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Abstract The El Niño–Southern Oscillation (ENSO) effects on tropical clouds and top-of-atmosphere (TOA)
cloud radiative effects (CREs) in Coupled Model Intercomparison Project Phase 5 (CMIP5) models are evaluated
using satellite-based observations and International Satellite Cloud Climatology Project satellite simulator
output. Climatologically, most CMIP5 models produce considerably less total cloud amount with higher cloud
top and notably larger reflectivity than observations in tropical Indo-Pacific (60°E-200°E; 10°S-10°N). During
ENSO, most CMIP5 models strongly underestimate TOA CRE and cloud changes over western tropical Pacific.
Over central tropical Pacific, while themulti-model mean resembles observations in TOACRE and cloud amount
anomalies, it notably overestimates cloud top pressure (CTP) decreases; there are also substantial inter-model
variations. The relative effects of changes in cloud properties, temperature, and humidity on TOACRE anomalies
during ENSO in the CMIP5 models are assessed using cloud radiative kernels. The CMIP5 models agree with
observations in that their TOA shortwave CRE anomalies are primarily contributed by total cloud amount
changes, and their TOA longwave CRE anomalies aremostly contributed by changes in both total cloud amount
and CTP. Themodel biases in TOACRE anomalies particularly the strong underestimations over western tropical
Pacific are, however, mainly explained by model biases in CTP and cloud optical thickness (τ) changes. Despite
the distinct model climatological cloud biases particularly in τ regime, the TOA CRE anomalies from total
cloud amount changes are comparable between the CMIP5 models and observations, because of the strong
compensations between model underestimation of TOA CRE anomalies from thin clouds and overestimation
from medium and thick clouds.

1. Introduction

El Niño–Southern Oscillation (ENSO) is the leadingmode of natural interannual climate variability in the tropical
coupled ocean-atmosphere system. In the tropics, it considerably affects theWalker circulation and local Hadley
circulation, and strongly perturbs tropical clouds and their radiative effects [Cess et al., 2001a, 2001b; Allan et al.,
2002]. During the warm phase of ENSO (El Niño), the warmer sea surface temperature (SST) anomalies in the
central and eastern tropical Pacific induce notable ascent over the central tropical Pacific, thereby stronger
tropical deep convection and more high clouds, resulting in enhanced top-of-atmosphere (TOA) shortwave
cooling and longwave warming anomalies there. Meanwhile, over the western tropical Pacific, the cooler SST
anomalies lead to local anomalous subsidence, suppressed tropical deep convection, and reduced formation
of high clouds, resulting in weakened TOA shortwave cooling and longwave warming effects. The opposite
of the above occurs during the cold phase of ENSO (La Niña). The detailed ENSO effects on tropical clouds
and TOA cloud radiative effects (CREs) vary considerably from event to event, as they depend on the spatial
pattern and magnitude of SST anomalies associated with individual ENSO events [e.g., Su and Jiang, 2013].
The ENSO effects on tropical clouds and TOA radiative fluxes have been used as a test bed for evaluating
climate models [e.g., Cess et al., 2001b; Sun et al., 2012].

General circulation model (GCM) simulations of ENSO and its atmospheric effects are strongly influenced by
model mean state [e.g., Guilyardi et al., 2009], particularly those of SST, precipitation, and atmospheric
circulation. While GCMs simulate large-scale features of the above fields well, they are deficient in
simulating many regional details [e.g., Neelin et al., 1992; Mechoso et al., 1995; Latif et al., 2001; Meehl et al.,
2005]. One of the most outstanding GCM biases is a double intertropical convergence zone (ITCZ) pattern
with excessive precipitation off the equator but insufficient precipitation on the equator. The recent
Coupled Model Intercomparison Project (CMIP) Phase 5 (CMIP5) coupled GCMs (CGCMs) still exhibit
significant double ITCZ biases with magnitude comparable to those in the CMIP Phase 3 (CMIP3) CGCMs
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[Li and Xie, 2014]. Such model bias is associated with the biases in ocean-atmosphere feedback over the
equatorial Pacific, including the excessive Bjerknes feedback, the overly positive SST-latent heat flux
feedback, and the insufficient SST-shortwave flux feedback [Lin, 2007; Lloyd et al., 2011]. Part of the double
ITCZ biases are also caused by the weak model deep convective sensitivity to environmental moisture
which results in the deep convection being insufficiently suppressed and thus occurring over the dry
subsidence region of the southeastern Pacific [Nagio and Takayabu, 2013]. The double ITCZ bias can
originate from the Southern Hemisphere extratropics as well, as the cloud biases there can explain most of
the inter-model differences in the amount of excessive precipitation in the Southern Hemisphere tropics
[Hwang and Frierson, 2013; Li and Xie, 2014]. There is also excessive precipitation over the Northern
Hemisphere (NH) western subtropical Pacific [Liu et al., 2012].

Another prominent mean bias in many GCMs is the underestimation of precipitation, deep convection, and
high clouds over the Maritime Continent [e.g., Wang and Su, 2013], where the models are deficient in
resolving the diurnal cycle and local geography over these tropical islands which can rectify onto the
seasonal mean climate [Neale and Slingo, 2003]. In particular, the model diurnal cycle tends to peak too
early in the day instead of in the late afternoon or evening as in the observations. Such model biases
mainly originate from the deficiencies in model convective parameterization schemes rather than model
resolution [Sato et al., 2009; Dirmeyer et al., 2012; Pearson et al., 2014]. Some improvements can be made
by changing the parameterization schemes, particularly adjusting the dependence of entrainment rates on
the surrounding atmospheric conditions [Slingo et al., 2004; Wang et al., 2007; Del Genio and Wu, 2010;
Stratton and Stirling, 2012]. The dry bias over the Maritime Continent can further drive other systematic
model errors, such as the excess precipitation over the western tropical Indian Ocean [Neale and Slingo, 2003].

The GCMs are deficient in simulating climatological clouds and their radiative effects as well [e.g., Potter and
Cess, 2004; Su et al., 2010]. Owing to the development of satellite simulators and the availability of model
satellite simulator output in recent years, the model clouds can be evaluated by directly comparing with
the observations. The satellite simulator produces model clouds that a specific satellite would observe as if
it were flying over the model atmosphere, thus increasing the chances that the differences of clouds
between that model and the observations reflect the model biases. The evaluation of GCM clouds in the
context of satellite simulator output [e.g., Klein et al., 2013] shows that GCMs have been simulating
considerably less cloud amount with notably higher reflectivity. While the CMIP5 models have shown
marked improvements over the CMIP3 models in simulating more cloud amounts with less reflectivity, the
above model biases are still prominent. Recent studies [e.g., Nam et al., 2012; Wang and Su, 2013] also
show that the CMIP5 models lack middle clouds and produce too few yet overly bright subtropical low
stratocumulus clouds. While the CMIP5 models only moderately underestimate the tropical mean high
cloud amount, they exhibit considerable regional biases by producing less high clouds over the Maritime
Continent and more high clouds over the trade cumulus regions. The CMIP5 model errors in clouds are
primarily attributable to the errors in the model cloud parameterizations, with the model errors in large-
scale dynamical and thermodynamic fields playing secondary roles [Su et al., 2012].

Past studies on ENSO effects on tropical clouds and TOA CREs mainly focused on the observed processes by
using satellite-based observations [e.g., Cess et al., 2001a, 2001b; Lu et al. 2004; Sun et al., 2012]. The
evaluation of model simulations of this subject, particularly changes in cloud properties (cloud amount,
cloud top altitude, and cloud optical thickness) and their relative quantitative roles in contributing to the
TOA CRE anomalies during ENSO, has not been well addressed, mainly due to lack of satellite simulator
output. Furthermore, limited by short temporal span of data used, past studies mainly focused on
individual ENSO events; their findings thus may be specific to the ENSO event studied. Extending the work
in Cess et al. [2001a, 2001b] and Lu et al. [2004], Sun et al. [2012] provide a comprehensive evaluation of a
NCAR model simulation of cloud structure changes and their associated radiative property changes over
the tropical Pacific Ocean during the strong 1997/98 El Niño. With a radiative transfer model and Clouds
and the Earth’s Radiant Energy System (CERES) observations, they were able to quantify the observed
relative contribution of cloud fraction, cloud top height, cloud optical thickness, and temperature and
specific humidity, to the TOA CRE anomalies during the 1997/98 El Niño event. They were, however,
unable to do the same for the NCAR model for an apples-to-apples comparison, due to lack of the CERES
like four-layer cloud properties in the model International Satellite Cloud Climatology Project (ISCCP)
simulator output.
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Recently, a number of AGCMs participating in the CMIP5 produced ISCCP [Klein and Jakob, 1999;Webb et al.,
2001; Pincus et al., 2012; Zhang et al., 2012] satellite simulator output as a part of the Atmospheric Model
Intercomparison Project (AMIP) simulations. The ISCCP satellite simulator provides the joint histogram of
cloud top pressure (CTP) and cloud optical thickness (τ) for cloud fraction over multiple decades (July 1983
to June 2008), and thus is valuable for evaluating model simulations of cloud property changes associated
with ENSO. Meanwhile, there have been significant advances in the development of methodologies to
quantify the effects of clouds on TOA CREs. Zelinka et al. [2012a] introduced cloud radiative kernels which
quantify the sensitivity of TOA radiative fluxes to cloud fraction perturbations within the framework of
ISCCP joint CTP-τ histogram. Multiplying the cloud radiative kernels with changes in ISCCP cloud fraction
element-wise between two climate states can provide a quantitative estimate of cloud-induced TOA
radiation anomalies. Further, Zelinka et al. [2012b] developed a new methodology to quantify the relative
roles of cloud property changes in contributing to TOA cloud-induced radiative flux anomalies. Zelinka
et al. [2013] further improved the decomposition technique in Zelinka et al. [2012b] by considerably
reducing the effects of a residual component and better isolating the relative TOA radiative effects of
individual cloud properties. In this study, by leveraging the CMIP5 ISCCP satellite simulator output and
following the methodologies developed by Zelinka et al. [2012a, 2012b, 2013], we perform a
comprehensive evaluation of the CMIP5 model simulations of ENSO effects on tropical clouds and TOA
CREs. This includes an assessment of the relative roles of changes in various cloud properties, as well as
changes in temperature and humidity, in contributing to the TOA CRE anomalies during ENSO in the
CMIP5 model simulations. A series of offline Fu-Liou radiative transfer calculations, including derivations of
cloud radiative kernels, are performed to assess the CMIP5 simulations of the above processes.

This paper is organized as follows. Section 2 describes the data and methods. Section 3 evaluates the CMIP5
model simulations of TOA CREs and clouds in their climatologies and anomalies associated with ENSO over
the tropical Indo-Pacific. Using cloud radiative kernels, section 3 also quantifies the relative roles of model
cloud biases in various CTP-τ regimes in contributing to the model biases in TOA CRE anomalies during
ENSO. Additionally, it assesses the CMIP5 model representation of the relative effects of changes in various
cloud properties and changes in temperature and humidity on the TOA CRE anomalies. The summary and
conclusions are given in section 4.

2. Data and Methods
2.1. Satellite-Based Observations and CMIP5 AMIP Simulations

The satellite-based observations used to evaluate the CMIP5 models include CERES Energy Balanced and
Filled (EBAF) Edition 2.7 TOA radiative fluxes [Loeb et al., 2009] and the ISCCP joint CTP-τ histogram for
cloud fraction [Pincus et al., 2012; Zhang et al., 2012].

The CERES EBAF TOA clear-sky and all-sky shortwave and longwave radiative fluxes are used to evaluate the
TOA CREs in the CMIP5 AMIP simulations. The TOA solar insolation is based on daily varying Solar Radiation
and Climate Experiment measurements and has a long-term mean of about 1361Wm�2. The grid-box mean
of clear-sky TOA fluxes from the EBAF Edition 2.7 are determined using an area-weighted average of
CERES/Terra broadband fluxes from completely cloud-free CERES footprints (20 km equivalent diameter at
nadir), and the Moderate Resolution Imaging Spectrometer (MODIS)/Terra-derived “broadband” clear-sky
fluxes (1 km) estimated from the cloud-free portions of partly and mostly cloudy CERES footprints. With an
objective constrainment algorithm, the all-sky shortwave and longwave fluxes are adjusted within their
range of uncertainty to remove the inconsistency between global net TOA flux and heat storage in the
Earth-atmosphere system. For the Terra-Aqua period (July 2002 to December 2010), the regional
uncertainties in 1° × 1° TOA all-sky shortwave and longwave fluxes are respectively 2.7 and 2.0Wm�2,
whereas the overall regional uncertainties for TOA clear-sky shortwave and longwave fluxes are
respectively 2.6 and 3.6Wm�2. These uncertainties are of one order smaller than the differences between
the CERES observations and CMIP5 model simulations during individual months and thus do not affect our
model evaluations. The EBAF TOA data are at a resolution of 1° latitude/longitude and are available
monthly over the period March 2000 to October 2013.

The ISCCP joint CTP-τ histogram of cloud fraction is used to evaluate the CMIP5 model clouds. This product is
derived from the ISCCP D1 data which are quasi-instantaneous spatial averages of pixel-level retrievals over
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equal-area grid cells [Rossow and Schiffer, 1999]. The CTP and τ bin edges for the ISCCP histogram are
respectively 50, 180, 310, 440, 560, 680, 800, and 1100 hPa, and 0.3, 1.3, 3.6, 9.4, 23, 60, and 380. The data
are at a horizontal resolution of 2.5° latitude/longitude and are available monthly over the period July
1983 to June 2008.

For the CMIP5 model evaluation, we analyze AMIP-style simulations from seven CMIP5 AGCMs that provide
the ISCCP satellite simulator output (Table 1). The AMIP simulations are used because they are forced with
observed monthly SST and sea ice fraction, and thus agree with the observations for the occurrence of
ENSO events. Further, the AMIP experimental setup is well suited for studying atmospheric response to
ENSO in the tropics where ocean plays an active role in forcing atmospheric changes [Jha and Kumar,
2009]. All the models except the CNRM-CM5 are forced with the combinations of most, if not all, of the
following external forcing agents: well-mixed greenhouse gasses, black carbon, organic carbon, sea salt,
mineral dust, anthropogenic sulfate aerosol direct and indirect effects, tropospheric and stratospheric
ozone, land use change, solar irradiance, and volcanic aerosols. The CNRM-CM5 AMIP is forced with only
greenhouse gasses and volcanic aerosol along with an 11 year solar cycle. The AMIP simulations are
available monthly over the period January 1979 to December 2008.

The CTP and τ bin edges of model cloud fraction from the ISCCP satellite simulator output are respectively 50,
180, 310, 440, 560, 680, 800, and 1000 hPa, and 0, 0.3, 1.3, 3.6, 9.4, 23, 60, and 380. They are identical to those
of the ISCCP observations, except some minor differences at the first and the last CTP and τ bins. Notably,
compared with the observations, the ISCCP simulator histogram contains an additional optical depth bin
for very thin clouds (0< τ< 0.3) that cannot be detected by the ISCCP passive sensors but can be
“retrieved” by the ISCCP simulator. Despite these minor differences, the model data can be directly
compared with the ISCCP observations for τ> 0.3 bins (personal communications with Dr. Yuying Zhang,
2014). Thus, in this study, we only consider the CMIP5 ISCCP simulator output for τ> 0.3 bins. In addition,
following the cloud-type definitions used in the ISCCP D-series data sets [Rossow and Schiffer, 1999], the
low, middle, and high clouds are referred to as clouds with CTP greater than 680 hPa, between 680 and
440 hPa, and less than 440 hPa, respectively; the thin, medium, and thick clouds are referred to as those
with τ less than 3.6, between 3.6 and 23, and larger than 23, respectively.

While the ISCCP satellite simulator is meant to provide an apples-to-apples comparison between modeled
and observed clouds, we need to use caution when interpreting differences within each CTP-τ bin of the
histogram [Klein et al., 2013]. Based on the comparisons with clouds retrieved from ground-based remote
sensors that passed through the ISCCP simulator, Mace et al. [2011] suggest that the uncertainty of ISCCP
retrievals is about ±200 hPa for CTP and a factor of 3 for τ. In addition, the large observational
uncertainties for thin clouds suggest that differences with observations for bins of low τ may not reflect
model errors. In this study, in addition to showing the results at the original 6 × 7 CTP-τ histogram in
figures, we also display in tables aggregated results into a reduced-resolution joint histogram of CTP and τ
with bin boundaries in CTP of 440 and 680 hPa and in τ of 3.6 and 23.

2.2. Analysis Methods

The model evaluations are performed by comparing observations with model simulations over periods that
both data are available, i.e., 2001–2008 for TOA radiative fluxes and CREs, and 1984–2007 for all the results
that are based on the ISCCP satellite simulator output. The use of different periods does not appreciably
affect our main results and conclusions. For a field of interest, its anomaly associated with ENSO is
obtained by linearly regressing its deseasonalized anomaly against the Multivariate ENSO Index (MEI)

Table 1. List of the Seven CMIP5 AGCMs Analyzed in This Study

Model No. Modeling Group Model ID Country Atmospheric Resolution Reference

1 CCCMA CanAM4 Canada 2.8° × 2.8° von Salzen et al. [2012]
2 CNRM CNRM-CM5 France 1.4° × 1.4° Voldoire et al. [2012]
3 NOAA GFDL GFDL-CM3 USA 0.3° × 0.3° Delworth et al. [2012]
4 Met Office Hadley Centre HadGEM2-A UK 1.9° × 1.3° Martin et al. [2011]
5 AORI MIROC5 Japan 1.4° × 1.4° Watanabe et al. [2010]
6 Max Planck Institute for Meteorology MPI-ESM-LR Germany 1.9° × 1.9° Raddatz et al. [2007]
7 MRI MRI-CGCM3 Japan 1.1° × 1.1° Mizuta et al. [2012]
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[Wolter and Timlin, 2011] using least squares. Since this study focuses on general ENSO effect, data of all 12
months are used for the linear regression so as to increase the number of samples for more robust results.
In addition, because this study focuses on statistics of model simulations, only one AMIP member from
each of the models is used. To facilitate the comparison, all the AMIP simulations are regridded onto the
spatial grids of the satellite-based observations via bilinear interpolation which has been shown to have
minimal effect on the regional distribution [Wang and Su, 2013].

2.3. The Fu-Liou Radiative Transfer Model and Derivation of Cloud Radiative Kernels

The Fu-Liou radiative transfer model used in this study is based on the original Fu-Liou model [Fu and Liou,
1992] and is further developed at the NASA Langley Research Center [Rose et al., 2013]. The cloud radiative
kernels are derived following Zelinka et al. [2012a], with several modifications made to better suit the
subject of this study and the radiative transfer model we use.

For the observations and each of the seven CMIP5 models, we derive the cloud radiative kernels for each
tropical 2.5° latitude-longitude grid and each calendar month, using their respective monthly climatologies
over the period 1984–2007. The derivation of cloud radiative kernels at each tropical grid is necessary for
this study, as it accounts for the zonal variations of TOA CRE sensitivity to cloud fraction perturbations, and
thus can better quantify the effects of cloud changes on TOA CRE anomalies during ENSO. In the
experiments for the observations, all the climatological input fields except surface albedo are averaged
over 1984–2007 using NASA Modern Era Retrospective-Analysis for Research and Applications [Rienecker
et al., 2011]. The surface albedo climatology is computed using 2001–2008 surface upwelling and
downwelling shortwave fluxes from the CERES surface EBAF Edition 2.7 [Kato et al., 2013]. Note that the
CERES surface EBAF Edition 2.7 data are only available for the period March 2000 onwards. It uses ocean
spectral surface albedo from Jin et al. [2004] and broadband land surface albedos inferred from the clear-
sky TOA albedo derived from CERES measurements [Rutan et al., 2009]. The use of 2001–2008 rather than
1984–2007 for surface albedo climatology should have little effect on the derived cloud radiative kernels
in the tropical Indo-Pacific. In the Fu-Liou radiative transfer experiments for the CMIP5 models, all the input
fields are taken from the models.

In addition, since this study mainly focuses on the tropical Indo-Pacific region, the aerosol radiative effect is
minimized by setting the aerosol type as sea salt and the aerosol optical thickness at a rather small number
(10�5). Our test runs show that such aerosol setting yields negligible TOA CRE effects from aerosol; using sea
salt optical thickness similar to that of the observed (0.1) leads to little difference in the cloud radiative
kernels derived.

The shortwave and longwave cloud radiative kernels for each CTP-τ bin are obtained as the differences
between TOA clear-sky and all-sky fluxes corresponding to 1% cloud fraction change. The time series of
the joint CTP-τ histogram for the TOA CRE anomalies is subsequently computed by multiplying the time
series of the deseasonalized ISCCP cloud fraction by the monthly cloud radiative kernels, element by
element. The above time series of joint CTP-τ histogram of anomalous TOA CREs is then linearly regressed
against the MEI to obtain the joint CTP-τ histogram of TOA CRE anomalies associated with ENSO. The
above is performed for the observations and each of the seven CMIP5 models, using their respective cloud
radiative kernels and ISCCP cloud fraction. We note that such kernel-derived TOA CRE anomalies are by
design due solely to changes in clouds. For convenience, they are referred to as “cloud-induced TOA CREs”
hereafter, to distinguish from the TOA CREs from noncloud processes, such as TOA radiation anomalies
caused by temperature and humidity changes during ENSO [Zhang et al., 1994; Soden et al., 2004].

To assess the CMIP5 model representation of the relative roles of changes in cloud properties in contributing
to the TOA CRE anomalies during ENSO, we follow the methodology in Appendix B of Zelinka et al. [2013] and
decompose the cloud-induced TOA radiation anomalies into those due to total cloud amount changes,
changes in CTP, changes in τ, and a residual term. We note that the total cloud amount changes refer to a
hypothetical change in total cloud cover holding that fixed the cloud distribution across CTP and τ
categories. See Zelinka et al. [2013] for more details of the decomposition methodology.

The effects of changes in temperature and specific humidity on TOA CRE anomalies during ENSO are also
investigated. This is carried out by repeating the above calculations but using temperature and humidity
that are the sum of their climatologies and anomalies due to ENSO when deriving cloud radiative kernels.
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The differences between these two sets of calculations can then help quantify the effects of temperature and
humidity changes on TOA CRE anomalies through changing TOA all-sky and clear-sky radiative fluxes. Note
that such comparison provides a clean quantification of the effects of temperature and humidity changes
on TOA clear-sky flux anomalies but only an approximation for TOA all-sky flux anomalies. This is because
the cloud radiative kernels are by design based on monthly climatologies, rather than a state that contains
ENSO anomalies. Given the rather small magnitude of cloud fraction anomalies in the CTP-τ bins as shown
later (Figure 7), however, the results are presumably linear, and the above comparison should provide a
rough estimation of the effects of temperature and humidity on TOA all-sky flux anomalies and hence TOA
CRE anomalies.

Lastly, we note that the TOA CRE anomalies obtained using the above offline Fu-Liou radiative transfer
calculations are not intended for a quantitative comparison with the TOA CREs produced by the CMIP5
models. This is not only because the kernel-derived TOA CREs are due solely to cloud changes but also
because the CMIP5 models may use radiative transfer models that are quite different from the Fu-Liou
model; they may also use varying assumptions and treatment of cloud processes when producing their
TOA radiative fluxes.

3. Results
3.1. Climatology

Since the tropical mean state provides the background for atmospheric effects of ENSO, we first evaluate the
CMIP5 model simulations of tropical TOA CRE and cloud climatologies. Figure 1 shows the annual
climatologies of TOA shortwave, longwave, and net CREs in the CERES EBAF observations over the period
2001–2008 and the corresponding CMIP5 multi-model mean biases. The observations show distinct TOA
shortwave cooling (Figure 1a) and longwave warming (Figure 1c) effects of the deep convective clouds
over the tropical warm pool regions; the shortwave cooling moderately dominates, and the net TOA CRE
effect (Figure 1e) is a weak cooling. Notable shortwave cooling is also prevalent over subtropical low

Figure 1. The annual mean climatology (2001–2008) of shortwave TOA CRE in (a) the CERES EBAF Edition 2.7 observations and (b) the CMIP5 7-model mean minus the
CERES EBAF observations; Figures 1c and 1d show the same as Figures 1a and 1b except for longwave TOA CRE; Figures 1e and 1f show the same as Figures 1a and 1b
except for net TOA CRE. Stippling indicates regions where at least five of the seven models agree with the 7-model mean in the sign of their biases. Units: Wm�2.
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stratocumulus regions where it dominates the local strong net cooling effect. The multi-model mean agrees
with the observations in large-scale features (not shown), with however notable regional differences. The
multi-model mean considerably overestimates the TOA shortwave cooling (Figure 1b) and longwave
warming (Figure 1d) over the western tropical Indian Ocean, central and eastern equatorial Pacific,
subtropical Pacific, and western tropical Atlantic, and underestimates the TOA CREs near the Maritime
Continent. The multi-model mean also strongly underestimates the shortwave cooling over the subtropical
stratocumulus regions. The model bias in the shortwave CRE is larger than that in the longwave CRE; the
net CRE (Figure 1f) shows a weak overestimation over the western tropical Indian Ocean, the equatorial
Pacific, central subtropical Pacific, and subtropical Atlantic, and a distinct underestimation over the
stratocumulus regions in the subtropical Pacific and Atlantic. The majority of the seven models agree with
the multi-model mean in the sign of the TOA CRE biases while at varying magnitudes (not shown).

The CMIP5 model biases in Figure 1 are overall similar to those inWang and Su [2013] and Allan et al. [2014]
which are based on different combinations of CMIP5 models. Comparing the CMIP5 model mean biases in
TOA CREs with those in clouds from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) [Chepfer et al., 2010] satellite simulator output, Wang and Su [2013] show that the strong model
overestimation (underestimation) of TOA CREs over tropical convective regions is mainly associated with
the more (less) high clouds in the CMIP5 models, whereas the notable underestimation of shortwave
cooling over the subsiding eastern subtropical oceans is associated with the lack of low stratocumulus
clouds in the models. The model underestimation of TOA CREs and high clouds along the ITCZ regions
and the overestimation over the Pacific trade cumulus regions reflect the double ITCZ biases in the CMIP5
models. Meanwhile, the model underestimation of high clouds and TOA CREs over the Maritime Continent
and the overestimation over the western tropical Indian Ocean suggest that the CMIP5 models are still
deficient in resolving the land-sea contrast and diurnal cycle over the Maritime Continent.

We next evaluate CMIP5 model simulations of climatologies of clouds. Figure 2 compares the CMIP5 model
simulations with the ISCCP observations in their total cloud amount (Figures 2a–2c) and CTP (Figures 2d–2f)
climatologies (1984–2007) in the tropics. The CMIP5 multi-model mean is generally consistent with the
observations in large-scale spatial patterns, with however notable differences in magnitude. Consistent
with the observations, the multi-model mean shows the maximum total cloud amount and minimum CTP
over the tropical deep convective regions. Different from the observations, however, the CMIP5 multi-
model mean shows notably smaller total cloud amount and higher cloud top over both the western and
central tropical Pacific. The regional means of total cloud amount (areal percentage) over the western and

Figure 2. The annual mean climatology (1984–2007) of total cloud amount (%) in (a) the ISCCP observations, (b) the 7-model mean from the CMIP5 ISCCP satellite
simulator output, and (c) the comparison between the ISCCP observations (red bar), the 7-model mean (gray bar), and the seven individual models (multiplication
sign) in their regional means over the western tropical Pacific (100°E-140°E; 10°S-10°N) and central tropical Pacific (160°E-200°E; 10°S-10°N). Figures 2d–2f show the
same as Figures 2a–2c except for cloud top pressure (hPa).
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central tropical Pacific in the multi-model mean are respectively 56.8% and 52.8%, considerably smaller than
their observational counterparts which are respectively 69.3% and 66.2%. Furthermore, for both regions, six
of seven CMIP5 models underestimate the regional mean total cloud amount. As for CTP, over the western
tropical Pacific, the multi-model mean (366 hPa) has a cloud top 44 hPa higher than the observations
(410 hPa), and five of seven CMIP5 models agree with the multi-model mean in showing a higher cloud
top by underestimating CTP. By comparison, the multi-model mean cloud top (419 hPa) is only slightly
higher than the observations (429 hPa) over the central tropical Pacific. Both the western and central
tropical Pacific show substantial inter-model variations: the model CTP over the western tropical Pacific
ranges from 487 hPa for MIROC5 to 261 hPa for GFDL-CM3 and that over the central tropical Pacific ranges
from 524 hPa for MIROC5 to 333 hPa for CanAM4.

The distinct CTP differences between the multi-model mean and the observations over Sahara likely reflect
the limitation of the ISCCP passive sensors in capturing local high thin clouds [Klein et al., 2013]. They have
little effect on tropical Indo-Pacific—the focus of our study, so are not a concern here.

We next focus on the tropical Indo-Pacific region (60°E-200°E; 10°S-10°N) where the atmospheric effects of
ENSO dominate, and evaluate in Figure 3 and Table 2 the CMIP5 model simulations of climatological
(1984–2007) joint CTP-τ histogram of cloud fraction. Figure 3a shows that the observed total cloud fraction
(69.6%) is dominated by high clouds, while the high clouds are primarily contributed by thin clouds and
secondarily by medium and thick clouds. Both the middle and low clouds are primarily thin and make
secondary contributions to the total cloud fraction. The multi-model mean total cloud fraction (56.9%)
(Figure 3b) is notably smaller than that of the observations (69.6%). The multi-model mean agrees with the

Figure 3. The annual mean climatology (1984–2007) of the joint histogram of cloud top pressure (CTP) and cloud optical
thickness (τ) for cloud fraction (%) averaged over the tropical Indo-Pacific (60°E-200°E; 10°S-10°N), for (a) the ISCCP
observations, (b) the 7-model mean from the CMIP5 ISCCP satellite simulator output, (c) the 7-model meanminus the ISCCP
observations, in which CTP-τ bins with at least five of the seven CMIP5 models agree on the sign of the field plotted are
marked with a multiplication sign, and (d) the standard deviation of the seven models relative to the 7-model mean. The
sum of all CTP-τ bins for each panel is shown in its title.
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observations in the dominance of high clouds for the total cloud amount; it however shows distinct biases in
τ regimes. The multi-model mean lacks thin clouds except for CTP< 180 hPa and shows the prominence of
medium and thick clouds. Compared with the observations in which thin, medium, and thick clouds
respectively account for 60%, 31%, and 9% of the total cloud fraction, the thin, medium, and thick clouds
in the multi-model mean represent 32%, 49%, and 19% of the total cloud fraction, respectively. The multi-
model mean biases in simulating less total cloud amount yet higher cloud reflectivity are further
highlighted in their difference distribution (Figure 3c), which shows the distinct multi-model mean
underestimation of thin clouds and moderate overestimation of medium and thick clouds. The
multiplication marks in Figure 3c indicate that the above multi-model mean biases in τ regimes are
consistently present in most of the seven CMIP5 models.

We further examine the distribution of climatological joint CTP-τ histogram of cloud fraction in individual
models (not shown). The results show that while all the seven models consistently produce clouds that are
optically thicker than the observed, the CTP-τ bins that have the major contributions to the total cloud
fraction vary greatly from model to model (not shown). The standard deviation of the cloud fraction in the
seven CMIP5 models relative to their multi-model mean (Figure 3d) illustrates the substantial inter-model
differences in the medium and thick cloud regimes, indicating the rather large model diversity in
representing the tropical deep convective clouds.

We note that while not shown here, the results for the western tropical Pacific and central tropical Pacific are
very similar to those for the tropical Indo-Pacific in Figure 3, except that the central tropical Pacific shows
slightly weaker magnitudes.

3.2. Anomalies Associated With ENSO

To examine the relationships between ENSO and the year-to-year variations of TOA CREs, we compare the
MEI with the time series of deseasonalized TOA CRE anomalies averaged over the western and central
tropical Pacific (Figure 4). Over the western tropical Pacific, the time series of the shortwave CRE anomalies
closely follows that of the MEI, with a temporal correlation of 0.61: the shortwave CRE shows positive
anomalies for the warm phase of ENSO and negative anomalies for the cold phase of ENSO. The longwave
CRE anomalies show the exact opposite distribution to the shortwave CRE anomalies, with somewhat
weaker magnitude; its temporal correlation with MEI is �0.64. The opposite of the above occurs over the
central tropical Pacific, with the magnitudes for shortwave CRE and longwave CRE anomalies respectively
larger than those over the western tropical Pacific by 29% and 15%. The temporal correlations with the
MEI are also higher over the central tropical Pacific: �0.69 for shortwave CRE and 0.74 for longwave CRE
(Figure 4). The fairly good correspondence between the TOA CRE anomalies and the MEI suggests the
dominant effect of ENSO on the TOA CRE changes over these regions. Thus, the TOA CRE anomalies
associated with ENSO can be quantified by linearly regressing the TOA CRE anomalies against the MEI
using least squares. Figure 4 also shows that such linear regression results by design correspond to the
warm phase of ENSO. For convenience, the rest of the discussions on the anomalies associated with ENSO

Table 2. The Comparison Between the Observations and the 7-Model Mean in ISCCP Cloud Fraction (%) Climatologies
and Anomalies Associated With ENSO (Anomalies Shown in Parentheses) at a Reduced-Resolution Joint CTP-τ Histograma

ISCCP Cloud Fraction
Climatologies (Anomalies) (%)

Western Tropical Pacific Central Tropical Pacific

Observations 7-Model Mean Observations 7-Model Mean

Thin 27.5 (�3.5) 16.6 (�1.3) 25.5 (3.4) 14.7 (2.3)
High Medium 11.3 (�2.4) 15.1 (�1.8) 8.8 (2.1) 12.7 (3.2)

Thick 5.5 (�1.0) 8.8 (�1.0) 5.0 (1.2) 6.5 (1.6)
Thin 7.9 (�0.2) 0.8 (0.1) 9.6 (0.9) 1.5 (�0.1)

Middle Medium 5.8 (�0.3) 3.7 (�0.1) 4.0 (0.3) 3.9 (0.3)
Thick 0.7 (0.0) 2.4 (0.0) 0.4 (0.0) 1.7 (0.1)
Thin 5.7 (1.2) 1.3 (0.1) 9.0 (�0.9) 1.9 (�0.4)

Low Medium 4.7 (1.0) 6.8 (0.4) 3.8 (�0.5) 8.9 (�1.1)
Thick 0.2 (0.0) 1.3 (0.1) 0.2 (0.0) 1.0 (�0.2)

Total 69.3 (�5.1) 56.8 (�3.5) 66.2 (6.4) 52.8 (5.7)

aSee section 2 for definitions of high, middle, low clouds, and thin, medium, and thick clouds.
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will focus on the warm phase of ENSO, with the implications that the anomalies during the cold phase of
ENSO show the same regional distribution but with an opposite sign.

Figure 5 compares the multi-model mean with the CERES EBAF in the regional distribution of the TOA CRE
anomalies associated with ENSO, obtained using the abovementioned linear regression analysis against
the MEI. Figures 5a and 5d show that during the warm phase of ENSO, the observed shortwave cooling
and longwave warming are notably stronger in the central and eastern tropical Pacific, yet considerably
weaker over the western tropical Pacific. These anomalies are associated with the enhanced (weakened)
tropical convection and more (less) high clouds over the central (western) tropical Pacific that occur during
a typical El Niño. Consistent with previous studies [e.g., Cess et al., 2001b], there are strong cancelations
between the shortwave and longwave TOA CRE anomalies over both the western and central tropical
Pacific, and the net TOA CRE anomaly is a weak net warming over the Maritime Continent and a weak
cooling along central equatorial Pacific (Figure 5g).

The TOA CRE anomalies in the CMIP5 multi-model mean (Figures 5b and 5e) agree with those in the CERES
EBAF fairly well in spatial pattern, with a pattern correlation of 0.78 for shortwave CRE and 0.86 for
longwave CRE. Among the seven models, the spatial pattern correlations for shortwave TOA CRE
anomalies range from 0.52 for CNRM-CM5 to 0.69 for HadGEM2-A, whereas those for the longwave TOA

Figure 4. The time series of deseasonalized CERES EBAF shortwave (blue line) and longwave (red line) TOA CRE anomalies
(Wm�2) averaged over (a) the western tropical Pacific (100°E-140°E; 10°S-10°N), and (b) the central tropical Pacific (160°E-200°E;
10°S-10°N) for January 2001-December 2008. TheMultivariate ENSO Index (MEI) for the same period is shown in color bars. Also
shown on each panel are the temporal correlations between the regional mean TOA CRE anomalies and the MEI.
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CRE anomalies range from 0.57 for CNRM-CM5 to 0.82 for CanAM4. In terms of magnitudes of the shortwave
and longwave TOA CRE anomalies, the multi-model mean is comparable to the CERES observations over the
central tropical Pacific but underestimates the observations by about 50% over the western tropical Pacific.
An examination of the model spread in Figures 5c, 5f, and 5i shows the rather large inter-model variations
over the central tropical Pacific, where the good multi-model mean simulation is essentially a result of
strong cancelations among the seven models. By comparison, all the seven models consistently
underestimate the observed TOA shortwave and longwave CRE anomalies over the western tropical
Pacific, though at varying magnitudes. The CMIP5 model underestimation of TOA shortwave and longwave
CRE anomalies over the western tropical Pacific could be related to the model underestimation of TOA
shortwave and longwave CRE climatologies there (Figure 1).

We next evaluate model simulations of cloud anomalies associated with ENSO. Figure 6 compares the CMIP5
models with the ISCCP observations of total cloud amount and CTP anomalies during ENSO in the tropics. The
agreement between the CMIP5 multi-model mean and the observations in spatial pattern is remarkable, with
a pattern correlation of 0.84 for total cloud amount and a pattern correlation of 0.89 for CTP. The main model
biases lie in the magnitudes of the anomalies. Over the western tropical Pacific, the multi-model mean
notably underestimates the magnitude of cloud property changes; the total cloud amount reduction and
cloud top drop in the multi-model mean are respectively 3.5% and 20 hPa, notably smaller than 5.1% and
36 hPa in the observations. In the central tropical Pacific, while the multi-model mean (5.7%) modestly
underestimates the observations (6.4%) in total cloud amount increases, its CTP decrease (45 hPa) is
notably larger than that of the observations (31 hPa). Figures 6c and 6f show that most of the seven
models consistently underestimate the magnitude of cloud anomalies over the western tropical Pacific,
whereas they exhibit rather large spread over the central tropical Pacific.

Figure 7 and Table 2 evaluate the CMIP5 model simulations in the joint CTP-τ histogram of cloud fraction
anomalies during warm ENSO, averaged over the western tropical Pacific and the central tropical Pacific.
The comparison between Figure 7 and Figure 3 shows the strong linkage between cloud climatology and
cloud anomalies during ENSO for both observations and the CMIP5 models. The cloud changes during
ENSO primarily occur in CTP-τ bins that have major contributions to the total cloud fraction
climatologically. Over the western tropical Pacific, the observations (Figure 7a) show prominent reductions

Figure 5. The tropical shortwave TOA CRE anomalies (Wm�2) associated with ENSO in (a) the CERES EBAF Edition 2.7 observations, (b) the 7-model mean, and (c) the
comparison between the CERES observations (red bar), the 7-model mean (gray bar), and the seven individual models (multiplication sign) in their regional means
over the western tropical Pacific (100°E-140°E; 10°S-10°N) and central tropical Pacific (160°E-200°E; 10°S-10°N); Figures 5d–5f show the same as Figures 5a–5c except for
longwave TOA CRE anomalies associated with ENSO; Figures 5g–5i show the same as Figures 5a–5c except for the net TOA CRE anomalies associated with ENSO.
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in high clouds (CTP< 440 hPa)—primarily in high thin clouds and secondarily in high medium clouds, and
modest increases in low thin and medium clouds (CTP> 800 hPa; 1.3< τ< 9.4). The multi-model mean
(Figure 7b) agrees with the observations in the dominant reductions in high clouds. Associated with its
climatological biases (Figure 3), however, the high cloud reductions in the multi-model mean mainly occur
in the medium and thick cloud regimes; there are little changes in middle and low clouds. Furthermore,
the multi-model mean underestimates the cloud changes in nearly all CTP-τ regimes. Table 2 shows that
the reductions in high thin clouds and high medium and thick clouds in the multi-model mean are
respectively �1.2% and �2.8%, considerably smaller than �3.5% and �3.4% in the observations.
Meanwhile, the low cloud increase in the multi-model mean is only 0.6%, distinctly smaller than the
observed 2.2%. The differences between the multi-model mean and the observations (Figure 7c) further
highlight the strong model underestimation of high thin cloud decrease and low cloud increase. Such
multi-model mean biases are commonly present in most of the seven CMIP5 models, though there is
notable model diversity in high medium and thick cloud regimes (Figure 7d).

The cloud changes over the central tropical Pacific (Figures 7e–7g) are overall similar to those over the western
tropical Pacific (Figures 7a–7c), except with an opposite sign and a notably larger magnitude. The observations
(Figure 7e) show notable high cloud increases in all τ regimes, middle cloud increases in thin andmedium cloud
regimes, and a modest decrease in near-surface thin clouds. Note that while the low cloud decreases are likely
real, there is potentially some contribution from the masking from higher cloud increases. The multi-model
mean (Figure 7f) agrees with the observations in showing notable increases in high clouds and weak
decreases in low clouds. These cloud changes, however, mainly occur in medium and thick cloud regimes. In
contrast with the observations in which the increases in high thin clouds and high medium and thick clouds
are respectively 3.4% and 3.3%, the multi-model mean shows the corresponding increases of 2.3% and 4.8%
(Table 2). Figure 7g further highlights the multi-model mean biases in the τ domain by strongly
underestimating the thin high cloud increases and moderately overestimating the increases in the medium
and thick high clouds. Additionally, the multi-model mean produces a rather large increase in the very high
cirrus clouds (CTP< 90hPa) and shows little change in middle clouds. Figure 7h shows the rather large inter-
model differences in the medium and thick cloud regimes. The CTP-τ bins that have the major contributions
to the total cloud fraction anomalies vary notably from model to model (not shown). An examination of
individual models shows that the amount of high cloud changes during ENSO in a model is in general
proportional to its climatological high cloud amount. The more climatological high clouds a model produces,
the larger high cloud anomalies ENSO exerts in that model (not shown).

3.3. Quantifying TOA Radiative Effects of Tropical Clouds Using Cloud Radiative Kernels

In this subsection, we quantify the effects of cloud changes in various CTP-τ regimes on TOA CREs anomalies
in both the observations and the CMIP5 models, using their respective cloud radiative kernels. The

Figure 6. Same as Figure 2 except for total cloud amount (%) and cloud top pressure (hPa) anomalies associated with ENSO.

Journal of Geophysical Research: Atmospheres 10.1002/2014JD022337

WANG AND SU ENSO EFFECTS ON CLOUDS IN CMIP5 MODELS 4454



comparison between the observations and the CMIP5 models then shows the relative roles of model cloud
biases in various CTP-τ regimes in contributing to the model biases in TOA CRE anomalies.

Figure 8 shows the joint CTP-τ histograms for the shortwave, longwave, and net cloud radiative kernels
averaged over the tropical Indo-Pacific and 12 calendar months for the observations. The CTP-τ
distributions of the cloud radiative kernels in Figures 8a, 8c, and 8e are largely consistent with those of the
global annual mean cloud radiative kernels in Zelinka et al. [2012a, Figure 1], despite that they use a

Figure 7. Same as Figure 3 except for the cloud fraction anomalies (%) associated with ENSO averaged over (a–d) the
western tropical Pacific (100°E-140°E; 10°S-10°N) and (e–h) the central tropical Pacific (160°E-200°E; 10°S-10°N).
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different set of model runs along with different assumptions including the simplifications of using zonal
means. Such strong consistency suggests that the dependence of these kernels on CTP and τ is fairly a
robust feature of the climate system. Consistent with Zelinka et al. [2012a], the tropical shortwave cloud
radiative kernel mainly depends on τ and notably increases as clouds get thicker, while for thick clouds,
the shortwave cloud radiative kernel also increases as cloud top gets higher. By comparison, the longwave
cloud radiative kernel is largely a function of CTP and increases considerably as cloud top gets higher, and
for thin clouds, it also increases as clouds get thicker. The longwave cloud radiative kernel overwhelms the
shortwave cloud radiative kernel for high thin clouds, whereas the shortwave cloud radiative kernel
dominates for the remaining CTP-τ bins, especially for low thick clouds. As a result, the net cloud radiative
kernel shows a warming effect for high thin clouds and a cooling effect elsewhere.

Since the cloud radiative kernels are derived for each tropical longitude-latitude grid and incorporate the
effects of the prescribed zonally varying temperature and specific humidity, they exhibit notable regional
variations. Figures 8b, 8d, and 8f show the regional distributions of the cloud radiative kernels for the
CTP-τ bin (180 hPa<CTP< 310 hPa and 1.3< τ< 3.6), a bin that contributes substantially to the observed
total cloud fraction over the tropical Indo-Pacific (Figure 3). When a spatially and optically uniform high
thin cloud (180 hPa<CTP< 310 hPa, 1.3< τ< 3.6) perturbation of 1% is applied, the tropical TOA
shortwave CRE (Figure 8b) shows distinct land-sea contrast and is stronger over ocean than over land. It is
largely zonally invariant over the tropical ocean with a value of �0.7Wm�2%�1, yet shows strong
regional dependence over tropical land; regions with larger surface albedo tend to have weaker TOA
shortwave CRE changes, and vice versa. The longwave cloud radiative kernel (Figure 8d) shows a notable

Figure 8. The shortwave cloud radiative kernel (Wm�2 %�1) (a) averaged over the tropical Indo-Pacific (60°E-200°E; 10°S-10°N) and 12 calendar months for the
observations, and (b) latitude-longitude distribution for the CTP-τ bin (180 hPa< CTP< 310 hPa, 1.3< τ< 3.6) that makes the largest contribution to the total
cloud fraction for the ISCCP observations; (c and d) same as Figures 8a and 8b except for longwave cloud radiative kernel; (e–f ) same as Figures 8a and 8b except for
net cloud radiative kernel.
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zonal asymmetry over both tropical ocean and land. It is relatively weak over the moisture-abundant tropical
deep convective regions (0.9Wm�2%�1) and relatively strong over the dry subtropical subsidence regions
(1.2Wm�2%�1). This suggests that the same amount of cloud fraction perturbation can lead to larger TOA
longwave CRE changes over the subsidence regions than over the ascent regions. Such regional
distribution reflects the spatial variability in the opacity of the clear-sky atmosphere, which is primarily
driven by atmospheric moisture. For the high thin cloud (180 hPa<CTP< 310 hPa, 1.3< τ< 3.6), the
longwave kernel dominates the shortwave kernel, particularly over the tropical and subtropical subsidence
regions; the net cloud radiative kernel (Figure 8f) shows a moderate warming: ~0.2Wm�2%�1 over the
Indo-Pacific deep convective regions and ~0.4Wm�2%�1 over the subtropical subsidence regions. While
not shown here, the spatial patterns of the shortwave and longwave cloud radiative kernels for other
CTP-τ bins are largely similar to those in Figures 8b, 8d, and 8f, with the main differences in magnitude.
For low clouds, the shortwave kernel displays some moderate zonal asymmetries over the tropical ocean,
whereas the longwave kernel mainly shows a weak warming over subtropical subsidence regions. The
distributions of the cloud radiative kernels based on the multi-model mean (not shown) are largely similar
to those based on the observations in Figure 8. We note that the effects of CMIP5 model biases in cloud
radiative kernels are negligible compared with those in model cloud fraction anomalies in accounting for
the model biases in the TOA CRE anomalies due to ENSO (not shown).

Figure 8 suggests that the effects of model cloud biases in various CTP-τ regimes on TOA CREs must be scaled
by their cloud radiative kernels. Thus, while the CMIP5 models strongly underestimate thin cloud changes
(Figure 7), these cloud biases may not be manifested as strongly in the TOA CRE anomalies, because of the
overall small TOA radiative effects of thin clouds. Likewise, while the CMIP5 models only moderately
overestimate the medium and thick high clouds, their contribution to the biases in TOA radiative
anomalies can be fairly large.

We next obtain the cloud-induced joint CTP-τ histogram of the TOA CRE anomalies due to ENSO by first
multiplying the deseasonalized ISCCP joint CTP-τ histogram of cloud fraction anomalies (Figure 7) by the
derived monthly cloud radiative kernels (Figure 8), element by element, and then linearly regressing such
time series against the MEI. Such calculations are performed for both the observations and the CMIP5
models. Figure 9 and Table 3 show their comparison over the western tropical Pacific. The observations
(Figure 9a) show that the strong reductions in high clouds (Figure 7a) lead to notably weakened
shortwave cooling (8.2Wm�2 reduction) and weaker longwave warming (6.8Wm�2 reduction) CREs,
whereas the moderate increase in low clouds contributes to a moderately strengthened shortwave cooling
(1.5Wm�2 greater). The effects of high cloud changes dominate, and the net TOA CRE weakens. While the
cloud reductions in medium and thick cloud regimes account for about ½ of total cloud reductions over
the western tropical Pacific (Figure 7), they explain 76% of total shortwave TOA CRE anomalies and 60% of
total longwave TOA CRE anomalies. Between the shortwave and longwave TOA CRE anomalies, the
longwave TOA CRE anomalies dominate in high thin cloud regimes, and the shortwave TOA CRE anomalies
dominate in the remaining cloud regimes.

The multi-model mean (Figure 9b) agrees with the observations (Figure 9a) in the dominant contribution of
high cloud reductions for the weakened TOA CREs but distinctly differs from the observations in τ regimes as
well as the contributions from middle and low clouds. Unlike those in the observations (Figure 9a), the
weakened TOA CREs in the multi-model mean are predominantly due to the reductions in medium and
thick clouds (Figures 9b and 9c), with little contributions from the middle and low clouds. The effects of
model biases in cloud fraction anomalies on their TOA shortwave and longwave anomalies are scaled
strongly by the cloud radiative kernels. For example, the multi-model mean underestimations of cloud
reduction over the western tropical Pacific during ENSO (Figure 7c) are 2.2% (cloud fraction percentage)
for high thin clouds and 0.5% for high medium and thick clouds. Since medium and thick clouds are
notably more effective than thin clouds in exerting changes in TOA shortwave CREs (Figure 8), the above
multi-model mean biases in high cloud reductions in thin clouds and medium and thick clouds
respectively lead to biases of �1.3 and �0.8Wm�2 for TOA shortwave CRE anomalies (Table 3). Likewise,
while the multi-model mean notably underestimates the low cloud increase and lacks middle cloud
changes (Figure 7c), these low and middle cloud biases have negligible contribution to the model biases
in TOA longwave CRE anomalies. For example, the low cloud increase during ENSO in the multi-model
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Table 3. The Comparison Between the Observations and the 7-Model Mean in the Kernel-Derived Cloud-Induced TOA CRE Anomalies (Wm�2) Associated With
ENSO at a Reduced-Resolution Joint CTP-τ Histograma

Kernel-Derived TOA CRE
Anomalies (Wm�2)

Western Tropical Pacific Central Tropical Pacific

Observations 7-Model Mean Observations 7-Model Mean

SW LW SW LW SW LW SW LW

Thin 2.0 �2.7 0.7 �1.2 �2.3 2.9 �1.3 2.2
High Medium 3.8 �2.7 3.0 �2.3 �3.5 2.7 �5.3 4.2

Thick 2.4 �1.3 2.4 �1.3 �3.1 1.8 �4.2 2.1
Thin 0.1 �0.1 0.0 0.0 �0.4 0.3 0.0 0.0

Middle Medium 0.4 �0.1 0.1 0.0 �0.4 0.2 �0.4 0.1
Thick 0.0 0.0 0.0 0.0 0.1 0.0 �0.2 0.1
Thin �0.4 0.1 0.0 0.0 0.3 0.0 0.2 0.0

Low Medium �1.0 0.1 �0.5 0.0 0.6 �0.1 1.3 �0.2
Thick �0.1 0.0 �0.2 0.0 0.1 0.0 0.3 0.0

Total 7.3 �6.8 5.5 �4.8 �8.7 7.7 �9.5 8.5

aSee section 2 for definitions of high, middle, low clouds, and thin, medium, and thick clouds.

Figure 9. The kernel-derived joint CTP-τ histogram for TOA shortwave CRE anomalies (Wm�2) associated with ENSO averaged over the western tropical Pacific
(100°E-140°E; 10°S-10°N) for (a) the ISCCP observations, (b) the 7-model mean from the CMIP5 ISCCP satellite simulator output, (c) the 7-model mean minus the ISCCP
observations, in which CTP-τ bins with at least five of the seven CMIP5 models agree on the sign of the field plotted are marked with a multiplication sign; Figures 9d–9f
show the same as Figures 9a–9c except for TOA longwave CRE anomalies; Figures 9g–9i show the same as Figures 9a–9c except for TOA net CRE anomalies. The sum of all
CTP-τ bins for each panel is shown in its title.
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mean is only 0.6%, notably smaller than 2.2% in the observations (Table 2); the corresponding multi-model
mean bias in TOA longwave CRE anomalies, however, is only �0.2Wm�2 (Table 3). When summed over all
CTP-τ bins, the total cloud-induced shortwave and longwave TOA CRE anomalies in the multi-model mean
are respectively 25% and 30% weaker than those of the observations, a result of an overall model
underestimation of cloud changes over the western tropical Pacific (Figure 7c) combined with the scaling
effects of the cloud radiative kernels (Figure 8).

Figure 10 shows the joint CTP-τ histogram for the cloud-induced TOA CRE anomalies averaged over the
central tropical Pacific. During warm ENSO, the enhanced TOA shortwave cooling and longwave warming
anomalies in the observations are primarily contributed by high cloud increases. The middle cloud
increases make a moderate contribution to the enhanced shortwave cooling, while the decreases in low
clouds from local anomalous ascent tend to weaken the shortwave cooling. The longwave warming
anomalies dominate the shortwave cooling anomalies for high thin clouds, and the opposite occurs for
the remaining CTP-τ bins. The comparison between the multi-model mean and the observations again
reflects the effects of climatological model biases, particularly optically much thicker clouds and the lack of
middle and low clouds. The TOA CRE anomalies in the multi-model mean are mainly due to the changes in
medium and thick high clouds, with little contributions from thin clouds; there is little contribution from
middle clouds. Despite the model cloud biases over the central tropical Pacific (cf. Figure 7g), through the
modulating effects of the cloud radiative kernels, the TOA CRE biases from the moderate multi-model
mean overestimation of medium and thick clouds are comparable to those from the strong
underestimation of thin clouds. When summed over all the CTP-τ bins, the shortwave and longwave TOA
CRE anomalies in the multi-model mean are about 10% stronger than those of the observations. Therefore,

Figure 10. Same as Figure 9 except for the central tropical Pacific (160°E-200°E; 10°S-10°N).
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the good multi-model mean simulation of TOA CRE anomalies over the central tropical Pacific does not
necessarily indicate the good model performance over that region. Instead, it is a result of compensating
errors between the multi-model mean underestimation of TOA CRE changes from thin clouds and the
overestimation of TOA CRE changes from medium and thick clouds. The compensation arising from
averaging across models with biases of either sign also likely plays a role.

In addition, while the net CRE anomaly biases in Figures 9 and 10 are small in most CTP-τ bins, they are
however a result of substantial cancelations between the large biases in shortwave CRE anomalies and
those in longwave CRE anomalies which have large magnitudes but of opposite sign.

3.4. Relative Roles of Changes in Cloud Properties, Temperature, and Humidity for TOACRE Anomalies
During ENSO

In this subsection, we assess the CMIP5 model representations of the relative roles of changes in cloud
properties as well as temperature and humidity in contributing to the TOA CRE anomalies during ENSO.
Figure 11 shows the cloud-induced TOA CRE anomalies, the contributions from the changes in individual
cloud components (cloud amount, CTP, and τ), and a residual component, as well as the changes in
temperature and humidity during ENSO, averaged over the western tropical Pacific and central tropical
Pacific. The results for the observations show that over both the western and central tropical Pacific, the
changes in total cloud amount, CTP, and τ all contribute to the cloud-induced shortwave and longwave
CRE anomalies associated with ENSO (Figures 11a and 11b), whereas the residual component makes an
overall negligible contribution. The shortwave cooling anomalies are primarily contributed by the total
cloud amount changes and secondarily by the changes in CTP and τ. Specifically, the local changes in total
cloud amount, CTP, and τ respectively contribute to 66%, 14%, and 18% of the weakened shortwave
cooling (7.3Wm�2) over the western tropical Pacific, and 57%, 9%, and 31% of the enhanced shortwave

Figure 11. (a) The comparison between the observations (red bars), the 7-model mean (gray bars), and the seven individual
models (multiplication sign) in terms of kernel-derived TOA CRE anomalies (Wm�2) summed over all CTP-τ bins averaged
over the western tropical Pacific (100°E-140°E; 10°S-10°N), from the total cloud changes (first bar from left), total cloud amount
changes only (second bar from left), changes in CTP only (third bar from left), changes in τ only (fourth bar from left), a residual
component (fifth bar from left), and changes in temperature and humidity only (sixth bar from left); Figure 11b shows the
same as Figure 11a except for the regional averages over the central tropical Pacific (160°E-200°E; 10°S-10°N); Figures 11c and
11d are the same as Figures 11a and 11b except for TOA longwave CRE anomalies.
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cooling (�8.7Wm�2) over the central tropical Pacific. By comparison, over the western and central tropical
Pacific, the changes in both total cloud amount and CTP contribute considerably to the cloud-induced
TOA longwave CRE anomalies (Figures 11c and 11d), whereas the changes in τ play negligible roles. The
local changes in total cloud amount, CTP, and τ respectively contribute to 49%, 44%, and 4% of the
weakened longwave warming (�6.8Wm�2) over the western tropical Pacific, and 49%, 30%, and 13% of
the enhanced longwave warming (7.8Wm�2) over the central tropical Pacific. The effects of temperature
and humidity changes are overall negligible for both shortwave and longwave CRE anomalies.

The relative roles of the observed changes in cloud property and temperature and humidity for shortwave
and longwave TOA CRE anomalies in Figure 11 are overall qualitatively consistent with those in Sun et al.
[2012], even though their results were based on a single ENSO event and were obtained using different
methodology with different observational data inputs.

The multi-model mean overall agrees with the observations. Consistent with those in the observations, the
kernel-derived TOA shortwave CRE anomalies in the multi-model mean are primarily from the total cloud
amount changes and secondarily from changes in CTP and τ. The local changes in total cloud amount, CTP,
and τ in the multi-model mean respectively contribute to 79%, 10%, and 9% of the weakened shortwave
cooling (5.6Wm�2) over the western tropical Pacific, and 68%, 13%, and 17% of the enhanced shortwave
cooling (�9.5Wm�2) over the central tropical Pacific. The TOA longwave CRE anomalies are notably
contributed by both the total cloud amount changes and the changes in CTP, with little contributions from
the changes in τ. The local changes in total cloud amount, CTP, and τ in the multi-model mean respectively
contribute to 61%, 33%, and 2% of the weakened longwave warming (�4.7Wm�2) over the western
tropical Pacific, and 50%, 43%, and 4% of the enhanced longwave warming (8.5Wm�2) over the central
tropical Pacific. Furthermore, the changes in temperature and humidity have negligible contributions to
the TOA CRE anomalies in the multi-model mean.

We next compare the observations and the CMIP5 multi-model mean for each of the components in
Figure 11, to examine their relative roles in contributing to the multi-model mean biases in TOA CRE
anomalies. Over the western tropical Pacific, the multi-model mean underestimation of cloud-induced
shortwave TOA CRE anomalies (Figure 11a) mainly comes from the model biases in τ changes and
secondarily from model biases in CTP changes. By comparison, the multi-model mean underestimation in
cloud-induced longwave TOA CRE anomalies (Figure 11c) is mainly due to the model biases in CTP
changes. Over the central tropical Pacific, the weak multi-model mean overestimation of cloud-induced
TOA shortwave CRE anomalies (Figure 11b) is mainly contributed by model biases in changes in total
cloud amount and CTP, which are partially negated by the model biases in changes in τ. The weak multi-
model mean overestimation of TOA longwave CRE anomalies is mainly contributed by the model biases in
changes in total cloud amount and CTP (Figure 11d) partially negated by the model biases in τ.

It is worth noting that while the total cloud amount changes dominate TOA shortwave CRE anomalies and
account for about half of the longwave CRE anomalies in both observations and the multi-model mean
(Figure 11), their exerted TOA shortwave and longwave CRE anomalies are comparable between the multi-
model mean and the observations over the western tropical Pacific, thus contributing little to the notable
multi-model mean underestimation of TOA CRE anomalies there (Figures 11a and 11c). The TOA radiative
effects of total cloud amount changes during ENSO are by definition determined by the ratio of total
cloud amount change to total cloud amount climatology, climatological CTP-τ distribution of clouds, and
cloud radiative kernels. The ratios for total cloud amount changes are comparable between the
observations (7.4%) and the CMIP5 multi-model mean (6.2%) over the western tropical Pacific, because the
CMIP5 models underestimate the total cloud amount in both climatology (Figure 3) and anomalies
(Figure 7) there. Meanwhile, although the CMIP5 models show distinct climatological biases in τ regimes
by strongly underestimating thin clouds and moderately overestimating medium and thick clouds
(Figure 3), when scaled by the cloud radiative kernels, the underestimation of TOA CRE anomalies from
thin clouds is offset by the overestimation of TOA CRE anomalies from medium and thick clouds. Over the
western tropical Pacific, with an increase of 1% of their respective total cloud amount, both the multi-
model mean and the observations show an enhanced TOA shortwave cooling of 0.8Wm�2 and longwave
warming of 0.5Wm�2. As a result, the accumulated TOA CRE effects between the observations (5.7Wm�2

for shortwave and 4.0Wm�2 for longwave) and the multi-model mean (5.1Wm�2 for shortwave and
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3.3Wm�2 for longwave) are comparable. Thus, the good multi-model mean simulation of TOA CRE
anomalies from total cloud amount changes is essentially a result of compensating errors between model
clouds at different τ regimes.

4. Summary and Conclusions

This study evaluates and investigates the CMIP5 model simulations of ENSO effects on tropical clouds and
TOA CREs. The satellite-based observations used to evaluate the CMIP5 models include the CERES EBAF
TOA radiative fluxes and the ISCCP joint CTP-τ histogram of cloud fraction. The ISCCP satellite simulator
output from the CMIP5 AMIP simulations is used to evaluate the model clouds.

To quantify the relative roles of model cloud biases in various CTP-τ regimes in contributing to the model
biases in TOA CRE anomalies during ENSO, we derive shortwave and longwave cloud radiative kernels
[Zelinka et al., 2012a]—a measure of TOA CRE sensitivity to cloud fraction perturbations, and construct
joint CTP-τ histogram for TOA CRE anomalies for both the observations and the CMIP5 model simulations.
To evaluate the CMIP5 model simulation of the relative roles of changes in cloud properties for the TOA
CRE anomalies during ENSO, we use the methodology in Zelinka et al. [2012b, 2013] and decompose the
cloud-induced TOA CRE anomalies due to ENSO into those due to changes in total cloud amount, CTP, τ,
and a residual component. Lastly, to assess the model representation of the effect of changes in
temperature and humidity on TOA CRE anomalies, we repeat the above calculations but using
temperature and humidity that are the sum of their climatologies and anomalies due to ENSO when
deriving cloud radiative kernels, and then compare these two sets of calculations in their TOA CRE anomalies.

The results show that climatologically, most of the CMIP5 models underestimate the TOA CREs near the
Maritime Continent, yet notably overestimate the TOA CREs over the central tropical Pacific. The CMIP5
models exhibit distinct biases in clouds over the tropical Indo-Pacific. They produce considerably less total
cloud amount with notably higher cloud top than the observed. Further, all the CMIP5 models show
distinct biases in τ regimes by simulating clouds that are optically much thicker than the observed. In
contrast with the observations in which the total cloud fraction is primarily contributed by thin clouds, the
CMIP5 models lack thin clouds and are dominated by medium and thick clouds. The models also lack
middle clouds, and most of them strongly underestimate low clouds.

During ENSO, the CMIP5 models agree with the observations fairly well in the spatial pattern of shortwave
and longwave TOA CRE anomalies, with however notable differences in magnitudes. In particular, the
CMIP5 models consistently underestimate the shortwave and longwave TOA CRE anomalies over the
western tropical Pacific, with their multi-model mean being only 50% of the observed. Over the central
tropical Pacific, while the multi-model mean is comparable to the observations for both the shortwave and
longwave TOA CRE anomalies, it is a result of strong cancelations between the CMIP5 models.

The model biases in cloud anomalies associated with ENSO are strongly affected by their biases in cloud
climatology. During ENSO, the total cloud amount changes over the tropical Indo-Pacific in the CMIP5
models are notably smaller than those of the observed, particularly over the western tropical Pacific.
Associated with the model climatological biases in simulating clouds that are optically much thicker than
the observed, the majority of model cloud changes occur in the medium and thick cloud regimes. The
CMIP5 models also strongly underestimate the changes in middle and low clouds. Additionally, the CMIP5
models considerably underestimate the cloud top pressure increases over the western tropical Pacific and
notably overestimate the cloud top pressure decreases over the central tropical Pacific.

These distinct model biases in clouds are, however, not manifested strongly in TOA CREs, due to the strong
error compensations in cloud optical thickness and cloud vertical structure, combined with the scaling effects
of cloud radiative kernels. While the CMIP5 models strongly underestimate thin clouds and moderately
overestimate medium and thick clouds, because of the notable dependence of shortwave cloud radiative
kernels on τ, the model underestimation of TOA shortwave CRE anomalies from thin clouds is only
moderately larger than the model overestimations of TOA shortwave CRE anomalies from medium and
thick clouds. In addition, the low cloud changes are often of opposite sign of the high cloud changes,
though with weaker magnitudes. The above compensations result in overall small TOA shortwave CRE
biases when summed over all the CTP-τ bins. As for longwave CRE anomalies, because of the distinct
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dependence of longwave cloud radiative kernels on CTP, the model biases in low and middle clouds have
negligible effects on TOA longwave CRE anomalies. Further, the compensation between model
underestimation of thin cloud changes and overestimation of medium and thick cloud changes contribute
to the TOA longwave CRE anomalies as well, because of the moderate dependence of longwave cloud
radiative kernel on τ for high clouds.

As for the relative roles of changes in cloud properties in contributing to the TOA CRE anomalies during ENSO,
the CMIP5multi-model mean agrees with the observations on the dominance of total cloud amount changes
for shortwave TOA CRE anomalies and the considerable contributions from both total cloud amount changes
and cloud top pressure (CTP) changes for longwave TOA CRE anomalies. The CMIP5 models are also
consistent with the observations in the negligible effects of temperature and humidity changes on TOA
shortwave and longwave CRE anomalies.

The comparison between the multi-model mean and the observations in contributions from individual cloud
properties shows that the notable multi-model mean underestimation of cloud-induced TOA CRE anomalies
over the western tropical Pacific is mainly due to the multi-model mean biases in CTP and τ changes for
shortwave and CTP changes for longwave. By comparison, the TOA CRE anomalies from the total cloud
amount changes are comparable between the observations and the multi-model mean, thus making little
contribution to the notable multi-model mean underestimation of TOA CRE anomalies over the western
tropical Pacific. This is essentially a result of compensating errors between multi-model mean
underestimation of TOA CRE anomalies from thin clouds and its overestimation of TOA CRE anomalies
from medium and thick clouds. The compensation from averaging across models with biases of either sign
plays a secondary role. Over the central tropical Pacific, the weak multi-model mean overestimation of
TOA CRE anomalies is mainly contributed by model biases in cloud amount and τ anomalies for shortwave
and by model biases in changes in cloud amount and CTP for longwave.

This study shows that while the CMIP5models simulate the tropical TOA CRE anomalies associated with ENSO
well, they are rather deficient in simulating tropical cloud changes. The good model simulations of the TOA
CRE anomalies are essentially a result of compensating model errors between different cloud processes. The
model biases in cloud anomalies during ENSO are strongly affected by the model biases in cloud climatology,
notably the considerable underestimation of total cloud amount with higher optical reflectivity, and the lack
of middle and low clouds. These CMIP5 model errors in clouds primarily originate from the errors in the
model cloud parameterizations [e.g., Su et al., 2012]. In addition, the common model biases in
underestimating the TOA CRE and cloud changes over the western tropical Pacific are worth noting. In a
fully coupled ocean-atmosphere model system, such model cloud biases over the western tropical Pacific
can easily lead to biases in tropical SST whose effects can subsequently propagate into regions worldwide
through atmospheric teleconnection. As a result, the produced coupled model simulations and projections
of future climate change are subject to the above model cloud biases over the western tropical Pacific.
Such model biases originate from the deficiencies in model convective parameterization schemes rather
than model resolution [e.g., Pearson et al., 2014]. While some progress has been made by tuning model
parameterization schemes, such as altering the dependence of entrainment on the surrounding
atmospheric conditions [e.g., Del Genio and Wu, 2010], much modeling work is needed to correct this
model bias. Overall, this study stresses the critical need to improve model simulation of clouds, not only in
regional distribution (e.g., underestimations near Maritime Continent and double ITCZ bias) but also in
cloud properties (e.g., smaller cloud amount with higher optical reflectivity). Only when these issues are
alleviated can there be a stronger confidence in the model simulations of climate variability and projection
of future climate change.
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