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Motivation: Low clouds in GCMs

“Too few, too bright” low cloud problem 
(Nam et al., 2012 and many others)

The amplitude of the low-level cloud feedback depends 
on the cloud radiative effect (Brient and Bony, 2012). 
An error in the latter may impact the former.

Konsta et al., 2016

Annual mean Liquid Water Path (LWP) 
overestimated by factors of 2-10 
compared to observations globally 
(Li et al., 2018)



East Pacific Low Clouds

(Wood, 2012)

June through September, 2007-2008
[10S to 10N, 90W to 110W]



Methods

Cloud layers identified from 2B-Geoprof-
LIDAR (Mace and Zhang, 2014) 

Apply downscaling to create subcolumns
from grid box cloud fraction profile

Liquid microphysics from some 
combination of A-Train measurements

T and Q from ECMWF-AUX (Partain, 2007)  Model T and Q

Model cloud water 
contents and sizes

Calculate radiative properties (!, #, $) using parameterizations for ice cloud (Fu 
1996; Fu et al. 1998) and liquid cloud (Slingo 1989; Kiehl et al. 1998)

Run two-stream radiative transfer model that uses the k-distribution method and 
correlated-k assumptions (Toon et al. 1989; Kato et al., 2001; Mlawer et al. 1997)

CloudSat and CALIPSO (CC)
• Overpass time ~1:30a/p
• Footprint  1.4 x 1.7 km

CAM5 2005-2008 climate run
• 3hrly output (sampled at overpass time)
• Grid box 1.9° x 2.5°



Single-layer, NP, 
warm low cloud?

Do we have lidar 
obs. of surface?

Do we have radar 
obs. for the layer?

LWP estimated 
from TB_94dif
(Mace and Protat, 2018)

Z-TauMODIS (day)
Z-LWPAMSRE (night)
(Mace, 2010)

NO

YES

NO

YES YES

Z-LWPTB_94

Tau from 
backscatter_dif
(Josset et al., 2011)

A-Train Liquid Cloud Microphysical Retrieval
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Cloud Fraction (%) Water Content (g m-3) Effective Radius (!m)

Clear-sky: Net TOA Solar = 1118 W m-2 Net TOA LW = 288 W m-2

All-Sky:     Net TOA Solar = 730W m-2 Net TOA LW = 276 W m-2

Creating Model Subcolumns

Example Grid Box June 1, 2007 at 21Z
Latitude: 6.63, Longitude: -107.5
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Maximum random overlap assumption to create 100 
subcolums within each grid box (Jacob and Klein, 1999)



temperature and humidity fields are used as input to the
radiation code, as quantified in appendix B. We assume
a spatially invariant surface emissivity of 0.99, uniform
CO2, CH4, and N2O mixing ratios of 330, 1.6, and 0.28
ppmv, respectively, a standard profile of ozone mixing
ratio, and a solar constant of 1366 W m22. Calculations
are performed over a range of surface albedos and solar
zenith angles, as described below.

The first step in computing an overcast-sky cloud
forcing matrix for any given latitude and month is to
calculate clear-sky TOA LW and SW fluxes using the
Fu–Liou code. ‘‘Clear sky’’ simply means we set liquid
water content and ice water content to zero throughout
the column in the radiative transfer model. Then, at that
same latitude and month, the Fu–Liou code is run re-
peatedly, each time placing a synthetic cloud in the
column with a specified CTP and t (discussed in greater
detail below). For each CTP–t bin, TOA fluxes are
computed separately for four synthetic clouds located at
each corner of the bin. These four TOA fluxes are av-
eraged together to compute one TOA flux value for each
bin, and then subtracted from the clear-sky flux to com-
pute the overcast-sky cloud forcing matrix representing
the impact of each cloud type on the TOA radiative fluxes
relative to clear skies. Sensitivity of our cloud feedback
estimates to the assumed representative cloud properties
of a given bin are quantified in appendix B.

Single-layer clouds are inserted into the atmospheric
column of the radiative transfer model by setting liquid
or ice water content to nonzero values at the level closest
to the specified CTP. Clouds with tops warmer than
263 K are assumed to be liquid, with a liquid water con-
tent in the cloud layer equal to the liquid water path di-
vided by the layer’s geometric thickness. We compute
the liquid water path using t and Eq. (1) of Slingo (1989)
assuming an effective radius of 10 mm. For clouds with
tops colder than 263 K, we compute ice water content
using the parameterization of optical depth per unit
of cloud geometric thickness given in Eq. (3.9a) of Fu
(1996). The generalized effective ice crystal size used in
this computation is determined using Eq. (3.12) of Fu
(1996) with an assumed effective radius of 30 mm.

To accurately capture the diurnal range of incident
solar radiation, SW TOA fluxes with and without clouds
are computed for the zenith angles for each of the 24
hours of a day and then averaged before being differ-
enced. We use the 24 zenith angles appropriate for each
month and latitude, using a day in the middle of each
month. Though our use of zonal mean profiles of tem-
perature and humidity does not allow us to take into
account any longitude dependence that may impact TOA
fluxes, we do account for spatial differences in surface
albedo by performing every calculation three times, at

surface albedos of 0.0, 0.5, and 1.0. This is necessary
because the sensitivity of SW fluxes to changes in cloud
fraction depends strongly on underlying albedo (e.g.,
an increase in cloud fraction over a dark surface will
increase the SW radiation reflected from that grid point
more than will the same increase over a bright surface).
In sum, we generate a matrix of LW and SW overcast-
sky cloud forcings for every latitude and month, and for
three values of surface albedo.

Because the computation of cloud forcing for each bin
of the histogram is performed using a single atmospheric
column with only that cloud type present, the value in
each element of the matrix is the overcast-sky cloud
forcing. Dividing this matrix by 100 expresses the values
in units of W m22 %21. This computed cloud radiative
kernel (K) gives the sensitivity of TOA fluxes (R) to per-
turbations in cloud fraction as functions of CTP and t.

K [
›R

›C
. (1)

As in the case of the standard temperature and water
vapor radiative kernels of Shell et al. (2008) and Soden
et al. (2008), the cloud radiative kernel depends on lat-
itude and month. It is slightly different in that we did not
compute a kernel for each longitude but we did compute
a separate kernel for each of three values of surface
albedo. Additionally, whereas Shell et al. (2008) and
Soden et al. (2008) called the GFDL, CAM, and BMRC
models’ radiation codes 8 times daily at every location
on the planet for each perturbation level and feedback
variable for a 1-yr simulation, we input climatological
zonal and monthly mean thermodynamic profiles av-
eraged across six models into the Fu–Liou code.

Before using the cloud radiative kernels to compute
cloud feedback, they are mapped by linear interpola-
tion from their native latitude–albedo space to latitude–
longitude space using the clear-sky surface albedo at
each location and month in each model’s control cli-
mate. Note that this feature of the kernel technique
implies that some of the intermodel spread in SW cloud
feedback will arise simply from differences in control
climate clear-sky surface albedo across models, but we
find that this is a small effect (see appendix B).

In Fig. 1, we show the global and annual mean cloud
radiative kernels. The LW cloud radiative kernel is pos-
itive for all cloud types, indicating that increases in cloud
fraction result in decreases in outgoing longwave radia-
tion (OLR), and vice versa. The magnitude of the kernel
is sensitive to both t and CTP. For thin clouds (t , 3.6),
OLR is sensitive to changes in both their optical depth
and their vertical distribution, but for clouds with t . 3.6,
the sensitivity of OLR to changes in the optical depth
distribution becomes saturated and OLR is solely
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Cloud Radiative Kernel Method for Cloud Feedbacks 
(Zelinka et al., 2012a)

Sensitivity of TOA fluxes to 
perturbations in cloud fraction

Contribution of each cloud type 
to change in TOA radiation 
associated with climate change

Modify the method by making two changes
1. Create data-based kernels, derived from populations of observed and modeled single-layer clouds
2. Evaluate present-day clouds 



East Pacific: Single-Layer Cloud 
Fraction Histogram (C)

0 3.6 23 380
0

3

9.5

21

0 3.6 23 380
Tau

0

3

9.5

21
C

lo
ud

 T
op

 H
ei

gh
t (

Km
)

A-Train  Single-Layer Cloud Fraction: 53%

Cirrus
           5

Cirrostratus
           2

Deep
Convection

           2

Altocumulus
           1

Altostratus
           1

Nimbostratus
           0

Cumulus
           7

Stratocumulus
          28

Stratus
           7

0.0

6.0

12.0

18.0

24.0

30.0

Fr
ac

tio
n 

of
 p

ro
fil

es
 w

ith
 s

in
gl

e-
la

ye
r c

lo
ud

s 
(%

)

• Too few single-layer low clouds in the model 
(29% for the CAM5 vs. 42% for CC)

• Cumulus and Stratocumulus are underpredicted 
in the model by about half (18% for the CAM5 vs. 
35% for CC).

• Cloud-fraction-normalized LWP is larger for CAM5

NP Low Cloud Microphysics CloudSat/CALIPSO CAM5
Mean Optical Depth 13 21
Mean Liquid Water Path 110 g m-2 115 g m-2

Mean Effective Radius 13 µm 9 µm



East Pacific: Cloud Radiative Kernels (K) [Wm-2K-1]

• Cooling increasing with increasing cloud-type optical depth 
(exception: Stratus, more on this later)

• Sensitivity of the radiation to low clouds is stronger in the model

• Stratocumulus - cooling is a factor of two larger in the model



East Pacific: Daytime SW Cloud Radiative Effects
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• Stratus occur mostly at nighttime overpass, explaining smaller than expected cooling in kernel
• Relatively good agreement, in terms of the magnitude and ranges of SW forcing for cloud types 
• However CAM5 low clouds tend to be brighter across all low cloud types
• Greater fraction of daytime Stratocumulus in model, which contributes to stronger cooling in kernel
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East Pacific: Cloud Radiative Effects (R = C * K)

• Stratocumulus responsible for majority of cooling in model and observations, a result of 
compensating errors in CAM5

• Net CRE for Low Clouds is larger for CAM5 (-44 W m-2) compared to A-train (-32 W m-2)

• Larger cooling in the model is weighted towards more optically thick clouds



Conclusions for East Pacific Low Clouds in CAM5

1. Evidence of “too few, too bright” low cloud bias in CAM5 

2. Microphysics: for CAM5 the CF-normalized LWP larger, Re tends to be smaller 

3. CAM5 produces a larger magnitude of CRE cooling which is accomplished by a 
narrower range of clouds

4. Stratocumulus: stronger cooling in model kernel implies overly sensitive tropical 
low cloud feedback

5. Discrepancies are somewhat expected, given the diagnostic treatment of cumulus. 
Suggests low cloud predictions from this generation of models remain uncertain. 
Improvements in CAM6?

Berry, E., G. G. Mace, and A. Gettelman, 2019: Using A-train observations to evaluate East Pacific cloud occurrence and radiative effects in the Community 
Atmosphere Model, J. Clim., in review.


