A Positive Low Cloud-Sea Surface Temperature Feedback in the East Asian Marginal
Seas during El Nino Mature Winters and Their Following Spring

ZHUN GUO®,* KALLI FURTADO,® TIANJUN ZHOU,® VINCENT E. LARSON,%® AND LING ZHANG'

# Climate Change Research Center, Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing, China
® Met Office, Exeter, United Kingdom
¢ LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing, China
4 Department of Mathematical Sciences, University of Wisconsin-Milwaukee, Milwaukee, Wisconsin
¢ Pacific Northwest National Laboratory, Richland, Washington
tSchool of Atmospheric Physics, Nanjing University of Information Science and Technology, Nanjing, China

ABSTRACT: During the winter and subsequent spring of an El Nifio year, the East Asian marginal sea (EAMS) exhibits
positive sea surface temperature anomalies (SSTAs) and fewer low clouds, while the western North Pacific experiences
negative SSTAs. In this study, we suggest that the positive SSTAs in EAMS are maintained by a positive low cloud-SST
feedback. In neutral winters and springs, the EAMS is covered by low clouds, which have a cooling effect on surface tem-
peratures. During an El Nifo year, a western North Pacific anomalous anticyclone is established, and along its northwest-
ern flank, there are favorable conditions for convergence of moisture and weaker surface latent heat flux over the EAMS.
Once a positive SSTA has been established, a further reduction of turbulent mixing results in less low cloud and enhanced
solar heating of the ocean mixed layer; this reinforces and maintains both the positive SSTA and the lack of low cloud via
a positive feedback mechanism. The concurrent increase of low cloud-SST feedback and anticyclone circulation strengths
is evident in the coupled-model simulations from phase 6 of the Coupled Model Intercomparison Project. Furthermore,
sensitivity experiments, performed with the atmospheric components of Community Earth System Model (CESM2), reveal
that a positive SSTA helps to maintain the western North Pacific anomalous anticyclone. Four pacemaker-coupled experi-
ments by CESM2, with sea surface temperature in the equatorial Pacific restored to the observational anomalies plus the
model climatology and altered low cloud feedback over EAMS, suggest that the low cloud—SST feedback results in more
than the maintenance of a positive SSTA over the EAMS: the positive feedback is also a previously overlooked mechanism
for the maintenance of the western North Pacific anomalous anticyclone.

SIGNIFICANCE STATEMENT: The East Asian marginal sea (EAMS) and western North Pacific are important
areas that bridge El Nifo and the climate of East Asia. Unlike the cold sea surface temperature anomaly (SSTA) over
the western North Pacific during El Nifio, the positive SSTA over EAMS, which is covered by winter low cloud, has
received less attention. We suggest that a “low cloud-SST” feedback—mnamely, one in which decreasing low-level
clouds allows more sunlight to strike the ocean surface and favors higher SST—maintains the positive SSTA over
EAMS. We also configure a widely used atmospheric model with a set of preset SSTA patterns that mimic different cli-
mate patterns. Our experiments with different climate patterns and CMIP6 historical runs show that the low cloud-SST
feedback (through the positive SSTA) is a possible supplementary mechanism for reinforcing the WNP anomalous

anticyclone.
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1. Introduction

In the western North Pacific (WNP), an anomalous lower-
tropospheric anticyclone (WNPac), which is coupled to a nega-
tive sea surface temperature anomaly (SSTA), provides a link
between El Nifio-Southern Oscillation (ENSO) events in the
eastern-tropical Pacific and the East Asian monsoon (Wang
et al. 2000; Zhang et al. 1996). It is widely accepted that the
WNPac matures in El Nifio winter and then persists during the
following spring and summer. But there is no widespread
agreement about the mechanisms that maintain the WNPac.

One of the views emphasizes the local air-sea interactions
over the western North Pacific. For example, previous studies
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have suggested that the positive “wind—evaporation—-SST”
feedback is essential to the maintenance of the SSTA, which
can persist until the following spring or early summer (Wang
et al. 2000, 2003). In this framework, the SSTA forms in au-
tumn or winter in response to atmospheric Rossby waves that
are generated by El Nifio—-induced subsidence over the equa-
torial western Pacific. But these cold anomalies may “out
live” the El Nifio events themselves (by several months, in ex-
treme cases) because the anomalous southwesterlies (north-
easterlies) on the western (eastern) flanks of the WNPac,
strengthen (weaken) the climatological northeasterly trade
winds and latent heat fluxes that act to maintain a gradient of
negative/positive SSTA across the anticyclone.

An alternative view favors the remote effects of El Nifio
SSTA over the eastern Pacific and the interactions between
El Nino and the annual cycle over local air-sea interactions.
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Based on the sensitivity experiments of an atmospheric general
circulation model, Stuecker et al. (2015) found that WNPac is
well established and maintained under the forcing of the eastern
tropical Pacific SSTAs, indicating that the air—sea interaction in
the northwestern Pacific is secondary for WNPac. Some more
recent studies also emphasize the remote effects of El Nifo
SSTA over the eastern Pacific in maintaining WNPac during
El Nino mature winter and the following spring, based on the
observational moist static energy budgets and a series of
“pacemaker-coupled” experiments (Wu et al. 2017a,b). Pace-
maker-coupled experiments are fully coupled simulations except
that the sea surface temperature (SST) in the equatorial Pacific is
restored to the observational anomalies plus the model climatol-
ogy. They further quantified the relative contributions of remote
SSTA forcing and local air-sea interactions to the intensity of the
WNPac and found that the former dominates, because the north-
ern branch of the twin cyclonic responses advects dry and low
moist enthalpy air into WNP and suppresses local convections.

In the view of remote effects of SSTAs, previous studies
(Xie et al. 2009; Yang et al. 2007) also highlighted the warm-
ing effect from the Indian Ocean. The Indian Ocean warming
acts like a capacitor that helps to prolong the effects of El
Nifo after the SSTAs diminish in the tropical eastern Pacific.
Through the moist adiabatic adjustments of local deep con-
vections, the Indian Ocean warming changes the atmospheric
heating and emanates the Kelvin wave into the Pacific, which
further enhances the WNPac.

These two general kinds of perspectives complement each
other, suggesting that WNPac is the result of both the remote
forcing and the local air-sea interactions over WNP. Is “low
cloud-SST” feedback, as a type of local sea—air interaction, a pos-
sible mechanism for maintaining the WNPac? Previous studies
showed that the largest annual mean cloud optical depths at the
midlatitudes, occur downstream of the Tibetan Plateau, down-
stream of the East Asian landmass and sea, because of the prevail-
ing low clouds (Klein and Hartmann 1993; Wood 2012; Yu et al.
2004). The large low cloud fraction belt, mainly the stratiform low
cloud, extends from southeastern China eastward, to the East
Asian marginal sea (EAMS) and then to the North Pacific
(Fig. 1). Although there have been many studies of low cloud
feedback in the subtropical eastern Pacific (Bony et al. 2006; Bony
and Dufresne 2005; Bony et al. 1997; Clement et al. 2009; Norris
2000; Norris and Leovy 1994), the effects of low clouds and
their feedback on the interannual variability of SSTs over
the EAMS remains unclear. Considering that the EAMS is
also one of the low cloud areas and exhibits significant inter-
annual variabilities, we are motivated to investigate low cloud
feedbacks and their climate effects. Moreover, formations of
prevailing low clouds are known to rely heavily on large-scale
controls, such as trade winds and lower-troposphere stability
(LTS) (Klein and Hartmann 1993; Wood 2012). So the strong
interactions between low clouds and large-scale circulations in
WNP may be also expected to occur.

In this study, therefore, we aim to answer two questions: Is
there a low cloud feedback over EAMS? If so, how does it
play a role in the maintenance of WNPac during El Nifio ma-
ture winter and the following spring? The remainder of the
paper is organized as follows. The data and analysis method are

described in section 2. The results are presented in section 3.
Section 4 summarizes the major findings.

2. Data, method descriptions, and experiment design
a. Data descriptions

The observational and reanalyzed datasets used in pre-
sent study consist of: 1) cloud fraction from the Interna-
tional Satellite Cloud Climatology Project (ISCCP) D2 from
1984 to 2007 (Rossow and Schiffer 1999); 2) surface latent
flux, sensible flux, longwave and shortwave fluxes by the ob-
jectively analyzed air-sea fluxes (OAflux) from 1984 to 2007
(Yu and Weller 2007); 3) the Hadley Centre Sea Ice and Sea
Surface Temperature dataset (HadISST) from 1950 to 2015
(Rayner et al. 2003); 4) European Centre for Medium-
Range Weather Forecasts interim reanalysis (ERA-Interim;
Dee et al. 2011) for circulations and profiles of boundary
layer; 5) International Comprehensive Atmosphere—Ocean
Dataset (ICOADS; 1° latitude X 1° longitude) that offers
observational SST and cloud fraction from ships, buoys,
and other platform types from 1950 to 2015 (Woodruff
et al. 2008); 6) Global Ocean Data Assimilation System
(GODAS) offers the oceanic mixed layer depth, currents,
and temperature from 1984 to 2007 (https://www.cpc.ncep.
noaa.gov/products/GODAS/background.shtml); and 7) the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observation (CALIPSO) from 2007 to 2017.

The intensity of ENSO events is measured by the DJF-mean
Nifio-3.4 index, which is defined as the area-averaged SSTA
over the region 5°N-5°S, 120°-170°W. Because low-level clouds
can be mistakenly identified as midlevel clouds in ISCCP, the
low cloud is defined as the sum of midcloud and low cloud
(Clement et al. 2009).

To investigate the link between low cloud, SST and large-
scale circulations over EAMS, historical experiments during
18502015 of 27 fully coupled models from phase 6 of the
Coupled Model Intercomparison Project (CMIP6) are ana-
lyzed in our study (Table 1).

b. Diagnostic methods

For analyzing the changes in the marine boundary layer,
the entrainment rate w, is diagnosed from daily ERA-Interim
data by following the equation (Zhu et al. 2005):

az.
=—1+DZ 1
Ye T ur e O

where the large-scale subsidence rate DZ; ~ 0.32 cm s~ ! and
Z; is the height of boundary layer. Here, Z; is defined as the
height where the bulk Richardson number (Ri) first exceeds
its threshold (Ric) (Holtslag and Boville 1993), namely,

Ric — Ri(k + 1)

Zi= 20+ DY R~ Rk + 1)

X [Z(k) = Z(k + 1)],
@

where Z is height from ERA-Interim, and k is the vertical
level index. The Richardson number threshold (Ric) depends
on the grid of the dataset (Galperin et al. 2007). Given that
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FI1G. 1. The climatological DJIFMAM mean (a) low cloud fraction (%) from ISCCP D2, (b) SWCF and (c) NETCF
from ISCCP FD (W m™2), and (d) SST from HadISST (°C). The (¢) DJIFMAM mean low cloud fraction, (f) SWCF,
(g) NETCF from ISCCP, and (h) HadISST SST regressed against the time series of DJF-mean Nifo-3.4 index. The
black boxes in (e)-(h) are the EAMS, namely, the region is analyzed in later plots and pacemaker experiments. The
low cloud fraction, SWCF, and SST build up a positive feedback loop in EAMS.

the vertical resolution of the ERA-Interim (37 levels) is To better understand the evolution of SSTA over EAMS,
close to that of the Community Earth System Model the temperature equation of ocean mixed layer is diagnosed
(CESM2, 32 levels), this study has followed the CESM2’s in this study. Following Huang et al. (2012, 2010), the SST
setting that Ric = 0.3. budget equation is
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TABLE 2. Details of atmospheric model sensitivity experiments of CAM6/CESM2.

Experiment Description and method
CNTL This is a 21-yr simulation, in which CAM6/CESM2 is forced by a climatological SST averaged from 1950 to
2015. The last 18 years are used in this study. The initial condition is AD 2000.
El Nifio Same method as CNTL, but model is forced by a composited El Nino SST. To generate the SST forcing, all El
Nifio events during 1950-2017 are composited according to the Nifio-3.4 index.
CMS_neg We extract the negative SSTA in the region of 120°E-180°, 5°~40°N from the composited El Nifio SST. This
negative SSTA is then added back to the climatological SST.
CMS_pos Same method as CMS_neg run, but the treatment is only applied for the positive SSTA in region of 120°E-180°,
5°-40°N.
CMS_all Same method as CMS_neg run, but both positive and negative SSTA in region of 120°E-180°, 5°-40°N are
considered.
0T oT oT dipole SSTAs within the domain 120°E-180°, 5°-40°N, which
pCPh— = —pC hy - VT — pC hw,— — pC k. — + SW are named CMS_neg and CMS_all, respectively. All five ex-
ot P P az Pt oz .
periments are run for 21 years; the outputs of the last 20 years
+ LW + LH + SH, (3)  are used in our analysis.

where C, = 4218 J kg ! K™! is specific heat of water,  is the
mixed layer depth (m), v is the horizontal flow, and p is the
density of seawater (kg m ™). The right-hand side of the equa-
tion is the combined forcing of the diffusive heat flux at the
bottom of the mixed layer Ty, = — pCka(a T/9z), the vertical
averaged advection term T,,, = —pC hv - VT, entrainment
at the base of ocean mixed layer T, = — pCphwe(a T/9z), sur-
face longwave (LW) and shortwave (SW) heat fluxes, sensible
(SH) and latent (LH) heat fluxes. In the downgradient diffu-
sion model of T term, k, is the Richardson number-based
coefficient. In the budget analyses, the climatological annual
cycles are removed, and we set T, = Teny + Taisr

c. Sensitivity experiment designs

1) ATMOSPHERIC GENERAL CIRCULATION MODEL
EXPERIMENTS

To investigate the contributions of SSTA over EAMS in
the maintenances of WNPac, we perform several SST pat-
tern sensitivity experiments by using the Community Atmo-
sphere Model, version 6 (CAM6), which is the atmospheric
component of Community Earth System Model, version
2.11 (Danabasoglu et al. 2020). The sensitivity experiments
contain one benchmark experiment and four sensitivity ex-
periments, which are listed in Table 2. In the reference run,
CAMSG is configured with 30 vertical levels and horizontal
resolution of 1°. It is forced by the prescribed climatological
SST averaged from 1950 to 2015. For the sensitivity experi-
ments, we select and composite all El Nifio events during
the period from 1950 to 2015 based on the Nifio-3.4 SST in-
dex. The composited global SST of El Nino is then applied
to force CAMSG, to understand the impacts of local and re-
mote SST and sea ice in regulating WNPac. To highlight the
contributions of positive SSTA over EAMS, we further ex-
tract the positive SSTA from the composited El Nifio SST
within the domain 120°E-180°, 5°~40°N and then retain it in
the pattern of climatological SST while leave the SSTs outside
this region at the climatological values (named CMS_pos).
A similar treatment is also applied for the negative SSTA and

2) PACEMAKER-COUPLED EXPERIMENTS

Second, to close the low cloud-SST feedback loop and
learn its effects on the maintenance of SSTA and WNPac, this
study conducts a series of pacemaker-coupled experiments us-
ing CESM2 with the altered low-level cloud fraction, cloud
water content and feedback over EAMS, which are listed in
Table 3.

The pacemaker-coupled experiment is a fully coupled
simulation that contains all components as in the regular
fully coupled simulations, but with SST restored to the
model climatology plus observed historical anomaly in
some high climate impact regions. In this study, the SST is
restored in the equatorial east Pacific Ocean (15°S-15°N,
180°-280°E) while the air-sea interaction still operates
freely over EAMS, to understand the behavior of low cloud
over EAMS in the context of El Nifio.

Following Global Monsoons Model Intercomparison Pro-
ject Tier-2 (Zhou et al. 2016), the model diagnosed SST of
CESM?2 is restored to the corresponding constructed daily
climatological SST, as follows:

dSST _ aSST (
—_— = + coef
ot ot

SST + SST’) — SST
timescale

) “4)

orig

where, (aSST/az)lOrig is the original SST tendency, SST is the
daily climatological SST, and SST’ is the anomaly. The re-
storing time scale is 10 days in this study. “Coef” represents
the restoring coefficient, which is 1 in the equatorial east
Pacific Ocean (15°S-15°N, 180°-280°E) and linearly reduced
to 0 in a border buffer zone (20°S-20°N, 175°-285°E), as
shown in Fig. Al in appendix A.

This study applies two ways to construct the climatological-
daily SST for restoring: one is the seasonally evolved daily
mean SST during 1870-2015 based on the CESM’s historical
simulation, and the other is that simulated climatological daily
SST plus the observed daily SSTA of all El Nifio events in the
period from 1870 to 2015. The former configuration reprodu-
ces the climate mean state of atmospheric circulation as a



TABLE 3. Details of pacemaker-coupled experiments of CESM2.

Experiments

Restoring SST

Parameter of CLUBB

PACE_Climo

PACE_Nino (a standard El Nifio run)

PACE_Nino_STRFB (a stronger
positive cloud feedback only over
EAMS in El Nifo conditions)

PACE_Nino_WKNFB (a weak cloud
feedback over EAMS in El Nifo

The SST in the equatorial east Pacific is
restored to the daily climatology SST
from a 145-yr CESM simulation
(1870-2015). Atmospheric and
oceanic components are freely
coupled in the rest of areas. Please
see Fig. Al for the restoring area.

Same as PACE_Climo, but the SST of
equatorial east Pacific is restored to
the observational anomalies of all El
Nino Events during 1870-2015 plus
the model climatology.

The treatment of equatorial east Pacific
SST is consistent with PACE_Nino
run.

The treatment of equatorial east Pacific
SST is consistent with PACE_Nino

The whole globe has Cg = 4.2, the
coefficient of Newtonian pressure
damping term of the third moment of
vertical velocity.

The whole globe has Cg = 4.2. It offers
an original low cloud-SST feedback
over EAMS.

Cy is 2 only over the EAMS domain
(box in Fig. 1). For the rest of the
areas, C8 = 4.2, which is consistent
with above two experiments.

Cyg is 6 over the EAMS domain (box in
Fig. 1).

conditions) run.

reference (hereafter PACE_Climo). The latter is applied to
reproduce the circulations of El Nifio events, namely, the
PACE_Nino run. The atmospheric response during El Nino
winter and subsequent spring can be learned from the differ-
ence between these two types of experiments.

Now we perturb the low clouds in the EAMS domain (box
in Fig. 1) based on PACE_Nino to learn the contributions of
cloud feedback to the positive SSTA and WNPac maintenan-
ces during the El Nifio winter and subsequent spring. To
achieve this, we perturb the Newtonian pressure damping of
the third-order vertical velocity w3 of Cloud Layers Unified
by Binormals (CLUBB), which represents turbulence, strati-
form cloud macrophysics and shallow convection in CESM2
(Golaz et al. 2002; Larson 2017; Larson and Golaz 2005). The
perturbations of Newtonian pressure damping explain most
of the total variance of low cloud and shortwave cloud-
radiative forcing (SWCF) over EAMS, due to the local
warm SST and heating fluxes (Guo et al. 2015). A weaker
Newtonian pressure damping provides less restriction of
w3, allowing stratocumulus to transform more quickly into
cumulus clouds, thus reducing low clouds and SWCF, while
the reverse is true for stronger damping (Guo et al. 2014;
Larson 2017). Therefore, in the PACE_Nino_STRFB,
we obtain stronger cloud feedback by reducing the coeffi-
cient of Newtonian pressure damping (Cg) from 4.2 to 2 in
the EAMS (box in Fig. 1). Conversely, we conduct an op-
posite experiment with weaker cloud feedback in EAMS
by enhancing the Newtonian pressure damping (Cg = 6),
namely, PACE_Nino_WKNFB. Since the only difference
between PACE_Nino_STRFB, PACE_Nino_WKNFB,
and PACE_Nino is the low cloud response in the EAMS
domain, comparing the three gives an idea of the role of
low cloud feedback (Table 3).

All four pacemaker-coupled experiments of CESM2 are
configured with FO9_G16 horizontal resolution (about 1° in
both the atmospheric and the ocean components) and run for

11 years; the outputs of the last 10 years are used in our analy-
sis. Please refer to appendix B for more details.

3. The low cloud-SST feedback during El Nino year

The climatological mean low cloud fractions and SST over
the EAMS domain during winter and spring (DJFMAM) are
shown in Fig. 1. The low cloud belt extends from southeastern
China eastward to North Pacific (Figs. 1a and 2a). The low
cloud, which is mainly composed of stratocumulus, stratus,
and nimbostratus (by ISCCP’s definitions), is the most fre-
quent cloud type, exceeding 80% of the total cloud amount
over the coastal area of southeastern China. SWCF dominates
the net cloud-radiative forcing (NETCF). Correspondingly,
SWCF and NETCF centers are located above southeastern
China, EAMS, and the North Pacific (Figs. 1b,c), because of
the dominance of low clouds. Notably, SWCF also shows a
high center in the western Pacific, where there is a deep con-
vective cloud regime. The deep cumulus is optically thick for
both the SWCF and longwave cloud-radiative forcing (LWCEF).
Therefore, the western Pacific remains NETCF neutral in the
normal years.

The EI Nifio-related SSTA and low cloud fraction anoma-
lies are obtained through regressions against the December—
February mean Nifio-3.4 index. Both ICOADS and HadISST
datasets show a positive SSTA extends from the East and
South China Seas and the North Philippines Sea to the north
of the WNP, while the WNP sees a negative SSTA during an
El Nifio year (Figs. 1h and 2d). Over the positive SSTA, there
is a reduction in low cloud fraction in both ISCCP and
ICOADS (Figs. le and 2c) and thereby a positive anomaly of
SWCEF (Fig. 1f), closing a strong positive low cloud—SST feed-
back loop between anomalous surface temperatures, anoma-
lous cloudiness and SWCF over EAMS. Namely, the low
cloud is to decrease as the local SST warms, which leads to a
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shortwave warming that further enhances the initial warm
SST.

The regressions of ISCCP marine low cloud fractions are in
good agreement with ICOADS over the EAMS, indicating
the reliability of our conclusions. The disagreement between
ISCCP and ICOADS cloud-fraction anomalies over equato-
rial western Pacific is partly due to the different methods of
categorizing cloud types in satellite retrievals and human ob-
servers (Clement et al. 2009) and the definition of low cloud
in ISCCP. We also note that a large positive SWCF anomaly
exists in the western Pacific (Fig. 1f), where there is a deep
convective cloud regime. It is mainly related to convective
suppression and thereby the reduction of total cloud fraction
during El Nifio (Cess et al. 2001). Due to the convective sup-
pression, the low cloud fraction increases and thus has a posi-
tive correlation with the SSTA. However, this process is
ignorable because low cloud is not highly weighted in the
western Pacific. Moreover, the positive SWCF anomaly is
compensated by a negative LWCF anomaly due to the de-
creased cloud-top altitude (Cess et al. 2001), which is the
cloud altitude feedback (Hartmann and Larson 2002). It is ev-
ident in Fig. 1g, in which regional mean NETCF shows a
weak negative anomaly in the western Pacific, but it is beyond
the scope of this study.

To further understand the low cloud-SST feedback, we ex-
amine the interannual variations of SSTA and marine low
cloudiness in the EAMS (Fig. 3a). The anomalies are calcu-
lated over the box shown in Fig. 1. The low cloud fraction is
negatively correlated with the SSTA, in particular in El Nifio

e T T e

FIG. 2. (a) Climatological DIJFMAM mean low cloud fraction (%) from ICOADS; (b) climatological DJFMAM
SST (°C) from ICOADS. The (c) DJFMAM mean low cloud fractions and (d) SST from ICOADS regressed against
the time series of DJF-mean Nino-3.4 index (%). ICOADS agrees well with ISCCP, that there is a strong negative
correlation between low cloud fraction and SST.

winter and spring. A strong negative correlation between low
cloud fraction and net surface shortwave flux is evident in
ISCCP (not shown), which is due to the dominance of low
clouds in DJFMAM. Notably that the relationships of cloud
fraction and SSTA between 1976 and 1980 in Fig. 3a are not
as robust as in other periods, as more than half of the
ICOADS data are invalid in the EAMS during this period.
The monthly mean temporal tendencies of SST, LH, SH,
and incoming LW and SW flux anomalies at the surface (aver-
aged over EAMS) during El Nifio years are shown in Fig. 3b.
The Decembers of an El Nifio year witness less low cloud
fraction therefore more incoming shortwave flux at the surface.
The SSTA exhibits an increasing tendency from December
onward, when the latent heat flux dominates in the SSTA
budgets. LW and the vertical averaged advection of the oce-
anic mixed layer play as the main sinks of the SSTA. The dif-
fusion and entrainment of the oceanic mixed layer are usually
small. The rest all show positive contributions to the SSTA
budgets. After December, the latent flux decreases, while the
positive net SW anomalies remain large until the subsequent
April. During this period, the positive SSTA continues to in-
crease. After February, the positive net SW anomalies start to
overwhelm the latent heat flux in the SSTA budget. Moreover,
the synchronous growth of the SSTA and shortwave radiation
flux (and, by proxy, low cloud fraction) implies a positive low
cloud-SST feedback, which is beneficial to the maintenance of
local warmer SSTA after February. After May, following the
onset of the summer monsoon, the prevailing cloud regime
changes in this region, and the low cloud fraction and net SW
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FI1G. 3. (a) Interannual variations of the low cloud fraction from ISCCP (blue), low cloud fraction from ICOADS
(red), and SST anomalies (black and purple) within the box shown in Fig. 1 during winter and spring (DJFMAM), the
El Nifio years are highlighted. (b) Budget analysis of the temperature equation (W m~2) for the box shown in Fig. 1.
Each term is regressed against the DJF-mean Nifio-3.4 index. The anomalies of low cloud fraction are also shown in
brown bars. Note, the climatological annual cycles and the longtime tendency are removed. There is a negative corre-
lation between the low cloud fraction anomalies and SSTA over EAMS; the incoming solar radiation is one of the ma-

jor source terms for the SST tendency.

flux anomalies decouple from the SSTAs, indicating that the
low cloud-SST feedback no longer exists.

The above evidence demonstrates that the reduction of low
cloud in the winters and subsequent springs of El Nifio decay-
ing years is crucial to the establishment of positive SSTA in
the EAMS and therefore the corresponding low cloud—SST
feedback.

Before we examine the circulation changes that dominate
the low cloud changes, we recall that in the climate mean
state the EAMS is covered by low-level clouds in DJIFMAM
(Figs. 1a and 2a). The low-level cloud is the most frequent
cloud type, exceeding 80% of the total cloud amount over
the coastal area of southeastern China (Fig. 1a). Two pro-
cesses favor the formation of these low clouds:

First, the robust winter monsoon circulation suppresses the
vertical penetration of convective clouds. Moreover, the rela-
tively cold SST over the EAMS suppresses the vigorous tur-
bulence for initializing deep convection. Both mechanisms
promote a well-mixed and weakly entraining boundary layer
that is favorable to low clouds (Fig. 4). In the CALIPSO data-
set, therefore, the 2007-17 climatological mean cloud profiles
are mainly located beneath 3—4 km over EAMS (Fig. C1 in
appendix C). Notably, the CALIPSO dataset produces a

higher cloud top than those derived from the passive remote
sensors (like ISCCP) and reanalysis (e.g., ERA-Interim), be-
cause of its active remote sensors (Stubenrauch et al. 2013).
This phenomenon is also present in eastern Asia (Li et al.
2017). Nevertheless, the predominance of low clouds and
shallow boundary layers in the EAMS is also conclusive in
CALIPSO.

Second, the divergence of subtropical westerly jet over the
East Asian coastline is also beneficial to the formation of low
stratiform clouds. The continental stratiform clouds in the lee-
side of the Tibetan Plateau are formed by shallow upward
motions, which are caused by the surface-blocking effect in
the absence of deep clouds of the Tibetan Plateau on the low-
level westerlies (Yu et al. 2004). Due to the strong surface
drag, a strong capping inversion and the mass divergence of
the westerly flow at 500 hPa (Fig. 5a), the continental clouds
extend downstream of the midlevel westerlies, adding to the
prominent low cloud cover over the EAMS.

Low clouds reflect solar radiation and provide a net cloud-
radiative cooling effect. Therefore, the low cloud belt is
tightly coupled with the relatively cold SST over the EAMS.
But, during El Nifio winters and subsequent springs, the bal-
ance between the low cloud and SST cannot be maintained
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due to changes in the stability of the boundary layer and sur-
face turbulence fluxes. These changes are explained in detail
below:

The negative SSTA in the western Pacific warm pool sup-
presses convection there and leads to an anomalous anticy-
clone over the Philippines Sea at 850 hPa. On the northern
side of the anticyclone, the anomalous southerly wind encoun-
ters the subtropical westerlies, leading to anomalous conver-
gence (Figs. 5d.f). Also, the western flank of WNPac reduces
the climatological southward moisture transport, leading to
an accumulation of moisture and high moist enthalpy in the
north of the anticyclone (Fig. 5f). They reduce the surface la-
tent heat fluxes, lower-troposphere stability and low clouds,
but enhance the local positive SSTA, upward motions, and
precipitation (Fig. 6a).

There is an anomalous midtropospheric cyclone located
over the northwestern side of the Philippines and southeast-
ern China that causes anomalous convergence over southeast-
ern China that weakens the divergence of climatological
westerlies at 500 hPa (Figs. 5a,b). Therefore, in southeastern
China and along the East China coast, the formation and the
extension of continental low clouds are also weakened. Fol-
lowing this reduction of low cloud fraction, the net shortwave
flux into the ocean surface increases (Fig. 6¢c).

The marine boundary layer becomes less stable, following
the formation of positive SSTA. Due to the positive SSTA,
both the inversion strength and the large-scale subsidence
are weakened (Figs. 6a,d). It promotes a weakly stratified
boundary layer with stronger vertical thermodynamic gra-
dients (Fig. 4), which reduces the surface moisture supplied
to low clouds and allows more entrainment of dry air at the
top of the boundary layer (Fig. 6b). It favors the transition
of stratocumulus to cumulus. In addition, the warmer sea
surface emits more longwave radiation and tends to enhance
the evaporation at the cloud base, which also leads to the
break of low clouds.

In brief, these processes promote a positive low cloud-SST
feedback over EAMS. The fraction of low cloud decreases in
response to the positive SSTA and circulation changes. It in-
creases the net shortwave flux into the ocean and helps to
maintain or even enhance the local positive SSTA.

4. The low cloud-SST feedback helps to maintain
the WNPac

In the previous section, we have shown how a collapse in
the amount of low cloud over the EAMS can occur in re-
sponse to El Nino-induced circulation changes. In this sec-
tion, we investigate the effects of the positive low cloud—SST
feedback and its underlying SSTA on the anomalous circula-
tions themselves. We seek to understand how the amount of
low cloud feedbacks on the strength of the WNPac. In partic-
ular, does the breakdown of low clouds in El Nifio mature
winters help to maintain the WNPac into the subsequent
spring and early summer? Before answering this, we need to
assess whether the cloud-SST feedback is present in coupled
models. To do so, we analyze the historical experiments of
27 coupling models from CMIP6, as listed in Table 1. For
each CMIP6 model, we pick out all El Nifio events during
1850-2015 when its own standardized DJF-mean Nifio-3.4 in-
dex exceeded one standard deviation. For those El Nino
events, the correlation coefficients between the anomalous
SWCF and SSTA are applied to quantify the strength of the
low cloud-SST feedback over EAMS (box in Fig. 1). Gener-
ally, 20 out of 27 CMIP6 coupled models show similar positive
correlation coefficients between SSTA and SWCEF in El Nifio
events to observation, indicating the positive low cloud—SST
feedback over the EAMS is also robust in climate models.

Out of the 27 CMIP6 models, 23 perform reasonably well
in simulating the spatial patterns and circulation strengths of
the WNPac as well as the observed positive SSTA over
EAMS (not shown). We further define a vorticity index as the
regionally averaged vorticity at 850 hPa over the domain
125°-150°E, 5°-30°N for quantifying the circulation strength
of WNPac in the CMIP6 models. To understand the role of
the low cloud-SST feedback in the maintenance of the WNPac,
Fig. 7 examines the relationship between the strengths of WNPac
and SWCF-SSTA correlation coefficients among CMIP6 mod-
els. Interestingly, the indexes of WNPac are highly consistent
with the strengths of low cloud-SST feedback (Fig. 7). Namely,
most models agree that the strength of positive low cloud-SST
feedback and the index of WNPac have correlated increases. It
implies the low cloud-SST feedback and its underlying positive
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SSTAs over the EAMS is a possible mechanism for maintaining
the WNPac.

It is also notable that the scatters positions of five coupled
models, such as FGOALS-f3-L, MIROC6, MIROC-ES2L,
CESM2, and IPSL-CM6A-LR, are a bit far from the regres-
sion line and the rest of scatters. As WNPac is maintained by
both the local air—sea interactions over the west northern
Pacific and the remote forcing from the equatorial central-
eastern Pacific (Wu et al. 2017a). The contributions of the two
maintenance mechanisms highly depend on the dynamical
cores and physics schemes of models. If one of the mainte-
nance mechanisms is stronger in a model, it would somewhat
overshadow the contributions of the other one. For example,
the negative precipitation anomalies over the tropical WNP
(2°-15°N, 125°-160°E) are —2.38 mm day ™! in FGOALS-f3-1,
—2.37 mm day ! in MIROC6, —2.64 mm day ! in MIROC-
ES2], and —2.6 mm day ™! in CESM2, which are much larger
than the multiple model ensemble mean (—1.37 mm day').
The stronger negative precipitation anomalies over the tropi-
cal WNP favor stronger Rossby wave-like responses at the

lower troposphere, as well as a stronger WNPac. One can infer
from this that these four climate models would represent
stronger WNPacs than the multiple model ensemble mean
does, even if the low cloud feedbacks of these models may not
be very strong. However, these four models still show concur-
rent increases in the strengths of low cloud—SST feedback and
WNPac circulation (Fig. 7). For example, among these four cli-
mate models, MIROC-ES2I has the weakest low cloud feedback
and also has the weakest WNPac. Conversely, if the contri-
bution of low cloud feedback is strong, the contribution of pre-
cipitation could be less important. IPSL-CM6A-LR has the
weakest negative precipitation anomalies (only —0.3 mm day ')
over the tropical WNP of the coupled models that successfully
reproduce the WNPac, but its circulation strength of WNPac
is still greater than almost 40% of the CMIP6 climate model,
due to its strong low cloud feedback.

One may argue that the robust positive linear relationship
of low cloud-SST and WNPac among the CMIP6 models may
only indicate that the positive SSTA and low cloud feedback
over EAMS are the consequences of WNPac and do not fully
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account for the role of low clouds in maintaining WNPac.
However, we think the positive SSTA and low cloud feedback
help to maintain the anticyclone by enhancing the positive/
negative SSTA gradients in EAMS/WNP, the moist enthalpy
advection and precipitation anomalies in WNP. To support
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dexes and the correlation coefficients between regional averaged
SWCEF and SSTA over EAMS during El Nifio events. CMIP6 mod-
els agree that the low cloud feedback and WNPac’s circulation
strength concurrent increases.

this hypothesis, we performed a two-step numerical test: in
the first step, we verify the importance of positive SSTA in
the maintenance of WNPac through a series of SST sensitivity
experiments based on CESM2’s atmospheric component
(Table 2). In this step, we are not claiming that there is a feed-
back between SSTA and WNPac; hence we may use fixed
SSTs and prescribe the SSTAs. In the second step, we demon-
strate the importance of local low cloud feedbacks in the
maintenance of positive SSTA over EAMS and WNPac, by
configuring a series of pacemaker-coupled experiments of
CESM2 (Table 3). In this step, we do claim that there is a
feedback between clouds and SST, and hence we perform
coupled ocean—atmosphere simulations here.

Some points can be made from the series of prescribed SST
sensitivity experiments. First, the local effects of positive/
negative SSTAs over EAMS/WNP (120°E-180°, 5°~40°N) are
not ignorable and do have significant contributions in regulat-
ing the WNPac. When CAM6/CESM2 is solely forced by the
positive SSTA over EAMS, that is, the CMS_pos run shown
in Fig. 8a, a positive anomalous precipitation and an anoma-
lous cyclone are generated locally in response to the positive
SSTA. Such positive anomalous precipitation is also evident
in the observations (Wang et al. 2017). The southern branch
of the anomalous cyclone would advect high-latitude dry air
into the WNP and suppresses the local convection that helps
to form an anomalous anticyclone over WNP at the southeast
of the positive SSTA (Fig. 8a). But the location of this anoma-
lous anticyclone is farther east than the reanalysis. Its area-
averaged (130°E~180°, 5°-30°N) vorticity is —0.8 X 1077 s~ !,
compared to the WNPac vorticity index of —4.3 X 1077 s~
in the multimodel ensemble mean of fully coupled CMIP6
models, and —8.5 X 10”7 s~ ! in reanalysis. Similarly, if only
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the negative SSTA over the tropical western Pacific is im-
posed (configuration, CMS_neg run in Fig. 8b), an anomalous
anticyclone over WNP forms with area-averaged vorticity
index of —3.3 X 1077 s™! in response to the negative SSTA
and the suppressed convection. The results of CMS_neg agree
with the mechanism of “wind-evaporation-SST” feedback
suggested by (Wang et al. 2003). Although the negative SSTA
produces a strong anticyclone anomaly, the positive SSTA
contribution is also not ignorable, because it also provides
negative vorticities to the anticyclone anomaly. Individually,
the anomalous anticyclones in the CMS_neg and CMS_pos
experiments are meridionally narrower and weaker than
those in the reanalyzed data. The size of anomalous anticy-
clones becomes larger in zonal with its northwestern flanks
enhanced, when the dipole SSTA pattern is applied in
CAMG6/CESM2 (Fig. 8c). In this case, the vorticity of WNPac
increases to —3.6 X 107 s~ ",

Second, remote SSTA forcing can also impact the simula-
tion of WNPac. In the benchmark experiment, namely, the
El Nifio run (Table 2), the global SSTA is applied as the forcing,
as shown in Fig. 8d. The WNPac is well established in
DIJFMAM, which agrees with observations. In addition, the vor-
ticity index of anticyclone further increases to —6.9 X 1077 s~ %,
It indicates that the tropical SST anomalies are responsible
for the formation of the WNPac. The better simulation of
anomalous anticyclone confirms the contributions of remote
SSTAs, especially for the positive SSTA over the equatorial
central-eastern Pacific.

By comparing these four atmospheric experiments, we can
also observe that 1) our results are consistent with previous
studies that show that the WNPac is formed through a Rossby
wave-like response to the deficient rainfall over the tropical
Pacific (Wu et al. 2017a,b); 2) our results are consistent with
the conclusions of Wang et al. (2000) that a dipole pattern of
warm/negative SSTAs over the WNP acts to maintain the
WNPac. This positive SSTA can be considered as due in part
to a breakdown of low cloud fraction in response to circula-
tion changes in El Nifio years, which, in turn, feeds back posi-
tively onto SSTs to strengthen these circulation changes.

The atmospheric experiments have well revealed the im-
portance of EAMS positive SSTA in maintaining WNPac. To
better reveal the effect of low cloud-SST feedback, we need
to close the cloud feedback loop to investigate how the cloud
influences the positive SSTA and thereby the intensity of
WNPac. Hence, we conduct a series of pacemaker-coupled
experiments using a fully coupled model CESM2 (Table 3), in
which we also alter the magnitudes of low cloud-SST feed-
back over EAMS (the box in Fig. 1).

The PACE_Climo represents the climate mean state (Fig. 9a),
in which the SST in the equatorial east Pacific Ocean (box
area in Fig. Al) is restored to the daily climatology SST
with the seasonal cycle from a 145-yr CESM historical simu-
lation, while in the other areas the oceanic and atmospheric
components of CESM2 are freely coupled. The winds at 850
and 925 hPa and low cloud fraction and SST in DJFMAM
are shown in Figs. 9a and 10a. In the WNP, the simulated
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EAMS domain where the Newtonian pressure damping is weakened or enhanced.

low cloud fraction and winds agree well with observations
shown in Figs. 1 and 5.

The PACE_Nino run reproduces the atmospheric circula-
tions during the El Nifio events, since the SST in the equato-
rial east Pacific Ocean is restored to the sum of the simulated
daily climatological SST and the observed daily SSTA of the

El Nino event (Figs. 9b,c). The resultant anomalous circula-
tions and low cloud fractions are obtained from the subtrac-
tions of the PACE_Nino run from the PACE_climo run,
which are shown in Figs. 9c and 10c. Based on Fig. 9c, the low
cloud fraction has a deficit of 5.1% over EAMS during the El
Nifio winter and subsequent spring. Such a low-level cloud
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FIG. 10. As in Fig. 9, but for the SST (K; shading) and 850 hPa winds (vectors; m s !). If the SST over equatorial
east Pacific is restoring to the observational anomalies of all El Nifio events during 1870-2015 plus the model climatol-
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on this by further enhancing the strength of the low cloud feedback over EAMS (boxes), the circulation strength of
WNPac enhances, and vice versa.

deficit reduces the cloud reflection and further weakens the cool-  pacemaker-coupled experiments. Correspondingly, WNPac gen-
ing effect of SWCF by about 9.4 W m™2 (not shown), which is  erates with its vorticity index at 850 hPa of —4.5 X 10”7 s™ !, indi-
helpful for the maintenance of the local positive SSTA (0.48 K)  cating the WNPac has largely resulted by both the remote forcing
in EAMS (Fig. 10c). These results suggested that the observed — of SSTA over the east Pacific and the local cloud feedback, which
positive low cloud-SST feedback over EAMS is also evident in  is consistent with previous studies (Wu et al. 2017a,b).



The PACE_Nino_STRFB experiment is the same as the
PACE_Nino in restoring SST, but we amplify the low cloud
deficit and the cloud feedback only in the domain of EAMS
(box in Fig. 9) by weakening the Newtonian pressure damping
of third-order vertical velocity w’3 in CLUBB. This amplifies
the cloud feedback because the Newtonian pressure damping
of w3 is one of the most influential processes for the low
clouds and SWCF over EAMS (Guo et al. 2015), and the
weaker pressure damping means the stratocumulus can more
easily transit to the shallow convection (Golaz et al. 2007,
Guo et al. 2014; Zhang et al. 2018).

As we mentioned earlier, the restoring SST is applied
only in equatorial east Pacific and hence the EAMS
cloud-SST feedback still operates freely in the PACE_Nino
and PACE_Nino_STRFB runs. Thus, through the comparisons
of the differences between PACE_Nino_STRFB, PACE_Nino
and PACE_climo (Figs. 10c,e), the contributions of EAMS
cloud-SST feedback to the maintenance of the WNPac are de-
duced while the atmospheric circulation anomalies of El Nifio
events are still retained to the greatest extent possible in both
in PACE_Nino and PACE_Nino_STRFB. Due to the weaker
Newtonian pressure damping in the turbulent scheme, the
PACE_Nino_STRFB run dramatically expands the low cloud
deficit even further from the PACE_Nino run (Fig. 9¢), which
leads to a further increase in the positive SSTA over EAMS
(Fig. 10e). Specifically, the low cloud deficit grows to 16.4%
and the positive SSTA becomes 0.84 K over EAMS, as we
expected. If the low cloud-SST is quantified as the ratio be-
tween the regional averaged SWCF and SSTA, the feedback
is27 Wm 2K ! over EAMS in PACE_Nino_STRFB, which is
much larger than it in the PACE_Nino run (19.6 W m 2K ').
The positive SSTA reduces the lower-troposphere stability but
enhances the turbulent transports of moisture and heat. Conse-
quently, the intensity of the WNPac in the PACE_Nino_STRFB
run is —7 X 1077 s™!, which is also stronger than that in the
PACE_Nino. The stronger WNPac and its northwestern flank in
turn cause a further decrease in lower-troposphere stability with
increased moisture in EAMS, as well as the low cloud deficit.

Now we ask the following: What happens if the low cloud
anomaly becomes positive in the context of El Nifio, say, the
cloud feedback changes to negative from positive over
EAMS? Based on the PACE_Nino run, we enhance the New-
tonian pressure damping of w’? in the PACE_Nino_ WKNFB
run, which means that the transition from stratocumulus to
shallow convection slows down. As the SST grows over
EAMS, the moisture turbulent mixing driven by local warm
SST overwhelms the convective drying, generating more low
clouds (Figs. 9f,g) and negative cloud feedback. Meanwhile,
the restored El Nifio SST in equatorial east Pacific has been
warm enough on its own to form the WNPac. Once WNPac is
generated, the anomalous southwesterlies on its western flank
further weaken the climatological northeasterly trade winds
and latent heat fluxes that act to generate the positive SSTA
over EAMS. However, the shortwave cooling effect caused
by the increased low cloud (—8.9 W m™2) compensates for
the warming effect of latent heat fluxes (5 W m~?2) and the
cloud longwave heating to the surface (3.8 W m™2), which
finally prevents the formation of the positive SSTA in

FSOF IS0

1205

FIG. 11. Schematic diagram illustrating how the positive low
cloud-SST feedback establishes and works over EAMS during the
El Nifio decaying winter and spring. In response to the suppressed
convection over the warm pool, a WNPac (dashed curve and solid
black arrowheads at lower troposphere) is established. Its western
branch induces anomalous convergence resulting from blocked
trades and moisture transport (thin black arrowheads). The deficit
of low cloud further leads to enhanced shortwave fluxes (thick red
downward arrowhead) and then a positive SSTA (dashed curve on
surface). The SSTA further reduces the low clouds by destroying
the boundary layer condition (dashed white upward arrowhead).
The low cloud feedback and positive SSTA help to maintain the
anticyclone through enhancing the positive/negative SSTA gra-
dients in EAMS/WNP.

PACE_Nino_WKNFB. The SSTA is almost zero in EAMS
and the vorticity index of WNPac weakens to —2.3 X 1077 s7!
in PACE_Nino_WKNFB (Figs. 10f,g).

The concurrent weakening of the intensity of cloud feedback
and WNPac from PACE_Nino STRFB and PACE_Nino to
PACE_Nino_WKNFB indicates that the positive low
cloud-SST feedback does contribute to the maintenance of
the WNPac.

5. Conclusions and discussion

In this study, we show that during DJFMAM of El Nifio
years, a positive low cloud-SST feedback operates in EAMS
that the negative low cloud fraction anomaly, positive SWCF
anomaly, and positive SSTA form the complete feedback loop.
The physical mechanism of this feedback may be characterized
by the following statements and the schematic diagram (Fig. 11):

In the DJFMAM climatology, the low cloud fraction belt
that dominates total cloudiness and leads to cooling effects is
tightly coupled with the cold SST over EAMS. First, the
large-scale subsidence of robust winter monsoon circulation
and strong lower-troposphere stability promote the formation
of low clouds. Second, due to the drag effect and divergence
of westerlies, the continental low cloud further extends to the
downstream of westerlies. However, such a climatological bal-
ance is changed by atmospheric responses during El Nifio
winter and subsequent spring. The cooler SSTA in the west-
ern Pacific warm pool leads to an anomalous anticyclone over



the Philippines Sea. Its western branch reduces the surface
moisture transports and latent fluxes in EAMS from ocean; it
also causes anomalous convergence and weaker turbulent
mixing in the atmospheric boundary layer, which reduces the
low clouds. At 500 hPa, an anomalous cyclone over southeast-
ern China inhibits the formation of continental low cloud by
reducing the divergence of the midlevel westerlies. This fur-
ther reduces low cloud fraction over the EAMS because less low
cloud is advected over the adjacent oceans. The deficit of low
clouds further leads to more incoming shortwave radiation and
a positive SSTA over the EAMS. Once the positive SSTA ap-
pears, surface heating and buoyancy flux are enhanced while
stratification weakens, producing a stronger entrainment rate
and a weaker stratified marine boundary layer. Therefore, the
low clouds, incoming solar radiation, and SSTA constitute a pos-
itive low cloud-SST feedback loop. Such positive low cloud—-SST
feedback plays an essential role in maintaining the positive
SSTA in the EAMS, especially after February.

Based on the climate models, this study further reveals that
this positive low cloud-SST feedback in EAMS plays as a pos-
sible maintenance mechanism for WNPac by enhancing the
positive/negative SSTA gradients in EAMS/WNP. The posi-
tive low cloud-SST feedback is present in most of the fully
coupled models from CMIP6, which simulate positive correla-
tion coefficients between SSTA and SWCF. Moreover, CMIP6
coupled models show that the strengths of WNPac are highly
consistent with the strengths of low cloud-SST feedback, that
is, both of them have concurrent increases. SST perturbation
experiments with CAM6 demonstrate that the positive SSTA in
EAMS induces a positive precipitation anomaly and anomalous
cyclone over EAMS, advecting high-latitude dry air into the
WNP and reinforcing the anomalous anticyclone over WNP
just south of the positive SSTA. To further elucidate the cloud
feedback and its contributions, we conducted four idealized
pacemaker-coupled experiments of CESM2, with the SST in
the equatorial east Pacific Ocean restored to the model daily cli-
matology and observational anomalies of El Nifio events, re-
spectively. If we restore only the positive observational SST
anomalies over the equatorial east Pacific Ocean, CESM2 well
reproduces the deficits of low clouds and the positive low
cloud-SST feedback over EAMS. If we further enlarge the low
cloud deficit and then the intensity of the cloud feedback on top
of this, the circulation intensity of WNPac will increase because
of larger SSTA gradients in EAMS/WNP. This indicates that
the positive low cloud—SST feedback contributes to the mainte-
nance of the WNPac.

As a caveat, we note that this study cannot precisely quan-
tify the relative contribution of the cloud feedback to the in-
tensity of WNPac, although we reveal that it facilitates the
maintenance of WNPac by conducting pacemaker-coupled
experiments with unrealistically strong/weak cloud feedbacks
in EAMS. On one hand, the low cloud feedback continues to
govern the model’s uncertainty, which can be traced back to
the different processes with separate physical assumptions in
the model. The changes in these physical assumptions do have
dramatic impacts on the intensity of feedback, just as previous
studies have shown (Geoffroy et al. 2017, Medeiros et al.
2015; Neggers 2015). However, identifying and quantifying

these individual processes’ contributions to cloud feedback is
difficult because the observation merely provides little details
of the present day and is most likely the result of the com-
peting effects of these unresolved processes (Ceppi et al.
2017; Klein and Hartmann 1993), and the large-eddy simula-
tion still highly depends on the choice of microphysics
schemes and SST (Bretherton et al. 2013; Tan et al. 2016).
On the other hand, the simulation of WNPac is also influ-
enced by other mutual processes and feedbacks, such as the
precipitation over WNP and Indian Ocean, remote forcings,
“wind-evaporation-SST,” and “wind-induced moisture en-
thalpy,” etc. Their relative importance also depends on the
model-specific dynamical cores and physics schemes. How-
ever, despite the above uncertainties, we believe this study
implies that low cloud-SST feedback in EAMS could pro-
vide an observational constraint on the simulations and
projections of WNPac and East Asian monsoon.
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APPENDIX A

Restoring Regions and Coefficients for Pacemaker
Experiments

Figure A1 shows the restoring regions and coefficients for pace-
maker experiments. The restoring coefficient is 1 in the equatorial
east Pacific Ocean (15S°-15°N, 180°-280°E) and linearly reduced
to 0 in a border buffer zone (20°S-20°N, 175°-285°E).

APPENDIX B

Basis of Changing the Low Cloud Response and
Feedback over EAMS

One of the difficulties of the experiments is how to enhance
the low cloud-SST feedback in EAMS without changing the
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FIG. Al. The restoring regions and coefficients for pacemaker
experiments.

responses of the atmospheric circulations in other regions to
the El Nino SSTA. In this study, we perturb one single sensi-
tive parameter (process) in the turbulence scheme of CESM2.

CLUBB is the default boundary layer scheme in CESM2.
It offers a unified treatment for representing turbulence,
shallow convection and cloud macrophysics (Golaz et al.
2002; Larson and Golaz 2005; Larson et al. 2002). As a uni-
fied scheme of cloud dynamics, CLUBB can partly reduce
the uncertainties in cloud feedback introduced by the sepa-
rate assumptions for subgrid variability of distinct physics
schemes (Ceppi et al. 2017; Larson et al. 2012; Zhang et al.
2013).

Previous studies (Guo et al. 2015) have shown that the
low cloud fraction, cloud water content and SWCF over
EAMS are very sensitive to the perturbation of parameter
Cs, namely, the Newtonian pressure damping of third-order
vertical velocity w® in CLUBB, because of the relative
large w’3 driven by the local warm SST and strong surface
heating fluxes over EAMS. Our strategy is thus to change
the low cloud feedback by perturbing Cg (and then w’3)
over the domain of EAMS (Fig. le). It can be demon-
strated by a simplified w’> prognostic equitation [Eq. (4.12)
in Larson 2017]:

w3 1 ow? —— Co—5 . [—5 W ——
o« —— w2g, — 8 w3 Cll(3w’3 W WZG:)),
T z

ot

3
L3
p, 92 0

vs
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where a prime indicates the subgrid distributions, an over-
bar means averaged quantities of the grid scale, py is the air
density, z is the height, 6, is the virtual potential tempera-
ture, and g = 9.8 m s~ 2 is the gravity constant.

Physically, the Newtonian pressure term —(Cy/T)w’® and the
buoyancy damping —C,,[3w’*(6W/dz) + (3g/6,,)w'>6,] are the
main sinks of w’3, and they balance the buoyancy production
(3g/6,, w20, and the turbulent advection —(1/p,)(dw’'*/9z)
[Eq. (B1)]. As the turbulent mixing time scale 7 is small near
the stably stratified layer, —(Cg/T)w’® leads to a stronger
damping that limits the growth of shallow convection and
near the top of boundary layer. Because of the relatively
large positive w’3, the Newtonian pressure damping domi-
nates the w’3 budgets. A smaller C8 provides less restriction
of w3 and generates a larger skewness of vertical velocity

w/3

.5 CALIP$O 3D (I)Ioud frgction | 1 frlaction .5 CALIP§O 3D (I)Ioud frgction | 1 frlaction
12 12 I
o [ 5 ;
3 3 :& “ ‘ ;
0 T T 0 T T T 7
125E,16N  135E,20.8N 145E,25.1N 155E,29.4N 125E,16N  135E,20.8N 145E,25.1N 155E,29.4N

(M N

5 10 15 20 25 30 35 40 45 50

EEEN | | [ [

7 6 5 4 -3 3 4 5 6 7

F1G. C1. Vertical cross sections of the meridionally averaged cloud fraction along the EAMS in DJFMAM (box in
Fig. 1). (left) The climatological mean cloud fraction section, which is averaged from 2007 to 2017. (right) The anoma-

lies of two El Nino years (2010, 2016).



W/(W)l‘5 in a turbulent flow. It means that the subgrid up-
drafts are narrower and stronger, which are balanced by
broader and weak downdrafts. The boundary layer becomes
more convective and the stratiform cloud can more easily
transit to shallow convection (less reflection). As a result, a
stronger positive low cloud feedback should be expected.
Conversely, a larger Cg leads to a weaker positive (or even a
negative) low cloud feedback. This is because the strong tur-
bulent mixing driven by local warm SST would increase stra-
tocumulus and enhance reflection in the case of weaker con-
vective drying.

Therefore, in the PACE_Nino_STRFB run, we reduce
Cg from 4.2 to 2 in EAMS (Fig. le) for a stronger local
low cloud feedback. It should be noted that we still use
the default configuration outside the box of EAMS, in or-
der to keep the cloud feedback and atmospheric circula-
tions unchanged.

APPENDIX C

Cloud Fraction Changes Derived by CALIPSO

Figure C1 shows vertical cross sections of the meridionally
averaged cloud fraction along the EAMS in DJFMAM (box
in Fig. 1). Although the CALIPSO dataset has a short time
span and contains only two El Nino events, the low cloud re-
duction is consistent with Figs. 1 and 2.
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