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Abstract

Climate models simulate a weakening of the Walker circulation in response to increased
greenhouse gases, but it has not been possible to detect this weakening with observations because there
are not direct measurements of atmospheric circulation strength. Indirect measurements, such as equatorial
gradients in sea level pressure (SLP), exhibit trends of inconsistent sign. In this study we estimate the change
in midtropospheric velocity (ω500) from observed change in cloud cover, which we argue is more closely tied
to the overturning circulation than indirect measurements of SLP at the surface. Our estimates suggest a
weakening and eastward shift of the Walker circulation over the last century. Because changes in cloud cover
in Atmospheric Model Intercomparison Project simulations forced with increased sea surface temperature
are remarkably similar in pattern, sign, and magnitude, we assert that the observed changes in cloud cover
and the associated weakening of Walker circulation are at least in part externally forced.

1. Introduction
In response to increasing concentrations of greenhouse gases, models simulate a weakening of tropical
atmospheric overturning circulation [Held and Soden, 2006; Gastineau et al., 2008; Chou and Chen, 2010;
Bony et al., 2013]. The weakening is in very good agreement across models and is projected to manifest
primarily as a change in the Walker circulation [Vecchi and Soden, 2007; Chadwick et al., 2013; He et al.,
2014; Di Nezio et al., 2013; Kociuba and Power, 2015].
Held and Soden [2006] propose that a weakening of overturning circulation is expected because global mean precipitation increases at a slower rate than atmospheric water vapor. This mechanism has been veriﬁed in coupled
climate models [Vecchi and Soden, 2007; Chadwick et al., 2013]. Other hypotheses have been proposed to explain a
weakening of tropical circulation in climate models, including ideas that dry static stability increases at faster rate
than the radiative cooling of the troposphere inducing a weakening of the subsidence rate [Knutson and Manabe,
1995]; mean vertical advection of increased low-level moisture stratiﬁcation in regions of ascent weakens convective mass ﬂux [Ma et al., 2012]; and convective outﬂow height rises stabilizing the atmosphere and weakening
convection [Chou et al., 2009; Chou and Chen, 2010]. In addition, Ma and Xie [2013] show that the pattern of sea
surface temperature (SST) change affects the response of the atmospheric overturning circulations.
Constraining simulated changes in atmospheric overturning circulation with observations is difﬁcult because
there are no direct measurements of overturning circulation strength. Circulation strength can be inferred from
trends in zonal and meridional gradients of sea level pressure (SLP); however, previous studies show long-term
trends of inconsistent sign in different data sets. Some studies show that trends in the observed SLP data sets
are consistent with a weakening of the Walker circulation [Vecchi et al., 2006; Deser et al., 2010; Tokinaga et al.,
2012; Di Nezio et al., 2013], while others suggest a strengthening of the Walker circulation [e.g., Luo et al., 2012;
Meng et al., 2012; Wang et al., 2012; L’Heureux et al., 2013; Kociuba and Power, 2015]. Deser et al. [2010] show that
changes in SLP from the beginning of the twentieth century are consistent with observed changes in SST,
precipitation, and cloud cover, which together suggest an El Niño-like weakening of the Walker circulation.
In contrast, L’Heureux et al. [2013] and Kociuba and Power [2015] show that trends in SLP from the 1950s are
consistent with a strengthening of the Walker circulation. Reanalysis products generally suggest that both
the Walker and Hadley cells have strengthened from the beginning of the twentieth century [Sandeep et al.,
2014], but this increase might be an artifact of the assimilation techniques [Mitas and Clement, 2005].
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2. Data and Methods
2.1. Observations
We use ship-based observations of cloud cover archived in the International Comprehensive OceanAtmosphere Data Set (ICOADS) release 2.5 [Woodruff et al., 2011] for the years 1920–2010 on a 2° × 2° grid
with units of okta and in the Extended Edited Cloud Reports Archive (EECRA) for the years 1954–2008 on a
10° × 10° grid with units of % [Hahn and Warren, 2009; Eastman et al., 2011]. Cloud cover data in both these
data sets are affected by a spurious and steady positive trend of unknown origin, which we correct by subtracting the global mean cloud cover at each time step [cf. Deser et al., 2010; Eastman et al., 2011; Bellomo
et al., 2014]. The positive trend in the ICOADS and EECRA data sets is coherent across all latitudes where there
are ship reports. While an explanation for this coherent bias has not been found [Norris, 1999], the trend is
deemed spurious because it is not consistent with observed changes in radiation anomalies at the top of
atmosphere or changes in aerosols [Norris, 1999, 2005].
We supplement these ship-based data sets with high-level cloud cover obtained from the International
Satellite Cloud Climatology Project (ISCCP) satellite data set for the years 1984–2007, which is on a
2.5° × 2.5° grid with units of % [Rossow and Schiffer, 1999]. Cloud cover in the ISCCP database is corrected
for errors introduced by instrumentation failures and orbital drifts. Remaining errors are corrected by regressing out global mean long-term trends as described in Norris and Evan [2015]. Therefore, all cloud data sets in
this study contain information of cloud cover relative to the global mean.
We calculate changes in cloud cover in these data sets as the linear trend multiplied by the number of years
in each grid box. We require each grid box to have a minimum of 25 observations per season as recommended by Eastman et al. [2011] and mask regions where data are insufﬁcient. Bellomo et al. [2014] shows
that when both ship-based and satellite-based cloud observations are corrected, they exhibit consistent
interannual anomalies.
We compute climatological values of midtropospheric pressure velocity (ω500) in units of hPa day!1 from
the following reanalysis products: National Centers for Environmental Prediction-National Center for
Atmospheric Research (NCEP-NCAR) [Kalnay et al., 1996] on a 2.5° × 2.5° grid (years 1954–2008); Twentieth
Century Reanalysis NOAA 20CR v2 [Compo et al., 2011] on a 2.0° × 2.0° grid (years 1954–2008); ERA-Interim
[Dee et al., 2011] on a 0.75° × 0.75° grid (years 1979–2014); ERA-40 [Uppala et al., 2005] on a 2.5° × 2.5° grid
(years 1958–2001); and ERA-20C [Poli et al., 2015] on a 2.5° × 2.5° grid (years 1954–2008). Results are consistent if we choose different time frames to compute the climatological values.
2.2. Models
We analyze atmospheric model simulations submitted for the Coupled Model Intercomparison Project phase
5 (CMIP5) forced with historical SST over the years 1979–2008 (Atmospheric Model Intercomparison
Project, AMIP), uniform 4K SST increase (AMIP-4K), and patterned SST increase (AMIP-Future). The
patterned SST forcing used for AMIP-Future simulations is obtained from the multimodel mean SST
response of Coupled Model Intercomparison Project phase 3 (CMIP3) models after quadrupling of CO2
and is normalized so that the global mean is the same as in the uniform AMIP-4K experiment (plotted
in Figure S1 of the supporting information). The prescribed SST increase is with respect to the
observed SST climatology (1979–2008) for both AMIP-4K and AMIP-Future and is the same in each
model [Taylor et al., 2012].
Because we compare cloud cover output with satellite observations, we present results for seven models that
made available the ISCCP simulator output [Bodas-Salcedo et al., 2011; Klein et al., 2013] for both the AMIP-4K
and AMIP-Future simulations. The ISCCP simulator is a diagnostic code that attempts to compute cloud cover
ﬁelds from climate model simulations the same way a satellite retrieves cloud cover in the real world,
thereby facilitating model evaluation. The models we use are CanAM4, CNRM-CM5, HadGEM2-A, IPSLCM5A-LR, IPSL-CM5B-LR, MIROC5, and MRI-CGCM3.
We use the ISCCP simulator output of total cloud and high-level cloud cover. We compute high-cloud cover
as the sum of the three highest bins of cloud top pressure (above 440 hPa) and all cloud thicknesses. We also
show results for the standard model output of cloud cover instead of the ISCCP simulator and include
additional models that did not make available the ISCCP simulator output (see Table S1) High-cloud cover
from the standard output is computed as the maximum cloud cover above 440 hPa.
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Figure 1. (shaded) High-level cloud cover and (contours) ω500. Stippling indicates where at least ﬁve out of seven models
!1
!1
agree in sign: (a) AMIP climatological multimodel mean. Contours range from !100 hPa d to 100 hPa d with intervals
!1
of 5 hPa d . (b) AMIP-Future minus AMIP multimodel mean and (c) AMIP-4K minus AMIP multimodel mean: contours
!1
!1
!1
range from !30 hPa d to 30 hPa d with intervals of 2 hPa d.

We compute changes in cloud cover and ω500 as the difference between the climatological mean in the
forced (AMIP-4K and AMIP-Future) and historical (AMIP) simulations. Differences are computed for each
model separately and then averaged together to produce the multimodel mean. Because they are forced
with SST, these simulations isolate the effect of externally forced warming from changes due to internal
climate variability.

3. Results
Figure 1a shows the climatological multimodel mean (shaded) high-cloud cover (hereafter HCC) and (contours)
midtropospheric pressure velocity (ω500) of the AMIP simulations. Regions of deep-convection coincide with
larger amounts of HCC, while regions of mean subsidence with smaller amounts of HCC. HCC scales linearly with
ω500: the spatial regression slope of mean HCC on mean ω500 of the AMIP multimodel mean and observations
are reported in Table 1 (middle column). The standard errors on the regression coefﬁcients are also shown in
Table 1. The scatterplots of HCC against ω500 are plotted in Figures S2 and S3.
The slopes of mean HCC on mean ω500 (units of %/hPa d!1) computed from observations range in magnitude
depending on the reanalysis product used to compute mean ω500, spanning values from !0.556 (NCEP-NCAR)
to !0.205 (ERA-40). The slope of the AMIP multimodel mean is also negative (!0.581), and the multimodel
mean slope for the standard output (i.e., run without the ISCCP simulator) is smaller (!0.426). We note that
BELLOMO AND CLEMENT
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Table 1. Spatial Regression Coefﬁcients of (Middle Column) Climatological
Mean HCC on Mean ω500 and (Right Column) Change in HCC on Change in
a
ω500 Averaged Over the Indo-Paciﬁc Ocean (30°S–30°N, 30°E–80°W)
Data Set
Observations
ISCCP/NCEP-NCAR
ISCCP/NOAA 20CR
ISCCP/ERA-Interim
ISCCP/ERA-40
ISCCP/ERA-20C
Models
AMIP (ISCCP simulator)
AMIP-Future (ISCCP simulator)
AMIP-4K (ISCCP simulator)
AMIP
AMIP-Future
AMIP-4K

HCC/ω500

ΔHCC/Δω500

!0.556 ± 0.007
!0.377 ± 0.007
!0.230 ± 0.010
!0.205 ± 0.011
!0.247 ± 0.011

-

for Table 1, we used six models instead of
seven to compute multimodel means
because HadGEM2-A was not available
for the non-ISCCP simulations. Results
are not much different if we use all
available models for each experiment.
Individual model slopes are reported in
Table S1 and are all negative.

In response to externally forced SST
change, the relationship between HCC
!0.581 ± 0.006
and ω500 remains strongly linear.
!0.392 ± 0.006
Figures 1b and 1c show the multimodel
!0.269 ± 0.008
!0.426 ± 0.004
change in (shaded) HCC and (contours)
!0.326 ± 0.004
ω500 in AMIP-4K and AMIP-Future,
!0.217 ± 0.005
respectively. The uniform warming
a
The uncertainty is estimated calculating the standard error on each
simulations (AMIP-4K) capture most of
regression coefﬁcient.
the changes in cloud cover (Figure 1c);
however, the robust increase over the
central Paciﬁc and western Indian Oceans is only seen in the patterned warming simulations (AMIPFuture), when the atmosphere is forced with an enhanced El Niño-like equatorial warming (Figure S1).
These differences between AMIP-4K and AMIP-Future may reﬂect the inﬂuence of dynamic processes on
regional cloud trends as suggested by Bony et al. [2004]. Bony et al. [2004] show that the thermodynamic
processes, which could be thought as the response to a uniform warming (i.e., AMIP-4K), explain most of
tropical mean cloud cover change. However, regional cloud cover changes, which could be thought as the
response to regional patterns of SST warming (i.e., AMIP-Future), are dominated by changes in local
atmospheric circulations.
In both AMIP-4K and AMIP-Future simulations, where ω500 decreases (less subsidence) HCC increases, while
where ω500 increases (more subsidence) HCC decreases. Table 1 reports the spatial regression slope of multimodel mean change in HCC on change in ω500 (right column). The spatial regression of HCC with ω500 is still
linear although smaller than in the mean climate. Moreover, the regression slopes are steeper for the
patterned SST (AMIP-Future) than for the uniform (AMIP-4K) simulations. These results suggest that given
the strong linear relationship between HCC and ω500, changes in ω500 may be predicted from changes in
cloud cover.
We exploit the linear relationship between cloud cover and subsidence to estimate changes in ω500 from
observed trends in total cloud cover (hereafter TCC). Ideally, we would need observed trends in HCC, but
observations of HCC are not available from long-term surface-based archives. In EECRA, there is a classiﬁcation of cloud cover in cloud types, but this does not coincide with the cloud top height classiﬁcation of
ISCCP. Moreover, Eastman et al. [2011] discuss that reports of middle and high cloud types are less reliable
than those of total clouds.
Figures 2a and 2b show (shaded) changes in TCC from EECRA (years 1954–2008) and ICOADS (years 1920–2010).
Change in TCC from EECRA is estimated to be statistically signiﬁcant where the p value of a two-tailed
Student’s t test exceeds 90% (stippling in Figure 2a). Changes in TCC from ICOADS are shown here as a qualitative comparison with changes in TCC from EECRA. Cloud cover in ICOADS is in units of okta, which is less
comparable with other observations and models, and data in ICOADS are not postprocessed and quality
controlled as in EECRA [Eastman et al., 2011]. However, because ICOADS covers a longer period of time than
EECRA, trends are less likely to be inﬂuenced by internal climate variability. Figure 2 shows that changes in
TCC are similar in the two data sets, which indicates that changes computed from EECRA are qualitatively a
good indicator of changes observed from the early twentieth century to today. The only region of disagreement is the western Indian Ocean, which is a region in which also satellites and ship-based observations are
in less agreement over the last 30 years [cf. Bellomo et al., 2014]. Moreover, the observed trends in TCC are
remarkably similar to multimodel mean changes in HCC (Figure 1) and TCC (Figure S4), which indicates that
at least part of the observed trends is due to externally forced warming.
BELLOMO AND CLEMENT
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Figure 2. (shaded) Change in total cloud cover and (contours) climatological mean total cloud cover: (a) EECRA 1954–2008
(units of %). Stippling indicates where the linear trend is statistically signiﬁcant at the 90% p value level of a two-tailed
Student’s t test (autocorrelation at lag 1 is accounted in determining the degrees of freedom, and the p value is obtained
from the incomplete beta function). (b) ICOADS 1920–2010 (units of okta).

Although there are no observations to estimate long-term changes in HCC, an estimate of change in ω500 can
be obtained from changes in TCC. Trends in TCC are a good representation of trends in HCC in regions where
HCC is predominant. Instead, over the subtropical stratocumulus regions at the eastern side of the Indian and
Paciﬁc Oceans, namely the Californian, Peruvian, and Australian stratocumulus decks [Klein and Hartmann,
1993], simulated changes in TCC are dominated by changes in low-cloud cover (hereafter LCC) in all AMIP
experiments (now shown).
To obtain observational estimates of changes in ω500 given changes in TCC, we multiply the spatial regression
slope of observed mean ω500 from NCEP-NCAR on mean HCC from ISCCP (!1.293 ± 0.007 hPa d!1 %!1) by
the change in TCC from EECRA (Figure 3a), and do the same for the AMIP-Future multimodel mean but
use model values (Figure 3b). We choose to use the regression slope of observed mean ω500 on mean HCC
instead of the regression on mean TCC, because TCC comprises clouds at other levels that are coupled to
atmospheric subsidence in different ways than HCC. Using the regression slope of mean ω500 on mean
TCC would give nevertheless qualitatively similar results (not shown).
For comparison with Figures 3a and 3b, Figure 3c shows the actual multimodel mean AMIP-Future change in
ω500. Superimposed in contours is the climatological mean ω500. Blanked out in Figures 3a and 3b are regions
where either there is no sufﬁcient data (cf. Figure 2) or the interannual anomaly correlation of TCC with HCC
from ISCCP observations is not statically signiﬁcant at the 95% level of a Pearson’s r test. This way, regions
where LCC is predominant are masked out and do not affect estimates of changes in ω500 from TCC. The patterns and magnitude of observational (Figure 3a) and model estimates (Figure 3b) of changes in ω500 are
remarkably similar to one another and to the actual simulated values (Figure 3c). The observational estimates
of ω500 (Figure 3a) show that there is an overall decrease in subsidence (convection) in regions of mean
descent (ascent).
The change in TCC in the EECRA data set (Figure 2a) and therefore the estimated change in ω500 (Figure 3a) is
statistically signiﬁcant over four main regions: the western Indian, equatorial western Paciﬁc, equatorial
central Paciﬁc, and subtropical northeast Paciﬁc Oceans [cf. Bellomo et al., 2014]. Except the northeast
BELLOMO AND CLEMENT
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Figure 3. (shaded) Change in ω500 and (contours) climatological mean ω500: (a) observational estimate from EECRA
(1954–2008), (b) multimodel estimate from AMIP-Future, and (c) AMIP-Future multimodel mean simulated change.
!1
!1
!1
Contours range from !100 hPa d to 100 hPa d with intervals of 5 hPa d . Stippling indicates where at least ﬁve out
of seven models agree in sign. For this ﬁgure, all the data sets were regridded to a common 2.5° × 2.5° grid.

Paciﬁc, these are regions where changes in TCC coincide with changes in HCC (cf. Figures 2 and S4). The estimated changes shown in Figure 3 are therefore consistent with a weakening and eastward shift of the Walker
circulation over the years 1954–2008. Given the similarity of cloud changes in the EECRA and ICOADS data
sets shown in Figure 2, our estimates suggest that the weakening of the Walker circulation has occurred since
the beginning of the twentieth century.
We note that since the regression slope of mean ω500 on HCC is bigger than it is for climate change values
(cf. Table 1), the model estimates (Figure 3b) are smaller than the simulated values (Figure 3c). The uncertainties in the mean ω500 in the reanalysis products (Table 1) and ship-based observations prevent us to provide
a quantitative estimate of the change in ω500, although model results suggest that the calculation using
regression slopes for the mean rather than the change might underestimate the real values.
To quantify the decrease in the overturning circulation strength and compare changes in ω500 using different
observational data sets (Table 1), we compute the fractional change ω500 per unit of global mean temperature increase, as in previous studies. Held and Soden [2006] hypothesize that precipitation increases at a
slower rate than atmospheric water vapor because convective ﬂuxes weaken in response to increasing
BELLOMO AND CLEMENT
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Table 2. Estimates of Percent Change in ω500 per 1 K Increase in Global
Mean SST ðδω500 =ω500 =ΔT Þ in Regions Where Climatological Mean ω500
a
is ≤ !5 hPa/d, ≤ !10 hPa/d, and ≤ !30 hPa/d
Data Set

ISCCP/NCEP-NCAR
ISCCP/NOAA 20CR
ISCCP/ERA-Interim
ISCCP/ERA-40
ISCCP/ERA-20C
a

≤ !5 hPa/d

≤ !10 hPa/d

≤ !30 hPa/d

!3.02
!9.91
!2.25
!2.19
!0.12

!4.04
!8.89
!3.24
!6.99
!1.71

!5.19
!7.19
!4.81
!9.00
!4.06

concentrations of CO2. Simplistically,
precipitation (P) can be thought of as
convective mass ﬂux (M) multiplied by
atmospheric water vapor (q). To the ﬁrst
order, change in convective mass ﬂux
can be therefore written as
δM δP δq
¼ !
M
P
q

The estimates are computed calculating δω500 ¼ δTCC%r ω500 =HCC
where δTCC is total cloud cover change from EECRA over the years
1954–2008 and r ω500 =HCC is the spatial regression coefﬁcient of ω500
on mean HCC (from ISCCP) in the Indo-Paciﬁc Ocean for each data
set. In this calculation, change in global mean SST (ΔT) is 0.5 K. All the
data sets were regridded to a common 2.5° × 2.5° grid prior to this
calculation.

Since q scales with the ClausiusClayperon relation at a rate of 7% K!1,
but P (in climate models) increases at
the slower rate of ~2% K!1, M is
expected to decrease at a rate of
~ !5% K!1. This relation holds in
coupled climate model simulations
forced with increased concentrations CO2 in the CMIP3 and CMIP5 archives [Vecchi and Soden, 2007;
Chadwick et al., 2013].
For each reanalysis product, we divide the observational estimate of δω500 obtained from TCC change by climatological mean ω500 to obtain δω500/ω500, which is a good approximation for δM/M [Vecchi and Soden,
2007], and then divide by 0.5 K, which is roughly the increase in global mean SST observed over the period
1954–2008 in two reanalysis products, ERSST v3b and HadISST [cf. Deser et al., 2010]. The estimates of percent
change in ω500 per unit K of temperature increase are reported in Table 2 as the average of all convective
regions where the climatological mean ω500 is smaller than !5 hPa d!1, !10 hPa d!1, and !30 hPa d!1.
The values in Table 2 show that for all data sets there is a decrease in the strength of convective ﬂuxes, which
is consistent with a weakening of the atmospheric overturning circulation. The weakening of the convective
ﬂuxes tends to be stronger in regions of deep convection (where ω500 ≤ !30 hPa d!1) with the exception of
the NOAA 20CR reanalysis.
Although all observational estimates are in agreement with a weakening of the overturning circulation, there
is large uncertainty on the quantitative estimate of the weakening. Part of the uncertainty is due to the estimates of mean HCC from ISCCP and change in TCC from EECRA; however, the spread among the reanalysis
products in Table 2 is just due to differences in the climatological mean ω500 across the data sets (see caption
of Table 2).

4. Discussion and Conclusions
Previous studies show that in response to global climate change models robustly simulate a weakening of the
tropical atmospheric overturning circulation, primarily as a reduction in the strength of the Walker circulation.
This weakening is not observationally constrained because observations and reanalysis products show inconsistent trends in midtropospheric velocity (ω500) and SLP (used as a proxy for ω500).
Here we estimate the change in ω500 from changes in cloud cover over the Indo-Paciﬁc Ocean in observations and climate model simulations forced with uniform and patterned SST warming (AMIP-4K and AMIPFuture). Cloud cover is not a direct measure of circulation strength, but we ﬁnd that it is highly correlated with
ω500. We ﬁnd that changes in ω500 can be qualitatively predicted from changes in cloud cover in climate
models. Moreover, the estimated change in ω500 from observed cloud cover trends suggests a weakening
and eastward shift of Walker circulation since the beginning of the twentieth century.
We show that there are observational uncertainties in our estimates of change in ω500 from cloud cover; however, we ﬁnd a reduction in the strength of tropical convective ﬂux using all the reanalysis products examined
here. The observational estimates are more in agreement with AMIP-Future simulations and a patterned
warming. Moreover, since differences in AMIP-Future and AMIP-4K are solely due to externally forced SST
and are comparable in magnitude with the observational estimates, our results suggest that the estimated
weakening of the Walker circulation must be at least in part externally forced.
BELLOMO AND CLEMENT
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Although we show that the observed cloud trends are consistent with the response of clouds to externally
forced SST in climate models, internal variability certainly affects the observed trends in cloud cover.
Long-term trends in cloud cover over the central and western equatorial Paciﬁc (Figure 3) are similar to the
response of cloud cover to El Niño [Deser et al., 2004] and to Paciﬁc Decadal Variability (PDV) [Deser and
Phillips, 2006]; however, the increase in total cloud cover over the stratocumulus and trade wind cumulus
regions in the southeast Paciﬁc (Figure 3) is different than for El Niños or positive phases of the PDV during
which cloud cover decreases over those regions [Deser et al., 2004].
Bellomo et al. [2014] compare cloud cover change in the EECRA data set (years 1954–2008) with historical
simulations in the CMIP5 archive, which cover the same years. They ﬁnd that the multimodel mean cloud
cover change is consistent but much smaller in magnitude than observed. The results of Bellomo et al.
[2014] and the present study therefore suggest that internal variability is larger than external forcing in
driving changes in cloud cover in the historical simulations and that observations are instead more consistent
with an externally forced response. Further work is needed to assess the extent to which internal variability
affects trends in total cloud cover on these time scales.
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