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ABSTRACT

Observations show that cloud feedback over the Namibian stratocumulus region is positive because cloud

cover is anticorrelated with local sea surface temperature (SST) anomalies. Moreover, regressions of ob-

served atmospheric fields on equatorial Atlantic SST anomalies indicate that cloud feedbacks over the

Namibian stratocumulus region covary with Atlantic Niño. However, from observations alone, it is not
possible to quantify the influence of regional cloud feedbacks on equatorial climate variability. To address this
question, a set of sensitivity experiments are conducted using an atmospheric general circulation model
(ECHAM6) coupled to a slab ocean in which the strength of positive cloud feedback is enhanced over several
regions in the South Atlantic basin. Enhanced positive cloud feedback over the Namibian stratocumulus
region increases local as well as equatorial SST variability, whereas enhanced cloud feedback over other
regions in the South Atlantic increases local SST variability but exhibits negligible responses at the equator.
The authors’ results indicate that the Namibian region plays a central role in enhancing equatorial SST

variability because it is located where the SST anomalies associated with the simulated Atlantic Niño in the
slab-ocean model develop. These results highlight the important role of the regional coupling of cloud cover
over the Namibian region with local SSTs and its effects on equatorial Atlantic climate variability.

1. Introduction

Equatorial Atlantic climate variability is dominated

by a zonal mode of sea surface temperature (SST)

anomalies occurring primarily during boreal summer

(June–August) over the Atlantic cold tongue region

(68S–28N, 208W–58E). SST anomalies over the cold

tongue are accompanied by changes in atmospheric and

oceanic circulations that resemble those associated with

El Niño–Southern Oscillation (ENSO) in the Pacific

Ocean and have therefore been referred to as Atlantic

Niño events (Merle 1980; Hisard 1980; Xie and Carton

2004). Atlantic Niños are characterized by warm
anomalies along the equator and the eastern side of the
South Atlantic Ocean (Ruiz-Barradas et al. 2000),

weakening of equatorial trade winds west of 208W, and

weakening of meridional winds associated with the

North African summer monsoon to the east of 208W
(Horel et al. 1986; Zebiak 1993; Xie and Carton 2004).

During warm Atlantic Niños, equatorial deep convec-
tion shifts southward (Wagner and da Silva 1994; Carton

et al. 1996; Mitchell and Wallace 1992; Biasutti et al.

2003) and precipitation increases over the Gulf of

Guinea (Hirst and Hastenrath 1983). Like their Pacific

counterparts, Atlantic Niños have impacts on sea level,
precipitation over surrounding continents, and fisheries
(Brundrit 1995; Hagen et al. 2001; Boyer et al. 2001). For

these reasons, understanding the origin, dynamics, and

physical mechanisms of SST variability over the equa-

torial Atlantic is of primary importance to improve the

predictability of Atlantic Niños and their impacts.
In addition to Atlantic Niño, previous studies have

shown that equatorial Atlantic variability is affected by
another dominant mode of variability: the decadal-time-
scale Atlantic meridional mode, which is characterized
by asymmetric SST anomalies about the equator within
the tropical Atlantic (e.g., Servain 1991; Servain et al.

1999; Nobre and Shukla 1996; Chang et al. 1997; Penland

and Matrosova 1998; Tanimoto and Xie 2002; Chiang
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and Vimont 2004). However, because of possible sta-

tistical artifacts in the detection and interpretation of

these modes of variability, it is still unclear whether the

North Atlantic is correlated with Atlantic Niños and
South Atlantic variability through the interhemispheric
Atlantic meridional mode and on which time scales that
mechanism operates (Mehta 1998; Enfield et al. 1999;

Dommenget and Latif 2000). A number of studies sug-

gest that the Atlantic meridional mode does not arise as

a mode of variability after the rotation of the first

leading empirical orthogonal functions (EOFs). In fact,

the first two leading rotated EOFs are each confined to

one hemisphere with little projection on the other

hemisphere (Houghton and Tourre 1992; Dommenget

and Latif 2000; Trzaska et al. 2007).

The Atlantic cold tongue is more influenced by the

South Atlantic because of the geometry of the African

continent and because the climatological position of the

ITCZ in the Northern Hemisphere predominantly

drives surface cross-equatorial flow from the south to

the north, which means that perturbations in the trade

winds in the Northern Hemisphere have relatively little

influence on equatorial SSTs (cf. Okumura 2013; Zhang

et al. 2014; Bellomo et al. 2014a). For these reasons, it is

argued that Atlantic equatorial variability is more

strongly influenced by South Atlantic rather than North

Atlantic SST variability (Dommenget and Latif 2000;

Trzaska et al. 2007).

Several studies have shown connections between

the subtropical and extratropical South Atlantic and

equatorial Atlantic variability (Venegas et al. 1996;

Robertson et al. 2003, Barreiro et al. 2004). These can be

divided into studies that argue for a fundamental role for

oceanic processes and ocean waves (e.g., Zebiak 1993;

Carton et al. 1996; Delecluse et al. 1994; Servain et al.

1999; Sutton et al. 2000; Florenchie et al. 2003, 2004) and

studies that contend that thermodynamic feedbacks in-

volving the interaction of atmospheric circulation, latent

heat flux, and cloud cover can alone explain tropical

Atlantic variability and, to the first order, Atlantic Niño
(e.g., Dommenget and Latif 2000; Tanimoto and Xie

2002; Haarsma et al. 2003; Sterl and Hazeleger 2003;

Chaves and Nobre 2004; Trzaska et al. 2007, Evan et al.

2013).

Dommenget and Latif (2000) used a hierarchy of

models to show that a positive feedback among SST,

wind stress, and latent heat flux at the surface is more

important than ocean dynamics in driving upper-ocean

tropical Atlantic variability. In addition, a number of

studies, including Tanimoto and Xie (2002), Park et al.

(2005), Trzaska et al. (2007), and Evan et al. (2013), have

shown the importance of positive cloud feedbacks

in increasing the persistence of SST anomalies over

low-level cloud regions located off the coasts of Nami-

bia. For example, Evan et al. (2013) estimated the in-

fluence of low-level cloud feedback from observations

and then showed with an idealized coupled linear model

that cloud feedbacks are necessary for the SST anoma-

lies associated with the simulated Atlantic meridional

mode to persist as long as it is observed.

Using observations, idealized climate models, and

theoretical frameworks, these previous studies provide

evidence that local coupling between SSTs and cloudi-

ness can influence equatorial Atlantic variability.

However, those studies do not evaluate the impacts of

cloud feedbacks relative to other atmospheric or oceanic

processes or the influence of cloud feedbacks from dif-

ferent regions over the South Atlantic basin. To address

these questions, we use an atmospheric general circu-

lation model (ECHAM6) coupled to a slab ocean in

which we artificially increase the strength of positive

cloud feedback over selected regions. First, we in-

vestigate the role of cloud feedbacks over the Namibian

stratocumulus region in modulating the persistence of

local and equatorial SST variability, and then we eval-

uate the influence of cloud feedbacks from other regions

in the South Atlantic on equatorial SST variability.

2. Data and methods

a. Observations

We use monthly-mean values of SST from the Ex-

tended Reconstructed SST, version 3b (ERSSTv3b)

reanalysis (Smith et al. 2008) along with surface winds

and sea level pressure (SLP) from the NCEP–NCAR

reanalysis (Kalnay et al. 1996). Observed cloud feed-

back is estimated using cloud cover and cloud radiative

effect (CRE). We use monthly-mean values of cloud

cover from the International Satellite Cloud Climatol-

ogy Project (ISCCP; Rossow and Schiffer 1999) for the

years 1984–2007 and seasonal-mean values of cloud

cover from the Extended Edited CloudReports Archive

(EECRA; Hahn and Warren 2009) for the years 1954–

2008.Monthly-mean values of CRE are from the Clouds

and Earth’s Radiant Energy System (CERES) Energy

Balanced and Filled, edition 2.7 (EBAF_Ed2.7) dataset

for the years 2001–10 (Loeb et al. 2009) and from ISCCP

for the years 1984–2007.

We detrend all observational data by removing the

least squares regression line and compute monthly-

mean anomalies by subtracting the long-term monthly

mean from each calendar month. For cloud data from

EECRA, we compute seasonal-mean anomalies sub-

tracting the long-term seasonal mean from each season.

Observational datasets are affected by observational
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errors. In satellite data, errors are mostly caused by re-

placement of instruments and orbital drifts over time.

Instead, in ship-based data errors arise because of un-

known observational artifacts that introduce a spurious

trend in the tropical-mean long-term variability. This

trend is inconsistent with the observed increase in

tropical-mean surface temperatures and satellite cloud

datasets (Norris 2005; Eastman et al. 2011; Clement

et al. 2009). For these reasons, all cloud datasets were

corrected for presumed spurious artifacts by removing

tropical-mean variability (cf. Bellomo et al. 2014b). We

note that these artifacts mostly affect estimates of long-

term trends in cloud cover, whereas we are interested in

detrended interannual to decadal-time-scale climate

variability.

b. Model experiments

To test the role of positive cloud feedbacks on Atlantic

climate variability, we perform model experiments using

a state-of-the-art AGCM (ECHAM6, version 6.1.04)

coupled to slab ocean for the open ocean and a thermo-

dynamical sea ice model (Stevens et al. 2013). We use the

coarse-resolution ECHAM6 (ECHAM6-CR) with T31

horizontal grid (3.758 3 3.758) and 31 vertical levels. The

mixed layer depth of the slab-oceanmodel is fixed to 50m

everywhere and does not vary seasonally.

In the slab-ocean configuration, interactive ocean

dynamics are absent and internal climate variability is

driven solely by the thermal coupling between the ocean

and the atmosphere (i.e., shortwave and longwave ra-

diation plus latent and sensible heat fluxes). The

monthly climatology of ocean heat transport (commonly

referred to as q flux) is prescribed to maintain the SST

climatological mean but does not vary from year to year.

For all experiments, the q flux is obtained from a control

simulation using the AGCM with fixed climatological

monthly-mean SSTs computed from observations.

We perform a control simulation using the prescrip-

tion of phase 5 of the Coupled Model Intercomparison

Project (CMIP5) preindustrial control experiments

(Taylor et al. 2012), which we compare with model ex-

periments in which we increase the strength of local

positive cloud feedbacks. To increase the strength of

positive cloud feedback, we use the experimental design

of Bellomo et al. (2014a). Following their methods, we

multiply cloud liquid water in the radiation module by

an amplifying factor y, which is a function of underlying

SST anomalies,

y5 12 arctan(SST)2/p . (1)

In the equation above, SST indicates local SST anoma-

lies computed as SST in the current run minus SST

monthly-mean climatology computed from a control

simulation. Equation (1) is applied at each time step of

the model simulation and at each grid point where we

increase the strength of local positive cloud feedback. In

this study, positive feedback means a reduction (in-

crease) in cloud radiative effect when the underlying

SST anomaly is warm (cold). Further details of the

model setup are provided in Bellomo et al. (2014a).

We perform a first experiment in which cloud feed-

back is enhanced in the subtropical South Atlantic

where the mean subsidence at 500 hPa is greater than

10 hPaday21 and the mean lower-tropospheric stability

(LTS) is greater than 16.5K (LTS is defined as the dif-

ference in potential temperature at 700 hPa and the

surface). These criteria are chosen to target regions in

which subtropical stratocumulus clouds predominate

in the model (Medeiros and Stevens 2011). The box in

which these constraints are met in the model is high-

lighted in red in Fig. 1 and corresponds to the Namibian

stratocumulus region (Klein and Hartmann 1993).

Hereafter, we will refer to the experiment that enhances

cloud feedbacks in this region as the Namib simulation.

Both the control and the Namib simulations are run for

200 yr.

To investigate the role of cloud feedbacks over other

SouthAtlantic regions, we perform a series of sensitivity

experiments in which we enhance the strength of posi-

tive cloud feedback in nine regions located within 58N–

308S, 408W–108E. These experiments are named ac-

cording to the number in the black boxes in Fig. 1 (e.g.,

‘‘box 1,’’ ‘‘box 2’’), where we note that box 6 is a subset

of the Namib experiment. We run all sensitivity exper-

iments for a period of 100 yr. The length of these simu-

lations is constrained by computational resources but is

deemed sufficient because an analysis of 80 yr instead of

180 yr in the control and Namib experiments leads to

qualitatively similar results. The analysis of the nine

experiments in the boxes motivated longer simulations

for boxes 3 and 6, which were run for an additional 50 yr

(i.e., a total of 150 yr of simulation time). We use these

longer experiments to further characterize the influence

of these regions on low-frequency equatorial variability.

For all experiments, we discard the first 20 yr of spinup

time from the analysis to remove the possible influence

of the initial conditions, and we compute monthly-mean

anomalies by removing the simulated annual cycle from

each month. For all slab-ocean experiments shown in

this paper, we find that the global-mean change in SST

from the control simulation is negligible (on the order of

;0.01K). Moreover, Bellomo et al. (2014a) showed that

changes in the mean climate do not affect the changes in

internal climate variability caused by enhanced cloud

feedbacks or the simulation of the seasonal cycle of SST.
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3. Results

a. Observations

Figure 2 shows the regressions of observed local SST

anomalies (shaded), SLP (contours), and surface winds

(vectors) on an equatorial Atlantic (Atl3) index for the

years 1960–2010. The Atl3 index (58S–58N, 208W–08),
which is highlighted by the black box in Fig. 2, is com-

monly used to measure Atlantic Niño activity. Stippling
in Fig. 2 indicates where the linear correlation of SST

with the Atl3 index is statistically significant at the 95%

level of a Pearson’s r test for correlations.

The regression in Fig. 2 displays a zonal mode along

the equator: the Atlantic Niño. Atlantic Niño is accom-
panied by large anomalies in the strength of trade winds
along the equator and northerly wind anomalies crossing
the equator (Fig. 2). A weakening of SLP and wind

circulation around the subtropical high is evident in the

South Atlantic. Atlantic Niño is correlated with SST
anomalies of the same sign in the southeastern part of
the South Atlantic Ocean and with SST of opposite sign
in the southwest. It is noteworthy that Atlantic Niño SST
anomalies are significantly correlated with SSTs in the
South Atlantic Ocean (stippling in Fig. 2) but not cor-

related with North Atlantic SSTs, suggesting that At-

lantic Niños are influenced by South Atlantic SSTs but
not by North Atlantic SSTs and the Atlantic meridional
mode (see discussion in Marshall et al. 2001).

Atlantic Niño is also accompanied by changes in cloud
cover, which influence the radiation budget at the sur-
face. To calculate the anomalies in the net radiation

budget at the surface due to changes in cloud cover,
we estimate cloud amount feedback as defined in
Bellomo et al. (2014b) from observations. To estimate

cloud amount feedback, we first divide climatological-

mean net (i.e., longwave plus shortwave) CRE by

climatological-mean total cloud amount, where CRE is

computed as the difference between total-sky and clear-

sky radiation fluxes at the surface. This ratio is called the

cloud amount radiative kernel (k), as in Bellomo et al.

(2014b), and represents the sensitivity of CRE to

changes in mean cloud amount (units of Wm22 %21),

k5
CRE

C
. (2)

Cloud amount radiative kernel is computed using radi-

ative fluxes fromCERES using the years 2001–09 and all

years available for cloud data in the two cloud datasets.

Then, we multiply the cloud amount radiative kernel

[Eq. (2)] by the regression of total cloud amount on the

Atl3 SST index anomalies to obtain the regression of

cloud amount feedback on the Atl3 SST index (units of

Wm22K21). As discussed in Bellomo et al. (2014b),

cloud amount feedback as estimated here does not take

into account perturbations in cloud vertical and optical

properties and should be interpreted as the cloud

amount component of the total cloud feedback, which

can be written as the sum of cloud amount, cloud alti-

tude, cloud optical feedbacks, and a residual term

(Zelinka et al. 2012). We note that this cloud amount

feedback includes all cloud types.

FIG. 1. Masking used in the model experiments with enhanced positive cloud feedback. The

red box is theNamib experiment, and the black boxes 1–9 are regional experiments in the South

Atlantic.
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The regressions of cloud amount feedback on Atl3

SST index are shown in Fig. 3. Figure 3a is obtained

using cloud data from ISCCP for the years 1984–2007,

while Fig. 3b is obtained using cloud data from EECRA

for the years 1954–2008. These regressions represent the

net radiation anomaly at the surface that is due to

changes in cloud cover associated with Atlantic Niño
SST fluctuations. Changes in cloud cover (contours)
display a decrease in the eastern part of the South At-
lantic, which is mostly covered by low-level stratocu-
mulus clouds, and an increase in cloud cover in the
western equatorial Atlantic, where deep-convective
clouds predominate (Norris 1998). The decrease in

low-level clouds in the eastern part of the basin associ-

ated with warm SST anomalies in the Atl3 region is in-

terpreted as a positive cloud amount feedback (shaded)

that further amplifies SST anomalies (cf. Evan et al.

2013). In contrast, the increase in deep-convective

clouds in the western equatorial Atlantic is interpreted

as a negative cloud amount feedback, which damps un-

derlying warm SST anomalies (Fig. 2). Therefore,

a positive cloud feedback associated with low-level

clouds in the eastern part of the basin promote the

persistence of SST anomalies associated with the Atl3

region (Fig. 2), whereas negative cloud feedback due to

deep-convective clouds in the western equatorial At-

lantic damps SST anomalies.

The negative values of the regression of cloud amount

feedback on Atl3 SST index found over the southwest-

ern part of the basin (Fig. 3) also represent a positive

cloud feedback because SST anomalies are negative in

this region when Atl3 anomalies are positive (cf. Fig. 2).

That is, cooler SSTs over the southwestern South At-

lantic are associated with more cloud cover (contours)

and hence less radiation into the surface. Observations

from ships (Fig. 3b) are coarser and sparser but also

resemble the large spatial pattern seen from satellites

(Fig. 3a). Most importantly, they show that these

FIG. 2. Regression of observed SST (shaded), SLP (contours), and surface winds (vectors) on

theAtl3 SST index (black box) for the years 1960–2010. Contours are from22.0 to 2.0 hPa with

an interval of 0.2 hPa. Solid lines refer to positive SLP anomalies, dashed lines refer to negative

SLP anomalies, and the thick solid line is the zero-level contour. Stippling indicates where the

correlation between local SSTs and the Atl3 SST index is statistically significant at the 95%

level of the Pearson’s r test for correlations. All data are detrended.
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changes in cloud cover are not particular to the satellite

era, suggesting that they are not related to spurious

trends or biases in the ISCCP dataset (Bellomo et al.

2014b).

Observations over the last six decades show that

clouds covary with SST in the Atl3 region and with at-

mospheric large-scale circulation in a way that would

amplify SST anomalies over the Namibian stratocumu-

lus deck and the eastern equatorial basin. How does this

cloud radiative forcing influence the variability of At-

lantic Niño?

b. Role of cloud feedbacks over the Namibian region

To investigate the role of cloud feedbacks on Atlantic

Niño and large-scale modes of climate variability, we run
model experiments in which we enhance positive cloud
feedback over the Namibian region, as outlined in sec-

tion 2. Differently from observations, cloud feedback is

estimated in model simulations as the regression of net

CRE at the surface on local SST anomalies. This defi-

nition is different from the cloud amount feedback es-

timate shown for observations in Fig. 3 for two reasons:

First, local cloud feedback is used now to highlight the

response of the model to the imposed cloud liquid

water–SST relationship [Eq. (1)], whereas the observed

regressions in Fig. 3 show cloud radiative effect associ-

ated with anomalies in theAtl3 SST index to understand

the variability associated with Atlantic Niño. Second, in
the model we compute cloud feedback using radiative
fluxes instead of cloud amount. We cannot use cloud
amount as we do for observations because in this par-
ticular experimental design we do not change the cou-
pling between cloud amount and SST but rather between

CRE and SST. Nevertheless, changing CRE in response
to SST anomalies has the same effects as changing cloud
amount. In fact, the regression of CRE on the Atl3 SST
index using CRE from the short CERES dataset (2001–
09) and from ISCCP (1984–2007) gives qualitatively

similar results to those shown in Fig. 3 (not shown).

Figure 4a shows the difference in cloud feedback be-

tween the Namib experiment, in which we enhance

positive cloud feedback over the Namibian stratocu-

mulus region, and the control run. For comparison,

Fig. 4b shows cloud feedback in the control run. As in-

tended, the model simulates stronger positive cloud

feedback over the stratocumulus deck off the coasts of

Namibia (Fig. 4a) where we enhance it (black box) and

a decrease in the strength of cloud feedback in the

equatorial regions due to dynamical adjustments in the

model. The equatorial response in local cloud feedback

to this remote forcing is not trivial. There is a strength-

ening of the negative feedback in the west and a weak-

ening of the positive feedback in the east. Either way,

the overall effect of the imposed enhanced local feed-

back in the Namib region is to increase the local cloud

radiative damping of SST (i.e., more negative cloud

feedback) in the equatorial region.

The imposed relationship of cloud liquid water to SST

[Eq. (1)] in the Namib experiment makes the model

simulation of cloud feedback more similar to observa-

tions. In the control simulation (Fig. 4b), cloud feedback

is underestimated over the Namibian region and over-

estimated over the equator, where observations show

cloud feedback of negative sign while in the model the

sign is positive (cf. Evan et al. 2013, and references

therein). In the Namib experiment, cloud feedback over

FIG. 3. Regressions on the Atl3 index (black box) of cloud amount feedback (shaded; units of Wm2K21) and cloud cover (contours;

units of %K21). Contour levels range from 210% to 110%, with 1% interval. Solid lines indicate positive values, dashed lines indicate

negative values, and solid thick lines indicate the zero level. (a) Cloud cover is from ISCCP (years 1984–2007). (b) Cloud cover is from

EECRA (years 1954–2008). In this plot, we use interannual anomalies differently from all the other plots because the temporal resolution

of EECRA is of seasonal monthly means.
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the Namib region shows values of cloud feedback that

are stronger and more similar to observations, while

over the equator it shows smaller but still positive cloud

feedback. Although there are still differences between

the simulations and observations, especially along the

equator, the simulation of cloud feedback in the Namib

experiment is closer to observations and helps us in-

terpret the role of cloud feedbacks in regulating SSTs.

Moreover, since we only enhance cloud feedback, these

experiments are helpful to separate the role of cloud

feedbacks on the simulated internal climate variability

from other processes.

The effect of increasing the strength of the positive

cloud feedback over the Namibian region (Fig. 4a) is an

overall increase in the variance of SST and SLP (Fig. 5),

both locally, where the feedback is enhanced, and re-

motely in the equatorial regions. Figures 5a and 5c show

the climatological-mean SST and SLP variance, re-

spectively. Compared to the climatological mean, the

Namib experiment displays enhanced variance of both

SST and SLP as shown by the ratio of variance of SST

and SLP in the Namib experiment to the control run in

Figs. 5b and 5d, respectively. In the control simulation,

the variance of SLP (Fig. 5c) resembles observations

(not shown) but is smaller than observations over the

Namibian region, while the variance of SST (Fig. 5a) is

smaller than observations (not shown) both over the

Namibian region and the equatorial Atlantic because of

the absence of ocean dynamics in the slab-ocean con-

figuration (Clement et al. 2011). It is noteworthy that the

increase in the strength of cloud feedback over the Na-

mibian region alone can more than double equatorial

variability and make the variance of SST and SLP more

similar to what is observed. This happens despite the

increased local cloud radiative damping of SST anom-

alies (Fig. 4a).

Another important effect of enhanced cloud feedback

over the Namibian region is an increase in the persis-

tence of SST anomalies as measured by the e-folding

time scale, which is defined as the month at which the

autocorrelation of local SST anomalies drops below

a value equal to or smaller than 1/e at each grid point.

Figure 6 shows the e-folding time scale in the control

simulation (Fig. 6a) and the difference in e-folding time

scale between the Namib experiment and the control

simulation (Fig. 6b). In the control simulation the largest

e-folding time is found off the coasts of Namibia

(Fig. 6a), while in the Namib experiment the largest

increase occurs at about 58S in the eastern part of the

basin (Fig. 6b). Interestingly, the variance of SST and

SLP and the e-folding time are all enhanced in near-

equatorial regions far away from where cloud feedback

is increased.

The remote influence of cloud feedbacks in the sub-

tropics on equatorial SST indicates that regional cloud

feedbacks are connected to large-scale atmospheric

circulation and climate variability patterns. In particu-

lar, cloud fluctuations and their influence on local SST in

the Namibian region are connected to equatorial cli-

mate variability. To understand this influence as a func-

tion of time scale, we compute power spectra of SST

anomalies averaged over the Atl3 region in the control

simulation (black) and Namib experiment (red) in

Fig. 7. Black markers on the red curve (Namib experi-

ment) indicate where the difference in variance from the

control run is statistically significant at the 95% level of

a Fisher’s F test for variances. Figure 7 shows that pos-

itive cloud feedback over the Namibian stratocumulus

deck significantly increases the variance of equatorial

SST anomalies at interannual to decadal time scales.

To quantify the contribution of the imposed cloud

feedbacks to modes of variability, we perform an EOF

FIG. 4. (a) Difference in local cloud feedback between Namib and the control simulation. Cloud feedback is computed as regression of

local CRE at the surface on SST (units of Wm22 K21). Contours represent mean cloud cover climatology in the control simulation. The

black box represents the Namib region. (b) Cloud feedback in the control simulation.
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analysis on South Atlantic SST anomalies (408S–108N,

508W–208E) in the control and Namib simulations (not

shown). The first EOF exhibits a mode of variability as

the one seen from observations (Fig. 2) and explains

16.4% of the variance. This mode of variability is re-

ferred to as the South Atlantic dipole in the literature

(e.g., Trzaska et al. 2007) and explains ;20% of SST

variance in observations (not shown). The first EOF in

the Namib experiment also exhibits the same mode but

explains a larger variance (23.3%) at the equator be-

cause of the enhancement of Atlantic Niño variability
(Fig. 5b).
These results collectively indicate that cloud feed-

backs from the eastern subtropical Atlantic can play an

important role in setting the time scale and amplitude of

equatorial modes of variability especially at low-

frequency time scales. In the following sections, we

will explore whether equatorial SSTs are influenced by

other regions in the SouthAtlantic (section 3c); examine

the mechanisms connecting the Namib region to the

equator (section 3d); and provide a heat flux framework

to interpret these mechanisms (section 3e).

c. Role of cloud feedbacks over the other regions in
the South Atlantic

To test the possible role of other regions in the South

Atlantic, we perform nine experiments in which we in-

crease the strength of positive cloud feedback over the

nine boxes shown in Fig. 1. We note that, while in the

Namib region cloud liquid water is mostly present at

FIG. 5. (a) Variance of SST in the control simulation. (b) Ratio of variance of SST in the Namib experiment to the control simulation.

(c) Variance of SLP in the control simulation. (d) Ratio of variance of SLP in the Namib experiment to the control simulation. Stippling

indicates where the difference in variance between theNamib and the control simulations is significant at the 95% level of a Fisher’s F test.

The black box indicates the Namib region.
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lower levels in the atmosphere (below 700hPa), in the

other regions over the South Atlantic it can be present

also at upper levels, especially where deep convection is

more common: for instance, along the equator in the

South Atlantic convergence zone. This means that in

these nine experiments we are not enhancing only low-

level cloud feedbacks. Moreover, differently from ob-

servations, cloud feedback over the deep-convective

regions in the model has a net positive sign, like over

the Namibia region (Fig. 4b). However, despite these

differences from observations, these experiments will

reveal the regions over the tropical South Atlantic

where the positive feedback between cloud cover and

SST can trigger a response over the equatorial Atlantic.

Figure 8 shows the difference in cloud feedback be-

tween the nine enhanced cloud feedback experiments

and the control simulation. Cloud feedback is estimated

as in Fig. 4 as the regression of local CRE at the surface

on local SST. Although we enhance positive cloud

feedback in the same manner in all regions, we see from

Fig. 8 that regions where low clouds are more common

over the eastern Atlantic (e.g., box 6 over the Namibian

region) display a more enhanced positive cloud feed-

back. This is because the total cloud cover is larger

where low-level clouds predominate.

The response to enhanced feedbacks, however, is not

trivially proportional to the change in cloud feedback

strength shown in Fig. 8. Figure 9 shows the ratio of SST

variance in the nine cloud feedback experiments to the

control simulation and there is not linear relationship

between enhanced cloud feedback (Fig. 8) and SST

variance (Fig. 9). This is even more evident in Fig. 10,

which shows the difference in cloud feedback fromFig. 8

(green bars) versus the ratio of SST variance (orange

bars) averaged over the nine boxes in each corre-

sponding experiments (i.e., the bars for ‘‘box 1’’ repre-

sent the averages over the coordinates of box 1 in the

box 1 experiment, etc.). For example, the variance of

SST over box 2 increases as much as over box 1, but the

increase in cloud feedback over box 2 is much bigger

than over box 1. This suggests that the change in SST

variance must be explained by other terms in the surface

heat budget.

In general, we find that the effects of enhanced cloud

feedbacks in the western Atlantic (boxes 1, 4, and 7) and

central equatorial Atlantic (box 2) are small, whereas

the central South Atlantic (boxes 5 and 8) and the

eastern Atlantic (boxes 3, 6, and 9) have more notice-

able impacts (see Fig. 9). Box 6, which sits on the Na-

mibian stratocumulus deck, has the largest impact on the

variance of local and equatorial SST. The effectiveness

of the cloud–SST coupling in this region highlights the

importance of Namibian stratocumulus clouds in tropi-

cal Atlantic variability and is consistent with the results

of the Namib experiment. Box 3, which is located at the

eastern side of the equatorial Atlantic, also shows some

influence on equatorial SST variance.

Cloud feedbacks over boxes 5 and 8, which are located

over the central part of the basin, enhance local SST

variance, but they do not impact equatorial variability.

Instead, cloud feedbacks over boxes 2 and 3, which are

located over the equatorial Atlantic, increase SST var-

iance not only along the equator but also over the cen-

tral southern Atlantic (Fig. 9), in contrast with the

effects of cloud feedback over box 8, which shows no

remote influence on SST variance along the equator.

FIG. 6. (a) The e-folding time scale in the control simulation. (b) Difference in the e-folding time scale between the Namib and the control

simulations. The black box indicates the Namib region.
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In regards to the effects of these regional cloud

feedbacks on the persistence of SST anomalies, the

difference in e-folding time scale between the nine ex-

periments and the control simulation in Fig. 11 shows

very little influence of cloud feedbacks from all regions,

with the exception of box 6 (Namibian region) and

possibly box 3 (eastern equatorial Atlantic). We note

that positive cloud feedbacks over some regions on the

western side of the Atlantic actually tend to reduce the

persistence of SST anomalies along the eastern equa-

torial Atlantic (boxes 1, 2, and 7 in Fig. 10), but these

effects are small.

The more decisive role of positive cloud feedbacks

over the Namibian region (box 6) compared to the

equatorial eastern Atlantic (box 3) is most clearly seen

from power spectra of SST anomalies of the Atl3 index

computed for the nine regional experiments (Fig. 12).

Compared to the control simulation (black), the only

box that clearly enhances the variance of SST at in-

terannual and longer time scales is box 6 (magenta).

Since the difference in e-folding time scale shown in

Fig. 11 indicates that box 3 over the eastern equatorial

Atlantic also exerts an influence on the persistence of

SST anomalies, we ran boxes 3 and 6 for an additional

50 yr to ensure that the effects of cloud feedback over

box 6 are not due to the length of the simulation. These

longer simulations are represented by lines with dot

markers in Fig. 12. The longer time series show no ef-

fects on Atl3 SST anomalies from box 3 (dotted orange

line), while the effects from box 6 (dotted magenta line)

become even more evident with a longer simulation,

especially at low-frequency time scales. For reference,

we plot the power spectra for the Namib experiment for

80 yr of simulation (solid gray line) and the full

FIG. 7. Power spectra of SST averaged over the Atl3 region (58S–58N, 208W–08) in the Namib

experiment (red) and control simulation (black). A 24-month smoothing has been applied to

the periodogram estimates. Black dots indicate where the variance of the Namib curve is sig-

nificantly different from the variance of the control simulation at the 95% level of a Fisher’s

F test.
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simulation (180 yr; dotted gray line). The Namib ex-

periment increases the variance of equatorial SST

anomalies by even more than box 6. Consistently with

the values of e-folding time scale in Fig. 11, the boxes

over the western Atlantic reduce the variance of the

Atl3 index.

To verify that box 6 has not the largest impact on

SST variance just because enhanced cloud feedback is

larger than over the other boxes (Figs. 8 and 10), an

additional experiment has been performed in which we

make cloud feedback over box 6 less sensitive to SST

(referred to as box 6b). In this experiment, we change

the relationship between cloud liquid water and SST

anomaly in Eq. (1) to

y5 12 0:7 arctan(0:7SST)2/p . (3)

Although the overall increase in variance is less than

that shown by box 6 (see corresponding bars in Fig. 10),

box 6b still exhibits a large response at the equator, es-

pecially at lower frequencies, which is different from all

the other boxes (see the box 6b curve in the power

spectra of Fig. 12).

In separate experiments, we enhanced the strength

of cloud feedback according to Eq. (1) in the entire

North Atlantic basin and over the North Atlantic sub-

tropical stratocumulus region (Canaries). These exper-

iments show that enhanced cloud feedbacks over the

North Atlantic influence SST variability in the North

Atlantic basin but have no effects on equatorial Atlantic

variability.

In conclusion, both an analysis of observational data

and our modeling results suggest that the Namibian re-

gion plays a fundamental role on local and equatorial

SST variability. Because we also verify that the central

role of the Namibian region on equatorial SSTs is not

trivially related to (i) the fact that the enhancement of

cloud feedback is most effective over the Namibian

FIG. 8. Difference in cloud feedback between enhanced cloud feedback experiments and the control simulation. Cloud feedback is

estimated as regression of local CRE at the surface on SST, with units of Wm22 K21 (as in Fig. 4). The black-boxed regions in each plot

indicate where positive cloud feedback is enhanced.
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region (Fig. 8) or (ii) the length of the simulation

(Fig. 12), we now investigate in further detail the

mechanisms of Atlantic Niño variability in our slab-
ocean simulations and the role of the Namibian region.

d. The relationship between the Namibian region and
equatorial Atlantic variability

To understand why low-level cloud feedbacks over

the Namibian region have a remote influence along the

equator, we compare the mean state of SST (shaded),

SLP (contours), and winds (vectors) in the control run

(Fig. 13) with lagged composites of these same variables

during warm events of the Atl3 SST index in the Namib

experiment (Fig. 14). Warm events are chosen as the

months at which SST anomalies averaged over the Atl3

region exceed one standard deviation of the Atl3 index

time series. We show the Namib experiment because

anomalies are larger but results are consistent if we use

the control simulation. We obtain qualitatively similar

results if we increase the threshold for warm events from

1.0 to 1.5 standard deviations or we look at cold instead

of warm events.

In the mean state, the South Atlantic climate (Fig. 13)

is characterized by east–west and north–south gradients

of SST with relatively colder SSTs where Namibian

stratocumulus clouds are located. Mean surface winds

are southeasterly over the Namibian region and easterly

along the equator, and there is a counterclockwise cir-

culation at 308S associated with the subtropical high.

Lagged composites of Atl3 index warm events

(Fig. 14) show that anomalously warm SSTs develop

over the southeast Atlantic at approximately 208S at

a lag of 218 months from the peak of the warm events

along with a weakening of the atmospheric circulation

in the central part of the basin (Fig. 14a). SSTs remain

anomalously warmover the southeastAtlantic throughout

FIG. 9. Ratio of variance of SST in the nine enhanced cloud feedback experiments to the control simulation. Stippling indicates where

the difference in variance between the enhanced cloud feedback experiments and the control simulation is significant at the 85% level of

a Fisher’s F test.
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the development of the event, while weaker trade winds

favor the progressive warming of SSTs over the north-

eastern part of the basin through the wind–evaporation–

SST (WES) feedback (Zhou and Carton 1998), until the

Atl3 region (black box) reaches its warm peak. TheWES

feedback can be briefly explained as follows: A local

warm (cool) SST anomaly favors weakening (strength-

ening) of winds, which affects winds and latent heat

fluxes downwind the anomaly, thereby promoting a

downwind expansion of the anomaly. Signals propa-

gate via the WES feedback both zonally and meridio-

nally, depending on the mean climate (Wang 2010).

FIG. 10. Values of difference in cloud feedback fromFig. 8 (green) and ratios of SST variance from

Fig. 9 (orange) averagedover thenineboxes in each correspondingexperiment.Units areWm22K21

for the differences in cloud feedback, whereas the ratios of SST variance are unitless.

FIG. 11. Difference in e-folding time scale between the nine enhanced cloud feedback experiments and the control simulation.
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Differently from the other eight regions, the Namib

region has mean southeasterly trades; along with its

location upstream of the Atl3 region, this makes the

Namib region uniquely suited for influencing eastern

equatorial Atlantic (cf. Klein et al. 1995).

The southwestern part of the basin, characterized by

an opposite sign, cold SST anomaly, is driven by dif-

ferent but complementary mechanisms. If we compare

this region with the mean climate in Fig. 13, we see

a strengthening rather than a weakening of the surface

winds. The strengthening of the surface winds through

latent heat fluxes and the advection of cold air from the

southern midlatitudes promote colder SSTs in the

southwest part of the basin.

The analysis of composites of the control simulation

shows qualitatively similar results to those shown in

Fig. 14 for the Namib experiment. The differences be-

tween the two simulations are in the persistence of the

events (cf. Fig. 6), with the control simulation showing the

first SST anomalies over the southeast Atlantic at lag212

instead of lag218, and the magnitude of the events, with

the control simulation exhibiting weaker SST anomalies.

It is reassuring that the mechanisms of the simulated

Atlantic Niño in the slab-ocean simulations appear
similar to observations. The composites of SST and at-
mospheric circulation on the Atl3 index at lag
0 (Fig. 14d) resemble the observed anomalies associated

with Atlantic Niño (Fig. 2), although ocean dynamics

FIG. 12. Power spectra of SST averaged over the Atl3 region (58S–58N, 208W–08) in the

control simulation (black) and enhanced cloud feedback experiments (colors; see legend). A

24-month smoothing has been applied to the periodogram estimates. The power spectra are

computed on time series of 80 yr with the exception of the lines with markers (see legend).
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are absent in our simulations (cf. Trzaska et al. 2007).

Moreover, composites of the same fields in observations

give similar results as in Fig. 14 (not shown). Therefore,

understanding the dynamics of slab-oceanAtlantic Niño
and the role of cloud feedbacks is relevant to understand
the processes driving Atlantic Niño and its persistence in
the real world (cf. Dommenget et al. 2014).

e. Analysis of surface flux damping rates

The variability of SST anomalies associated with At-

lantic Niño can be explored using the Frankignoul and

Hasselmann (1977) framework, according to which the

persistence of SST anomalies is tied to the damping rate

(l) of SST,

rCpH
dT

dt
52lT1N , (4)

whereT is the temperature of themixed layer (i.e., SST),

H is the depth of the mixed layer, r is the density of

seawater, andCp is the specific heat capacity of seawater

at constant pressure. The term N is interpreted as sto-

chastic noise from atmospheric dynamics that is in-

tegrated by the oceanic mixed layer. According to Eq.

(4), the persistence of SST is largest where the damping

rate l is weakest and the depth of the mixed layer H is

greatest. In our experiments, H does not change;

therefore, it does not influence the persistence of SST.

The damping rates can be linearly decomposed into

contributions from each surface flux terms. Positive

damping rates reduce the persistence of SST anomalies,

while negative damping rates increase their persistence

[cf. Eq. (4)]. We calculate the damping rates as in Park

et al. (2005),

li 5
cov[Qi(2L), SST(0)]

cov[SST(2L), SST(0)]
, (5)

where li is the damping rate of each of the four surface

fluxes Qi (clear-sky radiation, CRE, latent heat, and

sensible heat) and 2L indicates negative lags. In the

equation, cov stands for covariance. Each li is computed

as the average of the first three negative lags (21, 22,

and 23 months).

Figure 15b shows that the sum of damping rates of

the four surface fluxes is positive: that is, the fluxes tend

to restore SST anomalies to their climatological mean.

Of the four surface fluxes, the largest contribution to

positive values comes from the latent heat flux (contours

in Fig. 15b), while the damping rate due to CRE is

negative because cloud feedbacks tend to increase the

persistence of SST anomalies over the eastern part of the

basin (not shown). The damping rates associated with

sensible heat and clear-sky radiation are one order of

magnitude smaller.

The sign of the surface flux damping rates in the model

is consistent with the observational estimates of Park et al.

(2005), while themeridional structure of the damping rate

is similar to the one estimated by Evan et al. (2013) (their

Fig. 5). The spatial pattern of the damping rate in Fig. 15b

is also consistent with the equatorial expansion of SST

anomalies seen from the lagged composites (Fig. 14). In

fact, damping rates are weakest along the eastern part of

the basin; hence, with large-scale weakening of the trade

FIG. 13.Mean climatology in the control simulation: SST (shaded; in 8C), SLP (contours; in hPa),

and surface winds (vectors; in m s21).
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winds, SST anomalies are the same sign and maximum in

amplitude over the Namibian and eastern equatorial re-

gions. Instead, the stronger damping rates over boxes 1, 2,

4, and 7 explain why the variance of SST (Fig. 9) does not

increase as a function of cloud feedbacks as much as it

does in the eastern part of the basin.

It is important to note that the SST anomalies associ-

ated with Atlantic Niño develop at a lag of 218 months,

where the variance of SST is largest (Fig. 14), which oc-

curs over the Namibian region (Fig. 15d) and not at the

equator, even though we composite by Atl3 SST anom-

alies. Also, in the control simulation the peak of the

composites (lag 0) occurs where the variance is largest in

the control simulation and not in the Atl3 region. In the

slab-ocean experiments, the variance of SST (Fig. 15d)

can be explained to the first order as the variance of total

surface fluxes (Fig. 15a) scaled by the sum of the damping

rates of these fluxes (Fig. 15b). In fact, Fig. 15c shows the

variance of total fluxes divided by their total damping

rate, which exhibits a spatial pattern that largely re-

sembles the variance of SST (Fig. 15d).Whenwe enhance

cloud feedback over box 6 (black box) or the Namibian

region (red box), we introduce a positive feedback that

increases the variance of total surface flux and decreases

its damping rate (not shown) and therefore increases

the variance of SST. Box 6 has a smaller effect than the

Namib experiment on equatorial SST spectra (Fig. 12)

because the Namib experiment encompasses a bigger

region than box 6 (see boxes in Fig. 15d) where SST

variance is large and damping rate is small.

In summary, SST anomalies prior towarming inAtlantic

Niños develop where the variance of SST is largest and the
damping rate of SST is weakest: that is, over the Namibian
region. This region has mean winds that are favorable for
propagation into the eastern equatorial Atlantic. Thus,
both positive cloud feedback and its geographical position
explainwhy theNamibian subtropical stratocumulus area is
the most important region in affecting equatorial climate
variability and the slab-ocean Atlantic Niño.

4. Summary

Previous studies have shown the importance of strato-

cumulus clouds over the Namibian region in enhancing

FIG. 14. Lagged composites of warm Atl3 index events in the Namib experiment: SST (shaded; units of 8C), SLP
(contours; units of hPa, ranging from 22 to 2 hPa with intervals of 0.2 hPa), and surface winds (vectors; units of

m s21). Lags are (a)218, (b)212, (c)26, and (d) 0 months from the peak of the event. The white box highlights the

Namib region, whereas the black box highlights the Atl3 region.
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meridionalmodes of variability both in observations and

theoretical models (e.g., Tanimoto and Xie 2002; Evan

et al. 2013). For example, Evan et al. (2013) showed that,

in the absence of cloud feedbacks over the stratocu-

mulus regions, the magnitude of the WES feedback as-

sociated with meridionally propagating modes would

not be sufficient to overcome the damping rates of SST

anomalies. Klein et al. (1995) also showed in observa-

tions that stratocumulus clouds respond to upstream

SST anomalies enhancing the WES feedback and the

propagation of SST anomalies. Here, we build on these

previous studies by examining the role of cloud feed-

backs in a full AGCM coupled to a slab ocean and fo-

cusing on the role of cloud feedbacks on equatorial

Atlantic variability.

We examine observations of cloud radiative effect and

show that Atlantic Niño SST anomalies covary with
positive cloud feedback over the Namibian stratocu-
mulus region. Changes in cloud cover seen in observa-
tions over this region can influence the persistence of
SST anomalies (e.g., Park et al. 2005), but from obser-

vations alone it is not possible to distinguish the role of

regional cloud feedbacks on large-scale climate vari-

ability from other processes.

To address this issue, we perform sensitivity experi-

ments using the atmospheric component (ECHAM6) of

an Earth systemmodel coupled to a slab ocean, in which

we artificially increase the strength of positive cloud

feedback over selected regions using the experimental

design of Bellomo et al. (2014a). We show that low-level

FIG. 15. (a) Variance of the sum of the net surface fluxes (longwave1 shortwave1 latent1 sensible). (b) Damping rate of net surface

fluxes computed as in Park et al. (2005). (c) Variance of net surface fluxes divided by their damping rate. (d) Variance of SST in the control

simulation (as in Fig. 5a). The box of the Namib experiment (red) and the box of the box 6 experiment (black) are superimposed.
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cloud feedback over the Namibian stratocumulus re-

gion influences the variance and persistence of large-

scale SST variability. In particular, low-level cloud

feedback over the Namibian region enhances the

simulated Atlantic Niño in the model. Together, model
and observations suggest that cloud feedbacks can
modify the characteristics and persistence of Atlantic
Niño events.
We perform additional experiments to investigate the

influence of cloud feedback in nine regions spanning

the tropical South Atlantic (58N–308S, 408W–108E). The
purpose of these experiments is to determine whether

other regions influence local or remote SST variability.

We find that regions over the central and eastern South

Atlantic south of 208S increase only local SST variabil-

ity; regions over the eastern SouthAtlantic north of 208S
increase both local and equatorial SST variability; and

regions over the western SouthAtlantic do not influence

local SST variability but they reduce equatorial SST

variability, although their effects are small compared to

the eastern regions. Of all the regions, the Namibian

stratocumulus region has the strongest influence on the

variance and persistence of equatorial Atlantic SSTs at

interannual and longer time scales.

We investigate the mechanisms associated with the

development of Atlantic Niño events using composites
and regression analysis. We find that SST anomalies
originating over the Namibian region are amplified by
positive cloud feedbacks. These anomalies eventually
favor anomalies of the same sign over the equatorial
eastern Atlantic because they influence the strength of
surface winds and associated latent heat fluxes through
the WES feedback. The Namibian region has the largest
impact of all the South Atlantic regions on the persis-
tence of equatorial SST anomalies because it is located
where Atlantic Niño events develop: that is, where the
variance of SST is largest and the damping rate of SST is
weakest.
Our approach is helpful to evaluate the effects of re-

gional cloud–SST feedbacks on large-scale modes of

variability. However, we note that the variability of

cloud cover and its effects on SSTs is certainly influ-

enced by other processes, including inversion strength,

subsidence rate, radiative cooling above the boundary

layer, and moisture above the inversion (e.g., Wood

2012), which we have not examined here. Moreover, in

our experiments we keep the mixed layer depth fixed at

50m. The effects of including a seasonal mixed layer

depth should be tested with a different experimental

design; however, since we are interested in annual-mean

climate fluctuations, a fixed mixed layer depth is justi-

fied. Terray (2011) argues that a shallower mixed layer

during summer can lead to larger changes in SST, which

may provide a rectified annual-mean change and could

even amplify the effects of cloud feedbacks.

We also have not addressed the role of ocean dy-

namics here since our results are based on observations

and experiments with an AGCM coupled to a slab

ocean. Power spectra of Atl3 index in CMIP3 models

coupled to slab-ocean and full-ocean models reveal that

ocean dynamics enhance interannual variability with

negligible effects at longer time scales (not shown),

consistent with the results of Clement et al. (2011) for

Pacific El Niño variability. Zhang et al. (2010) suggest

that cloud feedbacks amplify the large-scale effects in-

duced by changes in theAtlantic meridional overturning

circulation (AMOC). Hence, the interaction of cloud

feedbacks with ocean dynamics remains an interesting

yet unresolved question.

Although we did not focus in this study on predictive

skill, we note that predictability increases if a time series

of SSTs is strongly autocorrelated (i.e., to predict the

SST of next month, we assume that it will be the same as

the present month scaled by the autocorrelation func-

tion of SST). Because increasing the strength of positive

cloud feedback results in a more autocorrelated SST

time series (as measured by the e-folding time), we ex-

pect that improving the simulation of cloud processes

and the coupling between clouds, SST, and circulations

(Evan et al. 2013; Stevens and Bony 2013) would lead to

improved predictability of internal climate variability.
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