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ABSTRACT

The second version of the Chinese Academy of Sciences Earth System Model (CAS-ESM2.0) is participating in the
Flux-Anomaly-Forced  Model  Intercomparison  Project  (FAFMIP)  experiments  in  phase  6  of  the  Coupled  Model
Intercomparison Project  (CMIP6).  The purpose of FAFMIP is  to understand and reduce the uncertainty of ocean climate
changes in response to increased CO2 forcing in atmosphere-ocean general  circulation models (AOGCMs),  including the
simulations  of  ocean heat  content  (OHC) change,  ocean circulation  change,  and sea  level  rise  due  to  thermal  expansion.
FAFMIP  experiments  (including  faf-heat,  faf-stress,  faf-water,  faf-all,  faf-passiveheat,  faf-heat-NA50pct  and  faf-heat-
NA0pct)  have been conducted.  All  of  the  experiments  were  integrated over  a  70-year  period and the  corresponding data
have been uploaded to the Earth System Grid Federation data server for CMIP6 users to download. This paper describes the
experimental design and model datasets and evaluates the preliminary results of CAS-ESM2.0 simulations of ocean climate
changes  in  the  FAFMIP  experiments.  The  simulations  of  the  changes  in  global  ocean  temperature,  Atlantic  Meridional
Overturning Circulation (AMOC), OHC, and dynamic sea level (DSL), are all reasonably reproduced.
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1.    Background

Currently,  climate  models  exhibit  large  spread  in  their
future  projections  of  global  climate.  For  instance,  the
coupled  climate  models  of  phase  5  of  the  Coupled  Model
Intercomparison Project (CMIP5) project a global mean sea
level  rise  (SLR)  of  0.32–0.63  m  by  2081–2100  under  the
RCP4.5 scenario (Yin, 2012; IPCC, 2013), and the thermos-
teric  contribution  due  to  seawater  expansion  can  be  up  to
30% of the global mean SLR and up to 100% in the North
Atlantic region (Gregory et al., 2016). The spread of ocean

climate changes may be associated with the spread of the sur-
face  flux  perturbation  responses  to  increased  atmospheric
CO2 concentrations (Bouttes and Gregory, 2014). However,
the spatial patterns and magnitudes of the sea surface flux per-
turbations are largely model-dependent, which makes it com-
plicated and difficult to directly compare ocean responses in
coupled  models.  Therefore,  to  understand  the  ocean
responses  to  increased  CO2 levels  and  reduce  the  uncer-
tainty  of  ocean  state  estimations,  a  flux-anomaly-forced
model intercomparison project (FAFMIP), one of 23 Model
Intercomparison  Projects  (MIPs)  in  CMIP6  (Eyring  et  al.,
2016),  has  been  proposed  to  compare  the  different  model
responses to the same prescribed surface flux perturbations
(Gregory et  al.,  2016).  According to Gregory et  al.  (2016),
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around ten modeling groups plan to participate in FAFMIP.
At the time of this report, FAFMIP experiment outputs from
nine models are available on the Earth System Grid Federa-
tion (ESGF) data server for CMIP6.

In China, thirteen models from nine institutes or universit-
ies  in  mainland  China  and  Taiwan  are  participating  in
CMIP6 (Zhou et al.,  2019), and are using thirteen different
models. Among these models, CAS-ESM2.0 is an earth sys-
tem model  (ESM) from the Institute of  Atmospheric Phys-
ics, Chinese Academy of Sciences (IAP/CAS), which has a
long  history  for  the  development  of  climate  models.  Since
the 1980s, scientists at IAP/CAS have been devoted to devel-
oping climate models that include an atmospheric general cir-
culation  model  (AGCM),  ocean  general  circulation  model
(OGCM), and land surface model (LSM) (Zhang and Zeng,
1988; Zeng et  al.,  1989; Dai  and Zeng,  1997),  which have
been  used  for  short-term  climate  predictions  in  China  and
have  participated  in  each  phase  of  CMIP  since  the  1990s
(Zhou et al., 2020). CAS-ESM2.0 is the successor to CAS-
ESM1.0,  which  was  released  to  the  public  in  2015.  Com-
pared  to  CAS-ESM1.0,  CAS-ESM2.0  considerably  modi-
fied  codes  and  parameterization  schemes  in  most  compon-
ents, as well as substantially improved performance in its cli-
mate  simulations  (Zhang  et  al.,  2020; Zhou  et  al.,  2020).
The  FAFMIP  experiments  were  completed  using  CAS-
ESM2.0  by  closely  following  the  standard  protocol  of
Gregory  et  al.  (2016);  the  corresponding  data  have  been
uploaded to the ESGF data server for CMIP6 users to down-
load and can be found at https://esgf-node.llnl.gov/projects/
cmip6/.

The purpose of this paper is to present the preliminary
results of CAS-ESM2.0 for simulations of ocean changes in
FAFMIP experiments for users of the CMIP6 datasets. The
remainder  of  the  paper  is  structured  as  follows:  Section  2
describes  the  model  and  experiments;  section  3  provides  a
basic technical validation of the CAS-ESM2.0 experiments;
and  sections  4  and  5  offer  usage  notes  and  a  summary,
respectively.

2.    Model and experimental design

2.1.    Model

CAS-ESM2.0 is a fully coupled ESM that was developed
at  IAP/CAS.  It  is  based  on  IAP  AGCM  version  5  and  is
derived from the LASG/IAP Climate System Ocean Model
(LICOM2), Beijing Normal University/IAP Common Land
Model (CoLM), Los Alamos Sea Ice Model (CICE version
4),  and  the  Weather  Research  and  Forecasting  (WRF)
model. The infrastructure of CESM Coupler 7 is adopted to
ensure  that  the  components  are  coupled  together.  Addi-
tional components in CAS-ESM2.0 include the IAP Vegeta-
tion Dynamics Model and IAP fire model, which are embed-
ded within the land model; the IAP ocean biogeochemistry
model, which is embedded within the ocean model; an atmo-
spheric aerosol and chemistry model; and various emission
models.  However,  the  climate  components,  which  include
atmosphere,  ocean,  land and sea  ice,  are  the  main focus  in
the  FAFMIP  experiments.  A  schematic  diagram  of  the
CAS-ESM2.0 framework is shown in Fig. 1.

The  atmospheric  component  of  CAS-ESM2.0  is  IAP
AGCM5.0, which is the fifth-generation AGCM developed
by  IAP.  The  IAP  AGCM  is  a  global  gridpoint  model  that
uses the finite-difference scheme with terrain-following for
the σ-coordinate. The horizontal resolution of IAP AGCM5
is approximately 1.4° latitude × 1.4° longitude and has 35 ver-
tical levels with a model top at 2.2 hPa. The physical paramet-
erizations  in  IAP  AGCM5  have  been  largely  updated  and
include new convection and cloud schemes and many modific-
ations that were made to other parameterization schemes com-
pared to its  previous version,  IAP AGCM4.1, in which the
physical  parameterizations  were  mostly  taken  from CAM5
(Zhang et al., 2020).

The  OGCM  in  CAS-ESM2.0  is  based  on  LICOM2.0
(Liu  et  al.,  2012).  The  model  domain  is  located  between
78.5°S and 87.5°N with a  1°  zonal  resolution.  The meridi-
onal  resolution  is  refined  to  0.5°  between  10°S  and  10°N

 

 

Fig. 1. Schematic diagram of the CAS-ESM2.0 framework.
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and is increased gradually from 0.5° to 1° between 10° and
20°. There are 30 levels in the vertical direction with 10 m
per layer in the upper 150 m. Based on the original version
of  LICOM2.0,  key  modifications  have  been  made:  (1)  a
new sea surface salinity boundary condition was introduced
that  is  based  on  the  physical  process  of  air–sea  flux
exchange at the actual sea–air interface (Jin et al., 2017); (2)
intra-daily air–sea interactions are resolved by coupling the
atmospheric and oceanic model components once every 2 h;
and (3) a new formulation of the turbulent air–sea fluxes (Fair-
all  et  al.,  2003)  was  introduced.  The  ocean  component  of
CAS-ESM2.0 has also participated the Ocean Model Inter-
comparison  Project  Phase  1  (OMIP1)  experiments  for
CMIP6 (Dong et al., 2020).

The sea-ice model is the improved Los Alamos Sea Ice
Model (version 4.0) (Hunke and Lipscomb, 2008) and uses
the same grid as  the oceanic model.  This  model  solves the
dynamic  and  thermodynamic  equations  for  five  ice-thick-
ness categories, with one snow layer and four ice layers. For
the dynamic component, we use elastic–viscous–plastic rhe-
ology (Hunke and Dukowicz 1997), the mechanical redistribu-
tion  scheme  (Lipscomb  et  al.,  2007),  and  the  incremental
remapping advection scheme (Lipscomb and Hunke, 2004).
For  the  thermodynamic  component,  we  use  parameteriza-
tion with a more realistic sea-ice salinity budget (Liu, 2010)
and  an  improved  CCSM3 radiation  scheme for  albedo  and
radiative  fluxes  at  the  sea-ice  surface  by  incorporating  an

explicit melt pond and its impact on the albedo.
The land component of CAS-ESM2.0 is CoLM (Dai et

al.,  2003). The initial version of CoLM was adopted as the
Community  Land  Model  (CLM)  for  use  with  the  Com-
munity  Climate  System  Model  (CCSM; Collins  et  al.,
2006),  which  was  later  adopted  as  the  land  component  for
the Beijing Normal University Earth System Model (BNU-
ESM; Ji  et  al.,  2014).  The improved version of  CoLM has
been adopted in CAS-ESM2, e.g.,  an improved two-stream
approximation model  of  radiation transfer  of  the canopy,  a
photosynthesis–stomatal  conductance  model  for  sunlit  and
shaded  leaves  and  for  simultaneous  transfer  of  CO2 and
water  vapor  into  and  out  of  the  leaves,  and  the  embedded
IAP Dynamic Global Vegetation Model (IAP-DGVM) (e.g.,
Dai et al., 2004; Zeng et al., 2014).

2.2.    Experimental design

The  FAFMIP  experiments  are  flux-anomaly-forced
experiments and have been conducted using CAS-ESM2.0.
A  detailed  description  of  the  experimental  design  of  the
FAFMIP  experiments  was  supplied  by Gregory  et  al.
(2016). FAFMIP presents the prescribed surface flux perturba-
tions  of  wind  stress,  heat  and  fresh  water  for  the  doubled
CO2 concentrations (Figs. 2a–c), which are derived from the
ensemble  mean  differences  between  years  61–80  of  13
CMIP5 CGCM 1pctCO2 experiments and all years of piCon-
trol control simulations and held seasonal cycles. Seven exper-
iments  (namely,  faf-stress,  faf-heat,  faf-water,  faf-heat-

 

 

Fig. 2. Spatial patterns of the surface flux perturbations of (a) momentum (units: 10−3 Pa; colors indicate magnitude
of  the  vector,  arrows  indicate  direction),  (b)  heat  (units:  W m−2),  and  (c)  water  (units:  10−6 kg  m−2 s−1)  as  added
atmospheric forcing in FAFMIP experiments. (d) Spatial pattern of change in the surface heat flux into seawater in
the time mean of the final decade of the faf-heat experiment relative to the control (units: W m−2).
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NA50pct,  faf-all,  faf-passiveheat,  and  faf-heat-NA0pct)
were  conducted  using  CAS-ESM2.0.  Among  the  experi-
ments, the former four experiments are Tier1, while the lat-
ter three are Tier2. The corresponding experimental designs
are briefly described as follows:

(1) In the faf-stress experiment, a perturbation occurs in
the  surface  eastward  (zonal)  and  northward  (meridional)
momentum  fluxes,  i.e.,  wind  stress  is  added  to  the
momentum  balance  of  the  seawater  surface. Figure  2a
shows  the  annual  mean  surface  momentum  flux  perturba-
tions supplied by FAFMIP. The prominent feature is the west-
erly wind stress in the Southern Ocean, for which the largest
positive change exceeds 0.02 Pa.

T
′
a

T
′
r

T
′
r

(2) In the faf-heat experiment, a perturbation of the heat
flux is imposed on the ocean water surface. Figure 2b shows
the  heat  flux  perturbation  forcing  in  the  FAFMIP  experi-
ment. Larger positive anomalies occur in the mid–high-latit-
ude North Atlantic Ocean and in the Southern Ocean. To elim-
inate the strong negative feedback between the surface heat
flux and SST and to maximize the effect of the prescribed sur-
face heat flux perturbation, we adopted the tracer approach
method B that was recommended by FAFMIP. This method
divides  the  temperature  change  and  ocean  heat  uptake
(OHU) into added ( ,  mainly due to the prescribed added
heat flux) and redistributive ( , mainly due to the change in
ocean circulation) components in the related heat flux perturb-
ation  experiments,  and  the  passive  heat  tracer  is  intro-
duced and used to calculate the surface heat flux instead of
SST, which does not feel heat flux perturbations and affects
ocean water density.

(3)  In  the  faf-water  experiment,  a  perturbation  of  the
freshwater flux is added to the sea water surface. Figure 2c
shows the annual mean surface water flux perturbation. The
pattern is dominated by precipitation changes and the posit-
ive center is located in the western equatorial Pacific and in
the midlatitudes of the two hemispheres. In contrast, negat-
ive water flux occurs in the subtropics.

(4)  The  design  of  the  faf-heat-NA50pct  experiment  is
exactly  the  same  as  that  of  the  faf-heat  experiment  except
that  within  a  portion of  the  North  Atlantic  Ocean,  the  heat
flux  perturbation  is  multiplied  by  0.5,  as  was  proposed  at
the FAFMIP meeting in April 2019. The purpose of the exper-
iment is to produce an Atlantic Meridional Overturning Circu-
lation  (AMOC)  weakening  that  is  similar  to  that  in
1pctCO2, whereas the original faf-heat experiment provides
greater weakening because of the redistribution feedback.

(5) In the faf-all experiment, the surface flux perturba-
tions of momentum, heat and freshwater are simultaneously
imposed on seawater. Method B is also applied to compute
the surface flux, which is the same method as in the faf-heat
experiment. The experiment is used to quantify the nonlinear-
ities of the effects of the three perturbations.

(6) In the faf-passiveheat experiment, the heat flux per-
turbation  is  applied  instead  to  the  passive  tracer Ta initial-
ized  to  zero,  which  can  be  used  to  diagnose  the  effect  of
added heat  on ocean temperatures  due to  ocean circulation

changes  through  a  comparison  of  faf-passiveheat  with  faf-
heat.  The experiment is  equivalent  to the piControl  experi-
ment.  The  results  of  this  experiment  are  used  as  a  control
experiment in this paper.

(7)  The  faf-heat-NA0pct  experiment  is  similar  to  faf-
heat-NA50pct  but  with  a  zero  perturbation  in  the  North
Atlantic region, as was also proposed at the FAFMIP meet-
ing in April 2019.

It  is  noteworthy  that  all  perturbations  are  imposed  on
the seawater surface and do not directly affect the sea ice, to
maintain the preindustrial state of the sea ice. The initial con-
ditions  of  all  experiments  are  the  same,  and  are  derived
from the end of a 300-year spin up of the piControl experi-
ment  of  CAS-ESM2.0.  Further  details  of  the  implementa-
tion of each of the experiments can be found at the follow-
ing websites: http://www.fafmip.org and http://www.fafmip.
org/design_apr19.html.

3.    Technical validation

Surface heat flux perturbation plays a dominant role in
the  weakening  of  the  AMOC  and  increases  the  OHU  and
SLR  among  the  surface  flux  perturbations  (Rahmstorf  and
Ganopolski,  1999; Gregory  et  al.,  2005; Bouttes  and
Gregory, 2014; Gregory et al., 2016). Therefore, minimiza-
tion  of  the  effect  of  the  redistributed  heat  flux  change  ∆Q
due to circulation changes is very important in the faf-heat
and faf-all  experiments. Figure 2d shows the change in the
surface ∆Q of the faf-heat experiment relative to that of the
control.  The  spatial  pattern  is  consistent  with  the  mul-
timodel  mean  results  shown  in Gregory  et  al.  (2016).  The
most  significant  positive  change  is  observed  in  the  North
Atlantic and a negative flux change can be observed in the
equatorial  Pacific  and  Atlantic,  western  boundary  in  the
North  Pacific  and  around  the  Aleutian  Islands,  and  along
the western and eastern coasts of the South American contin-
ent.  The  global  ocean area  mean ∆Q in  the  final  decade  is
0.15  W m−2,  which  is  slightly  greater  than  the  multimodel
mean  result  (0.07  W  m−2)  presented  in Gregory  et  al.
(2016).  The  global  ocean  area  mean  heat  flux  perturbation
is 1.86 W m−2, and thus 108% of the heat flux perturbation
is added to the ocean, which results in a greater increase in
the ocean temperature than that in faf-passiveheat (Fig. 3c).

3.1.    Time series of changes

Figure 3 shows the time series of several key metrics in
the  experiments  following Gregory  et  al.  (2016),  which
include  the  global  mean  surface  air  temperature  change
(Fig.  3a),  net  surface  heat  flux  change  (Fig.  3b),  ocean
volume mean temperature  change (Fig.  3c),  and maximum
AMOC transport change (Fig. 3d). From the results of the sur-
face  air  temperature  change,  faf-stress  varies  up  and  down
slightly above the zero line, whereas the faf-heat, faf-water
and faf-all experiments all show surface cooling with a mag-
nitude within −0.5°C. Our results are similar to the model per-
formance in Gregory et  al.  (2016,  top row of  their Fig.  5),
especially  regarding  the  consistency  of  the  results  simu-
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lated  by  GFDL-ESM2M.  The  magnitudes  of  air  temperat-
ure change in faf-heat-NA50pct and faf-heat-NA0pct are not-
ably  smaller  compared  to  those  in  faf-heat  due  to  the
reduced heat flux perturbation in the North Atlantic region.
These results show a decrease in the surface air temperature
change  in  the  faf-heat  and  faf-all  experiments,  which  is
mainly  associated  with  the  surface  heat  flux  perturbation,
especially  for  the  North  Atlantic  region.  The  imposed heat
flux perturbation in the North Atlantic region could reduce
heat transport by AMOC in the heat flux perturbation experi-
ments, which would further induce cooling of air temperat-
ures  in  the  North  Atlantic  region  and  for  similar-latitude
regions  of  Eurasia  and  North  America  (Stouffer  et  al.,
2006). In faf-water, cooling of the surface air temperature is
mainly  due  to  the  suppression  of  upward  heat  transport

caused by fresher surface salinity (Gregory et al. 2016).
As shown in Fig. 3b, the net surface heat flux change is

positive (~2 W m−2) in faf-heat and faf-all,  whereas in faf-
stress  and faf-water  the  net  surface  heat  flux  change  oscil-
lates near the zero line, which indicates that the net heat flux
in  faf-all  is  mainly  attributable  to  the  surface  heat  flux
change. In our experiments, the global mean heat flux over
the  last  10  years  is  2.01  (2.15)  W m−2 in  faf-heat  (faf-all),
and  the  global  mean  prescribed  heat  flux  perturbations  in
faf-heat and faf-all are 1.86 W m−2. Compared with faf-heat
and  faf-all,  the  positive  heat  flux  changes  in  faf-heat-
NA50pct  and  faf-heat-NA0pct  are  suppressed  due  to  the
experimental designs, and the global mean surface heat flux
changes  in  the  final  decade  of  the  two  experiments  are
1.55 W m−2 and 1.28 W m−2, respectively.

 

 

Fig. 3. Annual mean time series of the (a) surface air temperature change (units: °C), (b) net heat flux change (units:
W m−2), (c) volume mean ocean temperature change (units: °C), and (d) maximum transport change of the AMOC
(units:  Sv),  in  six  experiments:  faf-heat  (red  line),  faf-stress  (black  line),  faf-water  (blue  line),  faf-all  (dark  green
line),  faf-heat-NA50pct  (orange  line)  and  faf-heat-NA0pct  (green  line).  The  dashed  black  line  indicates  the  faf-
passiveheat experiment.
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In Fig.  3c,  the  ocean  volume  mean  temperatures
increase  continuously  in  the  faf-heat  and  faf-all  experi-
ments;  however,  the  faf-water  and  faf-stress  experiments
both show minor changes and the faf-water experiment has
a  slightly  larger  magnitude  of  increase  than  the  faf-stress
experiment.  This  feature  is  highly  consistent  with  the  res-
ults of Gregory et al. (2016, second row of their Fig. 5). At
the  end  of  the  70th  year  of  integration,  the  temperature
change  in  faf-heat  (faf-all)  is  approximately  0.30°C
(0.32°C),  with  the  same  magnitude  as  MPI-ESM-LR  in
Gregory  et  al.  (2016),  which  is  slightly  larger  than  the Ta

(0.28°C)  in  faf-passiveheat  forced  only  by  the  prescribed
heat  flux  perturbation.  The  larger  increases  in  temperature
changes in faf-heat and faf-all compared to Ta in faf-passive-
heat are due to the warming effects of ∆Q (Fig. 3a). Similar
to the air temperature and surface heat flux changes, the vari-
ations  of  ocean  volume-mean  temperatures  in  the  faf-heat-
NA50pct  and  faf-heat-NA0pct  experiments  are  consistent
with  those  in  the  faf-heat  and  faf-all  experiments  but  with
reduced magnitudes. The positive ocean volume-mean temper-
ature anomalies at the end of the integrated 70th year reach
0.24°C  and  0.20°C  in  faf-heat-NA50pct  and  faf-heat-
NA0pct, respectively.

The strength of AMOC is decreased in the faf-heat and
faf-all experiments with similar magnitudes (approximately
−10 Sv) (Fig. 3d). Our results falls in the uncertainty range
(e.g., 6–12 Sv) of the models in Gregory et al. (2016, third
row of their Fig. 5), with a magnitude similar to CanESM2.
In the first 30 years in the faf-heat-NA50pct experiment, the
reduction  of  AMOC  is  nearly  consistent  with  those  in  the
faf-all  and faf-heat  experiments.  After  30 years,  the  differ-
ence  between  faf-heat-NA50pct  and  faf-heat/faf-all
increases with an ultimate reduction in AMOC to approxim-
ately  half  of  that  in  the  faf-all  and  faf-heat  experiments  at
the end of the 70th year. In the faf-heat-NA0pct experiment,
the AMOC change is largely suppressed (within −4 Sv) due
to the absence of the surface heat flux perturbation imposed
in the North Atlantic region. Compared with the faf-all and
faf-heat  experiments,  no  significant  AMOC  changes  occur
in the faf-stress and faf-water experiments (Figs. 3c and d).
These time series of the global mean variables further demon-
strate that the surface heat flux perturbation plays a domin-
ant role in ocean climate change in response to CO2 forcing
among the surface flux perturbations.

3.2.    Spatial patterns of changes

T
′
a

Figure  4 shows  the  zonal  mean  ocean  temperature
changes  in  the  time  means  of  the  final  decade  of  the
FAFMIP experiments relative to the control experiment. In
faf-heat, the warming is mainly located in the upper 1000 m
over nearly the entire ocean (Fig. 4a), with the maximum mag-
nitude of change exceeds 1°C to the north of 40°N and penet-
rates  to  a  depth  of  500  m.  The  cooling  in  faf-heat  appears
north  of  60°N  from  500  m  to  2000  m  and  approximately
40°N from 2500 m to  3500 m.  The warming in  faf-heat  is
dominated by the added heat tracer  due to the imposed sur-
face flux perturbation (Fig. 4g), and the cooling mainly res-
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ults from the redistributed heat tracer  due to ocean circula-
tion change,  especially for the change in AMOC (Fig.  4h).
The  spatial  patterns  of  zonal  mean  ocean  temperature
changes, the added heat tracer , and the redistributed heat
tracer  in faf-heat, are highly consistent with the results of
Gregory et al. (2016, third row in their Fig. 11). The spatial
patterns  of  the  zonal  mean  ocean  temperature  changes  in
faf-all are highly similar to those in faf-heat. The faf-water
experiment  contributes  warming  (approximately  0.2°C)  in
the  Northern  Hemisphere  at  depths  of  approximately
500–2000 m and cooling at depths of 0–500 m in the South-
ern Ocean (Fig. 4b); faf-stress exhibits a cooling pattern in
most upper-ocean regions. The spatial patterns of the zonal
mean  temperatures  in  faf-heat-NA50pct  and  faf-heat-
NA0pct  are  also  similar  to  those  in  faf-heat,  and  the  mag-
nitude of warming north of 40°N from the surface to a depth
of 500 m and cooling in the mid–high-latitude subsurface in
both  experiments  are  substantially  reduced  compared  to
those in faf-heat. This demonstrates the combined effects of
the  difference  in  the  heat  flux  perturbation  imposed  in  the
North Atlantic region and the difference in the reduction of
heat transport by AMOC.

Changes in ocean heat content (OHC) and dynamic sea
level (DSL) are also important metrics for evaluating ocean
climate change, which is an essential scientific issue that the
community aims to resolve by conducting the FAFMIP exper-
iments. We show the spatial patterns of the DSL and OHC
changes  in  the  time  means  of  the  final  decade  of  the
FAFMIP experiments in Fig. 5 and Fig. 6, respectively. The
greatest local changes in DSL and in OHC occur in faf-heat
among the surface flux perturbation experiments (Fig. 5 and
Fig.  6).  The  most  striking  feature  in  faf-all  is  the  three
dipole patterns of DSL change: one is located in the North
Atlantic (a positive change at approximately 40°N and a neg-
ative change southward); the second is located across the Ant-
arctic  Circumpolar  Circulation  (ACC,  a  positive  change  to
the north and negative change to the south);  and the last  is
over the North Pacific with an opposite dipole pattern of pass-
ive change in subtropical areas and a negative change to the
north, which are highly similar to the model-mean results in
Gregory  et  al.  (2016,  their  Fig.  8). The  North  Atlantic
dipole pattern is primarily due to the heat flux perturbation
(Figs.  5a and d),  which is  consistent  with a  larger  increase
in OHC north of 40°N in the Atlantic Ocean in faf-heat and
faf-all (Figs. 6a and d). Additionally, the water flux perturba-
tion can partially reinforce the North Atlantic dipole due to
the  halosteric  contribution  because  an  increase  in  OHC
occurs  in  most  areas  of  the  North  Atlantic  in  faf-water
(Fig.  6b),  although  the  AMOC  does  not  change  substan-
tially  (Fig.  3b).  The  dipole  pattern  across  the  ACC  results
from the combined effects of the heat and wind stress perturb-
ations and the water flux perturbations provide a counteract-
ing contribution (Figs. 5b–d). The contributions of the heat,
water  and  wind  stress  perturbations  to  the  DSL  changes
across  the  ACC  are  mainly  thermosteric  instead  of
halosteric,  as  is  inferred  from  the  distributions  of  OHC

FEBRUARY 2021 JIN ET AL. 301

 

  



change  (Figs.  6a–d).  The  opposite  dipole  pattern  over  the
North Pacific is due to the combined effects of surface heat
flux and freshwater flux perturbations (Figs. 6a, b and d).

For  the  two  new  experiments  (i.e.,  faf-heat-NA50pct
and faf-heat-NA0pct), although the dipole pattern across the
ACC  still  exists  in  faf-heat-NA50pct  and  faf-heat-NA0pct
(Figs. 5e and f), the magnitude of the DSL change gradient
across the ACC is significantly lower when compared with
that  of  faf-heat,  which  is  associated  with  the  smaller
increase  in  OHC  (Figs.  6g and h).  For  the  North  Atlantic,
the  increase  in  OHC north  of  40°N in  faf-heat-NA50pct  is
greatly reduced compared with that in faf-heat, and faf-heat-
NA0pct  shows  almost  no  increase  in  this  region,  which
mainly  results  from  the  suppressed  heat  flux  perturbation
imposed  in  the  North  Atlantic  in  both  experiments.  The
change  in  the  North  Atlantic  dipole  pattern  in  DSL in  faf-

heat-NA50pct is not obvious, and faf-heat-NA0pct exhibits
an almost opposite dipole pattern.
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The spatial  patterns  of  the  changes  (including changes
in the zonal mean temperature, OHC and DSL) in faf-all are
mainly  dominated  by  those  in  faf-heat.  We further  explore

the  added  OHC  change  and  redistributed

OHC change  of the OHC change in the faf-

heat experiment, and the results are shown in Figs. 6 g and
h,  where ρ0, cp and H represent  the sea water  density,  spe-
cific heat capacity and depth of the sea water, respectively.
Similar to the zonal mean temperature change, the increased
OHC in faf-heat is primarily determined by the added OHC
change,  especially  for  the  Atlantic  Ocean  and  Southern
Ocean. It is noted that the redistributed OHC change is also
important  for  determining  the  geographical  pattern  of  the

 

 

Fig.  4.  Latitude–depth plots  of  the zonal  mean ocean temperature change (units:  °C) in the time mean of  the final
decade in FAFMIP minus that in the control experiment, in six experiments: (a) faf-heat, (b) faf-water, (c) faf-stress,
(d) faf-all, (e) faf-heat-NA50pct, and (f) faf-heat-NA0pct. In addition, (g) and (h) represent added and redistributed
portions in the faf-heat experiment, respectively.
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OHC change, such as in the North Atlantic, western bound-
ary currents, and high latitudes.

Using the FAFMIP multimodel output datasets, further
investigations can be performed to examine future ocean cir-
culations and energy changes with increasing CO2 levels.

4.    Usage notes

The FAFMIP datasets, including those from the faf-all,
faf-heat,  faf-water,  faf-stress,  faf-passiveheat,  faf-heat-
NA50pct  and  faf-heat-NA0pct  experiments,  have  been
uploaded to the ESGF data server for users to download and
can  be  found  at https://esgf-nodes.llnl.gov/projects/cmip6/.
The dataset format is the NetCDF (Network Common Data
Form), version 4. The horizontal grid numbers of the model
outputs are 360 and 196 in the zonal and meridional direc-
tions, respectively. The data have 30 vertical levels with 10 m

per layer in the upper 150 m and the original horizontal resolu-
tions  and  vertical  levels  are  not  changed  on  the  ESGF
nodes. The variables of Priority 1 for FAFMIP are shown in
Table  1.  The  corresponding  piControl  data  are  also  avail-
able from the same website.

5.    Summary

The purpose of  this  paper  is  to  introduce the FAFMIP
experimental  datasets  in  CMIP6  as  simulated  by  CAS-
ESM2.0 and to provide a brief evaluation of the model per-
formances in this regard. Seven FAFMIP experiments (includ-
ing  faf-heat,  faf-stress,  faf-water,  faf-all,  faf-passiveheat,
faf-heat-NA50pct and faf-heat-NA0pct)  have been conduc-
ted  using  CAS-ESM2.0,  with  each  experiment  integrated
over  70 years.  As expected,  the  temporal  evolutions  of  the
global mean variables (including the changes in ocean temper-

 

 

Fig.  5.  Spatial  patterns  of  the  DSL  change  (units:  m)  averaged  in  the  final  decade  relative  to  the  control  in  six
experiments: (a) faf-heat, (b) faf-water, (c) faf-stress, (d) faf-all, (e) faf-heat-NA50pct, and (f) faf-heat-NA0pct.
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ature,  surface  air  temperature,  surface  heat  flux,  and
AMOC)  and  the  spatial  patterns  of  ocean  climate  changes
(including  DSL  and  OHC  changes)  in  CAS-ESM2.0  are
highly consistent with the preliminary results of other mod-
els reported in Gregory et al. (2016).

As in many previous studies, surface heat flux perturba-
tions play a dominant role in ocean climate changes (includ-
ing DSL, AMOC and OHC changes) in response to CO2 for-
cing  among  the  surface  flux  perturbations.  Heat  flux  and
water flux perturbations cause the DSL dipole pattern in the
North  Atlantic,  while  the  Southern  Ocean  features  of  DSL

change are mainly caused by heat and wind stress perturba-
tions, and water flux perturbations have a counteracting contri-
bution.  The  AMOC  decreases  in  response  to  surface  heat
flux perturbations and the wind stress and water flux perturba-
tions  have  almost  no  effect  on  AMOC  change.  The  two
newly  added  experiments  (i.e.,  faf-heat-NA50pct  and  faf-
heat-NA0pct) greatly reduce the weakening of AMOC, and
the dipole pattern of DSL in the North Atlantic is markedly
different  from  those  in  faf-heat  and  faf-all.  Therefore,  the
rationality  of  the  two  new experiments  needs  to  be  further
investigated.  For  the  OHC  changes,  the  increased  OHC  in
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Fig. 6. Spatial patterns of the OHC change (units: GJ m−2; vertical integral of the change in the tracer multiplied by
the volumetric heat capacity) averaged in the final decade relative to the control in eight experiments. Experiments
(a) to (f) is the same as in Fig. 5, while (g) and (h) are experiments that separate the added ( ) and redistributive ( )
components in the heat flux perturbation experiments. Detailed information of these experiments can refer to Section
2.2 (Experimental design).
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faf-heat is primarily determined by the added OHC change,
especially for  the Atlantic Ocean and Southern Ocean,  and
the  redistributed  OHC  changes  due  to  ocean  circulation
changes are also important for influencing the geographical
patterns of OHC changes.

Based on the reasonable behaviors of the model results,
further research can be performed to explore the changes in
OHC, ocean circulation and sea level response to CO2 for-
cing by using our model outputs along with other FAFMIP
datasets.  The  FAFMIP  experimental  outputs  can  be  com-
pared with the 1pctCO2 experiments in CMIP6 to investig-
ate  the  uncertainty  of  ocean  responses  to  increasing  CO2

levels. Our experimental datasets have been uploaded to the
CMIP6  website  and  all  scientists  and  researchers  are  wel-
come to download and use the data. The results in this paper
also  serve  as  a  basic  reference  of  CAS-ESM2.0  perform-
ance for all users who are interested in the FAFMIP experi-
ments and who might use our datasets.
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