical properties is multiplied by a factor r (rNc), which is calculated from MACv2‐SP.

A 1.5‐order boundary layer closure scheme in GAMIL3 (Bretherton & Park, 2009; Sun et al., 2016) replaces
the first‐order closure scheme in GAMIL2 (Holtslag & Boville, 1993). The turbulent diffusivity coefficients
are calculated from the turbulent kinetic energy (TKE) in GAMIL3 instead of the prescribed vertical profile
used in GAMIL2. Moreover, an explicit entrainment process and cloud‐top radiative cooling, which are
important for boundary layer development and stratocumulus maintenance, are incorporated in the new
version. The conserved moist variables (e.g., total water and liquid static energy) are used to better represent
the phase changes in the internal diabatic moist processes. These modifications, together with the new stra-
tocumulus fraction scheme (next paragraph), result in a better simulation of both dry and cloud‐topped
boundary layers in the new version.

GAMIL separates clouds into three categories according to their different dynamic characteristics: convec-
tive clouds diagnosed by convective mass flux; stratiform clouds diagnosed by a delta function of relative
humidity (RH) (i.e., cloud forms at the layer where the RH exceeds its threshold); and stratocumulus clouds
diagnosed by lower tropospheric stability (LTS). Estimated Inversion Strength (EIS) is an improved index of
LTS for describing stability, because it neglects the influence of free‐tropospheric stratification on the lapse
rate of temperature (Wood & Bretherton, 2006). Thus, an EIS‐based stratocumulus cloud scheme is adopted

Table 1
Major Differences Between GAMIL2 and GAMIL3

GAMIL2 GAMIL3

Dynamical core Horizontal grid/time step 128 × 60/240 s 180 × 80/120 s
Vertical layer/model top 26/2.194 hPa 26/2.194 hPa
Water vapor advection Two‐step shape‐preserving advection

scheme (TSPAS)
Bug fix of area weighting function for TSPAS

Parallel Parallel One‐dimensional decomposition in the
meridional direction

Two‐dimensional hybrid decomposition (Liu et al., 2014)

Physical processes Anthropogenic aerosol
effects

Aerosol activation parameterization and
two‐moment cloud microphysics

(Shi et al., 2013)

MACv2‐SP (Shi et al., 2019; Stevens et al., 2017)

Boundary layer scheme K‐profile closure scheme
(Holtslag & Boville, 1993)

Turbulent kinetic energy (TKE) closure scheme
with an explicit entrainment process and cloud‐top radiative

cooling (Bretherton & Park, 2009; Sun et al., 2016)
Stratocumulus cloud
fraction

Traditional lower tropospheric stability
(Klein & Hartmann, 1993)

Based on Estimated Inversion Strength (EIS)
(Guo & Zhou, 2014; Wood & Bretherton, 2006)

Convective momentum
transport

None Added (Wu et al., 2007)

Forcings Forcings Recommended by CMIP5 Recommended by CMIP6
Land Land surface model CLM2 CAS‐LSM (Xie et al., 2018)
Coupler Coupler None CPL7 (Craig et al., 2012)
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in GAMIL3 over stratocumulus regimes, including the east subtropical, midlatitude, and Arctic oceans,
instead of the LTS‐based scheme (Klein & Hartmann, 1993), as an addition to the RH‐based stratiform
cloud scheme, with

Cst ¼min 1;max 0;EIS * 0:055þ 0:235ð Þð Þ

where Cst is cloud fraction. The coefficients are obtained from linear regression between EIS derived from
NCEP reanalysis data and cloud fraction derived from ISCCP satellite data. The stratocumulus scheme
based on EIS was found to perform better in GAMIL2, eliminating the underestimation of stratiform
clouds, especially over high‐latitude oceans (Guo & Zhou, 2014).

The deep convection parameterization in GAMIL2 was a revised Zhang and McFarlane (1995) scheme with
modifications in closure, RH threshold, and convection origination (Zhang & Mu, 2005). In GAMIL3, the
convective moment transport (CMT) is incorporated into the convection parameterization, as in Wu
et al. (2007). The main physical processes in the CMT include vertical momentum advection, detrainment
from clouds, and the convection‐induced pressure gradient force (Wu et al., 2007; Zhang & Wu, 2003).

2.3. Land Surface Model and Coupler

The land component of GAMIL3 is the Land Surface Model for Chinese Academy of Sciences [CAS‐LSM]
(Xie et al., 2018). CAS‐LSM is coupled with GAMIL3 through the coupler CPL7 (Craig et al., 2012), while

Table 2
Main Parameters Tuned in GAMIL3

Parameter Description Value in GAMIL2 Value in GAMIL3

rhcrit RH threshold for deep convection 0.9 0.83
c0_deep Rain water autoconversion coefficient for deep convection 5.0E–4 1.0E–3
ke_deep Evaporation efficiency for deep convection 9.E–6 7.5E–6
capelmt CAPE threshold for deep convection 80 70
alfa Maximum cloud downdraft mass flux fraction 0.1 0.2
rhminh RH threshold for high layer clouds 0.78 0.5
cmftau Adjustment time scale for shallow convection CAPE 7,200 4,800
dthdpmn Stability trigger for stratus clouds −0.125 −0.08

Note. RH = relative humidity; CAPE = convective available potential energy.

Figure 1. Response to rhcrit of (a) convective, (b) stratiform, and (c) total precipitation, and (d) net shortwave and (e) longwave radiative flux at the top of the
atmosphere averaged for 30°S–30°N. Each point represents the averaged value for each perturbed experiment. The linear regression line between the variable
and rhcrit is shown in black.
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the land component of GAMIL2, the Community Land Model version 2 (CLM2), is coupled as a physical
module (Table 1). The CAS‐LSM has been developed from the Community Land Model version 4.5
(CLM4.5) by including groundwater lateral flow, anthropogenic groundwater exploitation, a new frozen soil
parameterization including frost and thaw fronts, anthropogenic nitrogen discharge in rivers, and an
updated urban process (Liu et al., 2019; Xie et al., 2012; Zeng et al., 2016a, 2016b, 2018; Zou et al., 2014, 2015).

2.4. Parameter Tuning

The tuning of uncertain parameters is an important part of the new model version development. The main
tuned parameters listed in Table 2 are the same in GAMIL3 and FGOALS‐g3. The tuning strategy for these
parameters considers the stability (i.e., small climate drift) and climate variability (i.e., El Niño‐Southern
Oscillation [ENSO]) of the coupled model in a pre‐industrial control run, together with the global mean bias
and root mean square error (RMSE) of many variables in the AMIP run. The energy balance at the top of the
atmosphere (TOA) and the surface was not a priority in finalizing the new version, though each energy term
is considered separately. The tuning process is very complicated (Zhang et al., 2015), especially in the
coupled model, and it will be discussed in detail in another study. Here an example is given to present the
responses of some variables to the most sensitive parameter, the RH threshold value for deep convection
to occur (rhcrit) (Figure 1). Larger rhcrit causes weaker convection, which can significantly reduce the simu-
lated convective precipitation in the tropics (Figure 1a; Xie et al., 2017). Due to the moisture competition
between convective and stratiform processes, weaker convection leads to more stratiform precipitation, con-
tributing to the increased total precipitation (Figures 1b and 1c). With larger rhcrit, both net shortwave and
longwave radiative flux at the TOA (FSNT_TOA and OLR_TOA) are increased (Figures 1d and 1e). Note that
the range of OLR_TOA reaching almost 17 W m−2 is much larger than that of FSNT_TOA at 4 W m−2,
implying that tuning rhcrit has more impact on longwave radiation than shortwave radiation.

3. Experiment Design and Observational Data
3.1. Experiment Design

Two sets of standard AMIP experiments were performed with external forcings recommended by CMIP5
and CMIP6. The integration period is from 1 January 1979 to 31 December 2009 for GAMIL2 using
CMIP5 forcings and to 31 December 2014 for GAMIL3 using CMIP6 forcings. It should be noted that

Table 3
Energy Budget Terms From Observations/Estimates and From the Two GAMIL Versions

CERES LE15 W15 GAMIL2 GAMIL3

TOA
SW down 340.3 340.2 ± 0.1 340 (340, 341) 341.6 340.3
SW up 99.2 102 ± 2 100 (96, 100) 103.7 103.5
LW up 240.2 238 ± 2 239 (236, 242) 238.9 235.3
CRE SW −45.8 −48.2 −47.3
CRE LW 28 22.8 26.8
Surface
SW down 186.8 186 ± 5 185 (179, 189) 191.9 191.01
SW up 23.2 22 ± 2 25 (22, 26) 24.3 24.31
LW down 345.2 341 ± 5 342 (338, 348) 336.3 334.46
LW up 398.6 399 ± 4 398 (394, 400) 401.3 398.34
CRE SW −50.2 −52.1 −50.9
CRE LW 30.3 25.8 25.7
LHF 81 ± 4 82 (70, 85) 84.3 80.9
SHF 25 ± 4 21 (15, 25) 20.1 21.65
Net
TOA 0.9 1 −1.0 1.5
TOA CRE −17.8 −25.4 −20.5
Surface 0.45 0.6 (0.2, 1.0) −1.8 0.27

Note. CERES observations are from “CERES_EBAF_Ed4.1” for the period March 2000 to February 2016 (Kato
et al., 2013; Loeb et al., 2009). LE15 refers to L'Ecuyer et al. (2015), and W15 is from Wild et al. (2015). TOA = top of
the atmosphere; SW = shortwave irradiance; LW = longwave irradiance; LHF = the latent heat flux at the surface;
SHF = the sensible heat flux at the surface; CRE = the cloud radiative effect; ± and () = uncertainty range. All terms
are in units of W m−2.
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there are a lot of changes between CMIP5 and CMIP6 forcings. Themajor differences in the external forcings
include smaller (about 5 W m−2) total solar irradiation (TSI), greenhouse gases (GHGs) with latitudinal
changes and seasonality, prescribed aerosol optical and cloud‐active properties, and lower (higher) ozone
concentration in the middle‐upper stratosphere (lower stratosphere and whole troposphere) in CMIP6
compared with those in CMIP5 (Li, Wang, et al., 2013; Nie et al., 2019). Moreover, stratospheric aerosol
optical properties and anthropogenic groundwater forcing (Zeng et al., 2017) are only included in CMIP6
forcings. Most of the following analyses of the mean states and variability use results from the two
standard AMIP runs. Although the integrated periods are different for the two runs, the impacts are small
when compared to the magnitude of model errors (Pu et al., 2020).

To estimate the climate effects of anthropogenic aerosols, three sensitivity experiments, CTL, NEW, and
OLD, were carried out. The CTL experiment is driven by the models' own natural aerosol data (PI, year
1850). In the NEW experiment the present‐day (PD, year 2000) anthropogenic aerosol forcings from
MACv2‐SP are employed. In the OLD experiment, the model is driven by its own PD aerosol data and treats
the anthropogenic aerosol forcings based on their own default processes and mechanisms. All experiments
utilize GAMIL3 with climatological sea surface temperature (SST) and sea‐ice concentrations. Each experi-
ment has 10 simulations starting in different months. All simulations are run for ~11–12 years, and results
from the last 10 years (from January to December) are used in the analysis. We also introduce the model
diagnosed variables used to estimate anthropogenic aerosol climate effects. We use the capital letter F to
indicate the all‐sky shortwave net radiative fluxes at the TOA. The shortwave aerosol forcing and shortwave
cloud forcing are named Faerosol and Fcloud, respectively. Fcloud* is the cloud radiative forcing calculated

Figure 2. Spatial distribution of rainfall (mm day−1) in GAMIL2 (a), GAMIL3 (d), and observations (b, e) and the bias of GAMIL2 (c) and GAMIL3 (f) with
respect to the observations.
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as a diagnostic without the aerosol direct radiative effect. The anthropogenic aerosol effective radiative
forcing (ERF) is calculated as the difference in F, such as FNEW − CTL in which the superscript
experiment name indicates that the model output variable comes from that experiment. The
instantaneous radiative forcing from the direct effect (RFari) is calculated as the difference in Faerosol.
The difference in Fcloud* indicates the anthropogenic aerosol effect on cloud radiative forcing.

3.2. Observational Data

To validate the model, the observational and reanalysis data sets used in this paper include Global
Precipitation Climatology Project (GPCP; Version 2.3) data (Adler et al., 2003); ERA‐Interim reanalysis data
provided by the European Centre for Medium‐Range Weather Forecasts (ECMWF) for 1979–2014 (Dee
et al., 2011); CloudSat and CALIPSO (Cloud‐Aerosol Lidar and Infrared Pathfinder Satellite Observations)
data (Stephens et al., 2002, http://www.cloudsat.cira.colostate.edu/dataSpecs.php); Clouds and the Earth's
Radiant Energy System (CERES)‐Energy Balanced and Filled (EBAF) Edition 4.1 (CERES_EBAF_Ed4.1)
for the period March 2000 to February 2016 (Kato et al., 2013; Loeb et al., 2009); snow cover and outgoing
longwave radiation (OLR) from the National Oceanic and Atmospheric Administration (NOAA); and the
model tree ensemble (MTE) surface latent heat flux (Jung et al., 2010).

4. Model Evaluation

In this section, the climatological mean state, including the energy budget and the biases of the atmosphere
and land variables, climate variability from quasi‐biweekly (QBW) to interannual scales, and the anthropo-
genic aerosol climate effects are evaluated.

Figure 3. Same as Figure 2, but for shortwave cloud radiative forcing (SWCF; W m−2).
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4.1. Mean State

The energy budget terms at the TOA and surface from the observations (CERES_EBAF_Ed4.1), estimates by
L'Ecuyer et al. (2015) (LE15) andWild et al. (2015) (W15), and two GAMIL versions are listed in Table 3. The
net energy flux at the TOA is about 1.0Wm−2 in the observation and estimates, and−1.0Wm−2 in GAMIL2
and 1.5 W m−2 in GAMIL3. The variations from GAMIL2 to GAMIL3 are mainly due to the changes in the
downward shortwave irradiance (SW) and upward longwave irradiance (LW); the change in SW is related to
the changes in the solar constant from CMIP5 (about 1,365 W m−2) to CMIP6 (about 1,360 W m−2). The
decrease of LW at the TOA in GAMIL3 is closely associated with the increase of LW cloud radiative effect
(CRE) at the TOA and decrease of upward LW at the surface, both closer to the observations and estimates
than those in GAMIL2. The uncertainty range of each term at the surface is larger than at the TOA in both
estimates, and the estimated net value is small and positive, between 0.2 and 1.0 W m−2, implying some
warming in the atmosphere. Compared with GAMIL2, GAMIL3 simulates smaller SW CRE, latent heat flux
(LHF) and upward LW, and larger sensible heat flux (SHF) and net energy gain at the surface; each of these
components appears closer to observations and estimates. However, the residual term in the atmosphere in
GAMIL3 is ~1.3 W m−2, about 0.5 W m−2 larger than in GAMIL2, suggesting enhanced warming in the
atmosphere in both versions. The atmospheric warming in both versions is likely due to energy imbalance
in the atmosphere, changes in model resolution/time step and land surface model, increase of GHGs, and
changes of other forcings including SST and aerosols in the past three decades. Though the forcings, such
as SST, aerosols, and GHGs, are natural contributors, there are a lot of changes between two CMIP phases
and the implementations of the models. In ECHAM6 models, there is about 0.3 W m−2 atmospheric warm-
ing just from increasing/decreasing the horizontal resolution/time step (Stevens et al., 2013). The quantita-
tive impacts of updating the land surface model and forcings and changing the time step/horizontal

Figure 4. Same as Figure 2, but for longwave cloud radiative forcing (LWCF; W m−2).
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resolution in GAMIL3 on the atmospheric warming are needed in the further study through more sensitive
experiments. Note that the difference of 0.5 W m−2 warming in the atmosphere between two versions is
mainly attributed to the water vapor advection modification in GAMIL3. There is a global water
imbalance of about 0.02 mm day−1 between the rainfall and evaporation at the surface in GAMIL2,
roughly equivalent to 0.57 W m−2 (Li, Wang, et al., 2013); this is only about −1.0 × 10−5 mm day−1 in
GAMIL3. Zhang et al. (2018) identified and quantified several sources of water conservation error and
mentioned the global moisture residual of ERA‐Interim reanalysis is 0.003 kg m−2 day−1 (i.e.,
0.003 mm day−1) for the period of 1989–2008 (Berrisford et al., 2011).

The surface LH change is consistent with the change of rainfall between the two versions (Figure 2). The glo-
bal average rainfall is reduced from 2.93 mm day−1 in GAMIL2 to 2.79 mm day−1 in GAMIL3, which is clo-
ser to the observations and may be attributed to the smaller parameter rhcrit in the new version (Table 2 and
Figure 1c). The global average RMSE is reduced from 1.51 mm day−1 in GAMIL2 to 1.30 mm day−1 in
GAMIL3, mainly associated with a reduction of the strong positive and negative biases over the western
equatorial Pacific and maritime regions as well as the SO. In addition, “grid‐point storms” near steep topo-
graphy are evident in both versions; they are greatly reduced, and the RMSE becomes significantly much
smaller than 1.0 mm day−1 when a nine‐point filter is used on topography (not shown). However, the topo-
graphical filter degrades some other aspects of the simulation, such as strong negative skewness of ENSO, in
the coupled model and therefore is not utilized in GAMIL3 and FGOALS‐g3.

With the reduced biases of global average SW (LW) cloud radiative forcing (SWCF and LWCF), their global
mean RMSEs decrease from 12.9 (8.3) W m−2 in GAMIL2 to 11.4 (6.3) Wm−2 in GAMIL3 (Figures 3 and 4).

Figure 5. Vertical distributions of zonal mean cloud fraction from CALIPSO‐GOCCP (a), GAMIL2 (b), and GAMIL3 (c).

Figure 6. Global annual mean low‐cloud fraction (%) from (a) observations and (b) GAMIL3. (c) The difference between
GAMIL2 results and the observations and (d) the difference between the two versions.
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The negative (positive) biases of SWCF over the tropical (SO) regions are substantially reduced (by about
10 W m−2) in GAMIL3 (Figure 3f), consistent with its reduction of rainfall bias. The negative biases of
LWCF over the tropical and SO regions are also alleviated, even becoming somewhat positive over the east-
ern tropical Pacific (Figure 4f). The improvements in SWCF and LWCF are closely associated with the cloud
fraction variations. For example, the improvements of SWCF (LWCF) over the tropical regions are related to
the decrease (increase) of low (high) clouds, and the enhancement of cloud radiative forcing over the SO and
northern midlatitudes is due to the increase of clouds from low to high levels in GAMIL3 compared with
GAMIL2 (Figure 5). The cloud fraction in GAMIL3 appears overestimated over the midlatitudes and tropical
middle‐high levels compared with the observations, which is closely related to the reduction of high cloud
RH threshold (Table 2). The overestimation for low cloud in the midlatitudes is mainly associated with both
the changed stratocumulus cloud scheme and tuned parameter (dthdpmn) in GAMIL3. However, the direct
comparison between model and satellite observation is not accurate or equivalent because the cloud frac-
tions are defined differently (Bodas‐Salcedo et al., 2011). When using the cloud simulator, the cloud fraction
simulated by the model is reduced to different extents in various regions (e.g., Dong et al., 2012), so direct
comparisons between the two versions and observations are needed using different cloud simulators in
future studies.

Though not accurate, a direct comparison between model and observations can still provide some useful
information. In the observations low clouds that lead to strong cooling effects dominate over 40% of the
globe, with maxima near the coastlines of subtropical oceans and midlatitude oceans (Figure 6a). Such a

Figure 7. Vertical distributions of zonal mean temperature and zonal wind for (a, d) ERA reanalysis, the bias in (b, e) GAMIL2 and (c, f) GAMIL3 compared to
ERA reanalysis (units: K and m s−1).
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spatial pattern of low clouds can be reproduced fairly well in both versions. However, GAMIL2 significantly
underestimates cloud fraction near the coastlines of subtropical oceans by over 20% (Figure 6c). Compared
with GAMIL2, GAMIL3 not only reproduces well the spatial patterns of low‐cloud fraction but also improves
the low‐cloud fraction by 10% over the subtropical eastern oceans (Figures 6b and 6d). The improvements in
stratocumulus are probably achieved by neglecting the contributions of free‐tropospheric stratification that
follow a cooler moist adiabat in stratiform cloud regimes (Guo & Zhou, 2014) and tuning the trigger
parameter for stratus cloud (Table 1).

With the reduction in the RMSEs of physical variables, the RMSEs of zonal wind have been reduced from
2.4 m s−1 in GAMIL2 to 1.7 m s−1 in GAMIL3; however, the zonal mean temperature biases are larger in
GAMIL3 than in GAMIL2 (Figure 7). The temperature biases in both versions are very similar in the layers
larger than 150 hPa, and the enlarged biases in GAMIL3 mainly lie in the high layers (smaller than 150 hPa)
which could be attributed to the inclusion of stratospheric aerosols in GAMIL3. In addition, the negative
biases from the surface to 50 hPa over the SO in GAMIL2 have been significantly reduced in GAMIL3; this
is closely associated with the improvements of SWCF/LWCF and rainfall in the SO. The better simulation of
westerlies in GAMIL3 likely contributes to the improvement of ocean variables in FGOALS‐g3 in the SO
(Delworth et al., 2006; Figures 2–4 in Li et al., 2020). The biases and performances of other meteorological
variables are summarized in Taylor diagrams (Figure 8). In a Taylor diagram, the closer to the reference
point (ERA reanalysis) the colored dots, the better themodel's performance. In general, the skills of both ver-
sions in simulating lower level (850 hPa) circulation variables are higher than for higher level (200 hPa) vari-
ables, and the skills in simulating zonal u‐wind are better than for meridional v‐wind. The individual
variables best correlated with observations for both GAMIL2 and GAMIL3 are the spatial pattern of
500‐hPa geopotential height and 850‐hPa air temperature. Generally, GAMIL3 has better ability in simulat-
ing these variables than GAMIL2 (Figure 8a). The diversities (skills) in interannual variability are larger
(lower) than those in the climatological mean in both versions, and GAMIL3 performs better than
GAMIL2 (Figure 8b).

Both versions effectively capture the observed spatial pattern of snow cover fraction (SCF), with spatial cor-
relation coefficients of 0.91 for GAMIL3 and 0.88 for GAMIL2 (Figure 9). Poleward of 50°N, GAMIL2
obviously underestimates the SCF while GAMIL3 underestimates to a lesser extent, related to the revised
SCF parameterization in CLM4.5/CAS‐LSM (Niu & Yang, 2007). The two versions have different biases over
the Tibetan Plateau, with an overestimate in GAMIL3 and underestimate in GAMIL2. Note that the biases
may be due to a lack of observations and inaccuracies in the parameterization scheme.

Figure 8. Multivariable Taylor diagram displaying normalized statistical comparisons of GAMIL3 (red), and GAMIL2
(blue) for different meteorological variables in the AMIP experiment. (a) Climatology and (b) interannual variability.
Numbers indicate different variables, which include sea level pressure (psl), 500‐hPa geopotential height (z500), 850‐hPa
air temperature (t850), 200‐ and 850‐hPa zonal wind (u200, u850), 200‐ and 850‐hPa meridional wind (v200, v850), and
200‐ and 850‐hPa specific humidity (q200, q850).
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The biases of the annual and summer mean latent heat flux compared with the model tree ensemble (MTE)
data at the surface are shown in Figure 10. GAMIL2 has large biases in northern India, the central United
States, northern South America, and central Africa, especially in summer (Figures 10a and 10c). In
GAMIL3, the biases over northern India, northern South America, and central Africa are largely alleviated
in summer. In northern India this may be linked with the introduction of the groundwater exploitation
effect that has the most apparent effect there (Zeng et al., 2017), while in the other two regions it may be
mainly associated with the smaller rainfall biases. The spatial pattern in the central United States remains
similar overall in the two versions.

4.2. Climate Variability
4.2.1. QBW Oscillation Over South China
The East Asian region is characterized by complex topography (e.g., the Tibetan Plateau) and land‐sea con-
trast. The typical monsoon climate during both warm and cold seasons makes it hard for climate models to
simulate the rainfall over this region. The warm season monsoonal rainfall intensity in East China begins to
increase fromApril and peaks aroundMay tomid‐June over South China and the Yangtze‐Huai River Basin,
and then the rain belt advances northward to North China during July to early August (Figure 11a). The
major rain belt reappears over South China in August and the East Asian summer monsoon ends at the
end of August. The rainfall active‐break cycles over East China are mainly influenced by the large‐scale

Figure 9. Spatial distribution of snow cover fraction during winter for GAMIL3 and GAMIL2, versus NOAA
observations for the Northern Hemisphere (15–90°N).
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circulation systems, for example, the Western Pacific subtropical high, South Asian High, and East Asian
westerly jet systems (Ding & Chan, 2005). Both GAMIL3 and GAMIL2 roughly capture the seasonal march
of the major rain belt from March to May with the rainfall concentrated in southern China (south of 30°N,
Figures 11b and 11c). The simulated rainfall intensity is about 1–2 mm day−1 weak. Relatively speaking,
GAMIL3 performs better, which reproduces the observed heavy rainfall inMay although the rainfall appears
half a month earlier and the observed two rainfall centers merged together in model simulation (cf.
Figures 11c and 11a). Unfortunately, the two models obviously underestimate or even fail to capture the
rainfall over Yangtze‐Huai River Basin during June and July. The East Asian summer monsoonal rainfall
also terminates 1 month early in both models, and this is more evident in GAMIL3.

In addition to the seasonal march and retreat of monsoonal rainfall, both rainfall and convective activity
(reflected by OLR) also show obvious QBW (10–20 or 10–25 days) low‐frequency variations over South
China (roughly 20–32°N, 108–120°E) (Kikuchi & Wang, 2009; Wang & Zhang, 2019; Yang et al., 2009).
In early summer (April–May–June), the dominant frequency band is 10–20 days with a peak at 15 days
in NOAA OLR (Figure 12a). In GAMIL2, the convective activities occupy a much lower frequency band
(10–40 days) with spectral peak around 30 days (Figure 12b). GAMIL3 captures well the observed promi-
nent frequency band (Figure 12c). In late summer (July–August–September), NOAA OLR, GAMIL2, and
GAMIL3 all have a significant frequency band of 10–20 days, with spectral peak around 14–17 days
(Figures 12d–12f).

Figure 10. Surface latent heat flux biases (W m−2) of (a, c) GAMIL2 and (b, d) GAMIL3 compared with model tree ensemble (MTE) data. (a, b) Annual average
and (c, d) summer average.
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Figure 13 shows the spatial distribution of 10‐ to 20‐day band‐pass fil-
tered OLR variances over Asia and the western Pacific region. The
QBW oscillations over the ocean are clearly stronger than those over
land due to the frequent tropical convective disturbances; this is seen
across the NOAA observations and the GAMIL2 and GAMIL3 simu-
lations. There are two centers of large QBW variance in NOAA OLR,
namely, the Bay of Bengal and South China Sea‐western Pacific
Ocean, and the variance is larger in late summer (Figures 13a and
13d). GAMIL2 fails to capture the large values of QBW over the Bay
of Bengal and South China Sea, especially in late summer
(Figures 13b and 13e). In comparison, GAMIL3 reproduces reason-
ably well the observed areas of QBW oscillation, although there are
some differences in amplitude and location (Figures 13c and 13f).
4.2.2. Convectively Coupled Equatorial Waves
Convectively coupled equatorial waves (CCEWs), including theMJO,
Kelvin wave, equatorial Rossby (ER) wave, mixed Rossby‐gravity
(MRG) wave, and inertia‐gravity (TD)‐type wave, account for a large
fraction of tropical convection variability and are therefore an impor-
tant metric for assessing model performance (Lin et al., 2006). Here,
the climatological characteristics of the CCEWs are evaluated in
GAMIL2 and GAMIL3. Figure 14 presents the wavenumber‐
frequency spectrum of daily precipitation over the tropics, in terms
of the ratio of the raw spectrum to the background spectrum, in
observations and simulations. The observed precipitation averaged
over 15°S–15°N has spectral peaks near the dispersion lines for the
MJO, Kelvin wave, ER wave, MRG wave, and TD‐type wave
(Figure 14a). The spectra for the Northern Hemisphere (0°–15°N)
and the Southern Hemisphere (15°S–0°) are also calculated sepa-
rately (Figures 14d and 14g). They clearly show that most of the spec-
tral power corresponding to Kelvin, MRG, and TD waves is confined
to the north of the equator, indicating that these wave modes are pri-
marily active over the Northern Hemisphere, while those represent-
ing ER and MJO are seen both north and south of the equator.
Such a result is consistent with previous observational studies (e.g.,
Lau & Lau, 1990; Roundy & Frank, 2004; Wang & Li, 2017).

The spectral powers calculated from the precipitation simulated by
GAMIL2 and GAMIL3 are shown in the central and right columns
of Figure 14. The asymmetric activity of the Kelvin, MRG, and TD
waves between the Northern and Southern Hemispheres is simulated

well in both versions. Such a result is very interesting, because most coupled models fail to simulate such
features (e.g., Wang & Li, 2017; Wang et al., 2019). This indicates that the activity centers of these waves
are mainly determined by the distribution of SST, which comes from observations in the AMIP‐type experi-
ments, but shows discrepancies in the coupled runs. Both GAMIL2 and GAMIL3 underestimate the magni-
tudes of the CCEWs, especially the MJO, Kelvin wave, and TD waves. In addition, the Kelvin wave has
slower phase speed in the simulations than in the observations, as the powers are closer to dispersion curves
with smaller equivalent depth. Comparing the two simulations, GAMIL3 shows greater power near theMJO
domain, indicating some improvement of GAMIL3 on GAMIL2.

The multivariate combined EOFs (CEOFs) are an effective method to isolate the convective and baroclinic
zonal wind signature of the MJO (Kim et al., 2009; Wheeler & Hendon, 2004). CEOFs from multivariate
equatorial averaged anomalies of 20‐ to 100‐day band‐pass filtered OLR, U850, and U200 for all seasons were
calculated (Figure 15). In the observation, the coupled structures of circulation and convection (convergence
at the lower level and divergence at the upper level) are obvious in the first two modes, accounting for 20.9%
and 19.8% of the variance, respectively. The first mode implies the onset phase with a convection center at

Figure 11. Latitude‐time (January to December) diagrams of monthly
precipitation (mm day−1) variations averaged over East China (110–125°E) for
(a) GPCP, (b) GAMIL2, and (c) GAMIL3.
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Figure 12. Power spectra of daily OLR (W2 m−4) during 1980–2005 from (left) NOAA OLR observations, (middle) GAMIL2 simulations, and (right) GAMIL3
simulations over southern China (20–32°N, 108–120°E) for (a–c) April–June and (d–f) July–September, with the calculated spectrum (solid line with dots),
Markov red‐noise spectrum (dashed lines), and 95% upper (dot‐dashed lines) and 5% lower (dotted lines) confidence bounds. The abscissa is the natural logarithm
of frequency.

Figure 13. Spatial distribution of 10‐ to 20‐day OLR variance (W2 m−4) in (left) NOAA OLR observations, (middle) GAMIL2 simulations, and (right) GAMIL3
simulations for the period (a–c) April–June and (d–f) July–September.
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80°E, and the second mode corresponds to the end of MJO event with a convection center at 160°E; there is
an eastward shift from the first mode to the second in the MJO lift cycle. GAMIL3 reproduces reasonably
well the eastward shift of convection (OLR) and circulation from the first mode to the second mode in the
MJO lift cycle and the coupled structure of convection and circulation in the two modes, although the
convection is weaker than in the observations. Convection in GAMIL3 is generated near the equator in
the Indian Ocean, then eastward propagated, and finally terminated around the Maritime Continent. In
GAMIL2, the structure of convection coupled with circulation is simulated well while the eastward
propagation between the two modes is not captured, consistent with Figure 8 (Li, Wang, et al., 2013).
Furthermore, the two modes in GAMIL3 explain 16.4% and 14.2% of the variances, a little larger than the
15.5% and 12.1% in GAMIL2, consistent with the result from Figure 14. The improvement of MJO in
GAMIL3 can be traced to the inclusion of the CMT and the modification of the boundary layer scheme,
especially using the TKE (Sun et al., 2016; Wu et al., 2007).

Figure 14. Zonal wavenumber‐frequency spectra of precipitation divided by the background spectrum for the observations (left column), GAMIL2 (central
column), and GAMIL3 (right column). Precipitation is averaged over (a–c) 15°S–15°N, (d–f) 0°–15°N, and (g–i) 15°S–0°. The dispersion curves of equatorial
waves for the three equivalent depths of 8, 25, and 90 m are superimposed. Signals with positive (negative) zonal wave number propagate eastward (westward).
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Figure 15. First and second combined EOFs (CEOF) modes of 20‐ to 100‐day and 15°S–15°N averaged (a, b) NCEP U850 and U200 and AVHRR OLR, and results
from (c, d) GAMIL2 and (e, f) GAMIL3. Total variance of each mode is shown at the top right and the explained fractional variances on the individual fields at the
right panel.

Figure 16. Linear regression of precipitation anomalies (mm day−1) onto observed SST anomalies (K) averaged over the
Niño3 region (5°N–5°S, 150°–90°W) based on (a) GPCP observations and (b, c) GAMIL2 and GAMIL3 AMIP simulations.
(d) GAMIL2 model biases (GAMIL2 minus OBS) and (e) GAMIL3 model biases.
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4.2.3. Atmospheric Response to the SST Associated With ENSO
The atmospheric response to the SST anomalies (SSTAs) associated with the ENSO is a key test for atmo-
spheric models. Figure 16 shows the spatial pattern of the rainfall response to ENSO, for the observations
and the two simulations. In the observations, the rainfall response to El Niño is evident in the tropical
Pacific, with enhanced rainfall east of the dateline, and reduced rainfall near the Maritime Continent and
near the western Pacific coast. GAMIL2 simulated a stronger rainfall response than the observations, espe-
cially in the Niño4 region (5°N–5°S, 160°E–150°W; also shown in Table 4). GAMIL3 also produces the stron-
ger rainfall response that is even more intense in the central and western Pacific, which may lead to a
stronger latent heat flux atmospheric feedback associated with ENSO in GAMIL3.

Figure 17 shows the observed and simulated surface wind stress responses to the SSTAs related to ENSO,
which reflect the positive Bjerknes atmospheric feedback in a coupled model. In the Niño4 region, the wind

Table 4
Response of the Precipitation (αpr), Surface Zonal Wind Stress (αtaux), and Surface Net Heat Flux (αheat) to the Niño3
Index Averaged Over the Niño3 Region and the Niño4 Index Averaged Over the Niño4 Region for Observations and the
AMIP Simulations of GAMIL2 and GAMIL3

OBS GAMIL2 GAMIL3

Niño3 Niño4 Niño3 Niño4 Niño3 Niño4

αpr (mm day−1 K−1) 1.26 1.74 1.25 2.20 1.40 2.42
αtaux (mPa K−1) 1.85 13.61 0.45 13.84 −0.11 11.47
αheat (W m−2 K−1) −16.43 −9.90 −17.52 −10.51 −20.55 −11.50

Figure 17. As in Figure 16, but for zonal wind stress anomalies (mPa) regressed onto SST anomalies (K) averaged over
the Niño3 region. The observed wind stress in (a) is from ERA reanalysis. Positive values of wind stress represent
westward stress.
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stress response is closer to the observations in GAMIL2, while GAMIL3 simulates a weaker response. This is
consistent with the values in Table 4. Both versions exhibit a spurious center of strong values between 5°N
and 20°N in the northern western Pacific, although the bias is much reduced in GAMIL3.

The heat flux response to ENSO is shown in Figure 18. Although the averaged heat flux response over the
Niño3 region in GAMIL2 (−17.52 W m−2 K−1) is comparable with that in the observations
(−16.43 W m−2 K−1), and GAMIL3 exhibits a stronger negative strength (−20.55 W m−2 K−1) (Table 4),
the spatial pattern of the heat flux response in GAMIL3 is more realistic than in GAMIL2 (Figures 18b
and 18c). The RMSE over the region shown in Figure 18 in GAMIL2 is 4.81 W m−2 K−1, which is reduced
to 3.95Wm−2 K−1 in GAMIL3. In particular, the weak heat flux damping in GAMIL2 in the eastern tropical
Pacific is improved by GAMIL3 (Figures 18d and 18e). Overall, the rainfall and heat flux response (wind
stress response) to ENSO is stronger (weaker) in GAMIL3 than in GAMIL2, which is associated with the
parameter tuning in the piControl run of the coupled model. All the parameters in GAMIL are finally deter-
mined according to their performance (including the ENSO) in the piControl run by the coupled model, and
the ENSO amplitude (the standard deviation of the Niño3 index) is too strong in the piControl run before
tuning FGOALS‐g3 version (about 1.8 K). Through the parameters tuning to enhance the negative heat flux
feedback, there is about 0.3‐K decrease of the ENSO amplitude, together with the tuning of oceanmodel cou-
pling intervals and ocean parameters, resulting to a relatively reasonable ENSO amplitude (about 1.0 K) in
FGOALS‐g3 (Li et al., 2020).

4.3. Anthropogenic Aerosol Climate Effects

Figure 19 shows anthropogenic aerosol ERF and its two main components, that is, instantaneous radiative
forcing from the direct effect (RFari) and effects on cloud radiative forcing. The ERF derived from
MACv2‐SP (FNEW − CTL) is significantly less than that based on the models' own default mechanism
(FOLD − CTL). The main reason is that the Fcloud*NEW − CTL (−0.05 W m−2) is significantly weaker than

Figure 18. As in Figure 16, but for net surface heat flux (W m−2) regressed onto SST anomalies (K) averaged over the
Niño3 region. The observed heat flux in (a) is from ERA reanalysis.
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the Fcloud*OLD − CTL (−1.95Wm−2). After usingMACv2‐SP, there are few regions of Fcloud*NEW − CTL that
pass the 10% significance level test because of the much weaker Twomey effect. Note that, besides the
instantaneous Twomey effect (i.e., RFaci), Fcloud*NEW − CTL also includes the rapid adjustments from
aerosol‐radiation interaction and the Twomey effect. In contrast, the diagnosed Faerosol can be well
constrained because it is not closely related to rapid adjustments (Stevens et al., 2017). The RFari
(FaerosolNEW − CTL) is statistically significant over areas of high anthropogenic aerosol burden. The global
mean of FaerosolNEW − CTL is −0.21 W m−2. Because the default GAMIL model does not consider
anthropogenic aerosol direct radiative forcing, FaerosolOLD − CTL is 0.06 W m−2. In short, the ERF
estimate based on the CMIP6 protocol (FNEW − CTL, −0.27 W m−2) is significantly weaker than that based
on the model's own default treatment (FOLD − CTL, −1.98 W m−2).

5. Summary and Discussion

The major upgrades in GAMIL3 compared with its previous version GAMIL2 have been described. In
GAMIL3, the horizontal resolution is increased to about 2° and the water vapor conservation is improved

Figure 19. Multi‐member ensemble mean of anthropogenic aerosol effective radiative forcing (ERF = FNEW − CTL,
upper panel), instantaneous radiative forcing from aerosol‐radiation interactions (RFari = FaerosolNEW − CTL, middle
panel), and effects on shortwave cloud forcing (Fcloud*NEW − CTL, lower panel) with the new approach (left) and
model's own default approach (right). The number on the top right of each panel denotes the ensemble average of global
annual mean values. Differences significant at the 10% level from Student's t test are depicted by dots.
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in the dynamical core. In the physical processes, the prescribed anthropogenic aerosol optical properties and
an associated Twomey effect suggested by CMIP6 were implemented. A TKE closure scheme, an explicit
entrainment process, and cloud‐top radiative cooling processes are included in the new boundary layer
scheme. An EIS‐based stratocumulus scheme and a convective moment transport scheme are added. The
land component CAS‐LSM coupled with GAMIL3 through the coupler CPL7 has replaced the CLM2 in
GAMIL2. Moreover, moist physical parameters with large uncertainties have been tuned according to a full
analysis of the performance of the coupled model and atmospheric model.

The results from the AMIP experiments indicate that many improvements have been achieved by GAMIL3
compared with GAMIL2. First, the mean states are significantly improved. The energy budget terms at the
TOA and surface are reproduced well, which can be attributed to the reduced biases of SWCF/LWCF due to
changes of cloud fraction. Both the global mean biases and RMSE of precipitation are obviously reduced; the
former is mainly related to the smaller parameter rhcrit, and the latter is mainly associated with the
increased horizontal resolution. These enhancements probably contribute to the better ability in simulating
zonal wind, low‐level temperature, and 500‐hPa geopotential height, as well as other circulation‐related
variables. For the land surface, the snow cover fraction in the Northern Hemisphere has obviously improved
due to the revised SCF parameterization in CLM4.5/CAS‐LSM (Niu & Yang, 2007). Also, the biases of latent
heat flux are clearly alleviated in summer, especially over northern India, northern South America, and cen-
tral Africa. Second, GAMIL3 captures well some characteristics of internal variability at different scales,
including the frequency band and active areas of QBW oscillations, spectral powers of CCEWs, OLR and cir-
culation of the MJO, and heat flux response to ENSO, and simulates stronger variability than GAMIL2. The
improvement of the MJOmay be traced to the inclusion of CMT and TKE‐based boundary layer processes in
GAMIL3. The stronger atmospheric response to ENSO in GAMIL3 is mainly associated with the parameter
tuning since the ENSO amplitude is too strong in the original coupled model version. Third, some of the
impacts of changes in external forcing have been discussed. The anthropogenic aerosol effective radiative
forcing has significantly decreased from −1.98 to −0.27 W m−2, mainly due to the reduction of the effects
on shortwave cloud forcing in GAMIL3. The weaker aerosol effects on SWCF contribute to the global mean
decrease of SWCF in GAMIL3. The smaller solar constant in the CMIP6 forcings contributes to the corre-
sponding improvement of energy budget terms at the TOA and surface, although the impacts are stronger
in the coupled model (Nie et al., 2019).

However, GAMIL3 still has some biases similar to its previous version, such as the “grid‐point storms” near
steep topography, the underestimated Meiyu‐front rainfall intensity, and the underestimated magnitudes of
CCEWs. Some biases become even larger than in GAMIL2, for example, the earlier termination of the East
Asian summer monsoon rainfall, stronger rainfall response to ENSO over the central western Pacific, and
weaker wind stress response to ENSO. Among these biases, the grid‐point storms have been completely
eliminated through an improved representation of orography in the ECMWF Integrated Forecasting
System (IFS) (Malardel et al., 2015). Hence, we will consider the grid‐point storms in detail and focus on
the high resolution and scalability of the dynamical core during development of the next version. The
new dynamical core for the next version is currently being designed; it will improve polar computational sta-
bility and include nesting. Besides served as the next phase CMIP, the next version of GAMIL and
FGOALS‐g with the high horizontal resolution and regional nesting function, together with the
dimension‐reduced projection four‐dimensional variational data assimilation (DRP‐4DVar) system (He
et al., 2020), will be applied to the short‐term climate prediction. The GAMIL3 computational performance
is about 40 model years per day using 200 cores; hence, it also could be useful for running large ensembles
and many sensitivity experiments. Another goal of the GAMIL development is toward the high vertical reso-
lution and to evolve the whole atmospheric model for the related scientific research.

Data Availability Statement

The simulated data sets in this paper are archived at the State Key Laboratory of Numerical Modeling for
Atmospheric Sciences and Geophysical Fluid Dynamics (LASG), Institute of Atmospheric Physics,
Chinese Academy of Sciences, and are available through searching FGOALS‐g2 and/or FGOALS‐g3 on
the ESGF‐node (https://esgf-node.llnl.gov/projects/cmip5/ and https://esgf-node.llnl.gov/projects/cmip6/);
for details please contact ljli@mail.iap.ac.cn referencing this paper.
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