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Low Cloud-SST Variability over the Summertime Subtropical Northeast Pacific:
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AYUMU MIYAMOTO®?* AND SHANG-PING XIE?®

# Scripps Institution of Oceanography, University of California San Diego, La Jolla, California
(Manuscript received 5 January 2024, in final form 4 July 2024, accepted 9 October 2024)

ABSTRACT: Over the subtropical Northeast Pacific (NEP), highly reflective low clouds interact with underlying sea sur-
face temperature (SST) to constitute a local positive feedback. Recent modeling studies showed that, together with wind—
evaporation—SST (WES) feedback, the summertime low cloud-SST feedback promotes nonlocal trade wind variations,
modulating subsequent evolution of El Nifio-Southern Oscillation (ENSO). This study aims to identify drivers of summer-
time low-cloud variations, using satellite observations and global atmosphere model simulations forced with observed SST.
A transbasin teleconnection is identified, where the north tropical Atlantic (NTA) warming induced by the North Atlantic
Oscillation (NAO) increases precipitation, exciting warm Rossby waves that extend into the NEP. The resultant enhance-
ment of static stability promotes summertime low cloud—-SST variability. By regressing out the effects of the preceding
ENSO and NTA SST, atmospheric internal variability over the extratropical North Pacific, including the North Pacific
Oscillation (NPO), is found to drive the NEP cooling by latent heat loss and subsequent summer low cloud-SST variability.
With the help of the background trade winds and WES feedback, the SST anomalies extend southwestward from the low-
cloud region, accompanied by ENSO in the following winter. This suggests the nonlocal effects of low clouds identified by
recent studies. Analysis of a 500-yr climate model simulation corroborates the NTA and NPO forcing of NEP low cloud—

SST variability and subsequent ENSO.
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1. Introduction

The subtropical Northeast Pacific (NEP) is frequently cov-
ered by low-level clouds of tops at 1-2 km above the sea sur-
face (Fig. 1la; Wood 2012). Reflecting insolation strongly,
these clouds are important in local and global radiation budg-
ets (Hartmann and Short 1980). Lower-tropospheric stability
associated with subtropical subsidence and low sea surface
temperature (SST) favors low clouds (Fig. la; Klein and
Hartmann 1993; Wood and Bretherton 2006; Koshiro and
Shiotani 2014). This constitutes a positive feedback loop, in
which SST cooling by low clouds promotes more low-cloud
formation. This low cloud—SST feedback is crucial in interan-
nual SST variations over the NEP (Norris and Leovy 1994;
Norris et al. 1998; Clement et al. 2009; Myers et al. 2018; Myers
and Mechoso 2020; Yang et al. 2023).

The North Pacific meridional mode (NPMM; Chiang and
Vimont 2004) is a recurrent pattern of interannual variability
due to wind-evaporation—-SST (WES) feedback (Xie and
Philander 1994). An anomalous SST cooling in the NEP indu-
ces a surface anticyclone to the west that strengthens the trade
winds. The resultant evaporative cooling reinforces the SST
cooling, causing the coupled SST-wind pattern to propagate
southwestward. This NPMM acts as a conduit for extratropi-
cal/subtropical variability to affect the equatorial Pacific (e.g.,
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Chang et al. 2007; Ma et al. 2017; Luongo et al. 2023). In par-
ticular, the NPMM is recognized as a precursor of the El
Nifio-Southern Oscillation (ENSO), the dominant mode of
interannual variability in the global climate system. Extending
from the NEP into the deep tropics, the NPMM generates
equatorial zonal wind anomalies through the WES feedback
and summer deep convection response (Amaya 2019). These
equatorial winds trigger the ENSO in the subsequent winter
through the Bjerknes feedback (Bjerknes 1969).

Low cloud-SST feedback has traditionally been considered
local to the NEP low-cloud region, but localized SST anoma-
lies over the NEP induce atmospheric circulation response,
thereby activating the WES feedback and NPMM-like cou-
pled response (Bellomo et al. 2014; Middlemas et al. 2019;
Yang et al. 2023; Miyamoto et al. 2023). The fact that the
NPMM has a large SST loading under the NEP low-cloud
deck is suggestive of the role of the joint low cloud-WES
feedback in energizing the NPMM (Xie 2024). Indeed, the
NPMM and its impact on the ENSO both diminish when the
cloud-SST coupling is disabled in a global climate model (so-
called cloud-locking simulation; Yang et al. 2023).

Trade wind variability associated with the wintertime North
Pacific Oscillation (NPO; Walker and Bliss 1932; Rogers
1981) is an important driver of the NPMM through the WES-
type seasonal footprinting mechanism (Vimont et al. 2003;
Chiang and Vimont 2004; Zhang et al. 2021, 2022). Springtime
SST variability over the north tropical Atlantic (NTA), by induc-
ing low-level wind anomalies over the NEP, is an additional
mechanism for the NPMM (Ham et al. 2013; Rodriguez-Fonseca
et al. 2020; Kug et al. 2020; Ma et al. 2021; Yang et al. 2022).
‘While summertime low-cloud variability over the NEP is associ-
ated with coherent concurrent SST and surface wind anomalies
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FI1G. 1. JJA climatology and interannual variability of LCF. (a) Climatological distribution of MODIS LCF (%; shading). Superimposed
with green contours and blue arrows are climatological-mean ERSST SST (contoured for every 2°C) and ERAS surface winds (m s~ '; ar-
rows with reference on the left), respectively. (b) Interannual standard deviation of MODIS LCF (%; color shading). (c) Interannual cor-
relation between MODIS and CAM6-AMIP LCF. In (b) and (c), the 60% and 80% lines of climatological-mean MODIS LCF are super-
imposed. Blue box denotes the NEP box. See section 2 for details of the data.

(Klein et al. 1995; Norris et al. 1998), the drivers such as the NPO
and NTA SST remain to be systematically investigated.

This study aims to reveal drivers of summertime low-cloud
variability over the NEP, using satellite observations of cloud
and radiation available in homogeneous global coverage from
2000. A multiple linear regression framework is introduced to
disentangle the effects of the ENSO, interbasin teleconnec-
tion from the NTA, and North Pacific stochastic variability.
Contributions from SST forcing and atmospheric internal var-
iability are inferred using atmosphere general circulation
models (AGCMs) forced with observed SST, following the
Atmospheric Model Intercomparison Project (AMIP) proto-
col. We will investigate low cloud-SST variability over the
NEP and its impact on the NPMM and subsequent ENSO be-
havior. The limited observational record is complemented by
a 500-yr fully coupled simulation of the Community Earth
System Model, version 2 (CESM2; Danabasoglu et al. 2020).

The rest of the paper is organized as follows. Section 2 de-
scribes the data used in this study. Section 3 examines lagged re-
lationship with the ENSO and NTA SST and introduces our
multiple linear regression framework. Based on the multiple lin-
ear regression, section 4 identifies the NTA forcing on the NEP
low clouds. Similarly, section 5 reveals stochastic forcing over
the North Pacific. Section 6 discusses nonlocal low-cloud feed-
back on the NPMM and subsequent ENSO and supports from
the CESM2 simulation. Section 7 summarizes the present study.

2. Data
a. Observational datasets

We use satellite observations of cloud and radiation from
March 2000 through December 2021. We calculate low-cloud
fraction (LCF) from 1° cloud product collection 6.1 of the
Moderate Resolution Imaging Spectroradiometer (MODIS)
on board Terra (Platnick et al. 2015). Low clouds are defined
as those with cloud-top pressure greater than 680 hPa. Since
passive measurements cannot detect low clouds covered by
middle or high clouds, the presence of these clouds may un-
derestimate LCF. To circumvent the spurious LCF decrease,
we apply the random overlap assumption:

LCF, = LCF/(1 — MHCF), (1)
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where LCF is monthly mean low-cloud fraction and MHCEF is
the sum of middle- and high-cloud fractions. The validity of
the assumption is discussed in Warren et al. (1988) and Norris
(2005). The rest of the analysis utilizes LCF, as true LCF. For
radiative fluxes, we use the Clouds and the Earth’s Radiant
Energy System (CERES) Energy Balanced and Filled (EBAF)
edition 4.2 (Loeb et al. 2018; Kato et al. 2018) on a 1° grid.

We also use Extended Reconstructed SST (ERSST; Huang
et al. 2017), version 5, for SST and Objectively Analyzed Air—
Sea Fluxes (OAFlux; Yu and Weller 2007), version 3, for tur-
bulent heat fluxes. For precipitation, we use the Global Pre-
cipitation Climatology Project (GPCP; Huffman et al. 2023),
version 3.2. For other meteorological fields, we use the ERAS
global atmospheric reanalysis (Hersbach et al. 2020). These
datasets cover the period of the MODIS and CERES obser-
vations. Finally, monthly climatology of ocean mixed-layer
depth is estimated from the Mixed Layer Dataset of Argo,
Grid Point Value (MILA-GPV; Hosoda et al. 2010) for the
2001-22 period. As in CESM2, we use the mixed-layer depth
defined as the depth at which potential density difference is
0.03 kg m 2 relative to the surface. The horizontal resolution
is 2° in ERSST, 0.5° in GPCP, and 1° in OAFlux, ERAS, and
MILA-GPV.

b. AMIP simulations

We utilize a 10-member AMIP ensemble with the Commu-
nity Atmosphere Model, version 6 (CAM6; Danabasoglu et al.
2020), from March 2000 through December 2021 (CAMo6-
AMIP. CAM6 is the atmospheric component of CESM2 with
a nominal 1° horizontal resolution and 32 vertical levels.
CAMO6-AMIP is radiatively forced with historical (until 2014)
and shared socioeconomic pathway (SSP3-7.0) scenarios from
phase 6 of the Coupled Model Intercomparison Project (CMIP6;
Eyring et al. 2016). Prescribed SST and sea ice are ERSST.v5
and Hadley Centre Ice and SST, version 1 (HadISST1; Rayner
et al. 2003), respectively. We analyze the ensemble average to as-
sess SST effect in the observational record. If the AMIP simula-
tion fails to reproduce an observed anomaly, the anomaly can be
regarded as stochastic variability of the atmosphere. Although
the decoupling of the ocean can weaken the variance of atmo-
spheric teleconnection patterns in AMIP, this effect is generally
small (around 10% at most; Mori et al. 2024).



1 JANUARY 2025

c. Sensitivity experiments with Atlantic SST

To test the NTA influence, we conduct a set of AGCM experi-
ments with GFDL Atmospheric Model, version 2.1 (AM2.1)
(GFDL Global Atmospheric Model Development Team 2004).
AM2.1 has 2.5° X 2° resolution in longitude-latitude with 24 ver-
tical levels. Although AM2.1 does not reproduce low-cloud vari-
ability as well as CAMBS, the responses of large-scale circulation
and precipitation in AM2.1 are nearly identical to those in
CAM6. As in CAM6-AMIP, a control experiment (AM2.1-
AMIP) is run with ERSST.vS (Huang et al. 2017) from 2000 to
2021 under historical radiative forcing until 2005 and representa-
tive concentration pathway (RCP) 4.5 afterward (Taylor et al.
2012). In a sensitivity experiment (AM2.1-ATL), we set monthly
climatology of SST outside the Atlantic Ocean (33°S-63°N) so
that only the Atlantic SST varies interannually. Either experi-
ment has 10 ensemble members, all of which are averaged to dis-
cuss the NTA SST effect.

d. Preindustrial simulations

We also utilize a 500-yr fully coupled simulation with
CESM2 under radiative forcing fixed at the preindustrial level
(CESM2-PI). This climate model is CAM6 coupled with a
nominal 1° ocean model with 60 vertical levels. As in the obser-
vational analysis, we assess SST forcing in CESM2-PI using a
1-member perfect SST AMIP simulation with CAM6 (CAMG6-PI).
CAMG6-PI is forced with daily SST and sea ice from CESM2-PI
during the same period.

e. Preprocessing and statistical test

We interpolated all the data onto a 2.5° grid. Anomalies are
defined as deviations from monthly climatology after de-
trended. The statistical significance of correlation and regres-
sion coefficient is determined with a Student’s ¢ test. The
degree of freedom is estimated following Metz (1991). Effec-
tive decorrelation time 7, is estimated as follows:

L
T,=1+ 221 (1 - %)RXX(T)RYY(T). 2)

The terms Ryx(7) and Ryy(7) indicate autocorrelation func-
tion of variables X and Y at a lag of T years. The L is taken as
10 years. In multiple linear regression, we calculate decorrela-
tion time of a variable with individual predictors and use the
largest one. Effective sample number N, becomes

N

N =

e ?ea (3)

where N is the number of samples.

3. Disentangling ENSO and NTA forcings
a. NEP low cloud-ENSO relationship

This section gives an overview of NEP low-cloud variations.
Figure 1b shows interannual standard deviation of LCF in
summer. It features strong LCF variability in the low-cloud
region, especially on the southern flank, as found in previous
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FIG. 2. Time series and lag correlation of JJA LCF averaged in
the NEP box (black box in Fig. 1). (a) Normalized time series of
JJA® MODIS LCF (red) and ERSST SST multiplied by —1 (blue)
in the NEP box. (b) Lag correlation of the 3-month-mean Nifio-3.4
(blue) and NTA (red) indices with JJA® LCF in the NEP box. Dot
signifies the 90% confidence.

studies (Klein et al. 1995; Yang et al. 2023). Time series of JJA
LCF averaged in the NEP box (17.5°-27.5°N, 140°~110°W) cor-
relates well with local SST (r = —0.83), with enhanced variabil-
ity after 2005 (Fig. 2a). The ensemble average of CAM6-AMIP
successfully captures the NEP LCF variability with a maxi-
mum correlation of about 0.8. CAM6’s high skill in reproduc-
ing low-cloud variability also indicates the importance of SST
forcing.

Yang et al. (2023) pointed out that summertime variations
of the NEP SST and low clouds correlate with antecedent and
subsequent ENSO events. Blue line in Fig. 2b shows lag cor-
relation of the Nifio-3.4 index with JJA LCF in the NEP box
(red line in Fig. 2a). Hereafter, superscript numerals indicate
the preceding (—1), present (0), and following (1) years. The
summer low-cloud increase is concomitant with a La Nifa
that seemingly lasts from the previous to following winters
(Fig. 2b). Regressed anomalies against the Nifio-3.4 index in
ND'J°, which is the peak season of the ENSO (Deser et al.
2010), feature SST warming and low-cloud decrease in the
NEP, accompanied by NPMM-like warmed SST and weak-
ened trade winds to the southwest in summer (Fig. S1 in the
online supplemental material). Note that the slight difference
in the location of the ENSO-induced LCF anomalies leads to
the modest correlation between preceding Nifio-3.4 index and
JJA® LCF in the NEP box. While the negative correlation
continues until subsequent winter, the majority of ENSO
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FIG. 3. (a)~(c) Lagged regression coefficients of SST (°C; color
shading) and surface winds (m s~ '; arrows) onto JJA®? LCF aver-
aged in the NEP box in (a) D™'JF°, (b) MAM’, and (c) JJA". Stip-
pling indicates above 90% significance levels for the color-shaded
variables, and wind arrows are drawn only if exceeding 90% signifi-

cance level. The NEP (red) and NTA (black) boxes are highlighted.

events, especially El Nifio, are single-year events (Okumura
and Deser 2010). The ENSO signal almost vanishes in boreal
summer (Fig. S1) and remains neutral in the following winter
(figure not shown). Although this does not necessarily rule
out the association of low-cloud variations with 2-yr ENSO
events, the summer low-cloud variations accompanied by the
subsequent ENSO demand other mechanisms.
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The NTA SST forcing is a candidate. Figure 3 shows global
distributions of SST and surface wind anomalies regressed
onto JJA LCF over the NEP box, and red line in Fig. 2b
shows lag correlation of SST averaged in the NTA (0°-20°N,
50°-10°W) (hereafter NTA index). The most prominent signal
is positive SST anomaly in the NTA that peaks in spring. This
signal is unlikely to be forced by the ENSO, as the preceding
La Nifia acts to produce an NTA cooling through atmospheric
teleconnections (Alexander et al. 2002). We therefore hypoth-
esize that the spring NTA warming acts to increase the sum-
mertime NEP low clouds.

b. Multiple linear regression

Considering the preceding ENSO effects on the Northeast
Pacific low clouds, SST, and winds, we introduce a multiple
linear regression framework using the ND~'J° Nifio-3.4 and
MAM® NTA indices as predictors to better extract the NTA
influence. Such a framework has been used to discuss the
NTA influence on the ENSO (Ham et al. 2013; Ham and Kug
2015). A field variable P(x, t), e.g., LCF and SST, is expressed
as

P(x, 1) = a(x, ) X N"'DJ°Nifio 3.4 + B(x, 1)

X MAM® NTA + residual, 4)
where a(x, ) and B(x, t) are partial regression coefficients
onto normalized ND'J° Nifio 3.4 and MAM® NTA indices,
respectively. The correlation between the predictors is 0.34, as
the preceding El Nifio produces the NTA warming through
atmospheric teleconnections (Alexander et al. 2002). Using
B(x, t) in (4), section 4 reveals the NTA influence on the NEP
low-cloud variations.

Figure 4 examines the correlation of the multiple linear re-
gression estimates with observations. For summer LCF, the
correlation amounts to 0.4-0.7 over the NEP low-cloud region
(Fig. 4a). The regression analysis well explains summertime
SST variations in not only the NEP low-cloud region but also
the downstream trade wind region (Fig. 4b), suggestive of
joint low cloud—-WES feedback. Still, more than 50% variance
of NEP LCF and SST is unexplained by the preceding ENSO
and NTA SST. The residual component of the multiple linear
regression analysis will be discussed in section 5.

(b) RJJA SST
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FIG. 4. JJA correlation of (a) LCF and (b) SST estimated by the multiple regression (4) with observations. The 60%
and 80% lines of climatological-mean MODIS LCF are superimposed.
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in Fig. 7.

4. Transbasin influence from the North Tropical Atlantic Comparison of surface latent heat and radiative fluxes high-
lights the importance of low cloud-SST feedback on the NEP

N/ EP
a. Influence on NEP low clouds SST cooling. As anomalous latent heat flux is a mixture of

First, we discuss the NTA influence on the NEP LCF based
on partial regression onto the MAM® NTA index, B(x, 1).
Figure 5a indicates summertime LCF anomalies associated
with the NTA warming. It features positive anomalies over
the NEP with a peak around 20°N. These anomalies are collo-
cated with the negative SST anomalies (Fig. 5b), suggestive
of positive low cloud-SST feedback. Estimated inversion
strength (EIS; Wood and Bretherton 2006), which is a mea-
sure of lower-tropospheric stability (i.e., potential tempera-
ture difference between the surface and 700-hPa levels),
explains the low-cloud increase due partly to the SST cooling
(Fig. 5a).
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atmosphere-driven and SST-driven components, we estimate
the latter following the bulk formula and approximate the for-
mer as residual (Du and Xie 2008; Xie et al. 2010; Miyamoto
et al. 2023). Anomalous SST-driven flux (F?};) may be cast as

, -

o 1dq
ta = Ful=—7

— T SST, 5)

where 7 and ¢, are temperature and saturation specific hu-
midity following the Clausius—Clapeyron equation, respec-
tively. Overbar and prime denote monthly climatology and
anomaly, respectively. The residual of anomalous latent heat
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flux represents the atmosphere-driven component (F¢y)
related to anomalous atmospheric conditions (wind speed,
relative humidity, and difference between SST and surface air
temperature):

Fly = Flu = P (6)

After dividing the surface fluxes by seawater density
(p = 1026 kg m™~?), specific heat (¢, = 3990 J kg °C), and
monthly climatology of ocean mixed-layer depth (H), we
compare time tendency of ocean-mixed layer temperature
(i.e., SST tendency) induced by radiative flux (shortwave and
longwave components; Fgy,;w) and atmosphere-driven la-
tent heat flux. We note that summertime decrease of climato-
logical mixed-layer depth (H) amplifies anomalous surface
flux effect (Fig. S2).

Figure 6a shows time series of SST tendency by Fgy 1w
and F¥ along with the evolution of the SST anomaly in the
NEP box. Although Ham et al. (2013) focused on evaporative
cooling, low-cloud radiative cooling plays a more important
role in the NEP SST anomaly peaking in late summer. The domi-
nance of the low-cloud cooling is well captured by CAM6-AMIP
prescribed with observed SST (Figs. 5b and 6b), corroborating
positive low cloud-SST feedback.

Then, how does the NTA warming promote the low cloud—
SST feedback over the NEP? In addition to the preceding SST
cooling, we find the effect of tropospheric warming. Figure Se
shows 700-hPa temperature anomalies. Free-tropospheric warm-
ing intrudes into the NEP from the Gulf of Mexico. The cross
section along the warming signal reveals its deep structure, which
overlies the cooled boundary layer reflecting SST underneath
(Fig. 7a). Temperature anomaly at sea surface and 700-hPa levels
in the NEP box is —0.29 and +0.15 K (+0.21 K in CAM6-
AMIP; Fig. 5f), respectively, although part of the SST anomaly is
induced by low cloud-SST feedback due to free-tropospheric
warming. This warming enhances lower-tropospheric stability
together with the NEP SST cooling. The deep tropospheric
warming associated with downward motions over the NEP and
upward motions over the NTA (Fig. 7a) can be regarded as a
baroclinic Rossby wave response (Matsuno 1966; Gill 1980) to
increased convective heating induced by the NTA warming
(Fig. 5g). Such a Rossby wave response accompanied by cy-
clonic surface wind anomalies (Fig. Sc) has already been iden-
tified in previous studies (Ham et al. 2013; Ma et al. 2021), but
here we highlight the importance of free-tropospheric warm-
ing in driving coupled low cloud—-SST anomalies. The Rossby
wave pattern induced by the NTA warming is also found in
the CAM6-AMIP simulation (Figs. 5d,f,h and 7b), corroborat-
ing the NTA forcing on NEP low clouds.

The dominance of the NTA forcing is substantiated by
our additional AGCM experiments with GFDL AM?2.1.
Figures 8b and 8e show partial regression onto the NTA index
in (4) in AM2.1-AMIP. AM2.1-AMIP well reproduces the en-
hanced precipitation in the western tropical Atlantic and adjacent
continents as in the observations (Figs. 8a,d). Despite the overes-
timated warming over Mexico, it induces free-tropospheric
warming and anomalous surface cyclone extending into the NEP
as warm (downwelling) Rossby waves (Figs. 8a,b,d,e). These
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responses resemble those in CAM6-AMIP (Fig. 5). As shown in
Figs. 8c and 8f, AM2.1-ATL mostly captures the Rossby waves,
which substantiates the dominance of the NTA SST effect. In
summary, the NTA warming excites free-tropospheric warming
and hence promotes summertime LCF increase and SST cooling
over the NEP.
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b. Stochastic NAO forcing via NTA warming

Lag regression analysis identifies stochastic forcing on NEP
low clouds via the NTA warming. Figure 9 shows lagged par-
tial regression of SST and wind with respect to the NTA
warming. In spring, the NTA warming is collocated with re-
duced trade wind (Fig. 9a) similar to the Atlantic meridional
mode (Xie and Carton 2004; Chiang and Vimont 2004). Con-
sidering the delay of the ocean response to atmospheric
forcing, we examine the preceding sea level pressure (SLP)
anomalies in FMA®. Figure 10a features a meridional dipole
known as the negative North Atlantic Oscillation (NAO;
Walker and Bliss 1932; Wallace and Gutzler 1981), which
weakens the trade winds and kicks off the Atlantic meridional
mode (Chang et al. 2001). The SST-forced SLP anomalies
assessed with CAM6-AMIP do not compare well with this
pattern (Fig. 10b), indicating that this NAO is mostly the
atmospheric internal variability. Despite a weak hint of the
NAO, AM2.1-AMIP also fails to reproduce the observed
NAO signal (Fig. S3). The NAO-induced NTA SST anomalies
persist through summer (Fig. 9b), intensifying deep convection

over the western tropical Atlantic and adjacent continents
(Fig. 5g) to promote low cloud—SST variability over the NEP
(Fig. 5a). Qualitatively similar results can be obtained when
the MAM" NTA index is replaced by the FMA® NAO index
(Fig. S4). Thus, this study has for the first time identified the
NAO influence on NEP low clouds.

5. Stochastic NPO forcing

The multiple linear regression analysis enables us to define
a residual component that is uncorrelated with either the pre-
ceding ND ™ 1J° Nifio-3.4 or MAM? NTA index. By using the
residual component, we perform simple regression analysis
onto normalized JJA® MODIS LCF averaged in the NEP box
(residual LCF index). Our multiple linear regression analysis
does not distinguish the central Pacific (CP) and eastern Pa-
cific (EP) types of ENSO. This leaves a possibility that the
ENSO flavors might be important in the residual components.
As we will see, however, the residual low-cloud variability
highlights low cloud-SST feedback triggered by midlatitude
stochastic variability.
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Figure 11a shows anomalous LCF and EIS regressed onto
residual LCF index, and the corresponding SST and wind
anomalies are shown in Fig. 11c. Over the NEP box, the posi-
tive LCF anomalies coincide with negative SST and positive
EIS anomalies, suggesting positive low cloud-SST feedback. In
contrast to the NTA forcing, free-tropospheric warming that ex-
ceeds 90% confidence level is limited along the California coast
and therefore ineffective in promoting the low cloud-SST feed-
back through lower-tropospheric stability (Fig. 11e).

A closer inspection reveals that the center of the SST
anomalies is slightly shifted northeastward compared with
that of the LCF anomalies (Fig. 11c), as identified in Yang
et al. (2023). Together with the anomalous northeasterlies
(Fig. 11c) across climatological SST gradient (Fig. 1a), this dis-
placement brings cold and dry advection by the climatological
northeasterlies (Fig. 1a) in the southern portion of the NEP
box. The resultant enhancement of turbulent heat flux pro-
motes SST cooling and low-cloud formation (Klein et al.
1995; Miyamoto et al. 2018).

Figure 12a shows time evolution of SST anomaly and corre-
sponding surface latent heat and radiative fluxes in the NEP
box. Low-cloud radiative cooling is mainly responsible for the
peak of negative SST anomaly in late summer. This radiative
cooling is preceded by statistically significant latent heat flux
cooling in winter and early summer. Thus, the latent heat
cooling initiates the summertime low cloud—-SST feedback.
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Although well reproducing the radiative cooling as part of
low cloud-SST feedback (Figs. 11b and 12b), CAM6-AMIP
fails to capture the evaporative cooling, implying the impor-
tance of atmospheric internal variability (Fig. 12b).

Figure 13a shows surface wind anomalies in preceding
D™ 'JF°. The wintertime latent heat loss is promoted by the
anomalous northeasterlies of cold and dry advection (Fig. 13a).
The associated SLP anomaly field shown in Fig. 14a features a
meridional dipole that resembles the NPO (Walker and Bliss
1932; Rogers 1981). Consistent with the latent heat flux anoma-
lies (Figs. 12a,b), CAM6-AMIP fails to reproduce the NPO
anomalies of SLP and wind (Fig. 14b), although it captures
weak but statistically significant positive SLP anomalies in the
subtropics indicative of the WES feedback (see section 6a).
AM2.1-AMIP exhibits almost the same result (Fig. S5). CAM6-
AMIP also underestimates anomalous summertime northeast-
erlies in the NEP box (Figs. 11c,d). These results indicate that
the residual LCF variability is dominated by low cloud-SST
feedback driven by midlatitude stochastic variability such as the
NPO.

6. Discussion
a. Nonlocal low-cloud feedback on NPMM and ENSO

Here, we discuss nonlocal low-cloud feedback on the NPMM
and subsequent ENSO. Associated with the NTA warming
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induced by the stochastic NAO, negative SST anomalies
are not only amplified locally by low cloud—SST feedback but
also extended southwestward with accelerated trade winds
(Figs. 9a,b). This SST and wind pattern resemble the NPMM.
Ham et al. (2013) argued that anomalous equatorward winds to
the west of the Rossby waves promote latent heat loss from the
ocean (as hinted in Fig. 6a) and hence kick off this NPMM-like
WES mode. In the low-cloud region, however, we find that the
development of the negative SST anomalies in summer involves
the low cloud-SST feedback (Fig. 6a). Because dry advection
by the climatological northeasterlies (Fig. 1a) and accelerated
trade winds (Fig. 9b) promote latent heat loss downstream of
the low-cloud region (Miyamoto et al. 2023), increased low
clouds act to amplify this NPMM through joint low cloud-WES
feedback.

As part of the Rossby wave response to decreased precipi-
tation (Figs. 5g,h), the NPMM is associated with anomalous
equatorial easterlies on its southern flank (Fig. 9b). Ap-
proaching the equator, these winds kick off the Bjerknes feed-
back for the development of a La Nifa in the subsequent
winter (Fig. 9c). Note that the influence of NTA warming on
equatorial atmospheric Kelvin waves (Ham and Kug 2015) is
weak (Fig. S6) presumably due to the equatorially asymmetric
warming. This result suggests the NAO influence on subse-
quent ENSO through low clouds and NPMM.

The above discussion also applies to the residual LCF vari-
ability. The NPO-induced NPMM amplifies through summer
due to joint low cloud-WES feedback (Figs. 13b,c). Inducing a
Rossby wave response to decreased Pacific ITCZ precipitation
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(Figs. 11g,h), the NPMM produces anomalous easterlies along
the equator (Fig. 13c) to kick off a La Nifia (Fig. 13d). This
suggests that the NPO forcing on the NPMM and ENSO
(Chiang and Vimont 2004; Zhang et al. 2021, 2022) is rein-
forced by low-cloud feedback.

b. Support from CESM2 coupled simulation

The observational analysis has revealed that the stochastic
NAO and NPO can drive low-cloud variations over the NEP.
As CAMBS6, the atmospheric component of CESM2, shows
good skills in simulating NEP low-cloud variations (Figs. 1c
and 5), we repeat the same analysis with the 500-yr CESM2-PI
to augment the observational analysis.

Partial regression onto the MAM” NTA index reveals the
NTA influence in CESM2-PI. Figures 9d—f show maps of SST
and wind anomalies in CESM2-PI, and corresponding time
evolution of anomalous radiative and latent heat flux in the
NEP box is shown in Fig. 6c. As in observations, the spring NTA
warming is accompanied by weakened trade winds (Fig. 9d) of
the negative phase NAO (Fig. 10c). The inability of CAM6-PI
forced with CESM2-PI SST to produce the NAO phase implies
its stochastic nature (Fig. 10d). The NTA warming excites the
warm Rossby waves extending westward accompanied by equa-
torward winds that promote latent cooling over the NEP (Figs. 6¢
and 9d.e). As shown in Figs. 7c and 15, these Rossby waves are
also accompanied by deep free-tropospheric warming. Both
the SST cooling and free-tropospheric warming enhance
lower-tropospheric stability and low clouds in the NEP, result-
ing in radiative cooling that exceeds the latent heat cooling in
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FIG. 11. JJA® simple regression coefficients onto the residual MODIS LCF index in (a),(c),(e),(2) observations and
(b),(d),(f),(h) CAM6-AMIP. (a),(b) LCF (%; color shading) and EIS (contoured from every 0.2 K with zero lines
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the 90% confidence). (g),(h) Precipitation (mm day ™~ '; color shading). Superimposed with purple lines are climatological-
mean precipitation (5 and 10 mm day ). Except for (e) and (f), stippling signifies the 90% confidence for the color-

shaded variables. Black box denotes the NEP box.

summer (Fig. 6c). These results corroborate the stochastic
NAO forcing of NEP low-cloud variability via the NTA SST.
Simple regression onto the residual JJA LCF index in CESM2-
PI unveils the NPO-forced low-cloud variations. Figure 12c shows
time evolution of SST in the NEP box along with radiative and la-
tent heat flux in CESM2-PI, and corresponding maps of SST and
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wind anomalies are shown in Figs. 13e-h. Positive LCF anom-
aly in the NEP box is accompanied by the negative SST anom-
aly that develops continuously from winter through spring
(Fig. 12¢). This SST cooling is initiated by the latent heat cool-
ing in winter and spring (Fig. 12c). Maps of wind anomalies re-
veal that cold and dry advection by anomalous northerlies
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respectively, in (a) and (b) observations and (¢) CESM2-PL

causes this latent heat cooling (Figs. 13e,f). As shown in
Fig. 14c, the associated SLP pattern resembles the NPO in
winter and similarly in spring (not shown). CAM6-PI forced
with CESM2-PI SST fails to reproduce the NPO (Fig. 14d),
suggesting the importance of atmospheric internal variability.
Low cloud-SST feedback amplifies the NEP SST anomaly af-
ter the NPO forcing weakens (Figs. 12c and 13g). Although
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the spring NPO forcing is stronger in CESM2-PI than in obser-
vations, these results corroborate the stochastic NPO forcing.

Forced by the NPO and NAO, the NPMM-like pattern ex-
tends southwestward under the climatological northeasterlies
and WES feedback (Figs. 9d,e and 13f,g). This NPMM induces
anomalous equatorial easterlies (Figs. 9¢ and 13g), promoting
a La Nifa in the subsequent winter through the Bjerknes feed-
back (Figs. 9f and 13h). As in Fig. S4, partial regression onto
the FMA® NAO index supports the NAO forcing (Fig. S7), al-
beit the statistical significance in the observations weakens due
to noise. These results suggest that the NAO and NPO sto-
chastically drive the joint low cloud-WES mode and subse-
quent ENSO as in the observations.

7. Summary

The NPMM receives renewed interest as a key conduit for
extratropical atmospheric variability to affect tropical climate.
While the WES feedback has long been identified as impor-
tant for its southwestward propagation into the central Pacific,
recent modeling studies highlighted the role of low-cloud
feedback in amplifying and sustaining the NPMM through
summer (Bellomo et al. 2014; Middlemas et al. 2019; Yang
et al. 2023; Miyamoto et al. 2023). The present study has in-
vestigated the summertime interannual variations of the NEP
low clouds and their mechanisms. By using multiple linear re-
gression, we have identified that winter NPO and NAO
modes of atmospheric internal variability drive low-cloud var-
iability over the NEP. The NPO directly affects the NEP SST
and hence low clouds, whereas the NAO modulates the NTA
SST and remotely affects the NEP low clouds through baro-
clinic Rossby waves (schematic in Fig. 16). The CESM2 prein-
dustrial control simulation corroborates our results.

Partial regression onto spring NTA SST reveals that the
NTA warming by the stochastic NAO promotes the NEP low
cloud-SST feedback. Enhanced deep convection over the
anomalously warm NTA excites warm Rossby waves that ex-
tend into NEP. The resultant enhancement of static stability
promotes low cloud-SST covariability. The NEP SST anoma-
lies amplified by the low cloud-SST feedback extend south-
westward with the help of the climatological winds and WES
feedback, consistent with the NPMM-like nonlocal effects of
low clouds identified by recent modeling studies. The associ-
ated equatorial wind anomalies modulate the subsequent evo-
lution of ENSO. This study for the first time reveals the
stochastic NAO influence on the NEP low cloud-SST feed-
back via the NTA SST.

Regressing out the effects of the preceding ENSO and NTA
SST unveils the winter NPO forcing on NEP low clouds. Anti-
cyclonic wind anomalies associated with the NPO promote
NEP cooling by latent heat loss and through low cloud-SST
feedback. The AMIP simulation fails to reproduce the NPO
forcing, suggestive of the atmospheric internal variability. The
NPO forcing of the NPMM is consistent with previous studies
(Chiang and Vimont 2004; Zhang et al. 2021, 2022), but this
study highlights the overlooked low cloud-SST feedback.

Although previous studies pointed out the NTA influence
on the NPMM and ENSO, this study suggests that the NEP
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FIG. 13. (a)~(c) Lagged simple regression coefficients of SST (°C; color shading) and surface winds (m s~ '; arrows;
only points with the 90% confidence are drawn) onto JJA® MODIS residual LCF index in (a) MAM?, (b) JJA®, and
(c) ND°J'. Stippling indicates the 90% for the color-shaded variables. (d)—(f) As in (a)=(c), respectively, but for
CESM2-PI. The confidence level is set to 99% for CESM2-PI. Red box denotes the NEP box.

low cloud-SST feedback is a key conduit for this NTA influ- and NPMM anomalies. Despite the importance of the transba-
ence. Although regressed out in our analysis, the preceding sin interactions, global climate models tend to underestimate
El Nifio can also generate NTA warming (Alexander et al. the NTA influence on the ENSO through the subtropical path-
2002), which partially offsets the ENSO-induced low-cloud way (Ham and Kug 2015; Yang et al. 2022). As most climate
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models have difficulty in realistically simulating low-cloud var-
iability (e.g., Myers et al. 2018), the present study implies that
low-cloud response to NTA SST may be the key to reproduc-
ing the Atlantic forcing on the Pacific. This will be pursued in
future work.

In addition to the preceding ENSO effect (Yang et al.
2023), removing the Atlantic contribution is crucial in isolat-
ing the North Pacific stochastic forcing on low cloud-SST
covariability. Based on the residual variability of the multiple
linear regression, we have successfully extracted the NPO
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FIG. 15. Partial regression of JJA® precipitation (mm day !
color shading) and 700-hPa temperature (contoured in red for 0.1
and 0.2 K) onto the MAM® NTA index in CESM2-PI. Superim-
posed with purple lines are climatological-mean precipitation
(5 and 10 mm day™!). Stippling indicates the 99% confidence of
precipitation anomaly. Light blue line in (g) and (h) indicates cross
section in Fig. 7.
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forcing on the joint low cloud-WES mode that triggers the
ENSO. Although a targeted coupled model experiment is an
important future challenge, such a framework is useful to dis-
entangle the effect of ENSO remnants, Atlantic influence,
and midlatitude stochastic variability on the joint low cloud-
WES feedback.

Finally, the short record of satellite observations limits our
ability to identify the effects of ENSO asymmetry and diver-
sity. It also hinders the investigation of decadal variations of
the low clouds (e.g., Clement et al. 2009). For example, the
Atlantic multidecadal oscillation (e.g., Deser et al. 2010) has
been proposed to affect the NPMM and equatorial Pacific
(Yu et al. 2015). Background warming of NTA and associated
enhanced precipitation variations (Ding et al. 2023) may am-
plify the interannual NTA influence on low clouds. Along

FIG. 16. Schematic of the NPO and NAO forcing on NEP low
clouds (gray object) identified in the present study. The red block
arrow indicates the vertical circulation associated with enhanced
deep convection over the NTA warming,.
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with climate model simulations, long historical observations,
such as those from ships, can give further insights into the
roles of low clouds in climate variability and change.
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