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Outline 

n  Goal: Estimate subtropical SW cloud feedback from 
observations and natural variability in present climate 

n  Motivation 

n  Estimates of low cloud fraction change with warming 

n  Compare with GCMs, LES, and other observational studies 

n  This work was done by Daniel McCoy, Ryan Eastman and 
Dennis Hartmann 



+Motivation: SW Cloud Feedback Leading 
Uncertainty in GCMs 

forcing, the atmospheric feedbacks act to increase the net
radiative energy flux into the tropics. This net positive
feedback at the equator is due to a combination of weak
temperature plus water vapor feedback and strong pos-
itive cloud feedback. The net feedback decreases from
positive to negative with increasing latitude following
the gradient in water vapor and cloud feedbacks. No-
tably strong ensemble-mean negative net feedbacks are
a result of strong negative cloud feedbacks at high south-
ern latitudes and increased emission to space due to the
enhanced warming of the lower troposphere at high
northern latitudes.

Discussion

We consider several of the feedback response struc-
tures to be robust features of a warming climate that any
model should capture regardless of parameterization.
First, there are several reasons to expect an equator-to-
pole gradient in the water vapor feedback.

(i) The sensitivity of OLR to water vapor perturba-
tions (as indicated by the LWwater vapor radiative

kernel) is greatest in the tropical upper troposphere
and decreases with latitude. Thus, the equator-to-
pole gradient would exist even if fractional increases
in atmospheric moisture were spatially uniform.

(ii) The Clausius–Clapeyron relation exhibits a high sen-
sitivity of saturation vapor pressure es to temperature
at very cold temperatures and low pressures (e.g.,
es increases 15% K21 at 200 K compared to only
6% K21 at 300 K). Thus, even if temperature
increased uniformly everywhere and relative hu-
midity did not change, the largest fractional increase
in absolute humidity would be in the tropical upper
troposphere.

(iii) It is well accepted that tropical temperatures tend
to follow the moist adiabat, resulting in upper-
tropospheric amplification of warming. Thus, as-
suming relative humidity is constant, enhanced
moistening in the tropical upper troposphere would
occur even in the absence of nonlinearities in the
Clausius–Clapeyron relation.

Second, there are many features of the cloud response
to warming that are consistent with theory, observa-
tions, and the results of simple models.

(i) A strongly positive LW cloud feedback arises
because cloud-top altitude robustly increases in
models following the theoretically expected rise of
the level of peak radiatively driven divergence in
the tropics (Hartmann and Larson 2002; Zelinka
and Hartmann 2010) and of the tropopause level in
the extratropics (Kushner et al. 2001; Santer et al.
2003; Lorenz and DeWeaver 2007).

(ii) Numerous observational studies (e.g., Tselioudis
et al. 1992; Tselioudis and Rossow 1994; Chang
and Coakley 2007) have found that cloud optical
thickness decreases with temperature for clouds
warmer than 08C and increases with temperature
for clouds colder than 08C. Zelinka et al. (2012)
have found optical depth changes in GCMs that
are qualitatively consistent with these observed
relationships and have shown a significant positive
contribution to LW cloud feedback from the
increasing optical depth of high tropical clouds,
a positive contribution to SW cloud feedback
from decreasing optical depth of low clouds equa-
torward of about 408, and a very strong nega-
tive SW optical depth feedback at high latitudes.
The latter feedback has theoretical support in
the work of Betts and Harshvardhan (1987), Se-
nior andMitchell (1993), and Tsushima et al. (2006)
and observational support from Feigelson (1978),
Somerville and Remer (1984), and Mace et al.
(2001).

FIG. 4. As in Fig. 3, but for the (a) LW and (b) SW cloud feed-
backs. Note that the vertical axis limits vary among panels, but both
span a range of 7 W m22 K21.
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Goals of this Study 

n  Research Goals: 
n  Estimate the dependence of Low Cloud Fraction (LCF) on large 

scale meteorological variables based on natural variability in the 
present climate  

n  Use these relationships to estimate LCF changes for a 1K SST 
warming 
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n  Research Goals: 
n  Estimate the dependence of Low Cloud Fraction (LCF) on large 

scale meteorological variables based on natural variability in the 
present climate  

n  Use these relationships to estimate LCF changes for a 1K SST 
warming 

n  Caveats: 
n  changes in GHGs or aerosols not considered 

n  Relationships may be correlative, not causative 
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Mechanisms of LCF change 

Bretherton, submitted 
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Fig. 1:  Boundary-layer cloud feedback mechanisms (modified from [17]) 
 

 
Fig. 2:  Cloud fraction in radiative-convective equilibrium simulation with three SSTs.  Reproduced from [39]. 

 
Fig. 3:  Tropical-mean (30S-30N) cloud fraction in four configurations of the NICAM global cloud-resolving 
model with control SSTs (filled circles) and with SST uniformly increased by 2 K (+).  CS3L200dx7 and 
CS3L200 denote standand-physics simulations with 7 and 14 km horizontal resolution, respectively.  Two 14 
km perturbed-physics simulations are shown: CS4L200  has increased snow fall speed, and CS4MYNN also 
has a revised subgrid turbulent mixing scheme.  The open circles are results from conventional GCMs, and the 
black circle is a satellite estimate.  Reproduced from [45]. 
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LCF = a1w550 + a2EIS + a3SST + a4RHFT + a5U10m 
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Data: MODIS, AIRS, ERA-Int. 

n  2002-2014 

n  Timescale: 8-day mean, 1-day/instantaneous  

n  MODIS 
n  8-day mean: collection 6, Random overlap assumption 
n  1-day/instantaneous: collection 5.1, filter for scenes with no mid or high cloud 

n  AIRS 
n  8-day mean EIS and RHFT 

n  ECMWF ERA-Interim 
n  4xdaily data interpolated to local Aqua overpass time 

n  Composite by regime, season 
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Results: Multiple Linear Regression 
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Results: Multiple Linear Regression 



+
Quality of Regression 

Dots denote correlation significant at 95% confidence 

•  Regression explains ~50% variance of observed LCF 



+Observational Estimates Resemble Models 
with large CF decrease 

Most 
negative 
ΔCF 

Most 
positive
ΔCF 

Observational 
Estimates of 
ΔCF 
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ΔSST most important large scale predictor 
for ΔLCF 



+
Comparison with LES studies 

n  Observational estimate predicts ΔLCF dominated by ΔSST 

n  LES studies predict that ΔSST of leading order importance 
causing ΔLCF, but other predictors also important 



+
Summary 

n  Lower LCF associated with 
n  Warmer SST (+ SST) 
n  Weaker Inversion (- EIS) 
n  Drier Free Troposphere (- RHFT) 
n  Stronger large scale subsidence (+ w550) 
n  Weaker near-surface wind (- U10m) 

n  Warming estimate: LCF decreases by ~2-3% K-1 

n  Observational estimates resemble GCMs with relatively large 
CF decrease with warming 

n  Sign of relationships consistent with previous observational 
studies (e.g. Myers and Norris, 2014, Myers and Norris, 2013) 
and LES studies (e.g. Bretherton et al., 2014, Blossey et al., 2013) 
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+
Data   

n  MODIS: 
n  8 day-random overlap assumption, 1 day-filtered for scenes with 

not high cloud 

n  Low clouds: CTP>680 hPa 



+



+
Large Scale Predictors 
n  EIS-stronger inversion traps moisture in PBL, enhanced cloud 

fraction 

n  Free Tropospheric RH-drier free troposphere enhances 
entrainment drying, reduced cloud fraction 

n  Large Scale Subsidence-weaker subsidence, higher inversion 
height, enhanced cloud fraction 

n  SST-expect negative correlation with LCC, possibly because of 
the enhanced liquid flux mechanism 

n  10m Wind Speed-stronger wind stress enhances evaporation, 
enhanced cloud fraction 

n  Multiple Linear Regression: 
 

LCC = a1EIS + a2w550 + a3U10m + a4SST + a5RHFT 
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EIS/U10m 
Explain 
Large 
Amount of 
Variance 
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Composite by regime, season 
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Large Scale Predictors 
n  EIS 

n  Free Tropospheric RH 

n  Large Scale Subsidence 

n  SST 

n  10m Wind Speed 

n  Multiple Linear Regression: 
 

LCC = a1EIS + a2w550 + a3U10m + a4SST + a5RHFT 

 



+Comparison with Previous Observational 
Studies 

n  Sign of regression coefficients consistent with previous 
observational studies (e.g. Myers and Norris, 2013, 2014) 



+ Relationships Agree w/ Other Observational Studies 

Larger 
CF/ 

More 
Negative 
SW CRE 

         SST    EIS        RH-FT               w-550   

      SST   EIS               q-700               w-700   

McCoy et al., in prep. 

Myers and Norris, 2014 

SSTadv, q700, and v700. Over the eastern subtropical
oceans, SW CRE (Fig. 1a) is strongly negative due
to high amounts of reflection of shortwave radiation
by abundant, optically thick low-level clouds. LW
CRE (Fig. 1b) is weakly positive due to approxi-
mately equal amounts of absorption of longwave ra-
diation by these low-level clouds and by less abundant,
optically thin high-level clouds. Inspection of the me-
teorology reveals that regions of enhanced SW CRE
and weaker LW CRE are characterized by cool SST
(Fig. 1c), strong EIS (Fig. 1d), cold SSTadv (Fig. 1e),
low q700 (Fig. 1f), and strong v700 (Fig. 1g). This is
qualitatively consistent with previous observational
studies that have found large CF of low-level, optically
thick clouds and small CF of overlying high-level, op-
tically thin clouds associated with these meteorologi-
cal conditions (e.g., Hanson 1991; Klein and Hartmann
1993; Klein et al. 1995; Wood 2012; Christensen et al.
2013).

b. Observed and multimodel mean CRE and CF
interannual relationships

One might expect these geographical relationships to
also occur on interannual time scales, and this is gener-
ally confirmed in Fig. 2, which shows interannual re-
lationships of SW,LW, andnetCRE to themeteorological
variables for both observations and multimodel means.
Since subtropical optically thick, low-level (;700hPa and
lower in elevation) clouds dominate SW CRE and sub-
tropical optically thin, high-level (;400hPa and higher in
elevation) clouds contribute substantially to LW CRE,
Fig. 3 complements the results of Fig. 2 by showing vertical
profiles of the observed and multimodel mean CF re-
lationships. Because strongly negative SW CRE is a pri-
mary climatological feature over the eastern subtropical
oceans, in our discussion we speak in terms of which ob-
served meteorological conditions are associated with
anomalously enhanced SW CRE.

FIG. 2. (a) Shortwave cloud radiative effect relationship to meteorological variables in
CMIP3 models (orange box plots), CMIP5models (green box plots), and observations (black
squares and error bars); (b) as in (a), but for longwave cloud radiative effect; (c) as in (a), but
for net cloud radiative effect. For each modeled relationship, the square denotes the mul-
timodel mean, the horizontal line denotes themedian of all modeled values, the box spans the
interquartile range of all modeled values, the whiskers extend to the 10th and 90th percen-
tiles of all modeled values, and the two circles are the modeled values outside the 10th and
90th percentiles. For each observed relationship, the error bars span the four 95% confidence
intervals derived fromCERES and the four reanalyses, and the square is the mean of the four
reanalysis values.
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+
Cloud Fraction Changes Dominate 
in Subtropics 

the implications of disparate responses of low clouds for
cloud feedback.
SW cloud feedback estimates span a range of 1.11

from20.18 to 0.93 W m22 K21. Only the GFDLMixed
Layer Model version 2.1 (GFDL MLM2.1), which has
the largest negative optical depth feedback, has a nega-
tive global mean SW cloud feedback. Decreasing cloud
amount makes by far the largest positive contribution to
the global and ensemble mean SW cloud feedback, and
is the dominant positive contribution in every model
except NCAR CCSM3, with values spanning a range of
0.89 from 0.13 to 1.02 W m22 K21. The range of esti-
mates of this feedback component is the largest of all
components among both the SW and LW cloud feed-
backs. Increases in cloud-top altitude contribute neg-
atively to the SW cloud feedback in all models, but
the values are very small, with none exceeding 20.12

W m22 K21. SW optical depth feedback estimates, which
span a range of 0.69 from 20.55 to 0.14 W m22 K21, are
the only LW or SW nonresidual contributions for which
the signs are not consistent across the ensemble. The SW
cloud feedback arising from residuals in the change in
cloud fraction decomposition makes a negligible con-
tribution in the ensemble mean, but it spans a range of
0.55 from 20.21 to 0.33 W m22 K21.
Net cloud feedback estimates are positive in all mod-

els, spanning a range of 0.78 from 0.16 to 0.94 W m22 K21.
In every model, both the cloud amount and cloud alti-
tude feedbacks contribute positively to the net cloud
feedback. Cloud amount feedbacks span a range of 0.36
from 0.06 to 0.42 W m22 K21 and cloud altitude feed-
backs span a range of 0.57 from 0.05 to 0.61 W m22 K21.
The net optical depth feedback makes a small positive
contribution in the global and ensemble mean, but

FIG. 8. Zonal, annual, and ensemble mean (a) LW, (b) SW, and (c) net cloud feedbacks
partitioned into components due to the change in cloud amount, altitude, and optical depth,
and the residual term. Lines are solid where$75% of the models agree on the sign of the field
plotted, otherwise dashed. The abscissa is the sine of latitude, so that the visual integral is
proportional to watts per kelvin of mean surface air temperature change.
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Cloud Fraction changes dominate SW cloud 
feedback in the Subtropics 

Zelinka et al., 2011 
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Quality of Regression 

n  Multiple Linear Regression reproduces ~44% of variance 
over 40° S-40° N 

n  Generally higher correlations in the 1-day/instantaneous 
data set than the 8-day mean data set 

n  Negative correlations in Canarian and Californian 
stratocumulus regions 



+
Results 

n  Find that Low Cloud Fraction increases with 
n  Weaker large scale subsidence 

n  Larger Free Tropospheric RH 

n  Larger near-surface wind speed 

n  Larger EIS 

n  Climate change estimate: decreased Low Cloud Fraction 
throughout 40°N-40°S with SST+1K 
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LES: Stratocumulus 

Inversion 
height 
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LES: Cumulus under Sc 

Inversion 
Height 
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LES: Trade Cumulus 

Inversion 
height 


