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ABSTRACT: Cloud radiative effects have long been known to play a key role in governing the mean climate. In
recent years, it has become clear that they also contribute to climate variability in the tropics. Here we build on recent
work and probe the role of cloud radiative effects in extratropical sea surface temperature (SST) variability. The im-
pact of cloud radiative effects on climate variability is explored in “cloud-locking” simulations run on an Earth System
Model. The method involves comparing the output from two climate simulations: one in which clouds are coupled to
atmospheric dynamic and thermodynamic processes, and another in which clouds are prescribed and thus decoupled
from them. The results reveal that cloud–climate coupling leads to widespread increases in the amplitudes of extra-
tropical SST variability from monthly to decadal time scales. Notably, it leads to ;40%–100% increases in the ampli-
tude of monthly to decadal variability over both the North Atlantic and North Pacific Oceans. These increases are
consistent with the “reddening” of cloud shortwave radiative effects that arises when clouds respond to the dynamic
and thermodynamic state of the atmosphere. The results suggest that a notable fraction of observed Northern Hemi-
sphere SST variability}including that associated with North Pacific and North Atlantic decadal variability}is due to
cloud–climate coupling.

KEYWORDS: North Atlantic Ocean; North Pacific Ocean; Sea surface temperature; Cloud radiative effects; Climate
variability; Decadal variability

1. Introduction

Clouds and their radiative effects play an essential role
in governing the mean climate (e.g., Stephens et al. 2012
and references therein). They give rise to some of the most
important}and most uncertain}feedbacks under climate
change (e.g., Bony and Dufresne 2005; Zelinka and Hartmann
2010; Bony et al. 2015; Sherwood et al. 2020 and references
therein), and they play an important role in the dynamical
response to climate change (e.g., Voigt and Shaw 2015,
2016; Ceppi and Hartmann 2016; Albern et al. 2018, 2019,
2020; Grise et al. 2019; Voigt and Albern 2019; Voigt et al.
2021 and references therein). In recent years, it has become
increasingly clear that they also play an important role in
climate variability.

The role of clouds in climate variability has been investi-
gated primarily in the tropics. In particular, cloud radiative ef-
fects are believed to play an important role in governing
variability in the El Niño–Southern Oscillation (ENSO) phe-
nomenon (Rädel et al. 2016; Middlemas et al. 2019). The cou-
pling between cloud radiative effects and ENSO is theorized
to arise from the influence of longwave cloud radiative effects
on the amplitude of the feedbacks between east–west gra-
dients in heating and the zonal flow (e.g., Rädel et al. 2016).
The importance of cloud radiative effects for extratropical
variability is generally less clear, and most studies have fo-
cused on their role in relatively short-term dynamic variability

(Li et al. 2014; Schäfer and Voigt 2018; Grise et al. 2019;
Papavasileiou et al. 2020).

In a recent paper (Li et al. 2020), we argued that the role of
cloud radiative effects in tropical climate variability extends
beyond their influence on the ENSO phenomenon. We sug-
gested that the primary role of cloud–climate coupling in climate
variability is to enhance the persistence of surface shortwave ra-
diative fluxes}and thus of surface temperatures}throughout
the tropics. However, Li et al. (2020) focused primarily on results
in tropical regions. Here we extend that paper to probe the role
of cloud radiative effects in sea surface temperature (SST) vari-
ability in extratropical regions. The key conclusion is that}at
least in an Earth System Model}coupling between cloud radia-
tive effects and atmospheric dynamic and thermodynamic pro-
cesses leads to substantial increases in the amplitude of Northern
Hemisphere SST variability on time scales ranging from months
to decades. Cloud–climate coupling thus appears to play an im-
portant role in the most important patterns of extratropical mul-
tidecadal climate variability in the North Atlantic and North
Pacific sectors. Section 2 reviews the numerical experiments and
analysis technique. Section 3 explores the role of cloud radiative
effects in extratropical SST variability in the numerical output.
Section 4 provides an interpretation of the results, and section 5
reviews the key conclusions.

2. Output and methods

The role of cloud radiative effects in extratropical SST vari-
ability is quantified by comparing output from two simulations
run on a fully coupled Earth System Model: an “interactive” or
control simulation where cloud radiative effects are coupled to
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the dynamic and thermodynamic state of the atmosphere; and a
“locked” simulation where cloud radiative effects are decoupled
from it. Thus, comparing the interactive and locked simulations
allows us to explicitly explore the role of cloud–climate coupling
in climate variability. Variations of the cloud-locking tech-
nique applied here have been exploited in numerous previous
studies, including Voigt and Shaw (2015, 2016), Ceppi and
Hartmann (2016), Rädel et al. (2016), Middlemas et al. (2019)
and Olonscheck et al. (2019). The experiments used here were
conducted by D. Olonscheck at the Max Planck Institute for
Meteorology (MPI) and are identical to those described in de-
tail in Li et al. (2020). A brief summary of the experiments is
provided below. For a more detailed review of the experiment
design, the reader is referred to the companion study (Li et al.
2020).

The simulations were run on the Max Planck Institute
Earth System Model (MPI-ESM) at T63 (200-km) horizontal
resolution and with 47 vertical levels in the atmosphere, and
at 1.58 (150-km) horizontal resolution and with 40 vertical lev-
els in the ocean. The resolution of the ocean model does not
permit explicitly resolved ocean mesoscale eddies, but for rea-
sons that will become clear later, we see no reason the model
ocean resolution should affect the conclusions of the study.
The interactive simulation was run for 250 years with prein-
dustrial forcing, but we use only the last 200 years of the simu-
lation to account for model spinup. The locked simulation
was performed in the same way, except that all cloud parame-
ters were randomized before being read into the radiation
code. The randomization was accomplished by 1) saving cloud
parameters at every 2-h radiation call from the interactive
simulation; 2) randomizing the order of the years but not the
hours or days associated with the cloud properties at each
time step; and 3) reading the randomized cloud fields into the
radiation code at every 2-h time step when running the locked
simulation. As such, the cloud parameters in the locked simu-
lation have the same long-term mean diurnal and seasonal
cycles as those in the interactive simulation, but they are de-
coupled from variability in the atmosphere on all time scales.
Note that scrambling the order of the years ensures that there
is no memory}and thus no autocorrelation}in the cloud
fields from one time step to the next. For details on the locking
methodology, see Rädel et al. (2016) and Olonscheck et al.
(2019). For discussion of the different scrambling methods
used in various cloud-locking experiments, see Li et al. (2020).

The changes in SST variability between the interactive and
locked simulations are expressed as percent changes in vari-
ance [(s2i /s2l )2 1]3 100, where s2i and s2l denote the variances
from the interactive and locked runs, respectively. The linear
trend and seasonal cycle of the SST and surface flux fields are
removed before all analyses. Time filtering is done using a
Butterworth filter. Statistical significance of the variance ra-
tios is found using the F statistic, where F 5 (s2i /s2l ).

All variance ratios are tested at the 95% confidence level
where the degrees of freedom are estimated from the autocor-
relation as per Leith (1973). That is: 1) the e-folding time scale
is defined at each grid point as the time step where the auto-
correlation drops below 1/e and then 2) the effective sample
size is found asN* 5N/(2Te), whereN* is the effective sample

size,N is the number ofmonths, andTe is the e-folding time scale.
For example, in the extratropical North Pacific, the e-folding
time scale of unfiltered monthly mean output is ;10 months,
which leads to roughly 2400/20 or ;120 degrees of freedom
across all 2400 time steps in the output (recall the analyses are
based on 200 years of monthly resolved output). In contrast,
the e-folding time scale for 10-yr low-pass-filtered output is
;50 months, which leads to roughly 2160/100 or;20 degrees
of freedom across all 2160 time steps in the output. Note that
the Leith (1973) method is considerably more conservative than
that proposed in Bretherton et al. (1999). Note also that the un-
filtered and low-pass-filtered datasets are of different lengths
since the filtering leads to a loss of output at the beginning and
end of the time series.

As noted in Olonscheck et al. (2019) and Li et al. (2020),
the MPI-ESM locked simulations exhibit weak increases in
climatological-mean surface temperatures at polar latitudes,
especially in regions with sea ice coverage. Due to this warm
bias in the cloud-locking simulation, we focus on results be-
tween 608S and 708N and thus exclude regions where the bias
might influence the results. As shown in appendix A (see
Fig. A1), the variability of the SST field in the MPI-ESM in-
teractive simulation is comparable to that found in ERA5 out-
put (Hersbach et al. 2020).

3. The contribution of cloud–climate coupling to
extratropical SST variability

Figures 1–5 compare the variability of SST anomalies in the
interactive and locked simulations.

The climatological standard deviations from the interactive
and locked runs are shown in the left and middle panels of
Fig. 1, respectively. In both simulations, the largest standard
deviations are found over the Gulf Stream and Kuroshio re-
gions, locations where both the horizontal gradients in the sur-
face temperature field and ocean heat transport contribute to
large SST variability. The percent changes in the variances be-
tween the interactive and locked runs {i.e., [(s2i /s2l )2 1]3 100}
are shown in Fig. 1c. Stippling in Fig. 1c indicates regions where
the associated variance ratios (s2i /s2l ) are statistically significant
at the 95% confidence level using the F statistic (section 2).

The most widespread changes in SST variability are found
in the tropics, where cloud–climate coupling leads to increases
in the variance of SSTs of ;100%–200% over most of the
tropical oceans. As noted in the Introduction, changes in trop-
ical SST variability due to cloud–climate coupling have been
explored in several previous studies, including the companion
study (Li et al. 2020). However, Fig. 1c also reveals wide-
spread increases in variance over the western North Pacific
and western North Atlantic basins. These regions were not
explored in Li et al. (2020) and are the focus here.

The increases in SST variability over the North Pacific and
North Atlantic basins are apparent in monthly mean output
(Fig. 1c), but are particularly pronounced in output filtered to
remove variability on time scales shorter than 1, 3, and 10 years
(Fig. 2). The results based on 3- and 10-yr low-pass-filtered out-
put are derived from a smaller sample size due to the filtering
(section 2), but nevertheless indicate significant increases over
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large regions of the Northern Hemisphere extratropical oceans,
particularly the western halves of the basins. The increases in
decadal SST variability due to cloud–climate coupling are
;50%–200% over most of the Northern Hemisphere Oceans
(Fig. 2c). The changes in the Southern Ocean are weak, amor-
phous, and not statistically significant. With the exception of
subpolar latitudes, the increases in Northern Hemisphere SST
variability are less clear in output that has been 1-yr high-pass
filtered (see Fig. B1 in appendix B). Thus, cloud–climate

coupling appears to be most important for extratropical
Northern Hemisphere SST variability on interannual and
longer time scales.

The increases in SST variability due to cloud–climate cou-
pling readily extend to results averaged over large spatial re-
gions. The center panel in Fig. 3 reproduces the percent
change in 3-yr low-pass-filtered temperature variability from
Fig. 2b, and the surrounding panels show the changes in vari-
ance for SSTs that have been low-pass filtered (as indicated
on the abscissas) and then averaged over large spatial regions
(as indicated in the panel captions). For example, results at
2 years on the North Pacific panel (Fig. 3b) were found by
1) applying a 2-yr low-pass filter to the gridpoint output;
2) calculating the variances of the gridpoint output; 3) spatially
averaging the variances over the North Pacific; and 4) calculating
the percent changes in the spatially averaged variances
between the interactive and locked output. Cloud–climate
coupling leads to increases in area-mean variances over all re-
gions and for all low-pass filters. The increases in variability
are only ;25% over the Southern Ocean, but ;40%–60%
over the North Atlantic, ;60%–100% over the North Pacific
sector, and ;80%–125% in the tropics. Comparing the North
Pacific to the tropical oceans, it is clear that cloud–climate cou-
pling has a comparable effect on low-frequency time scales across
both regions.

Figure 4 again reproduces the percent change in 3-yr low-
pass-filtered temperature variability from Fig. 2b, but now the
surrounding panels show the corresponding SST power spec-
tra for each region. Power spectra are first calculated for each
grid point and then averaged over the respective regions. The
individual gridpoint power spectra are scaled so that the area
under the curve is equal to the total SST variance at that grid
point. The differences in the spectra between the interactive
and locked simulations are readily apparent across all four
regions.

Together, the results in Figs. 1–4 indicate that cloud–
climate coupling contributes to surface temperature variabil-
ity not only in the tropics, as shown in Li et al. (2020), but
over much of the extratropical Northern Hemisphere ocean
basins as well. That the increases extend to low-frequency
time scales has implications for the interpretation of Northern
Hemisphere decadal climate variability. For example, Fig. 5

FIG. 1. Monthly mean SST standard deviation for (a) the 200-yr interactive simulation and (b) the 200-yr locked simulation. (c) The
ratios of SST variances between the interactive and locked simulations expressed as percent change. Stippling indicates where the SST var-
iance ratio between the simulations is statistically significant at the 95% confidence level using the F statistic (see section 2). Results are
analogous to those shown in Fig. 1 of Li et al. (2020).

FIG. 2. The ratios of SST variances between the interactive and
locked simulations expressed as percent change. (a) Temperatures
have been 1-yr low-pass filtered. (b) Temperatures have been 3-yr
low-pass filtered. (c) Temperatures have been 10-yr low-pass fil-
tered. Stippling indicates where the SST variance ratio between the
simulations is statistically significant at the 95% confidence level us-
ing the F statistic (see section 2).
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shows the time series commonly used to explore the two most
prominent patterns of decadal variability in the Northern
Hemisphere: the Atlantic multidecadal oscillation (AMO)/
Atlantic multidecadal variability (AMV) and the Pacific de-
cadal oscillation (PDO). The indices are calculated by sub-
tracting global-mean SST anomalies from spatially averaged
North Atlantic and North Pacific SST anomalies, respectively.
Cloud–climate coupling leads to ;100% and 130% increases
in the variances of the AMO/AMV and PDO indices, respec-
tively, both of which are significant at the 98% level based on
the F statistic. The increases in variability of the AMO/AMV
and PDO indices due to cloud–climate coupling are also visu-
ally apparent in the time series (cf. the left and right columns
in Fig. 5). The doubling of the amplitudes of the AMO/AMV
and PDO due to cloud–climate coupling indicates a poten-
tially important but largely overlooked source of Northern
Hemisphere decadal variability.

Finally, Fig. 6 explores whether the changes in SST variance
extend to the tropospheric circulation. The left and middle
panels show the standard deviations of 500-hPa geopotential
height for the locked and interactive simulations, respectively,
and the right panel shows the percent changes between the
two simulations. In general, there are large and significant in-
creases in the variance of 500-hPa geopotential heights
throughout tropics (Fig. 6c), where the climatological-mean
standard deviations are relatively small (Fig. 6a) and the
increases in SST variability are most pronounced (Figs. 1

and 2). However, there are also scattered increases in the ex-
tratropics, in particular over the western North Pacific, some
regions of the North Atlantic, and parts of the Southern
Ocean. The increases in the extratropical Northern Hemi-
sphere are relatively weak since the total standard deviations
of 500-hPa geopotential height are very large there. But they
are no less significant than their tropical counterparts. The
changes in extratropical geopotential height variance could de-
rive from 1) the remote response to cloud–climate coupling in
the tropics or 2) the response to in situ changes in extratropical
cloud–climate coupling. It would be interesting to test the rela-
tive roles of tropical and extratropical cloud–climate coupling
in future experiments.

In the following section, we diagnose the physical factors
responsible for the increases in extratropical SST variability.
In section 5, we summarize the key conclusions.

4. Interpretation

Why does cloud–climate coupling lead to increased vari-
ability in extratropical SSTs? The diagnostic approach used to
assess the key physical processes that underlie the changes in
SST variability are reviewed in detail in Li et al. (2020) and
are repeated here only briefly. In short, consider the thermo-
dynamic energy equation at the surface:

C
dT′

dt
5∑Q′, (1)

FIG. 3. Changes in SST variability for four different regions due to cloud–climate coupling. (a) Percent changes in 3-yr low-pass-filtered
SST variance reproduced from Fig. 2b. Percent changes of the variances of SSTs for different low-pass-filtered lengths and averaged over
(b) the North Pacific (158–708N, 1298–2428E), (c) the tropical ocean (158S–158N), (d) the North Atlantic (158–708N, 2858–3608E), and
(e) the Southern Ocean (308–608S).
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where C is the effective heat capacity of the ocean mixed
layer, T′ is the anomalous mixed-layer temperature (which is
assumed to be linearly related to SSTs), and Q′ denotes the
various heat fluxes that influence variability in mixed-layer
temperatures, including anomalies in the surface turbulent
heat fluxes, the fluxes of shortwave and longwave radiation,
and heat transport by the ocean circulation. In the following,
Q′ denotes the anomalies in the surface turbulent heat and ra-
diative fluxes. We neglect anomalies in the horizontal ocean
heat transport since}although ocean heat transport contrib-
utes significantly to the SST variance}it is not notably influ-
enced by cloud–climate coupling in the MPI-ESM (Li et al.
2020).

The conversion of Eq. (1) into a diagnostic equation for the
temperature variance involves 1) assuming all terms in Eq. (1)
reflect departures from the long-term mean, 2) replacing the
derivative with a centered differencing scheme, 3) squaring
the resulting equation, and 4) taking the time average. The re-
sulting expression for the temperature variance can be ex-
pressed as

s2
T 5 Gs2

Se, (2)

where s2
T denotes the temperature variance; s 2

S ;∑Q′2 is
the sum of the variances of the individual surface fluxes;
G5 2(Dt)2/{C2[12 r(2Dt)]} is a “transfer term” that accounts
for the influence of persistence on the variance estimate,
where persistence is given by the lag-2-month autocorrelation

r(2Dt); and e5 11 (2∑QiQj /s
2
S) is an “efficiency term” that

accounts for the covariances between the individual surface
fluxes, denoted by the i and j subscripts (i.e., negative correla-
tions between different fluxes lead to e, 1).

The changes in temperature variances between the interac-
tive and locked simulations can thus arise from changes in
three ratios:

(s2
T)i

(s2
T)l

5
Gi

Gl

(s2
S)i

(s2
S
)l
ei
el
: (3)

Results for all three ratios on the rhs of Eq. (3) are shown in
appendix C (see Fig. C1) and reveal the following: 1) The effi-
ciency term [last term on the rhs of Eq. (3)] is slightly smaller
in the interactive simulation (Fig. C1c), acting to reduce the
effectiveness of the flux variances due to cross-correlations
between the individual fluxes; 2) the transfer term (first term
on the rhs) increases slightly between the locked and interac-
tive simulations and mainly in the tropics (Fig. C1a), where
the autocorrelation of the monthly mean extratropical SST
field increases slightly (not shown); and 3) changes in the sec-
ond term on the rhs are generally much larger than changes in
the efficiency and transfer terms. Note that the efficiency term
(last term on the rhs) and the sum of surface flux variances
term (second term on the rhs) exhibit some compensation,
since the former includes both the covariances and the sum of
the variances. Nevertheless, as shown in Li et al. (2020), the
increases in SST variances between the locked and interactive

FIG. 4. Power spectra of SST anomalies for four different regions for the interactive and locked simulations. (a) Percent changes of 3-yr
low-pass-filtered SST variance reproduced from Fig. 2b. Power spectra of SST anomalies for each simulation and averaged over (b) the
North Pacific (158–708N, 1298–2428E), (c) the tropical ocean (158S–158N), (d) the North Atlantic (158–708N, 2858–3608E), and (e) the
Southern Ocean (308–608S).
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simulations are driven primarily by the increases in the sur-
face flux variances (cf. Fig. C1b with Figs. C1a,c).

Figure 7 explores the specific fluxes responsible for the in-
creases in the surface flux variances between the locked and
interactive simulations. The first column shows the climato-
logical-mean surface flux variances in the interactive simula-
tion (we focus only on the surface heat fluxes since the
changes in ocean heat transport are trivial between the inter-
active and locked simulations; Li et al. 2020). In general, the
total variance of the fluxes is dominated by the latent, sensi-
ble, and shortwave radiative fluxes: The latent heat fluxes are

dominant over the subtropical oceans, the sensible heat fluxes
have the largest amplitudes over the western boundary current
regions, and the radiative flux variances are more spatially
amorphous. The second column shows the attendant cli-
matological-mean surface flux variances in the locked simula-
tion, and the third column shows the percent changes in the
variances between the two simulations. By far the largest
changes in surface fluxes between the interactive and locked
simulations are found in association with the radiative
fluxes, especially the shortwave fluxes (Figs. 7c,g). The in-
creases in the shortwave radiative flux variances are promi-
nent not only in the tropics but also across the extratropics.
Hence, as is the case in the tropics (Li et al. 2020), the in-
creases in surface temperature variance over both the North
Atlantic and North Pacific due to cloud–climate coupling
derive primarily from increases in the variance of shortwave
fluxes.

Why does cloud–climate coupling increase the variance of
the shortwave fluxes? In Li et al. (2020) we hypothesized that
cloud–climate coupling acts to redden the power spectra of
cloud fraction–and thus of cloud radiative effects}since the
wind and temperature fields impart persistence to the cloud
fields. Such persistence could arise from either internal atmo-
spheric processes or the influence of ocean dynamics on the
sea surface temperature field. In the absence of support from
atmospheric thermodynamic and dynamic processes, clouds
would presumably exhibit a much shorter lifespan. In the case
of the simulations shown here, when the cloud fields are
scrambled and thus decoupled from the atmosphere, the total
variances of cloud fraction are preserved, but the variance is
distributed roughly equally across all time scales since there is
no memory in the cloud fields from one 2-h time step to the
next. Thus, when clouds are decoupled from the atmosphere,
the total variance of the cloud fields is preserved, but the vari-
ance on time scales longer than a few days decreases while
the variance on time scales less than a few days increases. In
short, when clouds are coupled to the atmosphere, the vari-
ance of cloud radiative effects increases on time scales longer
than a few days, which, in turn, increases the variability of
SSTs on the same time scales. As seen in Fig. 7c, this effect is
particularly apparent in shortwave cloud radiative effects.
Li et al. (2020) argue that the above mechanism is key in the

FIG. 6. Standard deviations of monthly mean anomalous geopotential height at 500 hPa (Z500) for (a) the 200-yr interactive simulation
and (b) the 200-yr locked simulation. (c) The ratios of Z500 variances between the interactive and locked simulations expressed as percent
change. Stippling indicates where the Z500 variance ratio between the simulations is statistically significant at the 95% confidence level us-
ing the F statistic (see section 2).

FIG. 5. Time series of the Atlantic multidecadal oscillation
(AMO)/Atlantic multidecadal variability (AMV) and the Pacific
decadal oscillation (PDO) for both the (a),(c) interactive and
(b),(d) locked simulations. Indices are calculated by subtracting
the global-mean anomalous SSTs (608S–608N) from the spatially
averaged North Atlantic (08–608N, 2798–3608E) and North
Pacific (208–708N, 1298–2418E) anomalous SSTs.
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tropics; the results shown here suggest it is also key in the ex-
tratropics. The argument also holds for changes in longwave
cloud radiative effects, but 1) the changes in the longwave
flux variances shown in Fig. 7 conflate changes due to clouds
and surface temperatures and 2) the changes in the longwave
flux variances are smaller than the changes in the shortwave
flux variances.

It is notable that cloud–climate coupling has a very small
effect on surface temperature variance in the Southern Hemi-
sphere extratropics, especially poleward of ;458S. We hy-
pothesize this is in part due to the nearly constant cloud cover
over that area of the Southern Ocean (e.g., Mace and Zhang
2014; Mace and Protat 2018). Since there is a high incidence
of cloud cover, it follows that decoupling clouds from the at-
mosphere has less effect on the variance of their radiative
effects. This is most clear south of ;458S where the changes
in the variance of shortwave cloud radiative effects are rela-
tively small (Fig. 7c).

5. Discussion

Together, the results shown here indicate that cloud–
climate coupling has a pronounced effect on SST variability
not only in the tropics}as indicated in previous work (Rädel
et al. 2016; Middlemas et al. 2019; Li et al. 2020)}but also in
the extratropics. Prominent increases in SST variability are
found over the North Pacific and North Atlantic basins, where
cloud–climate coupling increases the variance of SSTs by
;40%–100% on time scales ranging from months to decades.

The changes in extratropical SST variability due to cloud–climate
coupling were not appreciated in Li et al. (2020) since}in that
study}we focused on the tropics and did not probe the ampli-
tude and importance of the attendant changes in the extratropics.

The increases in extratropical SST variability appear to arise
from the same mechanism that contributes to the increases in
tropical SST variability. That is, cloud–climate coupling acts to
“redden” the variance of clouds and their shortwave radiative
effects, and thus enhances the contribution of cloud radiative
effects to low-frequency climate variability. The increases in
SST variability are accompanied by large increases in midtro-
pospheric geopotential height variability in the tropics, and
smaller but equally significant increases over the western
North Pacific and scattered regions of the western North
Atlantic. It remains unclear whether the changes in extratropi-
cal tropospheric geopotential height derive from the changes
in cloud–climate coupling at tropical or extratropical latitudes.
It also remains unclear whether the changes in SST variance
derive entirely from one-way forcing of the SST field by
changes in shortwave cloud radiative effects, or whether posi-
tive feedbacks between the SST field and shortwave CRE also
play a role. It would be interesting to assess the relative impor-
tance of these aspects of the results in future work.

The results have potentially important implications for the
interpretation and simulation of extratropical decadal vari-
ability. The variances of the surface fluxes in the interactive
simulation bear very close resemblance to the observed fluxes,
as estimated by ERA5 (cf. left and right columns in Fig. 7).
Thus, in the real world, cloud–climate coupling may be viewed

FIG. 7. Surface flux variances: (a)–(d) surface shortwave radiative flux, (e)–(h) surface longwave radiative flux, (i)–(l) surface sensible
heat flux, and (m)–(p) surface latent heat flux. Individual flux variance for the (first column) interactive and (second column) locked
simulations. (third column) Percent change of the individual surface flux variance between the interactive and locked simulations.
(fourth column) Surface flux variances as estimated by ERA5. Results in the first and second columns are analogous to those shown in
Fig. 4 of Li et al. (2020).
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as enhancing the variance of low-frequency temperature vari-
ability by roughly the same amount as found in the differences
between the interactive and locked simulations. In particular,
cloud–climate coupling leads to roughly a doubling in the vari-
ance of the most prominent patterns of low-frequency variabil-
ity in the North Atlantic and North Pacific sectors, as indicated
by time series of the AMO/AMV and the PDO.

The influence of cloud shortwave radiative effects on sur-
face temperature variance shown here also has potentially im-
portant implications for the simulated amplitudes of internal
climate feedbacks due to cloud–climate coupling. We defer
analyses of the implications of the mechanism highlighted
here for model feedbacks to future work.
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APPENDIX A

Comparison of MPI-ESM to ERA5

Throughout this study we used SSTs from the Max Planck
Institute Earth System Model (MPI-ESM). Figure A1 com-
pares the standard deviations of SST anomalies along with
the AMO/AMV and PDO indices between the MPI-ESM

output and ERA5 output. Note that Fig. A1a is the same as
Fig. 1a. Since the SST time series from the model is substan-
tially longer than the available ERA5 output, we show only
a randomly chosen subset of the model output of equal
length to the reanalysis time series. As evidenced in Fig. A1,
the modeled SST variability is qualitatively similar to that
derived from the reanalysis, with the main exceptions found

FIG. A1. Standard deviations of (a),(d) monthly mean SST anomalies; (b),(e) the AMO/AMV index time series; and (c),(f) the PDO
index time series. Results are shown for the (top) 200-yr interactive simulation from the MPI-ESM and (bottom) as estimated by ERA5.
Indices are calculated by subtracting the global-mean anomalous SSTs (608S–608N) from the spatially averaged North Atlantic (08–608N,
2798–3608E) and North Pacific (208–708N, 1298–2418E) anomalous SSTs.

FIG. B1. The ratios of SST variances between the interactive and
locked simulations expressed as percent change. (a) Temperature
data are unfiltered (reproduced from Fig. 1c). (b) Temperatures
have been 1-yr high-pass filtered. (c) Temperatures have been 1-yr
low-pass filtered (reproduced from Fig. 2a).
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in Northern Hemisphere subpolar regions and in the vicinity
of the western boundary currents. Since the focus of our
study is on the differences in variance between two ESM
simulations, we do not expect differences in the control SST
standard deviations to influence the conclusions.

APPENDIX B

The Impact of Cloud–Climate Coupling on
High-Frequency SST Variability

Figure B1 compares the influence of cloud–climate cou-
pling in 1-yr high-pass filtered output (middle panel) and
1-yr low-pass filtered output (bottom panel).

APPENDIX C

The Contribution of Individual Terms from the
Diagnostic Equation to the Changes in Variance

Figure C1 shows the ratios of each term on the rhs of
Eq. (3).
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