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ABSTRACT
This paper presents a satellite-observation-based evaluation of the marine boundary layer (MBL) cloud
properties from two Community Atmosphere Model, version 5 (CAM5), simulations, one with the standard
parameterization schemes (CAM5–Base) and the other with the Cloud Layers Unified by Binormals scheme
(CAM5–CLUBB). When comparing the direct model outputs, the authors find that CAM5–CLUBB produces more MBL clouds, a smoother transition from stratocumulus to cumulus, and a tighter correlation
between in-cloud water and cloud fraction than CAM5–Base. In the model-to-observation comparison using
the COSP satellite simulators, the authors find that both simulations capture the main features and spatial
patterns of the observed cloud fraction from MODIS and shortwave cloud radiative forcing (SWCF) from
CERES. However, CAM5–CLUBB suffers more than CAM5–Base from a problem that can be best summarized as ‘‘undetectable’’ clouds (i.e., a significant fraction of simulated MBL clouds are thinner than the
MODIS detection threshold). This issue leads to a smaller COSP–MODIS cloud fraction and a weaker SWCF
in CAM5–CLUBB than the observations and also CAM5–Base in the tropical descending regions. Finally,
the authors compare modeled radar reflectivity with CloudSat observations and find that both simulations,
especially CAM5–CLUBB, suffer from an excessive drizzle problem. Further analysis reveals that the subgrid
precipitation enhancement factors in CAM5–CLUBB are unrealistically large, which makes MBL clouds
precipitate too excessively, and in turn results in too many undetectable thin clouds.

1. Introduction

Supplemental information related to this paper is available at the Journals Online website: https://doi.org/10.1175/
JCLI-D-17-0277.s1.

Corresponding author: Dr. Zhibo Zhang, zhibo.zhang@umbc.
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Marine boundary layer (MBL) clouds cover about 1/5
of the ocean surface and serve as a strong modulator of
the radiative energy budget of the earth–atmosphere
system (Klein and Hartmann 1993; Wood 2012). Located in the boundary layer, MBL clouds are especially
susceptible to aerosol microphysical effects (Coakley
and Walsh 2002; Ackerman et al. 2000). For these
reasons, a realistic representation of MBL clouds in the

DOI: 10.1175/JCLI-D-17-0277.1
Ó 2018 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).
Unauthenticated | Downloaded 01/09/23 04:19 AM UTC

2300

JOURNAL OF CLIMATE

general circulation models (GCMs) is critical for an
accurate and reliable climate projection.
Because many physical processes related to MBL
clouds, such as turbulence and convection, occur at
spatial scales much smaller than the typical grid size
of GCMs (;100 km), subgrid cloud parameterization
schemes are needed to connect subgrid cloud processes
with resolved grid-level variables. In most current
GCMs, cloud-related physical processes are usually
categorized into several regimes, each controlled by a
separate subgrid parameterization scheme. For example, the Community Atmosphere Model, version 5
(CAM5), categorizes subgrid parameterization schemes
into deep convection, shallow convection, planetary
boundary layer (PBL), and cloud macrophysics (Neale
et al. 2010; Park et al. 2014). Such a conventional
framework is conceptually simple. Cloud simulation in
GCMs often improves significantly when individual
cloud parameterization schemes are improved (Kay
et al. 2012; Pincus et al. 2012). However, a bottleneck for
this conventional framework is that in nature there is
often no clear and discrete separation of cloud physics
regimes. As a result, conventional GCMs often have
difficulty in simulating a smooth and continuous stratocumulus (Sc) to cumulus (Cu) cloud transition (Guo
et al. 2014; Kubar et al. 2015; Bogenschutz et al. 2013).
This is referred to as the Sc-to-Cu transition (STCT)
problem hereafter. Another long-lasting problem is that
GCMs based on conventional subgrid parameterization
schemes tend to generate too few MBL clouds and at the
same time overestimate the brightness of the clouds.
The two biases tend to counterbalance each other in
radiative transfer calculations. This is the well-known
‘‘too few, too bright’’ problem (Webb et al. 2001; Zhang
et al. 2005). Although significant progress has been
made recently, it is still a common problem in GCMs,
including CAM5 (Nam et al. 2012; Klein et al. 2013).
Over the past few decades, substantial efforts have
been made to improve the subgrid cloud parameterization schemes in GCMs. A noteworthy achievement is
the novel subgrid cloud scheme called Cloud Layers
Unified by Binormals (CLUBB) (Golaz et al. 2002a,b;
Larson et al. 2002). CLUBB is a partial third-order
turbulence closure scheme that utilizes a doubleGaussian joint probability density function (PDF) to
model the variance and covariance of subgrid vertical
velocity, temperature, and moisture. A major promise of
CLUBB is that by varying the shape of the joint PDF it
can represent various cloud regimes (e.g., PBL and
shallow convection) in the same framework and thereby
provide a unified subgrid cloud physics. For example, in
the conventional framework of CAM5, cloud fraction
and cloud condensate are often treated by different
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schemes separately and independently. In CLUBB, the
cloud fraction and cloud condensate are simultaneously
diagnosed from the joint PDF of temperature and moisture in a physically consistent manner. Another appealing
feature of CLUBB is that, not only does it provide the
mean values of cloud properties (e.g., grid-mean cloud
liquid water content), but it also provides the subgrid
variances of these properties diagnosed from the joint
PDF. These are highly useful information for simulating
the nonlinear processes in the model, such as radiation
and cloud microphysics. Because of these apparent advantages of CLUBB over the conventional framework, it
has been implemented in several major GCMs including
CAM5 (Bogenschutz et al. 2013) and the GFDL Atmospheric Model, version 3 (AM3; Guo et al. 2014, 2015).
Although CLUBB is considered as a major recent
advancement in subgrid parameterization, it is relatively
new and mathematically complicated. Substantial efforts are being made to better integrate it with the host
model and realize its full potential (e.g., Larson and
Schanen 2013). Thus, in parallel to model development,
efforts are also being made to evaluate the performance of CLUBB. Bogenschutz et al. (2013) found that
CLUBB improves several aspects of cloud simulations
in CAM5, chief among which is a much smoother STCT.
Similarly, Kubar et al. (2015) also found that CLUBB
helps simulate more realistic cloud fraction distribution
in the northeastern and southeastern Pacific subsidence regions than the conventional parameterization
schemes. Recent studies also expose some potential
problems of CLUBB. A recent study by Zheng et al.
(2016) used a short-term hindcast approach and compared the MBL cloud simulations in the CAM5–
CLUBB with the ground-based cloud measurements
from the Atmospheric Radiation Measurement (ARM)
Program. They found that although CLUBB helps increase the MBL cloud fraction, the in-cloud water from
CLUBB is biased too low. As a result, MBL clouds are
not bright enough in comparison with observations,
leading to a weaker cloud radiative forcing in the model.
Satellite observations are invaluable for evaluating
GCM simulations on global to regional scales. In particular, instruments on NASA’s A-Train satellite constellation provide unprecedentedly rich information on
cloud properties for GCM evaluation. The Clouds and
the Earth’s Radiant Energy System (CERES) provides
radiation measurements at the top of the atmosphere
(TOA), as well as cloud radiative forcing estimation
(Loeb et al. 2012). The Moderate Resolution Imaging
Spectroradiometer (MODIS) provides a variety of
cloud property retrievals, including cloud fraction, cloud
optical depth, and cloud droplet effective radius
(Platnick et al. 2017). Perhaps, the most unique satellite
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instruments in the A-Train are the two active sensors—
the Cloud–Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) (Winker et al. 2009) and
CloudSat (Stephens et al. 2002). Together they depict a
three-dimensional distribution of cloud and aerosols
that is impossible for passive sensors. What makes the
A-Train cloud observations even more useful is that the
observations are collocated and therefore can be easily
combined and used together to achieve a comprehensive
perspective. For these reasons, cloud observations from
A-Train instruments have been used alone or in combination with one another in numerous previous studies
for evaluation of cloud simulations in conventional
GCMs (e.g., Zhang et al. 2010; Jiang et al. 2012; Kay
et al. 2012; Pincus et al. 2012; Lebsock et al. 2013).
To assess the performance of CLUBB versus the
conventional parameterization schemes, we present
here an evaluation study of MBL cloud simulations in
CAM5–CLUBB in comparison with those in CAM5–
Base (i.e., CAM5 with standard physical schemes) using
satellite observations from the A-Train. In the light of
previous strides, we pay special attention to three
questions in the evaluation: Does CAM5–CLUBB
simulate a smoother STCT in comparison with CAM5–
Base? Does CLUBB help alleviate the too few, too bright
problem (e.g., consistency between cloud fraction and incloud microphysical properties)? Does CLUBB simulate
better warm rain processes in MBL clouds? The rest of the
paper is organized as follows: Section 2 describes the
model and observation data used in this study. Results are
presented in section 3 and section 4. Finally, section 5
provides general conclusions and remarks for future work.

2. Description of model and satellite observations
a. Models
Both the CAM5–Base and CAM5–CLUBB use the
finite-volume dynamical core at 1.98 latitude 3 2.58
longitude resolution with 30 vertical levels and 1800-s
time step. The simulations are run in a ‘‘constrained
meteorology’’ configuration (Ma et al. 2013, 2015) to
facilitate model evaluation against observations, in
which the model winds are nudged toward the ModernEra Retrospective Analysis for Research Applications
(MERRA) with a relaxation time scale of 6 h (Zhang
et al. 2014). The model simulations are performed from
September 2008 to December 2010 (28 months). The
last 24 months (January 2009–December 2010) of the
simulations are used for analysis, which corresponds to
the Clouds, Aerosol, and Precipitation in the Marine
Boundary Layer (CAP-MBL) field campaign conducted
by the ARM Program of the Department of Energy in

2301

the Azores region (Wood et al. 2015; Zheng et al. 2016).
Although this study focuses on evaluation using satellite
observations, we plan to extend the evaluation using
ground-based retrievals from CAP-MBL campaign in
follow-up studies.
Table 1 lists the major physical parameterization
schemes used in two simulations. The CAM5–Base
employs the University of Washington shallow convection scheme (UWSC; Park and Bretherton 2009), the
Park cloud macrophysics (Park et al. 2014), and the
University of Washington moist turbulent (UWMT)
PBL scheme (Bretherton and Park 2009). In CAM5–
CLUBB, the UWSC, Park macrophysics (excluding ice
macrophysics), and UWMT are replaced and unified by
the CLUBB scheme (Golaz et al. 2002a,b). The details
of how the CLUBB scheme is implemented in the
CAM5.3 and coupled with other parameterizations are
discussed in Bogenschutz et al. (2012, 2013).
Although cloud fraction is diagnosed in both CAM5–
Base and CAM5–CLUBB, the detailed process is quite
different. Both diagnostic schemes partition cloud fraction into two broad types: convective and stratiform.
The total cloud fraction is the sum of the two. In CAM5–
Base, the total convective cloud fraction is further divided into deep and shallow convective cloud fractions.
Detailed information about the calculation of cloud
fraction for different clouds (e.g., deep convective,
shallow convective, liquid stratiform, and ice stratiform)
can be found in previous studies (Xu and Krueger 1991;
Park et al. 2014; Gettelman et al. 2010). Different from
CAM5–Base, the CAM5–CLUBB handles shallow
convective cloud and liquid stratiform cloud together by
CLUBB, in which cloud fraction and in-cloud water are
diagnosed from the assumed joint double-Gaussian
PDF (Bogenschutz et al. 2012). The liquid cloud fraction may include shallow Cu, liquid stratus, and Sc, but it
is simply labeled as stratiform cloud fraction in the
CAM5–CLUBB output.
Another noteworthy difference is that CAM5–Base
and CAM5–CLUBB make different assumptions of the
subgrid cloud water distribution in their calculations of
precipitation rates. The warm rain processes in MBL
clouds (e.g., autoconversion and accretion) are nonlinear functions of cloud water content, and, as such,
they depend on not only grid-mean cloud water but also
the subgrid cloud water distribution (Khairoutdinov and
Kogan 2000; Seifert and Beheng 2006; Morrison and
Gettelman 2008, hereafter MG08). In CAM5–Base,
because of the lack of subgrid cloud information, the
MG08 cloud microphysics scheme assumes a gamma
distribution with a fixed inverse relative variance n for
subgrid cloud water distribution, which inevitably falls
short of the complexity of real clouds. The fact that
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TABLE 1. Physical schemes used in two CAM5 simulations.
Physics
Deep convection
Shallow convection
PBL
Cloud macrophysics
Cloud microphysics
Radiation

CAM5–Base

CAM5–CLUBB

Modified Zhang–McFarlane
(ZM; Zhang–McFarlane 1995; Neale et al. 2010)
UWSC (Park and Bretherton 2009)
UWMT (Bretherton and Park 2009)
Park (Neale et al. 2010)
2-moment prognostic (Morrison and
Gettelman 2008)
Rapid Radiative Transfer Model for
GCMs (RRTMG) (Iacono et al. 2008)

Modified ZM (Zhang–McFarlane 1995; Neale et al. 2010)

CLUBB provides explicit subgrid cloud water distribution seems to offer an excellent opportunity to overcome
this obstacle. However, seizing this opportunity
requires a new modeling framework that enables fundamental coupling of CLUBB with cloud microphysics
scheme (Larson and Schanen 2013). While the new coupling framework is being developed and tested, currently
CLUBB is coupled with MG08 in a very simple manner
in CAM5–CLUBB. Instead of using the full PDF, the
MG08 uses only the subgrid cloud water variance from
CLUBB to determine the parameters of the gamma
distribution, namely, the inverse relative variance n (Guo
et al. 2014). On one hand, a flexible n value diagnosed
from CLUBB allows temporal and spatial variations of
the subgrid distribution of cloud water associated with
different cloud regimes to impact cloud microphysics.
However, on the other hand, it is important to note that as
it stands now there is a discrepancy between MG08 and
CLUBB in terms of the assumed form of subgrid cloud
water distribution; MG08 assumes gamma distribution
while CLUBB assumes double-Gaussian distribution.

b. COSP
To facilitate comparisons between satellite observations and model simulations, the Cloud Feedback Model
Intercomparison Project (CFMIP) Observation Simulator Package (COSP) that uses simplified synthetic retrieval processes to mimic what would be the satellite
cloud observations given the GCM simulated cloud fields
(Bodas-Salcedo et al. 2011). COSP has three major parts,
each controlling a step of the synthetic retrieval process:
1) the subcolumn generator of COSP first distributes the
grid-mean cloud and precipitation properties from GCM
into the so-called subcolumns that are conceptually similar to pixels in satellite remote sensing, 2) the satellite
simulators simulate the direct measurements (e.g.,
CloudSat radar reflectivity and CALIOP backscatter)
and retrieval products (e.g., MODIS cloud optical
thickness and effective radius) for each subcolumn using
highly simplified radiative transfer and retrieval schemes,
3) the aggregation scheme averages the subcolumn

CLUBB (Bogenschutz et al. 2012)
CLUBB (Bogenschutz et al. 2012)
CLUBB (Bogenschutz et al. 2012)
2-moment prognostic (Morrison and Gettelman 2008)
RRTMG (Iacono et al. 2008)

simulations back to grid level to obtain temporal-spatial
averages that are comparable with aggregated satellite
products (e.g., MODIS level-3 gridded monthly mean
products). Currently, COSP version 1.4 provides cloud
measurement and retrievals simulations for a variety
of satellite sensors. In this study, we evaluate the modeled cloud fraction, cloud liquid water path, cloud optical thickness t, and cloud effective radius re through
comparisons between COSP–MODIS simulations and
MODIS observations. In addition, we will evaluate the
warm rain processes in the model through comparisons of
radar reflectivity statistics from COSP–CloudSat simulator
with CloudSat observations. The simulator outputs are
produced from 6-hourly calculations, and the number of
subcolumns used here is 70. To derive the probability of
precipitation, we made some simple in-house modifications
in COSP version 1.4 to write out the MODIS and CloudSat
simulations for every subcolumn. This allows us to derive
the joint statistics of COSP–MODIS and COSP–CloudSat
simulations and compare them with those derived from
collocated MODIS and CloudSat level-2 products.
It is important to point out here a couple of technical
details of the COSP simulator (version 1.4) used in this
study so that we can better explain the evaluation results
later. First, as a passive sensor, MODIS is usually unable
to detect subvisible clouds with optical thickness smaller
than 0.3 (Ackerman et al. 1998). To mimic this detection
limitation of MODIS, the COSP–MODIS simulator
uses a minimum detectable threshold of t (t min 5 0.3) to
remove those subvisible clouds that are probably undetected by MODIS instruments (Pincus et al. 2012).
Second, the current COSP subcolumn generator is very
simple. It accounts only for the subgrid variability of the
types of hydrometeors and ignores the variability of
mass and microphysics within each hydrometeor type.

c. Satellite data
In this study, we use the cloud and radiation measurements from the A-Train satellite sensors, namely,
MODIS, CALIPSO, CloudSat, and CERES, for modelto-observation comparison. The newly released collection
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6 (C6) Aqua–MODIS cloud products (Platnick et al.
2017) are used to evaluate cloud fraction, cloud optical
thickness, and cloud droplet effective radius. There is a
major change explained below from the previous C5 to
the current C6 MODIS cloud products that is especially
important to our MBL cloud evaluation. MODIS performs cloud property retrievals at 1-km resolution. At
this resolution, a significant fraction (;30%) of cloudy
pixels, mostly cloud edges, are likely to be partly cloudy
(PCL). It is known that cloud property retrievals for
these PCL pixels suffer from greater uncertainty than
overcast pixels, owing to surface contamination and
stronger subpixel inhomogeneity. In the previous C5
product, PCL pixels are excluded in the final product
(Cho et al. 2015). A major change in the C6 MODIS
algorithm is that the cloud property retrievals for the
PCL pixels are reported in the final product, albeit
separately from the overcast pixels to remind users of
the likely larger uncertainty associated with the PCL
pixels. Most previous studies used the C5 MODIS cloud
product to evaluate GCMs (Kay et al. 2012; Pincus et al.
2012; Bodas-Salcedo et al. 2011). In this study, we will
discuss the impacts of including PCL pixels on GCM
evaluation. We also employ the CALIPSO version-3
level-2 1-km (horizontal resolution) cloud layer product
(CAL_LID_L2_01kmCLay). CALIPSO cloud profiles
are obtained from the backscattered light generated by a
dual-wavelength (532 and 1064 nm) polarization sensitive lidar, which is capable of detecting clouds with an
optical depth of 0.01 or less and optical depths as large as
5 (Winker et al. 2010). We use the feature classification
flags reported in the CALIPSO dataset to identify cloud
layers and calculate cloud fraction.
CloudSat is another A-Train instrument that is especially useful for cloud studies. The direct measurement
of CloudSat is the vertical profile of 94-GHz radar reflectivity caused cloud and hydrometeor particles (i.e.,
2B-GEOPROF product), from which other information
such as vertical distribution of clouds and precipitation
can be derived. For MBL cloud studies, CloudSat provides valuable information on the warm rain process
that cannot be achieved by a passive sensor like MODIS.
The CloudSat 2B-GEOPROF product (Marchand et al.
2008) is used for cloud vertical structure, radar reflectivity, and identification of precipitation in MBL
clouds. To prepare for the comparison of joint statistics,
we collocated five years (2006–10) of pixel-level (i.e.,
level-2) MODIS, CALIPSO, and CloudSat observations
using the collocation scheme developed in Cho et al.
(2008). This collocated MODIS–CALIPSO–CloudSat
dataset has been used in Cho et al. (2015) for understanding uncertainties in MODIS cloud products.
Because of the low sampling rate of CloudSat, we

used five years (2006–10) of observations, in comparison
with the 2-yr model simulation (2009–10), to obtain
enough statistics. A sensitivity study indicates that the
interannual variability of MBL clouds is much smaller
than the model-to-observation differences.
In addition to MODIS, CALIPSO, and CloudSat, we
also use the shortwave cloud radiative forcing (SWCF)
data derived from the CERES Energy Balanced and
Filled at the top of atmosphere (EBAF-TOA) edition 2.8
(Ed2.8) dataset (Loeb et al. 2012; Doelling et al. 2013).
In this study, we focus on the tropical and subtropical
regions between 458S and 458N (loosely referred to as
‘‘tropical and subtropical region’’), where most stratocumulus and cumulus regimes are found. In addition,
satellite observations, namely MODIS, may have large
uncertainties at high latitudes due to low solar zenith
angles (Kato and Marshak 2009; Grosvenor and Wood
2014; Cho et al. 2015).

3. Evaluation of cloud properties and cloud
radiative effects
a. Model-to-model comparison of CAM5–Base and
CAM5–CLUBB
We start the evaluation with cloud fraction. Before
proceeding to the comparisons between model simulations with MODIS observations, we first compare the
direct model outputs from CAM5–Base and CAM5–
CLUBB. This is a necessary and important step to understand the impacts of CLUBB on modeled cloud
fields, without the complications of COSP. The annual
mean total and low cloud fractions from the CAM5–
Base and CAM5–CLUBB simulations are compared in
Fig. 1. Although similar to CAM5–Base in the largescale pattern, CAM5–CLUBB produces larger cloud
fractions in the major MBL cloud regions (except the
near-coastal areas), including the subtropical south
Indian Ocean, southeastern Pacific, tropical South
Atlantic, and subtropical North Pacific. Another
noteworthy point is that, compared to CAM5–Base the
CAM5–CLUBB seems to produce a smoother STCT, for
example, in the northeastern and southeastern Pacific,
which is aligned with several recent studies that also found
improvement of STCT by CLUBB (e.g., Bogenschutz
et al. 2013; Kubar et al. 2015; Wang et al. 2015). The
differences in total cloud fraction between CAM5–
CLUBB and CAM5–Base are closely correlated to
their differences in low cloud fraction (right panels in
Fig. 1), suggesting that cloud fraction differences are
mainly the results of using different warm cloud parameterization schemes. In contrast to the increase of
low cloud fraction in the MBL cloud regimes, there is a
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FIG. 1. (left) Total cloud fraction (%) and (right) low cloud fraction (%) averaged over the 2-yr simulation of (top) CAM5–Base, (middle)
CAM5–CLUBB, and (bottom) the difference between the two.

general and significant decrease of low clouds over the
tropical convective regions (e.g., ITCZ and west Pacific
warm pool), which counterbalances the increase of
MBL clouds and amounts to an overall slight decrease
of tropical and subtropical mean low and total cloud
fractions in CAM5–CLUBB (37.5%, and 58.9%, respectively) compared to CAM5–Base (40.4% and 61.3%,
respectively).
Next, we will take a closer look at the MBL clouds in
three oceanic regions under subsidence (e.g., red boxes
in Fig. 1): south Indian Ocean (308–158S, 508–1108E),
southeastern Pacific Ocean (308–58S, 1408–808W), and
South Atlantic Ocean (308–58S, 358W–58E). The
zonal–vertical distributions of meridional mean cloud
fraction in the three MBL regions are shown in Fig. 2.
In CAM5–Base (top-left panel of Fig. 2), the Sc decks

are very close to the continents and dissipate quickly
westward, resulting in an abrupt STCT. In CAM5–
CLUBB (top-right panel of Fig. 2), Sc decks are farther
away from the continent and more extensive. Again, the
STCT is much smoother in CAM5–CLUBB than in
CAM5–Base. The results after partitioning the total
clouds into deep convective clouds and other types
of clouds are shown in the lower panels of Fig. 2.
As aforementioned, non-deep-convective clouds in
CAM5–Base include shallow convective clouds and
stratiform clouds handled by the UWSC and UWMT
schemes, respectively, while in CAM5–CLUBB all
non-deep-convective liquid clouds are handled by
the CLUBB. In CAM5–Base, stratiform low clouds
dominate the eastern part of the domain and decrease abruptly westward. The shallow convective
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FIG. 2. Zonal–vertical distributions of meridional mean total, convective (deep and shallow in CAM5–Base, only deep convective in CAM5–
CLUBB), and stratiform (stratiform cloud fraction in CAM5–CLUBB includes shallow convective and stratiform cloud fractions) cloud
fractions (%) over the south Indian, southeastern Pacific, and South Atlantic Oceans in (left) CAM5–Base and (right) CAM5–CLUBB.

cloud fractions have a moderate peak in the center of
the domain as expected. However, the peaks are not
strong enough to compensate the sudden drop of
stratiform clouds. Take the southeastern Pacific region (1408–808W) for example. The cloud fraction
generated by the PBL scheme reduces abruptly from
about 30% to below 10% around 1008W where there
are not enough convective clouds from the shallow
convection scheme to compensate for the sudden drop of
stratiform clouds, leading to an abrupt STCT. The partition of deep-convective and non-deep-convective clouds

in CAM5–CLUBB is quite different from that in CAM5–
Base, with stratiform clouds dominating most of the
domain. The comparison between CAM5–Base and
CAM5–CLUBB in Fig. 2 clearly demonstrates the difficulty facing the conventional subgrid cloud parameterization framework (i.e., simulating a smooth STCT).
Because of the unified physics, CAM5–CLUBB evidently does a better job in this regard.
The zonal–vertical distributions of meridional mean
in-cloud water mixing ratio qi and cloud optical thickness t, overlaid on total cloud fraction, for the three
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FIG. 3. Zonal–vertical distributions of (top two rows) meridional mean in-cloud water mixing ratio (mg kg21) and (bottom two rows)
cloud optical thickness over the south Indian, southeastern Pacific, and South Atlantic Oceans in CAM5–Base and CAM5–CLUBB.
Contours are total cloud fraction (%).

selected regions are shown in Fig. 3. One striking difference between the two simulations is that in-cloud qi
and t in CAM5–Base are almost twice as large as their
counterparts in CAM5–CLUBB for MBL clouds. Interestingly, in CAM5–Base the peaks of qi and t occur

around the transition points from the Sc to Cu (e.g.,
around 908E, 1008W, and 108W for the Indian, Pacific,
and Atlantic Oceans, respectively), where cloud fractions are at a local minimum. This is the typical too few,
too bright problem discussed in many previous studies.
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diagnostics. Finally, a significant fraction of grids with
cloud fraction larger than 20% (up to 70%) have nearzero in-cloud water. In the CAM5–CLUBB simulation
(Fig. 4b), qi and cloud fraction are coupled more tightly.
For most grids, qi tends to increase with increasing cloud
fraction. Most grids with small cloud fraction tend to also
have small in-cloud water. These results are aligned with
the study of Zheng et al. (2016), in which they argue that
the better relationship of cloud fraction to in-cloud liquid
water simulated by CAM5–CLUBB is most likely
due to CLUBB’s consistent treatment of these variables
through a PDF approach. However, similar to CAM5–
Base, there are significant amounts of grids in CAM5–
Base with near-zero qi and at the same time significant
cloud fraction. In some extreme cases, a grid cell can have
up to 80% cloud fraction and near-zero in-cloud water.

b. Comparisons of model simulations and satellite
observations through COSP

FIG. 4. Joint PDF (%) of cloud fraction and in-cloud water
mixing ratio for clouds below 600 hPa over oceanic regions from
458S to 458N in (a) CAM5–Base and (b) CAM5–CLUBB for the
2-yr simulations.

That is, an underestimated cloud fraction (too few) in
the model is offset by an overestimated in-cloud optical
thickness (too bright) to ensure a reasonable TOA radiative energy budget (e.g., Zhang et al. 2005; Nam et al.
2012; Dolinar et al. 2015). In contrast, in CAM5–
CLUBB the in-cloud mixing ratio and cloud extinction
are both generally correlated with cloud fraction. This is
further confirmed in Fig. 4, which shows the joint PDF
between grid-mean cloud fraction and qi for low clouds
below 600 hPa. The joint PDF of CAM5–Base (Fig. 4a)
has three branches. In one branch, qi generally increases
with cloud fraction. However, in another branch, where
cloud fraction is mostly below 20%, qi shows little correlation with cloud fraction. The value of qi can be as
large as 400 mg kg21 for some grids with cloud fraction
smaller than 10%. This decoupling is probably because
in CAM5–Base the subgrid schemes simulating qi (e.g.,
UWSC) are separate and independent from the cloud
macrophysics scheme that controls the cloud fraction

The above comparisons of direct model outputs of
cloud properties suggest that the changes by CLUBB
are arguably in the right direction, although some
problems still remain. However, it must be emphasized
again, the above comparisons are based on the direct
model outputs.
We now investigate whether the changes made by
CLUBB lead to better agreement with satellite observations (i.e., a real model improvement). As shown in
the top panels of Fig. 5, total cloud fractions over oceans
between 458S and 458N derived from MODIS and
CALIPSO observations are highly similar to one another. Previous studies have also found close agreement
between MODIS and CALIPSO cloud-masking products, except over polar regions (Holz et al. 2008). The
domain-averaged (458S–458N) value from CALIPSO is
63.1%, slightly higher than 61.5% from MODIS. This is
expected because as an active sensor CALIPSO is more
sensitive to optically thin clouds than MODIS. As
aforementioned, MODIS has a minimum detection
threshold t min 5 0.3. The CALIPSO detection threshold
is much smaller (Vaughan et al. 2009).
The total cloud fractions from CAM5–Base and
CAM5–CLUBB COSP–MODIS simulator outputs are
shown in the middle panels of Fig. 5, and their differences with MODIS observations are shown in the bottom panels. The results can be analyzed from different
perspectives. First of all, in comparison with MODIS
observations, both CAM5–Base (6.7% deficit) and
CAM5–CLUBB (15.5% deficit) underestimate the
MODIS total cloud fraction, especially in the STCT
regions. More interestingly, in comparison with the direct model output in Fig. 1, cloud fraction is reduced in both CAM5–Base and CAM5–CLUBB after
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FIG. 5. Annual mean total cloud fraction (%) in the (top left) MODIS and (top right) CALIPSO observations, (middle left) CAM5–
Base MODIS simulator, and (middle right) CAM5–CLUBB MODIS simulator. Difference in total cloud fraction (%) between the two
simulations and observations: (bottom left) CAM5–Base 2 MODIS and (bottom right) CAM5–CLUBB 2 MODIS.

COSP–MODIS simulation. As explained in section 2b,
to mimic the detection limitation of MODIS, the COSP–
MODIS simulator uses a minimum detectable threshold
of t min 5 0.3 to remove those subvisible clouds that are
undetected by MODIS instruments (Pincus et al. 2012),
even though the subvisible clouds with t , 0.3 contribute little to the total cloud fraction as suggested by the
small difference between MODIS and CALIPSO observations. Evidently, this removal process has a much
stronger impact on CAM5–CLUBB than CAM5–Base.
Regional mean cloud fraction only reduces by 6.5% in
the CAM5–Base simulation (i.e., 61.3% in Fig. 1 and
54.7% in Fig. 5). In contrast, COSP–MODIS simulator
removes more than 13% of cloud fraction from the
CAM5–CLUBB simulation (i.e., 58.9% in Fig. 1 and
45.9% in Fig. 5). As a result, the COSP–MODIS cloud
fraction in CAM5–CLUBB (45.9%) is significantly lower

than in the MODIS observation (61.5%), and more
strikingly even lower than that in CAM5–Base (54.7%).
Accompanying the degradation of cloud fraction simulation is a larger bias in cloud radiative forcing simulation. Figure 6 compares annual-mean SWCF at the top
of atmosphere simulated by CAM5–Base and CAM5–
CLUBB with CERES satellite retrievals. In terms of
domain-averaged SWCF, CAM5–CLUBB agrees better
with the CERES observations than CAM5–Base. However, in the regions where COSP–MODIS total cloud
fraction from CAM5–CLUBB is significantly smaller
than MODIS observations (e.g., red box region in
SE Pacific), the SWCF in CAM5–CLUBB is also significantly weaker than CERES. This is consistent with
the results from other model assessments (Bogenschutz
et al. 2013; Zheng et al. 2016), which suggest that
CAM5–Base simulates stronger SWCF by producing
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FIG. 6. Annual mean SWCF (W m22) in the (top) CERES–EBAF observation, (middle left) CAM5–Base, and (middle right) CAM5–
CLUBB. Difference in SWCF (W m22) between the two simulations and observation: (bottom left) CAM5–Base 2 CERES and (bottom
right) CAM5–CLUBB 2 CERES.

excessive in-cloud water and the removal of excessive
in-cloud water in CAM5–CLUBB degrades SWCF (also
seen in Fig. 3).
A comparison between Fig. 5 and Fig. 1 reveals that
the STCT regions suffer the most from the cloud reduction after the COSP–MODIS simulator is turned on.
To better understand this issue, we selected the red box
region in Figs. 5 and 6 where CAM5–CLUBB has significantly smaller cloud fraction and weaker SWCF for a
simple sensitivity study. First, we set the minimum detectable threshold of t in COSP–MODIS simulator to a
near-zero value. Based on the COSP subcolumn outputs, we derived the PDF of cloud fraction as a function
of visible cloud optical thickness for the selected region.
The results are shown in Fig. 7a. The corresponding
cumulative probability functions are shown in Fig. 7b.
Note that the cumulative probability function of each

dataset is normalized to its domain-averaged cloud
fraction, instead of unity. For reference, we also plot the
results derived from the MODIS product. As shown in
Fig. 7a, both CAM5–Base and CAM5–CLUBB
simulate a bimodal distribution of cloud optical thickness in the selected region. One peak is around t 5 4,
and its shape compares reasonably well with MODIS
observations. The second peak is the around t 5 0.02. If
the COSP–MODIS simulator is turned off, this second
peak contributes significantly to the total cloud fraction,
especially in CAM5–CLUBB. This explains why in
Fig. 1 CAM5–CLUBB has a larger cloud fraction than
CAM5–Base. However, when the COSP–MODIS simulator is turned on, the second peak around t 5 0.02 is
removed by the t min 5 0.3 detection threshold (shaded
gray region), which explains why in Fig. 5 CAM5–
CLUBB cloud fraction becomes significantly smaller.
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FIG. 7. (a) PDF (%) of cloud fraction and (b) the corresponding
cumulative PDF (%) as a function of COT in the MODIS observations (green lines for MODIS clouds with retrievals from the
PCL pixels excluded; black lines for MODIS with retrievals from
PCL pixels included), CAM5–Base MODIS simulator (red lines)
and CAM5–CLUBB MODIS simulator (blue lines) over the
southeastern Pacific Ocean.

The peak around t 5 0.02 in Fig. 8 is the result of those
‘‘undetectable clouds’’ as shown in Fig. 4 (i.e., grid cells
with significantly large cloud fraction and near-zero
cloud water). This problem is especially severe in
CAM5–CLUBB. For the selected region, these undetectable clouds account for about 20% out of 50%
total cloud fraction in CAM5–CLUBB. Because these
undetectable clouds are optically thin, they contribute
little to the SWCF, which explains why the SWCF in
CAM5–CLUBB is too weak in Fig. 6. On the other
hand, it should be noted that in the t . 0.3 region (especially for t . 10) the PDF of cloud optical thickness
(COT) in CAM5–CLUBB compares arguably better
with the MODIS observations than that in CAM5–Base.
CAM5–Base simulates too many very bright clouds in
the selected region, while the shape of CAM5–CLUBB
is aligned well with the MODIS observations.
To further investigate the reasons for the SWCF deficiency in CAM5–CLUBB and detect other problems,
in the rest of this section we will focus on the comparison
of cloud properties from the two simulations with
satellite observations. The annual mean liquid cloud
optical thickness t i from the CAM5–Base and CAM5–
CLUBB through COSP–MODIS simulator are compared with the MODIS observation in Fig. 8. Note that
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the t min 5 0.3 detection threshold is turned on in this
figure. Compared with the observation, both simulations generate significantly larger t i, especially so in
CAM5–Base. This overestimation of the brightness of
MBL clouds, together with the low cloud fraction deficiency problem in Fig. 5, indicates that the reasonable
SWCF simulation in the MBL cloud regions in CAM5–
Base is actually a result of error cancellation (i.e., too
few, too bright). The t i simulation in CAM5–CLUBB
agrees slightly better with MODIS especially in STCT
regions. However, because there are not enough such
clouds in CAM5–CLUBB, the SWCF in CAM5–
CLUBB is too weak in comparison with CERES observation in Fig. 6. Another interesting feature of Fig. 8
is that liquid cloud over the East China Sea is too bright
in both simulations compared to MODIS. This issue
would be a follow-up study and is beyond the scope of
this current study.
Now we turn our attention to the microphysics of
MBL clouds. Specifically, we examine the cloud effective radius of liquid phase clouds rei from the COSP–
MODIS simulator in both simulations in comparison
with the MODIS observations. In CAM5–Base, the
microphysics of stratiform clouds is handled by the
two-moment (i.e., water content and number concentration) MG scheme, which incorporates a variety of
microphysical processes such as condensation, autoconversion, and accretion. The rei is diagnosed from the
water content and number concentration under the assumption that the cloud droplets follow the gamma size
distribution. In CAM5–Base, a fixed gamma function is
assumed for the subgrid cloud water variation for all
stratiform clouds. As aforementioned, the UWSC
scheme is not yet coupled with the MG scheme in
CAM5–Base, and it simply assumes a constant 9mm for
rei. The CAM5–Base radiation scheme computes one
single cloud fraction and in-cloud LWC/IWC in each
layer by combining deep and shallow Cu and stratus
cloud properties through a simple cloud area weighting.
For liquid stratiform clouds, the optical properties,
such as ti and spectral single-scattering albedo, are diagnosed from in-cloud LWC and microphysics from the
MG scheme. CAM5–CLUBB also used the MG scheme
for cloud microphysics. One major difference between
CAM5–CLUBB and CAM5–Base is that both stratiform and shallow convective clouds unified by the
CLUBB are coupled with the MG scheme.
Figure 9 compares annual mean rei from the CAM5–
Base and CAM5–CLUBB through the COSP–MODIS
simulator with the MODIS rei product based on the 3.7mm band retrievals. As discussed in several previous
studies (Zhang and Platnick 2011; Zhang et al. 2012;
Cho et al. 2015; Zhang et al. 2016), the 3.7-mm band

Unauthenticated | Downloaded 01/09/23 04:19 AM UTC

15 MARCH 2018

2311

SONG ET AL.

FIG. 8. As in Fig. 5, but for liquid cloud optical thickness.

rei retrieval is more resilient to the 3D effects and retrieval failure than the 2.1-mm band retrievals. For these
reasons, it is used as the observational reference in this
study. Using MODIS 2.1-mm rei retrievals would lead to
the same conclusions (Fig. S1 in the supplemental material). A noticeable pattern in the MODIS observations is
that rei is small around 10–12 mm over the coastal Sc regions and increases gradually to over 15 mm in the openocean Cu regions. This is reasonable as the coastal Sc
clouds are closer to aerosol sources and their growth is
limited by a shallower PBL, whereas Cu clouds in the
open-ocean regions are in a relatively clean environment
and a deeper PBL that both favor larger droplet size.
Compared with the observation, rei is significantly smaller
in both simulations, especially in CAM5–Base. In the
tropical oceans, rei in CAM5–Base is almost a constant
around 9 mm with little, if any, spatial variation. This is
likely because liquid clouds generated by convective
schemes (i.e., UWSC and deep convective) in CAM5–Base

simply assume a prescribed value 9 mm for rei. It is encouraging to see that CAM5–CLUBB captures some of
the spatial variation of rei observed by MODIS. In particular, the increase of rei from coastal Sc to shallow Cu
in CAM5–CLUBB agrees reasonably well with the
MODIS observations. This is likely because both Sc and
shallow Cu clouds are coupled with MG scheme in
CAM5–CLUBB resulting in coherent microphysics
in these clouds. However, the increasing trend of rei in
CAM5–CLUBB stops where the deep-convective
clouds occur more frequently (e.g., western Pacific).
The characteristics of CAM5–Base and CAM5–
CLUBB for MBL cloud simulations can be summarized
using Fig. 10, which shows the meridional mean total
cloud fraction, SWCF, liquid cloud fraction rei, and t i
from two simulations and observations over three STCT
regions. It is clearly seen that the model performances in
three regions are consistently similar, implying that the
model biases are systematic. Both simulations produce
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FIG. 9. As in Fig. 5, but for liquid cloud effective radius (mm).

smaller total cloud fraction and liquid cloud fraction
than the MODIS observations, but CAM5–Base produces much larger t i, and as a result, its SWCF is close to
the observation; meanwhile, t i from CAM5-–CLUBB is
closer to the observation and thereby its underestimation of cloud fraction leads to a much weaker
SWCF than the observation. In addition, there are three
points to be emphasized again: 1) From the CAM–Base
standard cloud fraction diagnosis (i.e., model direct
output), total cloud fraction from CAM5–CLUBB is
larger than that from CAM5–Base and much closer to
the observations. However, most clouds in CAM5–
CLUBB are very thin with an optical thickness less than
0.3, which is below the detection limit of MODIS;
therefore, its cloud fraction from the COSP–MODIS
simulator is much smaller than that of CAM5–Base
(explained in Fig. 7) and the MODIS observations. 2)
Model representation of rei is improved significantly
from CAM5–Base to CAM5–CLUBB, especially over

regions where the CLUBB scheme is dominantly active.
3) The cloud optical thickness in CAM5–Base is too large
compared to the observation. The magnitude and spatial
pattern of cloud optical thickness in CAM5–CLUBB
compare better with the MODIS observations, but there
are not enough such clouds to balance the SWCF.
In the above comparisons, MODIS observations include the retrievals from the PCL pixels. The results excluding the PCL pixels are provided in the supplemental
material. Apparently, the exclusion of PCL pixels does
not remarkably change the MODIS cloud properties except that it significantly increases the MODIS t i (Figs. S2,
S3, and S4 in the supplemental material), which is expected because the PCL pixels are mostly cloud edges
that tend to be optically thin (Cho et al. 2015). Arguments
about trade-off between sampling bias and retrieval bias
related with the PCL pixels are clearly addressed in the
study of Pincus et al. (2012). Here, we present the results
from both scenarios to give the readers a more complete
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FIG. 10. Meridional mean total cloud fraction, SWCF, liquid cloud fraction, liquid cloud
effective radius, and liquid cloud optical thickness over the south Indian, southeastern Pacific,
and South Atlantic Oceans in the satellite observations (green lines), CAM5–Base (red lines),
and CAM5–CLUBB (blue lines).

picture. Fortunately, whether or not to include PCL pixels
does not change our conclusions. Even after the exclusion
of PCL pixels, MODIS t i is still significantly smaller than
that in the CAM5–Base run and compares better with the
CAM5–CLUBB simulation.

4. Evaluation of warm rain simulation
Many previous studies have shown that the warm rain
process plays an important role in determining the
macro- and microphysical properties of MBL clouds, in
particular, the cloud water budget (Stevens et al. 2005;
Wood 2005; Comstock et al. 2005). The comparisons
with MODIS and CERES observations in the previous

section have exposed some potential issues in the model.
For example, we found that CAM5–CLUBB often simulates ‘‘undetectable’’ MBL clouds. A potential cause of
this issue might be rooted in the simulation of warm rain
process in the model. Motivated by these considerations,
in this section we compare the COSP–CloudSat simulations based on modeled cloud fields (i.e., CAM5–Base
and CAM5–CLUBB) with the CloudSat products, with
special attention on the warm rain process.
First, we compare the contoured frequency by altitude diagram (CFAD) of tropical and subtropical
clouds derived based on CAM5–Base and CAM5–
CLUBB COSP simulations with that derived from
the CloudSat 2B-GEOPROF product in Fig. 11. The
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FIG. 11. Tropical averaged radar reflectivity–height histogram in (top) the CloudSat observation and (bottom left)
the CAM5–Base and (bottom right) CAM5–CLUBB CloudSat simulators.

CFAD-based CloudSat observations display a typical
boomerang-type shape that has been reported in many
previous studies Bodas-Salcedo et al. 2011; Zhang et al.
2010; Marchand et al. 2009). Focusing on the low clouds
below 3 km, we observe a rather broad distribution of
radar reflectivity with a maximum occurrence frequency
from around 230 to 220 dBZ followed by a long tail
extending to about 10 dBZ. As pointed out in previous studies, the peak from around 230 to 220 dBZ
is due to nonprecipitating MBL clouds, and the precipitating clouds with increasing rain rate give rise to
the long tail. The CFAD based on two model simulations exhibits some characteristics similar to the CloudSat
observations, but also many noticeable differences.
In particular, we note that the two simulations both
produce a much narrower range of radar reflectivity for
low clouds, with occurrence frequency clustered mostly
around 210 and 0 dBZ in CAM5–Base and CAM5–
CLUBB, respectively.

Several previous studies suggested that when the
maximum CloudSat radar reflectivity dBZmax observed
exceeds 215 dbZ there are likely to be significant
amounts of drizzle drops developed in MBL clouds.
Therefore, dBZmax . 215 dBZ is often used in the
literature to distinguish precipitating from nonprecipitating MBL clouds (Kubar et al. 2009; Lebsock
and Su 2014; Haynes et al. 2009). Using this threshold,
we derived the probability of precipitation (POP) in
MBL clouds based on the collocated CloudSat and
MODIS observations as shown in Fig. 12. The POP for a
given grid box is defined as the fraction of liquid-phase
cloud identified by MODIS with the dBZmax . 215 dBZ
according to the collocated CloudSat observations with
respect to the total population liquid-phase clouds in the
grid. We note that CloudSat observations can miss a
significant fraction of MBL clouds that are observed by
MODIS, because these clouds are either too thin and
therefore their radar reflectivity is too weak to be
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FIG. 12. Fraction (%) of precipitating liquid clouds in (top) the satellite observations and (bottom left) the CAM5–Base and (bottom right)
CAM5–CLUBB satellite simulators.

detected by CloudSat, or they are too low and therefore
suffer the surface clutter issue (Marchand et al. 2008).
Because these clouds are thin and/or low, they are assumed to be nonprecipitating in this study. Observations
in Fig. 12 suggest that roughly a quarter of MBL clouds
observed by MODIS in the tropical and subtropical region are likely precipitating, with a domain-averaged
POP around 26%. The POP has a distinct pattern:
smaller (;10%) in the coastal Sc regions and increasing
to ;30% in the Cu cloud regions. An earlier study by
Kubar et al. (2009) also noted such pattern (see their
Fig. 3) and suggested that it is a result of combined effect
of increasing LWP and decreasing cloud droplet number
concentration from Sc regime to Cu regime.
Using the subcolumns from the COSP simulator, we
can derive the POP based on model simulations in the
way consistent with satellite observations. Each subcolumn generated by the COSP simulator has associated
MODIS and CloudSat simulations. In the same way as
we define POP for observations, we define the POP for
model simulations as the ratio of subcolumns that have
COSP–CloudSat simulated dBZmax . 215 dBZ with
respect to the total number of liquid-phase clouds
identified by COSP–MODIS. When comparing with the

observations in Fig. 12, we found that the POP based on
COSP simulations in both CAM5–Base and CAM5–
CLUBB is substantially higher, with domain-averaged
POP close to 80% and 90%, respectively. Although
striking, these results can be expected from CFAD results in Fig. 11 (i.e., both models have a narrow dBZ
distribution with the maximum occurrence frequency
well above 215 dBZ). Despite the large difference with
observations in magnitude, both models simulate the
general increase of POP from Sc regime to Cu regime. It
is also noticeable that the difference in POP between
CAM5–Base and CAM5–CLUBB is substantial over
the cumulus-dominated regimes.
The dramatic difference between observed and
modeled POP as shown in Fig. 12 indicates that the
drizzle is triggered too frequently in the model. The toofrequent rain production in GCMs is a well-known issue
reported by many previous studies (e.g., Zhang et al.
2010; Bodas-Salcedo et al. 2011; Franklin et al. 2013;
Suzuki et al. 2015). Currently, the microphysical processes that trigger the initiation of drizzle drops in MBL
are still not well understood. In the models, even the
state-of-the-art microphysics scheme like MG08 still
simulates the warm rain process on the basis of
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FIG. 13. (top) Annual mean column-averaged inverse relative variance and (bottom) autoconversion enhancement
factor weighted by in-cloud water mixing ratio in CAM5–CLUBB.

simplified autoconversion and accretion parameterization scheme (Khairoutdinov and Kogan 2000). Because
the warm rain processes, autoconversion in particular,
are nonlinear functions of cloud water content, they
depend on not only grid-mean cloud water but also the
subgrid cloud water distribution. As such, when calculating the grid-mean autoconversion rate, the MG08
scheme has to use a so-called enhancement factor to
take into account the difference between the result diagnosed from the mean value of in-cloud water and that
diagnosed from the full subgrid cloud water distribution.
The value of the enhancement factor is determined by
the shape of the subgrid cloud water distribution. As
explained in section 2a, in CAM5–Base, the MG08
scheme simply assumes a gamma distribution with a
fixed inverse relative variance (n 5 1) for subgrid cloud
water distribution, which leads to a constant enhancement factor of 3.22 for the autoconversion process at
each grid point. Note that this is significantly larger than
the global median and mean values (1.86 and 2.29,

respectively) reported in Lebsock et al. (2013) that are
derived based on MODIS and CloudSat observations. In
CAM5–CLUBB, the MG08 uses the subgrid cloud water variance from CLUBB to determine the inverse
relative variance n and the corresponding enhancement
factor (Guo et al. 2014). Figure 13 shows the vertically
averaged inverse relative variance n and the corresponding enhancement factor in CAM5–CLUBB. Note
that the vertical average is weighted by the in-cloud
water mixing ratio. Evidently, the n value is much
smaller than unity in the CAM5–CLUBB, leading to a
much larger enhancement factor than the observations
and that used in the CAM5–Base. Indeed, in regions
where the CAM5–CLUBB suffers most from the cloud
fraction deficit, weaker SWCF, and excessive drizzling,
the enhancement factor can be as large as 20. Figure 13
suggests that the excessive drizzle problem in CAM5–
CLUBB might be caused by the unrealistically large
enhancement factor in the simulation of warm rain
process. The excessive drizzle in turn rains out the
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in-cloud water, leading to large amounts of ‘‘undetectable’’ thin clouds and weak SWCF. It is important to
point out here that, the unrealistic enhancement factor
should not be interpreted simply as the problem of
CLUBB. As mentioned in section 2a, CLUBB assumes
a double-Gaussian distribution for subgrid cloud water
while the MG08 scheme assumes a gamma distribution.
Recently, Larson and Schanen (2013) have proposed a
new modeling framework based on the subgrid importance of the Latin Hypercube sampler to resolve this
fundamental discrepancy and enable a better coupling
between CLUBB and microphysics schemes like MG08.
Finally, we need to point out another factor that could
also contribute to the narrow distribution of MBL cloud
radar reflectivity and the unrealistic high POP in the
model. As explained in section 2b, the COSP uses the socalled subcolumn generator to distribute the grid-mean
cloud and precipitation into subcolumns. As described
in Zhang et al. (2010), the current scheme used in this
process is very simple. In particular, it accounts only for
the subgrid variability of the types of hydrometeors and
ignores the variability of mass and microphysics within
each hydrometeor type. Such an oversimplified scheme
might be an important reason why the distribution of
MBL cloud radar reflectivity is too narrow in the model
in comparison with CloudSat observations. In this regard, an improved subcolumn generator needs to be
developed in future research for COSP to account for
the subgrid variances of cloud and/or hydrometeor mass
and microphysics.

5. Summary and outlook
This study presents a comprehensive evaluation of the
simulated MBL cloud properties in two CAM runs:
CAM5–Base and CAM5–CLUBB. In the comparisons
of direct model outputs, we find that the CAM5–
CLUBB run produces more MBL clouds (Fig. 1), a
smoother transition from Sc to Cu (Fig. 2), and a tighter
correlation between in-cloud water and cloud fraction
(Fig. 3) than the CAM5–Base run. These changes by
CLUBB have also been reported by several previous
evaluation studies (Bogenschutz et al. 2013; Kubar et al.
2015). In the model-to-observation comparison, we find
that both simulations largely capture the main features
and spatial patterns of the observed MODIS cloud
fraction (Fig. 5) and CERES SWCF (Fig. 6). However,
the CAM5–CLUBB suffers from a problem that can be
best summarized as ‘‘undetectable’’ clouds (i.e., a large
cloud fraction with near-zero in-cloud water) (Figs. 4
and 7). Owing to the undetectable cloud problem, the
CAM5–CLUBB has a smaller COSP–MODIS cloud
fraction and a weaker SWCF than CAM5–Base and the
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observations in the descending regions. When evaluating cloud microphysics, we note an encouraging improvement of CAM5–CLUBB. It is able to simulate,
although only qualitatively, the cloud droplet size increase from coastal Sc to open-ocean Cu as observed by
MODIS (Fig. 9). In CAM5–Base, the cloud droplet size
almost remains a constant. This improvement is a result
of better coupling between shallow convective clouds
and the MG08 cloud microphysics scheme in CAM5–
CLUBB. Finally, we compare radar reflectivity simulations from COSP based on the two model simulations
with CloudSat observations. We find that in comparison
with observations the histogram of the radar reflectivity
from COSP is too narrow without a distinct separation
between cloud mode and drizzle mode (Fig. 11).
Moreover, the POPs in both simulations are much
higher than that derived based on collocated CloudSat
and MODIS observations (Fig. 12). This excessive
drizzle problem is especially severe in the CAM5–
CLUBB, which seems to be caused by the use of unrealistically large autoconversion enhancement factor in
the simulation of warm rain process in the model
(Fig. 13). In CAM5–CLUBB, the strongly enhanced
autoconversion from cloud water to rainwater makes
the MBL clouds precipitate too excessively, resulting in
too many undetectable thin clouds. The undetectable
cloud problem in CAM5–CLUBB exposed here seems
consistent with a recent study by Zheng et al. (2016).
They found that CLUBB improves the simulation of
cloud base height, the height of the major cloud layer,
and the daily cloud cover variability. It also better simulates the relationship of cloud fraction to LWP than
CAM5–Base. However, they noted that CLUBB does
not improve the simulation of the surface shortwave
cloud radiative effect [see Fig. 14 in Zheng et al. (2016)].
Overall, the results from this study indicate that there
is still significant space for improvement of CAM5–
CLUBB. In particular, substantial efforts are needed to
improve the coupling between CLUBB and other
components of the model. The subgrid cloud water
PDFs from the CLUBB also need observation-based
evaluation. Finally, in the comparisons with CloudSat
observations, we find that there still exists a significant
gap between model and observation even if the COSP
simulator is used. To close this gap, a more comprehensive subcolumn generator that is able to account for
subgrid variation of hydrometeor mass and microphysics is needed for the COSP simulator.
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