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Abstract Climate modes of variability over the Atlan-
tic and Pacific may be amplified by a positive feedback
between sea-surface temperature (SST) and marine bound-
ary layer clouds. However, it is well known that climate
models poorly simulate this feedback. Does this deficiency
contribute to model-to-model differences in the representa-
tion of climate modes of variability? Over both the North
Atlantic and Pacific, typical summertime interannual to
interdecadal SST wvariability exhibits horseshoe-like pat-
terns of co-located anomalies of shortwave cloud radiative
effect (CRE), low-level cloud fraction, SST, and estimated
inversion strength over the subtropics and midlatitudes
that are consistent with a positive cloud feedback. Dur-
ing winter over the midlatitudes, this feedback appears to
be diminished. Models participating in the Coupled Model
Intercomparison Project phase 5 that simulate a weak feed-
back between subtropical SST and shortwave CRE pro-
duce smaller and less realistic amplitudes of summertime
SST and CRE variability over the northern oceans com-
pared to models with a stronger feedback. The change in
SST amplitude per unit change in CRE amplitude among
the models and observations may be understood as the tem-
perature response of the ocean mixed layer to a unit change
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in radiative flux over the course of a season. These results
highlight the importance of boundary layer clouds in inter-
annual to interdecadal atmosphere—ocean variability over
the northern oceans during summer. The results also sug-
gest that deficiencies in the simulation of these clouds in
coupled climate models contribute to underestimation in
their simulation of summer-to-summer SST variability.
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1 Introduction

The observational record and idealized modeling studies
suggest that low-level clouds over the eastern subtropical
oceans can amplify modes of climate variability found over
the Atlantic and Pacific via their strong coupling to sea-
surface temperature (Norris et al. 1998; Tanimoto and Xie
2002; Cassou et al. 2004; Burgman et al. 2008; Clement
et al. 2009; Evan et al. 2013; Bellomo et al. 2014, 2015,
2016; Brown et al. 2016; Yuan et al. 2016). Through the
modification of boundary layer processes, an increase in
sea-surface temperature (SST) over the subtropics causes a
decrease in cloudiness, which itself promotes warmer SST
by increasing the amount of solar radiation reaching the
ocean surface (Bretherton 2015 and references therein). In
fact, just a 1% absolute decrease in subtropical cloud frac-
tion increases the solar radiation directed toward the sur-
face by ~1 W m~2 (Klein and Hartmann 1993). Conversely,
a decrease in SST causes an increase in cloudiness, which
then promotes colder SST. Subtropical clouds and SST are
thus linked by a positive feedback loop. Such a feedback
may sustain and enhance SST anomalies over the subtrop-
ics by reducing their inherent damping by sensible and
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latent heat flux, thereby amplifying the subtropical signa-
ture of modes of climate variability characterized by coher-
ent, basin-wide anomalies of SST. Given that the relation-
ship between subtropical clouds and SST is so disparate
among climate models (Bony and Dufresne 2005; Clem-
ent et al. 2009; Qu et al. 2014; Myers and Norris 2015), it
is reasonable to ask: Is this disparity related to model-to-
model differences in the representation of climate modes of
variability? This is a central question of the present study.

If low-level clouds indeed act to amplify modes of cli-
mate variability, anomalously warm SST associated with
some mode ought to spatially co-occur with anomalously
reduced cloudiness, and cold SST ought to co-occur with
enhanced cloudiness. Such a correlation has been detected
in observations between the dominant mode of North
Pacific SST variability and cloud fraction over both sub-
tropical and midlatitude low-level cloud regions where
optically thick stratus and stratocumulus clouds are preva-
lent (Norris et al. 1998; Burgman et al. 2008; Clement
et al. 2009). North Pacific SST varies most strongly on
interannual and interdecadal timescales, and the coherent
basin-wide spatial pattern of this low-frequency variabil-
ity is often referred to as the Pacific Decadal Oscillation
(PDO; e.g. Mantua et al. 1997). Similarly, Tanimoto and
Xie (2002) found a spatially coherent relationship over the
northern and southern subtropical Atlantic between SST
and low-level cloud fraction anomalies associated with a
mode of climate variability characterized by a SST dipole
between the North and South Atlantic, which they referred
to as the Pan Atlantic Decadal Oscillation. Using independ-
ent cloud datasets, Bellomo et al. (2016) and Yuan et al.
(2016) found that low clouds vary in a manner consist-
ent with their acting as a positive feedback on the tropical
branch of the Atlantic Multidecadal Oscillation (AMO)—
the dominant mode of climate variability over the North
Atlantic.

A slew of recent studies have used idealized models
to provide causal evidence for the role of low clouds in
the amplification of unforced modes of climate variabil-
ity. Evan et al. (2013) built an analytical linear model
of atmosphere—ocean coupling over the Atlantic. Based
on observational constraints, they found that low clouds
act as a positive feedback on subtropical SST anomalies
north and south of the equator by increasing the time-
scale of Newtonian cooling. Bellomo et al. (2015) artifi-
cially increased the strength of the relationship between
cloud-induced radiative flux anomalies and SST over the
subtropical southeast Atlantic in an atmospheric model
coupled to a slab ocean. The result was an enhanced
amplitude and persistence of the Atlantic Nifio on the
interdecadal timescale. In a similar study, Bellomo et al.
(2014) found that increasing the strength of the cloud-
SST feedback over the subtropical southeast Pacific in the
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same model resulted in enhanced amplitude and persis-
tence of interdecadal El Nifio variability, and that ampli-
fying the feedback over the subtropical northeast Pacific
led to greater PDO-like variability. Lastly, by comparing
simulations in a fully coupled model with and without
interactive clouds, Brown et al. (2016) found that low
clouds over the North Atlantic enhance the amplitude of
SST variability throughout the basin, particularly over
the midlatitudes, and that these clouds are necessary to
produce the AMO.

Is there a distinction in basin-wide cloud-SST cou-
pling from one season to the next? During winter over
the northern oceans, interannual to interdecadal sea-level
pressure (SLP) variability is strong and forces changes in
SST via the alteration of sensible and latent heat fluxes
by surface winds, while low-level cloud fraction vari-
ability over the North Pacific is weak (Cayan 1992; Deser
and Blackmon 1993; Norris et al. 1998; Saravanan 1998;
Alexander 2010; Fan and Schneider 2012). In contrast,
during summer over the North Pacific, interannual to
interdecadal SLP variability is weak, yet changes in SST
are of comparable magnitude as in winter and coherently
related to basin-wide anomalies of low-level cloud frac-
tion (Norris et al. 1998; Wang et al. 2012). The ocean
mixed layer is also shallower in summer than in winter,
making SST more sensitive to perturbations in radiative
flux at the surface. Norris et al. (1998) therefore specu-
lated that a positive cloud feedback may drive the per-
sistence of SST anomalies associated with the dominant
mode of North Pacific SST variability in summer. The
question of whether such a seasonal contrast in cloud
effects occurs over the North Atlantic as well remains
open. In sum, idealized modeling studies suggest that
unforced interannual to interdecadal fluctuations in SST
in different oceans basins are amplified by a strong low
cloud-SST feedback, and observations are physically con-
sistent with this notion.

In the present study, we provide new evidence for a
linkage between the cloud-SST feedback and the domi-
nant modes of climate variability over both the North
Atlantic and Pacific in both observations and across 19
models participating in the Coupled Model Intercompari-
son Project phase 5 (CMIPS5; Taylor et al. 2012). Our key
aim is to determine whether climate models that more
realistically capture cloud-SST feedback strength simu-
late more realistic basin-scale patterns of SST associated
with the dominant modes. We consider summer and win-
ter separately in order to allow for an interseasonal and
interbasin assessment of cloud-SST modes. Our find-
ings improve the understanding of how modes of climate
variability operate in nature and highlight the challenges
associated with their successful simulation in global cli-
mate models.
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2 Data and methods

A useful parameter for diagnosing clouds’ impact on SST
is cloud radiative effect (CRE). In the present study, CRE is
defined as outgoing shortwave (SW) radiation during clear-
sky conditions minus outgoing radiation during all-sky
(clear plus cloudy) conditions at the top of the atmosphere
(TOA). Monthly mean CRE is provided by the Interna-
tional Satellite Cloud Climatology Project (ISCCP) for the
years 1985-2000 and Clouds and Earth’s Radiant Energy
System (CERES) Energy Balanced and Filled dataset ver-
sion 2.8 for 2001-2014 (Zhang et al. 2004; Loeb et al.
2009). ISCCP CRE was corrected for artifacts as in Norris
and Evan (2015), although the results were found insensi-
tive to using uncorrected data. Using CRE provided by two
independent satellite datasets from non-overlapping periods
allows us to assess the robustness of the results. We have
verified that the results are very similar using 1985-2009
ISCCP data. TOA CRE rather than surface CRE is primar-
ily examined because the former is more reliable than the
latter in observations (Stephens et al. 2012). Nevertheless,
we note that the results are very similar for surface SW and
net CRE, as discussed in Sect. 3.

In order to assess which cloud types contribute most
to CRE variability in the observational record, we also
examine monthly mean cloud fraction (CF) from ISCCP
(1985-2000; Rossow and Schiffer 1999) and CERES
(2001-2014). The CERES product used is the ISCCP-
D2like-Mrg dataset, which is based on daytime retriev-
als from the Moderate Resolution Imaging Spectroradi-
ometer (MODIS) and geostationary satellites (Sun et al.
2010). ISCCP CF was corrected for artifacts as in Nor-
ris and Evan (2015). Each dataset provides CF separated
according to cloud-top pressure, including vertically
low- (1000-680 hPa), mid- (680—440 hPa), and high-level
(440-10 hPa) categories. ISCCP sometimes misplaces
actual low-level clouds in the mid-level category over
boundary layer cloud regions where strong temperature
inversions exist (Garay et al. 2008) . In view of our particu-
lar interest in these regions, we add low- and mid-level CF
together to attain a more accurate estimate of actual low-
level values. The same method is applied to the CERES
data. The resulting quantity, low +mid-level CF, is con-
sidered to be a more reliable measure of boundary layer
CF than unadjusted low-level CF provided by the satellite
datasets.

Monthly mean SST, near-surface horizontal wind veloc-
ity, and SLP for 1985-2014 are obtained from the Interim
European Centre for Medium-Range Weather Forecasts
(ECMWEF) re-analysis (ERA-Interim; Dee et al. 2011).
We have verified that the results are virtually unchanged
when we use SST from the National Oceanic and Atmos-
pheric Administration (NOAA) Optimum Interpolation

SST dataset V2 (Reynolds et al. 2002) instead of that
from the reanalysis. From ERA-Interim we also obtain
other large-scale meteorological factors related to bound-
ary layer cloudiness (see e.g. Wood 2012; Bretherton 2015
and; Myers and Norris 2015 for an overview of how these
factors are related to MBL cloudiness): estimated inver-
sion strength (EIS, Wood and Bretherton 2006), horizon-
tal surface temperature advection over the SST gradient
(SSTadv), relative humidity at 500 hPa (RHj,), and pres-
sure vertical velocity at 500 hPa (ws,). EIS and SSTadv
are computed as described in Myers and Norris (2015).

We partition our results into summer and winter sea-
sons. Three-month seasonal averages of each climate field
for each year are computed during June—July—August (JJA)
and December—January—February (DJF). Then, for each
season and separate time period corresponding to the non-
overlapping ISCCP and CERES records, the averages are
linearly detrended to yield interannual anomalies. Note
that detrending the raw seasonal averages is equivalent to
removing their long-term mean and then detrending.

From single realizations of 1976-2005 historical runs
of 19 CMIP5 models, we examine monthly mean SW
CRE, SST, near-surface winds, and SLP (Table S1). The
period of record was chosen to match that corresponding
to observations as closely as possible, including the num-
ber of years. For each modeling group we only include
model variants with different oceanic or atmospheric com-
ponents, since our interest is on the model-to-model dif-
ferences in climate modes of variability, which we do not
expect to be significantly affected by different land models
or resolutions. We compute JJA and DJF seasonal averages
of all climate fields and linearly detrend these averages for
1976-2005 to obtain interannual anomalies. This roughly
removes the effect of increasing greenhouse gases in the
model simulations. To facilitate ensemble averaging and
intercomparison, all observational and CMIP5 fields were
bi-linearly interpolated to an equal-angle 2.5° X 2.5° grid
prior to analysis.

3 Results

3.1 Observational evidence for positive cloud feedback
over northern oceans during summer

The left panels of Figs. 1 and 2 display the slopes of the
linear regression of JJA SW CRE, SST, SLP, and surface
wind anomalies onto the 1985-2014 normalized time
series of JJA SST anomalies averaged over the regions of
maximum stratiform cloud amount in the subtropical north-
east (NE) Atlantic and subtropical NE Pacific, respectively.
These regions are taken from Klein and Hartmann 1993,
and outlined with black rectangles in the figures. Nearly
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JUA
(a) SW CRE (W m™ sigma™)
60

(c¢) SLP (hPa sigma™)

Fig. 1 Slopes of regression of JJA a SW CRE at TOA, b SST, and
¢ SLP and surface wind anomalies onto the 1985-2014 normalized
time series of JJA SST anomalies averaged over the subtropical NE
Atlantic based on observations provided by ISCCP, CERES, and the
ERA-Interim reanalysis. The time series of anomalies are created
here and for subsequent observational results by merging together
anomalies from the separate 1985-2000 and 2001-2014 records,

identical patterns emerge when the climate fields are
regressed onto the normalized time series of the first prin-
cipal component (PC) of the empirical orthogonal function
(EOF) of North Atlantic (10-60°N, 80-0°W) or Pacific
(10-60°N, 120-260°E) JJA SST anomalies, each of which
exhibits substantial interannual and interdecadal variability.
This is evidence that the regression patterns are associated
with the dominant modes of summertime SST variability
over the northern oceans. During summer over each ocean
basin, a horseshoe-like pattern of statistically significant
SW CRE (Figs. 1a, 2a) and SST (Figs. 1b, 2b) anomalies is
evident. In particular, a standard deviation increase in SST
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DJF
(d) SW CRE (W m sigma™)

A

respectively. d—f are as in a—c but for DJF. X’s indicate statistical sig-
nificance at the 95% confidence level using a two-tailed 7 test, taking
into account temporal autocorrelation. Black wind vectors indicate
statistical significance of either the u or v component of the wind. The
region over which SST is averaged to create the time series is shown
as a black rectangle

over the subtropical NE Atlantic is associated with a pat-
tern that resembles the warm phase of the AMO (Bellomo
et al. 2016). Additionally, a standard deviation increase in
SST over the subtropical NE Pacific is associated with a
pattern that resembles the warm phase of the PDO (Man-
tua et al. 1997). For each pattern of variability, warm (cold)
SST anomalies in the subtropics and midlatitudes generally
co-occur with positive (negative) SW CRE anomalies, con-
sistent with clouds’ acting as a positive feedback on SST
and in agreement with previous observational studies (Nor-
ris et al. 1998; Tanimoto and Xie 2002; Cassou et al. 2004;
Burgman et al. 2008; Clement et al. 2009; Bellomo et al.
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Fig. 2 Asin Fig. 1 but for the subtropical NE Pacific

2016; Yuan et al. 2016). The regression patterns obtained
using surface SW CRE, longwave (LW) CRE, net CRE,
low + mid-level CF, high-level CF, and total CF show that
the horseshoe patterns of TOA SW CRE anomalies seen
in Figs. la and 2a also emerge in the surface net CRE,
low + mid-level CF, and total CF anomalies (Figs. S1-S4).
Hence, the TOA SW CRE anomaly pattern is representative
of basin-scale changes in marine boundary layer (MBL)
clouds and surface radiative flux, with the contribution
from high clouds of second order. The magnitudes of SLP
and surface wind anomalies associated with the horseshoe
patterns of SST variability (Figs. lc, 2c) are very small.

To investigate the possible role of other cloud-con-
trolling factors besides SST in shaping the pattern of SW
CRE anomalies seen in Figs. 1a and 2a, we show in the left
panels of Figs. 3 and 4 the slopes of the regression of EIS,
SSTadv, RHsy, and w5, onto subtropical NE Atlantic and

DJF
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Pacific SST during summer. The EIS anomalies associated
with a standard deviation increase in subtropical NE Atlan-
tic and Pacific SST are strongly anti-correlated with those
of SST during summer (Figs. 3a, 4a). EIS is a measure of
the strength of the temperature inversion capping the MBL,
and a strong inversion has been shown to enhance subtropi-
cal low cloudiness by reducing entrainment drying of the
MBL (Klein and Hartmann 1993; Wood 2012; Myers and
Norris 2013; Bretherton 2015). Therefore, EIS anomalies
appear to reinforce the SW CRE and low +mid-level CF
anomaly patterns, while those in other cloud-controlling
factors are not coherently related to either SST or SW CRE
(Figs. 3b—d, 4b—d). These inferences are further confirmed
by examination of the summertime pattern correlation coef-
ficients among the SW CRE and cloud-controlling fac-
tor regression slopes over the North Atlantic (10-60°N,
80-0°W) and Pacific (10-60°N, 120-260°E) (Tables S2
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Fig. 3 Asin Fig. 1 but for regression of JJA a EIS, b SSTadv, ¢ RHs, and d w5, anomalies onto the 1985-2014 normalized time series of JJA
SST anomalies averaged over the subtropical NE Atlantic. e-h are as in a—d but for DJF

and S3). Hence, typical summertime anomalies of SST and
EIS over the subtropical and midlatitude northern oceans
are the primarily meteorological factors related to basin-
scale anomalies in SW CRE.

The right panels of Figs. 1 and 2 show the results cor-
responding to the left panels, but for DJF. Again, nearly
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identical patterns emerge when the fields are regressed
onto the normalized time series of the first PC of the EOF
of North Atlantic or Pacific DJF SST anomalies, each
of which exhibits substantial interannual and interdec-
adal variability. Wintertime SW CRE anomalies associ-
ated with a standard deviation increase in SST over the
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Fig. 4 Asin Fig. 1 but for regression of JJA a EIS, b SSTadv, ¢ RHs, and d w5, anomalies onto the 1985-2014 normalized time series of JJA
SST anomalies averaged over the subtropical NE Pacific. e-h are as in a—d but for DJF

subtropical NE Atlantic and Pacific are consistent with
a positive cloud feedback over the subtropics, especially
southwest of the boxed regions of maximum stratiform
cloud amount (Figs. 1d—e, 2d—e). Over the midlatitude
North Atlantic SW CRE anomalies are much weaker than
they are in summer yet also indicative a positive cloud

feedback, while over the midlatitude North Pacific weak
SW CRE anomalies are not coherently co-located with
SST anomalies. These patterns of SW CRE anomalies
also emerge in surface net CRE and total CF and reflect
changes in both low+mid- and high-level CF (Figs.
S1-S4). Over the midlatitude North Atlantic, total CF
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anomalies have similar magnitudes as they do in summer
yet those of SW CRE are weaker in winter, indicating
that reduced incident solar radiation at TOA during win-
ter dampens the radiative impact of changes in cloudiness
relative to summer. Over the midlatitude North Pacific,
total CF anomalies have weaker magnitudes in winter
than they do in summer due to substantial offset between
low + mid- and high-level CF anomalies, explaining why
those of SW CRE are also much weaker in winter. We
note that the North Atlantic SST anomaly pattern during
winter (Fig. le) is similar to that during summer, but fea-
tures more of a tripole-like than horseshoe-like structure
wherein cool SST in the central North Atlantic extends
across almost the entire the basin and is flanked meridi-
onally by warm SST. The North Pacific SST anomaly pat-
tern during winter closely resembles that during summer
(Fig. 2e). SLP and surface wind anomalies associated
with wintertime SST variability (Figs. 1f, 2f) are substan-
tial. NAO-like and Pacific North American (PNA)-like
patterns of atmospheric circulation are evident, featur-
ing anomalous midlatitude low-pressure centers over the
North Atlantic and Pacific. These atmospheric conditions
may force the observed patterns of extratropical (north
of ~10°N including the subtropics and midlatitudes) SST
anomalies by modifying surface sensible and latent heat
fluxes (Cayan 1992; Deser and Blackmon 1993; Sara-
vanan 1998; Alexander 2010; Fan and Schneider 2012).
During summer, the NAO and PNA patterns are sup-
pressed yet SST anomalies of comparable magnitude as
those during winter occur, suggesting that the co-located
anomalies of SW CRE play a role in the observed ampli-
tude of the SST patterns. We acknowledge that the per-
sistence of wintertime-generated SST anomalies can also
contribute to the SST anomalies observed in summer
(e.g. Vimont et al. 2001), although this does not preclude
the role of a positive cloud feedback.

Regression slopes of other cloud-influencing factors
onto subtropical NE Atlantic and Pacific SST during winter
are shown in the right panels of Figs. 3 and 4. The anti-cor-
relation between SST and EIS anomalies that occurs during
summer is absent during winter, likely due to substantial
changes in free-tropospheric temperature associated with
the NAO and PNA patterns (Figs. 3e, 4e). SSTadv, RHs,
and s, anomalies per standard deviation increase in sub-
tropical NE Atlantic and Pacific SST are much larger than
they are in summer due to the substantial changes in atmos-
pheric circulation (Figs. 3f-h, 4f-h). Hence, the pattern of
SW CRE anomalies over the northern oceans during win-
ter is driven by a combination of changes in several cloud-
controlling factors, minimizing the basin-scale coherence
between cloudiness, SST, and EIS that is so prominent in
summer. This is reflected in the wintertime pattern correla-
tion coefficients among the SW CRE and cloud-controlling
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factor regression slopes over the North Atlantic and Pacific,
which also show a large role for RHs, in shaping the SW
CRE anomalies during winter (Tables S4 and S5).

It is important to note that, while not identical, the fun-
damental patterns of SW CRE, SST, SLP, and surface
winds associated with a standard deviation increase in
subtropical NE Atlantic and Pacific SST are reproduced
using either 1985-2000 (when ISCCP satellite cloud data
is available) or 2001-2014 (when CERES satellite cloud
data is available) interannual anomalies, indicating that the
results are robust to time period and satellite cloud data-
set (Figs. S5-S8). During either time period, the enhanced
basin-scale cloud-SST and cloud-EIS coupling and reduced
SLP variability during summer relative to winter over each
ocean basin is evident. The effect of using the 1985-2014
combined record of anomalies to compute the regression
slopes (Figs. 1, 2) is essentially to produce averages of the
regression slopes from the separate time periods and to
increase sample size.

3.2 Link between cloud feedback and summertime SST
variability in CMIP5 models

On average, do CMIP5 models reproduce these observed
patterns of variability over the northern oceans? Regression
patterns as those in Figs. 1 and 2 for individual models can
differ greatly from each other, which will be clear in the
results below. Does this reflect discrepancies in their simu-
lation of the cloud-SST feedback? To address this question,
for each model we quantify the feedback between subtropi-
cal MBL clouds and SST by regressing the time series of
detrended monthly anomalies (for all calendar months) of
SW CRE averaged over each subtropical MBL cloud region
onto similarly averaged SST anomalies. Only months for
which s, exceeds 10 hPa day™' are used in the calcula-
tion to ensure that the resulting regression slope, SW/SST,
is associated with processes associated with MBL clouds.
All calendar months are used in the calculation in order to
increase sample size and to approximate the inherent rela-
tionship between SST and SW CRE that is likely uniquely
determined by each model’s cloud and turbulence param-
eterization schemes (Qu et al. 2014). SW/SST is a bulk
metric of the subtropical MBL cloud-SST feedback that
reflects: (1) the effect of SST on the clouds; (2) the effect
of the strength of the temperature inversion on the clouds,
since SST and inversion strength are negatively correlated
(e.g. Qu et al. 2014; Myers and Norris 2015); (3) the effect
of any other cloud-controlling factor that is correlated to
SST (e.g. free-tropospheric humidity) on the clouds; and
(4) the radiative effect of the clouds on SST itself. Next,
for each subtropical cloud region we partition models into
three subsets according to their values of the SW/SST
slope. The seven models with the highest values and the
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seven models with the lowest values comprise the models
with strong and weak feedbacks, respectively. The remain-
ing subset comprises models with intermediate slope val-
ues (moderate feedback).

In Fig. 5 we plot the respective averages of the sum-
mertime North Atlantic regression patterns associated with
a standard deviation increase in subtropical NE Atlantic
SST for models with a weak MBL cloud-SST feedback in
this region and for those with a strong feedback. X’s indi-
cate where the difference between the two subsets is sta-
tistically significant at the 90% confidence level, based on
a two-tailed ¢ test. Throughout the basin in the subtropics
and midlatitudes, models with a weak feedback produce
much smaller and less realistic positive SW CRE anomalies
(Fig. 5a) than those produced by models with a strong feed-
back (Fig. 5c) for a standard deviation increase in SST over
the subtropical NE Atlantic. This indicates that the SW/SST
slope is related to cloud processes not only over the sub-
tropical NE Atlantic, but over other regions as well. These
include the midlatitudes where stratus and stratocumulus
clouds are prevalent and the subtropics toward the equator
where trade cumulus clouds are prevalent. The difference

Weak feedback
(a) SW CRE (W m? sigma™)

—— 5

(b) SST (K sigma™)

O?V -

Fig. 5 Mean of slopes of regression of JJA a SW CRE at TOA and
b SST anomalies onto the 19762005 normalized time series of JJA
SST anomalies averaged over the subtropical NE Atlantic based on
historical runs for CMIP5 models with a weak MBL cloud-SST feed-
back. ¢ and d are as in a and b but for models with a strong cloud-
SST feedback. Models have a weak (strong) cloud-SST feedback if
they are among those with the seven lowest (highest) values of the

in the amplitude of the SW CRE pattern between the two
subsets of models also suggests that the discrepancy in
the SW/SST slope is sufficient to explain the changes in
cloudiness between the subsets. It is also evident that mod-
els with a weak cloud/SST feedback produce smaller and
less realistic positive SST anomalies (Fig. 5b) than those
produced by models with a strong feedback (Fig. 5d). This
suggests a role for clouds in summer-to-summer SST vari-
ability over the North Atlantic. During winter, differences
in the extratropical SW CRE and SST regression patterns
between the two subsets of models (not shown) are more
minor and generally not statistically significant for the SST
difference, indicating a diminished role of clouds in North
Atlantic SST variability during the season when the NAO
pattern develops.

To more clearly discern reasons for the differences in
SW CRE and SST among the models, in Fig. 6a we plot
the subtropical NE Atlantic SW/SST slope against the local
amplitude of SW CRE per standard deviation increase in
subtropical NE Atlantic summertime SST for all models
and observations. The SW CRE amplitude is defined as the
regression value averaged over the subtropical NE Atlantic

Strong feedback
(c) SW CRE (W m™ sigma™)
60 ’)v - N

* \z

(d) SST (K sigma™)
60 - - —ty

30 g

L:
o7 O

80 -40 0

slope of the regression of the time series of monthly anomalies of
SW CRE averaged over the subtropical NE Atlantic onto similarly
averaged SST anomalies. X’s indicate where the difference between
the two subsets is statistically significant at the 90% confidence level
using a two-tailed ¢ test. The region in the midlatitude NE Atlantic
used to compute the SST and SW CRE amplitudes listed in Table 1 is
outlined with a black rectangle
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stratiform cloud region, e.g. the average over the black rec-
tangle of the pattern shown in Fig. 1a for 1985-2014 obser-
vations (merged obs.). Models are color-coded according
to the subset of SW/SST feedback strength they reside in.
The SW CRE amplitude per standard deviation warming is
approximately equal to SW/SST times the standard devia-
tion of JJA SST, so the SW CRE amplitude is related to
SW/SST and the amount of typical SST warming itself.
Figure 6a shows that the SW CRE amplitude per standard
deviation warming is positively correlated with SW/SST
(r=0.78, including merged obs. only), showing that dif-
ferences in this quantity among models and observations
can explain most of the differences in SW CRE independ-
ent of differences in the amount of typical SST warming.
Figure 6b shows the subtropical NE Atlantic SW CRE
amplitude plotted against the similarly defined SST ampli-
tude. Note that the latter is almost identical to the summer-
to-summer standard deviation in subtropical NE Atlantic
SST. SW CRE amplitude is positively correlated with that
of SST (r=0.68), and models with a strong MBL cloud
feedback generally produce higher and more realistic SW
CRE and SST amplitudes per standard deviation warming
compared to models with a weak feedback. This suggests
that differences in SW CRE per standard deviation warm-
ing, linked to unique SW/SST slopes, produce differences
in SST by altering the surface radiation balance. Lastly,
Fig. 6¢c shows SW/SST plotted against the subtropical NE
Atlantic SST amplitude. Generally, as SW/SST increases,
so too does the SST amplitude (r=0.48, and r=0.68 if out-
lier model IPSL-CM5B-LR is excluded).

To corroborate these results, we next consider a simple
model of the energy balance of the ocean mixed layer. The
sensitivity of SST to the surface heat flux F' into the mixed
layer can be approximated as (Cronin et al. 2013)

ASST _ At

CAF pCyz

where p is the density of seawater, ¢, is the specific heat
of seawater at constant pressure, z is the depth of the mixed
layer, and At is the time interval. Using the average of den-
sity- and temperature-based climatological mean z during
JJA for the subtropical NE Atlantic box based on the data-
set produced by de Boyer Montégut et al. (2004), we obtain
z=35 m (this dataset is also used for all subsequent val-
ues of z). Thus, for p=1025 kg m~>, ¢,=3994] kg™ K7,
and Ar=90 days (the approximate number of days in a
3-month season), we find that ASST/AF=0.05 K/(W m™?).
This value is quantitatively similar to the slope of the lin-
ear regression fit (including merged obs. only) between the
SW CRE and SST amplitudes shown in Fig. 6b, which is
0.04 + 0.03 K/(W m™?), where uncertainty indicates 95%
confidence bounds. Also, for the midlatitude NE Atlantic
(outlined with a black rectangle in Fig. 5), z=20 m, so
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we estimate that ASST/AF=0.1 K/(W m™). This value
is quantitatively similar to the slope of the fit between the
SW CRE and SST amplitudes averaged over the midlati-
tude NE Atlantic, which is 0.08 + 0.04 K/(W m™2). The
comparison between the regression slopes and ASST/AF is
justified because simulations and observations provide sev-
eral possible realizations of climate anomalies for 3-month
seasonal averages, so variations in the SW CRE and SST
amplitudes can be considered to be analogous to season-
ally averaged variations in surface heat flux and the result-
ing change in SST. The close alignment of the regression
slopes and ASST/AF suggests that cloud variations can
alter the surface energy balance sufficiently to force dif-
ferences in SST in the North Atlantic. For a given amount
of warming over the North Atlantic, models simulate large
differences in cloudiness that contribute to inter-model dif-
ferences in the amount of typical warming itself by a posi-
tive cloud feedback.

Do clouds also play an important role in disparities of
North Pacific atmosphere—ocean variability among climate
models? In Fig. 7 we plot the respective averages of the
summertime North Pacific regression patterns associated
with a standard deviation increase in subtropical NE Pacific
SST for models with a weak MBL cloud-SST feedback in
this region and for those with a strong feedback. Through-
out the NE Pacific, models with a weak feedback produce
smaller and less realistic SW CRE (Fig. 7a) and SST anom-
alies (Fig. 7b) than those with a strong feedback (Fig. 7c, d)
for a standard deviation increase in SST over the subtropi-
cal NE Pacific. This suggests a role for clouds in summer-
to-summer SST variability over the North Pacific. During
winter, differences in the extratropical SW CRE and SST
regression patterns between the two subsets of models (not
shown) are more minor and generally not statistically sig-
nificant for the SST difference, indicating a diminished role
of clouds in North Pacific SST variability during the sea-
son when the PNA pattern develops. Figure 7c, d also show
that, interestingly, models with a weak SW/SST feedback
unrealistically produce small negative anomalies of SST
in the eastern tropical Pacific, while models with a strong
feedback realistically produce small positive anomalies.
Examination of the SLP and surface wind regression pat-
terns (not shown) indicates that this difference is linked to
a weakening of the climatological easterlies and zonal SLP
gradient along the equator in models with a strong SW/
SST feedback. Hence, it is plausible that the SW/SST slope
captures key processes involved in the El Nifio—Southern
Oscillation (ENSO), such as the transition between strati-
form and convective cloudiness that occurs over the eastern
equatorial Pacific. However, this inference is tenuous based
on our results and the role of clouds in ENSO requires fur-
ther analysis.
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Table 1 NE Atlantic SW/

SST slope and SW CRE and
SST amplitudes per standard
deviation increase in subtropical
NE Atlantic summertime SST
in models with weak, moderate,
and strong MBL cloud-SST
feedbacks and observations

Weak Moderate Strong Observations
Subtropical SW/SST slope (W m™2 K™') 0.92 4.3 8.2 6.7 +2.7
Subtropical SW CRE amp (W m™2 sigma™") 0.78 2.1 4.4 (p=0.00) 4/4.8/3.1
Subtropical SST amp (K sigma™") 0.3 0.41 0.46 (p=0.04) 0.44/0.49/0.39
Midlatitude SW CRE amp (W m™2 sigma™") —0.49 0.29 1.6 (p=0.02) 1.9/2/1.8
Midlatitude SST amp (K sigma™") 0.07 0.08 0.29 (p=0.02)  0.32/0.46/0.14

p values are based on a two-tailed ¢ test of the difference in SW CRE or SST amplitude between the weak
and strong subsets of models. The observed SW/SST slope is for 1985-2014 observations and shows a 95%
confidence interval. Each observed amplitude from left to right is based on 1985-2014, 1985-2000, and

2001-2014 observations
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Fig. 6 Relationships among the subtropical NE Atlantic MBL cloud-
SST feedback parameter and the local SW CRE and SST amplitudes
per standard deviation increase in subtropical NE Atlantic summer-
time SST. The SW CRE and SST amplitudes are defined as their
respective regression values averaged over the subtropical NE Atlan-
tic stratiform cloud region, e.g. the averages over the black rectan-
gle of the patterns shown in Fig. la, b for 1985-2014 observations
(merged obs). a SW/SST slope plotted against SW CRE amplitude,

Figure 8a shows the subtropical NE Pacific SW/SST
slope plotted against the local amplitude of SW CRE asso-
ciated with a standard deviation increase in subtropical
NE Pacific summertime SST for all models and observa-
tions. The SW CRE amplitude is defined as the SW CRE
regression value averaged over the subtropical NE Pacific

(c) r=0.48
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b SW CRE amplitude plotted against SST amplitude, and ¢ SW/SST
slope plotted against SST amplitude. The error bars for the SW/SST
slope computed using 1985-2014 data (merged obs) denote 95% con-
fidence bounds, taking into account temporal autocorrelation. Cyan,
orange, and red symbols denote models with weak, moderate, and
strong subtropical NE Atlantic MBL cloud-SST feedbacks. Models in
the legend are listed from top to bottom in increasing order of their
feedback strength. Observations are in black

stratiform cloud region. SW CRE amplitude is positively
correlated with SW/SST (r=0.80), indicating that dif-
ferences in SW/SST among models and observations are
primarily what drive differences in the amplitude of SW
CRE. Figure 8b shows the subtropical NE Pacific SW
CRE amplitude plotted against the similarly defined SST
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amplitude. SW CRE amplitude is positively correlated
with that of SST (r=0.58), suggesting that differences
in SW CRE produce differences in SST. The slope of the
linear regression fit between the subtropical SW CRE
and SST amplitudes shown in Fig. 8b is 0.02 + 0.01 K/
(W m~2), while that between the amplitudes averaged over
the midlatitude NE Pacific (outlined with a black rectangle
in Fig. 7) is 0.12 + 0.08 K/(W m~?). Such estimates are
quantitatively similar to the values of ASST/AF of 0.07 K/
(W m~2) and 0.11 K/(W m™) for z=29 m and z=17 m,
respectively. These results further contribute to establish
confidence in our physical interpretation that cloud varia-
tions may force differences in SST in the North Pacific by
altering the surface energy balance. Lastly, Fig. 8c shows
SW/SST plotted against the subtropical NE Pacific SST
amplitude. Generally, as SW/SST increases, so too does the
SST amplitude (r=0.38, and r=0.57 if outlier model MPI-
ESM-LR is excluded). The qualitative similarity of the
results for the two separate ocean basins provides support
for the notion that MBL clouds can amplify climate modes
of variability.

Tables 1 and 2 summarize the role of clouds in sum-
mertime North Atlantic and Pacific SST variability. Table 1
lists averages of the subtropical NE Atlantic SW/SST slope
as well as averages of the subtropical and midlatitude NE
Atlantic SW CRE and SST amplitudes, per standard devia-
tion increase in subtropical NE Atlantic SST, for the three
subsets of models and observations. Table 2 lists averages
for the Pacific. For both ocean basins, models with a strong
SW/SST feedback simulate higher average amplitudes of
subtropical and midlatitude SW CRE and SST than those
of models with a weak feedback. Each difference is statisti-
cally significant except that of the subtropical NE Pacific
SST amplitude, although we note that this is clearly influ-
enced by the outlier model MPI-ESM-LR as seen in Fig. 8.
Furthermore, the observed values of SW/SST, SW CRE
amplitude, and SST amplitude are more similar to the aver-
age values of models with a strong subtropical SW/SST
feedback than to those of models with a weak feedback
(note that the averages of the 1985-2000 and 2001-2014
values are very similar to the values computed using the
entire merged 1985-2014 record). The amplitude of sum-
mertime SST variability over the northern oceans in

CMIP5 models therefore appears to be sensitive to their
simulation of the boundary layer cloud-SST feedback.

4 Conclusions

In this study, we investigate the satellite cloud record and
CMIP5 models to determine whether MBL clouds can
amplify modes of climate variability over the extratropical
northern oceans. Over each ocean basin during summer, a
standard deviation increase in subtropical SST resembles
the dominant mode of SST variability and is associated
with a horseshoe pattern of co-located anomalies of SW
CRE, low + mid-level CF, SST, and EIS over the subtropics
and midlatitudes that are consistent with MBL clouds’ act-
ing as a positive feedback on SST. The SST patterns over
the North Atlantic and Pacific resemble those associated
with the AMO and PDO. During winter, SST anomalies
associated with a standard deviation increase in subtropical
SST for each basin feature a similar pattern, but they are
weakly related to basin-scale SW CRE and EIS anomalies.
In this season, SLP and surface wind anomalies associated
with these modes resemble the NAO and PNA patterns of
variability over the North Atlantic and Pacific, respectively,
and are much stronger than those that occur during sum-
mer. Horizontal surface temperature advection, free-tropo-
spheric humidity, and vertical velocity anomalies are also
stronger in winter than they are in summer, minimizing the
dominant role of cloud-SST and cloud-EIS coupling during
summer. The similarity of the seasonality between domi-
nant modes of SST variability over the North Atlantic and
Pacific suggests that MBL clouds play an important role in
atmosphere—ocean variability during summer. During this
season, clouds may make a substantial contribution to the
surface energy budget because turbulent heat flux anoma-
lies are weaker and the ocean mixed layer is shallower
than they are during winter. This corroborates Norris et al.
(1998), who performed a similar observational analysis for
the North Pacific using different cloud observations and
statistical methods.

There are large model-to-model differences in CMIP5
models’ simulation of these patterns of variability. To
investigate reasons for the inter-model spread of SW
CRE and SST amplitudes associated with standard

Table 2 As in Table 1 but for
the Pacific

Weak Moderate Strong Observations
Subtropical SW/SST slope (W m™2 K1) 0.79 43 8.9 9.1+24
Subtropical SW CRE amp (W m~2 sigma™") 0.69 1.9 6.3 (p=0.01) 3.8/3.8/4
Subtropical SST amp (K sigma™") 0.45 0.47 0.52 (p=0.37) 0.61/0.64/0.6
Midlatitude SW CRE amp (W m™2 sigma™") 0.46 1.3 2.1 (p=0.05) 2.6/3.4/1.8
Midlatitude SST amp (K sigma™") 0.11 0.25 0.35 (p=0.06) 0.45/0.39/0.54
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deviation increases in subtropical NE Atlantic and Pacific
SST during summer, we partition models according to
the strength of the subtropical NE Atlantic and Pacific
MBL cloud-SST feedback they simulate. The slope of
the regression of SW CRE onto SST over the regions of
maximum stratiform cloud amount identified by Klein
and Hartmann (1993) serves as the metric of feedback
strength. Models that simulate a strong cloud-SST feed-
back over the subtropical NE Atlantic and Pacific gen-
erally produce higher and more realistic typical ampli-
tudes of SW CRE and SST variability over the subtropics
and midlatitudes than those produced by models with a
weaker feedback. Moreover, for the Atlantic and Pacific,
the change in SST amplitude per unit change in SW CRE
amplitude among the models and observations is similar
to the temperature response of the ocean mixed layer to
a unit change in radiative flux over the course of a sea-
son. These results strongly suggest that the amplitude
of summer-to-summer SST variability over the northern
oceans in coupled climate models is sensitive to their
representation of MBL clouds. More specifically, they
suggest that where MBL clouds are climatologically
prevalent, they act to amplify the dominant modes of
SST variability over the northern oceans during summer.
These results are consistent with and bolster the findings
of recent idealized modeling studies that show a sub-
stantial role of low clouds in unforced modes of climate
variability (Evan et al. 2013; Bellomo et al. 2014, 2015,
2016; Brown et al. 2016). The substantial differences in
the SW CRE and SST amplitudes of variability between
models with weak and strong cloud/SST feedbacks do not
occur in winter. Hence, the role of clouds in extratropical
atmosphere—ocean variability over the northern oceans
during this season is muted, as could be expected from
the distinct physics underlying this variability during the
season when the NAO and PNA patterns develop.

It is well known that improving the representation of
MBL clouds in climate models will improve the simula-
tion of mean climate and the reliability of anthropogenic
warming projections. The results of the present study sug-
gest that such an improvement may also lead to more real-
istic simulation of interannual to interdecadal summertime
atmosphere—ocean variability over the extratropics.
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