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ABSTRACT
The representation of cloud-radiation interactions in large-scale models is known to be challenging and critical for climate
modeling. In this paper, we review a few reasons why it is so critical. In particular we discuss the role of cloud-radiative
effects in the global energy balance and climate sensitivity, in planetary transports of energy, in the Hadley-Walker circulation, and in tropical convective organization and intra-seasonal variability. Then, a few modeling and observational
approaches are presented, which seem promising to study and to evaluate cloud-radiation interactions in climate models.

1 Introduction
The representation of cloud and radiative processes is known to be one of the most sensitive aspects of climate
modeling. How many climate modelers have not come to that conclusion, for better or for worse, after having
noticed the great sensitivity of their simulations to a slight modification of a single model parameter associated
with cloud or radiative parameterizations? If the importance of cloud-radiation interactions for climate sensitivity has long been emphasized, maybe less recognized is how critical these interactions are for many other
aspects of the climate system.
For instance, cloud-radiation interactions affect, through their large-scale meridional gradient, the simulation
of the planetary energy transports by the atmosphere and the oceans. Their contribution to the tropospheric
diabatic heating also substantially affects the atmospheric circulation and the different modes of variability of
the atmosphere. Through their impact on the tropospheric diabatic heating and atmospheric dynamics, cloudradiative effects matter for the prediction of precipitation, which itself is of critical importance for virtually all
aspects of climate modeling and climate change research. The importance of cloud-radiation interactions for
climate sensitivity, planetary energy transports, the Hadley-Walker circulation and the large-scale organization
of the equatorial atmosphere is examined in sections 2, 3, 4 and 5, respectively. In section 6, we discuss some
modeling and observational approaches that seem promising for studying and evaluating these interactions in
large-scale models. A conclusion is given in section 7.

2 Earth’s radiation balance and climate sensitivity
Energy exchanges between the Earth and space take place through longwave and shortwave radiation. By
reflecting solar radiation, clouds affect the Earth’s planetary albedo and cool the climate system. By absorbing
the longwave radiation emitted by the surface and the lower atmosphere and by reemitting longwave radiation
to space at a lower temperature (the cloud top temperature), clouds contribute to the Earth’s greenhouse effect
and hereby also exert a warming effect on climate. The impact of clouds on the Earth’s radiation balance may
be quantified by the difference between all-sky and clear-sky radiation fluxes at the top of the atmosphere. This
difference is often referred to as ”cloud radiative forcing” (CRF).
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Figure 1: West Pacific shortwave, longwave and net cloud TOA radiative forcing as a function of cloud top
temperature (T) and visible optical depth (τ ), calculated by a radiative transfer model assuming 100% cloud
cover in each T-τ bin, and prescribed particle sizes. [From Kubar et al. (2007).]

As illustrated in Figure 1, the impact of clouds on shortwave radiation primarily depends on the cloud optical
thickness (which as a first approximation depends on the cloud water content and on the cloud microphysics),
while the impact on longwave radiation of depends mostly on the cloud top temperature, except for optically thin
clouds for which both the optical depth and the cloud top temperature matter (see Tompkins and Di Giuseppe
(2008) for a more extensive discussion). The net CRF thus depends both on the cloud optical thickness and the
cloud top temperature.
In the current climate, the global annual mean net CRF is about -20 W/m2 . However, a change in climate
induced by an external radiative forcing might modify the occurrence and/or the radiative properties of clouds,
and lead to an enhanced or weakened cooling effect of clouds on climate, thus exerting a radiative feedback.
Current climate models predict both very different cloud responses to an increased carbon dioxide concentration
in the atmosphere, and a wide range of climate sensitivity estimates (Soden and Held 2006, Randall et al.
2007). An analysis of climate sensitivity estimates from CMIP3 coupled ocean-atmosphere models suggests
that inter-model differences in cloud radiative feedbacks constitutes by far the primary source of spread of both
equilibrium climate sensitivity and transient climate response estimates (Dufresne and Bony 2008, Figure 2).
Many different factors or processes may contribute to inter-model differences in cloud feedbacks. Thanks to
recent multi-model analyses of the physical processes involved in these feedbacks, some progress has been
made in our understanding of the reasons for these differences (Bony et al. 2006). In particular, the response of
marine boundary-layer clouds to global warming has been identified as the primary contributor to the spread of
climate change cloud feedbacks in current models (Bony and Dufresne 2005, Webb et al. 2006).
This emphasizes the need to improve the simulation of low-level clouds in GCMs, and to multiply the number
of observational tests focused on the behaviour of this particular cloud type. However, although not playing a
dominant role in the current spread of climate sensitivity estimates, the response of deep convective clouds to
climate change also constitutes a matter of uncertainty. Whether differing responses of marine boundary-layer
clouds in models result from differences in the representation of boundary-layer parameterizations and/or from
remote differences in the response of deep convective processes remains an area of active research.

3 Planetary energy transports
The annually averaged meridional distribution of the Earth’s radiation budget shows that tropical regions are
characterized by a surplus of radiative energy and extratropical regions by a deficit. By transporting energy
from the equator to the poles, oceanic and atmospheric motions compensate for those surplus or deficit of
206

ECMWF Seminar on Parametrization of Subgrid Physical Processes, 1-4 September 2008

S. B ONY: C LOUD - RADIATION

2.5

1
0.9

∆T (K)

1.5
t
∆T
s

0.5

0

Normalized intermodel difference

2

1

INTERACTIONS

0.8
0.7

FORCING
OHU
PLANCK
WV + LR
SFC ALB
CLOUDS

0.6
0.5
0.4
0.3
0.2

−0.5
0.1

a) −1

multi−model mean

b)

0

Figure 2: For a CO2 doubling, (a) multimodel mean ± 1 standard deviation (thick line) and 5%-95% interval
(thin line) of the transient temperature change (∆TtS ) and contributions to this temperature change associated with the Planck response, ocean heat uptake (OHU), combined water vapor and lapse-rate (WV-LR)
feedback, surface albedo feedback, and cloud feedback. (b) Intermodel standard deviation of the transient
temperature change estimates associated with intermodel differences in radiative forcing, Planck response,
ocean heat uptake, and the various feedbacks normalized by the intermodel standard deviation of the transient temperature change ∆TtS . [From Dufresne and Bony (2008).]

radiative energy and ensure the energy balance of the land-ocean-atmosphere system.
The impact of clouds on TOA radiation, especially the shortwave cooling effect, being larger in the extratropics
than in the tropics, clouds sharpen the equator-to-pole gradient in TOA radiation. Zhang and Rossow (1997) and
Weaver (2003) show that the heat transport attributable to cloud-radiative effects represents a significant part of
the total, and that the current meridional distribution of CRF substantially enhances the total ocean-atmosphere
heat transport (by almost 2 petawatts at about 30o S, Figure 3). Using recent observational estimates of TOA
and surface radiation derived from CERES data, Kato et al. (2008) confirm these results and show that cloud
radiative effects enhance the atmospheric equator-to-pole transport of energy in all seasons.
The extratropical atmospheric energy transport is largely accomplished by baroclinic eddies, and these eddies
are responsible for most of the storms that produce the strong extratropical shortwave CRF. As emphasized
by Weaver (2003), there is therefore a strong potential feedback between clouds, radiation and atmospheric
dynamics. For climate models, this makes the representation of cloud radiative effects critical for the simulation
of the general circulation of the atmosphere, and also its sensitivity to external forcings.
By investigating with an aqua-planet GCM coupled to a slab ocean the response of the inter-tropical convergence zone (ITCZ) to an imposed extratropical forcing, Kang et al. (2008) provide a compelling illustration of
the importance of the coupling between cloud-radiative feedbacks, equator-to-pole energy transports and atmospheric dynamics. When an extratropical thermal forcing is imposed beneath the ocean mixed layer (equivalent
to an imposed NH-to-SH cross-equatorial ocean heat transport), the model robustly predicts a shift of the ITCZ
away from the cooled hemisphere toward the warmed hemisphere. However, in their model the magnitude of
the ITCZ displacement turns out to be very sensitive to changes in the parameterized entrainment rate of convective plumes. This sensitivity results from the fact that changes in the convection scheme modify the cloud
response and then the meridional distribution of the SW CRF. This affects energy transports and the amplification of the effect of the extratropical forcing. This study thus shows that tropical-extratropical interactions and
the displacement of the ITCZ precipitation, which are of primary importance for regional climate changes and
impacts, depend on multiple interactions between convection, clouds, radiation and energy transports.
ECMWF Seminar on Parametrization of Subgrid Physical Processes, 1-4 September 2008
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Figure 3: (a) Zonal-mean 1985-1989 ERBE net CRF (in W/m2 ). (b) Implied total (atmosphere-ocean) northward heat transport (1015W) derived from ERBE all-sky TOA net radiation (solid curve) and ERBE clearsky-only TOA net radiation (dotted curve). Their difference (the ”cloud contribution”) is given by the dashed
curve. [From Weaver (2003).]

4 Hadley-Walker circulation
In this section, we extend the previous discussion on the effect of interactions between clouds, radiation, atmospheric dynamics and climate by addressing the role of interactions between cloud-radiative effects and the
tropical large-scale overturning circulation.
The large-scale distribution of cloud types within the tropics offers a clear illustration of the dynamical control
on clouds and radiation: at first approximation, deep convective clouds of large vertical extension and cold
cloud top predominantly occur within regions of large-scale rising motion while boundary-layer clouds occur
in regions of large-scale sinking motion Consistently, using the mid-tropospheric (500 hPa) large-scale vertical
velocity as a proxy for large-scale motions, the longwave and shortwave components of the cloud radiative forcing, that both depend on cloud types, exhibit a strong relationship with the large-scale atmospheric circulation
(Bony et al. 2004, Bony and Dufresne 2005, Figure 4). This is particularly obvious at the regional scale.
The strong interaction between clouds, radiation and the atmospheric circulation raises the following questions:
How does a change in the Hadley-Walker circulation affect the tropics-wide cloud radiative forcing and radiation
budget ? and how does a change in cloud-radiative effects affect the Hadley-Walker circulation ?
The first question may be addressed by decomposing the tropical overturning circulation
as a series of dynamiR +∞
cal regimes defined from the mid-tropospheric large-scale vertical velocity ω such as −∞ Pω d ω = 1 (where Pω
is the PDF of ω in the tropics), by expressing
the tropical average of a quantity C (such as the TOA radiation
R +∞
Pω Cω d ω , where Cω is the composite of C within the dynambudget or cloud radiative forcing) as C = −∞
ical regime ω , and then by decomposing changes in the tropically-averaged change in C into dynamical and
thermodynamical components (Bony et al. 2004) as :

δC =

Z +∞
−∞

Cω δ Pω d ω +

Z +∞
−∞

Pω δ Cω d ω +

Z +∞
−∞

δ Cω δ Pω d ω

Considering changes in the Hadley-Walker circulation associated either with natural climate variability at the
seasonal, interannual or decadal time scales (e.g. Clement and Soden 2005, Yuan et al. 2008),
or with global
R +∞
warming experiments (e. g. Bony et al. 2004, Wyant et al. 2006), the dynamical component ( R−∞ Cω δ Pω d ω )
+∞
has been found to be always much weaker than the corresponding thermodynamical component ( −∞
Pω δ Cω d ω ).
Therefore, although regional variations in C are primarily m controlled by dynamical changes (e.g. shifts of the
large-scale dynamical structures), the tropical-mean radiation budget or cloudiness may be interpreted at first
order by examining cloud or radiation changes that occur within specified dynamical regimes, in association
with changes in surface boundary conditions or in the atmospheric vertical stratification.
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Figure 4: (a) PDF Pω of the 500-hPa monthly mean large-scale vertical velocity ω500 in the Tropics (30o S30o N) derived from ERA-40 meteorological reanalyses, and composite of the monthly-mean (b) GPCP precipitation and (c) ERBE-derived longwave and shortwave (multiplied by -1) cloud radiative forcing in different circulation regimes defined from ERA-40 ω500 over 1985-89. Vertical bars show the seasonal standard
deviation within each regime. [From Bony et al. (2006).]

It should be noted however that the mid-tropospheric vertical velocity ω constitutes a simple and crude proxy for
the large-scale atmospheric circulation. Assuming that the vertical profile of ω corresponds to a first baroclinic
mode with a maximum in the mid-troposphere constitutes a first order approximation, valid in a perfectly moist
adiabatic atmosphere. In nature, the shape of ω may be more ’top-heavy’ or ’bottom-heavy’ at the regional
scale (Back and Bretherton 2006), and changes in the vertical structure of ω may not be well captured by ω500
while having some influence on cloud and radiative properties (e.g. Kubar et al. 2007, Yuan et al. 2008). Then,
to investigate in more detail the response of boundary-layer clouds to a change in large-scale subsidence, it is
worth applying a similar methodology to several types of decomposition of the tropical atmosphere, such as
percentiles of the lower tropospheric stability (Wyant et al. (2008)).
If the Hadley-Walker circulation plays a role in the horizontal and vertical distributions of clouds, and hence in
radiation fluxes at the top of the atmosphere, in return cloud-radiative effects likely play a role in the HadleyWalker circulation.
Indeed, clouds do not only affect the radiation budget at the top of the atmosphere but also modulate the surface
energy budget and the tropospheric radiative heating rate. Over tropical warm pools and over the ITCZ, in
particular, the longwave and shortwave components of the TOA CRF nearly cancel each other, while longwave
cloud-radiative effects exert a substantial radiative heating of the troposphere and shortwave cloud-radiative
effects a radiative cooling at the surface (e.g. Tian and Ramanathan 2002, Figure 5). Therefore, although the
TOA net CRF is small in deep convective regimes, clouds efficiently redistribute the radiative energy between
the surface and the troposphere. The role that tropospheric cloud-radiative effects may play in the tropical
atmospheric circulation has been studied by several authors, including Slingo and Slingo (1988), Randall et al.
(1989), Sherwood et al. (1994) and Bergman and Hendon (2000). Randall et al. (1989) pointed out for instance
that ”the atmospheric CRF enhances deep convection and precipitation while supressing shallow convection,
ECMWF Seminar on Parametrization of Subgrid Physical Processes, 1-4 September 2008
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Figure 5: Climatological distribution of the net cloud radiative forcing (in W/m2 ) (a) at the TOA, (b) at
the surface, and (c) in the atmosphere, derived from ERBE satellite data, radiative computations and field
observations. [From Tian and Ramanathan (2002).]

[...] and warms and moistens the tropical troposphere”. In aqua-planet experiments where atmospheric cloud
radiative effects are omitted, ”there is a double tropical rain band in the cloud-free run, and a single, more
intense tropical rain band in the cloudy run. The cloud-free run produces relatively weak but frequent cumulus
convection, while the cloudy run produces relatively intense but infrequent convection. The mean meridional
circulation transports nearly twice as much mass in the cloudy run.” These results, established twenty years ago,
still hold when using current state-of-the-art GCMs. Experiments in which atmospheric cloud radiative effects
are omitted in the LMDZ4 version of the LMD GCM, using the Emanuel convective parameterization and a
cloud scheme coupled to this convection scheme (see Hourdin et al. 2006 for a more extensive description of
LMDZ4) lead to very consistent results (Figure 6).
The atmospheric CRF-free run produces a double ITCZ, and widespread but weaker convection over the tropics. Consistently, the Hadley-Walker circulation is strongly affected by the atmospheric CRF, with a nearly
symmetric PDF of mid-tropospheric velocity when cloud-radiation interactions are switched off (with half of
the tropics covered by rising motions and half by sinking motions) contrasting with the highly skewed PDF in
the case where cloud-radiation interactions are switched on (with 30% of the tropics covered by rising motions
and 70% by sinking motions). Consistently, large-scale rising motions and deep convection occur over a larger
range of SSTs in the CRF-free run (deep convection thus occurs over smaller SSTs) than in the control run.
By enhancing the diabatic heating of the troposphere, cloud radiative effects thus act to strengthen the largescale overturning circulation and make the ITCZ narrower. As will be discussed in section 6.2, the interaction
between cloud radiative effects, large-scale vertical motion and SST may be qualitatively understood based on
idealized single-column simulations using the Weak Temperature Gradient (WTG) approximation.
GCM experiments in which the atmospheric CRF is completely switched off thus point out a very strong impact
210
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Figure 6: Annual mean precipitation (in mm/day) simulated by the LMDZ4 GCM when atmospheric cloudradiative effects are (top left) switched on or (bottom left) switched off. (top right) Mean relationship between
precipitation and sea surface temperature (SST) and (bottom right) PDF of the mid-tropospheric (500 hPa)
large-scale vertical velocity in both simulations.

of cloud-radiative effects on the large-scale tropical circulation. As the atmospheric CRF strongly affects the
vertical stratification of the atmosphere and thus the atmospheric stability, part of this large impact is related to
the interaction of radiative effects with convection and latent heating. Moreover, GCMs often under-estimate
the occurrence of boundary-layer clouds, and thus may under-estimate the impact on the circulation of the
tropospheric radiative cooling associated with low-level clouds compared to the impact of deep convective
clouds. Linear calculations forced by diabatic heating rates constrained from observations suggest that the
atmospheric CRF itself (i.e. not associated with changes in latent heating) strengthens low-latitude circulations
by about 20% over the oceans (Bergman and Hendon 2000). These calculations also suggest a strong influence
of cloud radiative effects associated with marine boundary-layer clouds on the low-level atmospheric circulation
of subtropical regions.

5 Tropical convective organization and intra-seasonal variability
Another area where cloud-radiation interactions are likely to play a critical role is in the convective organization
of the tropical atmosphere at different scales. The role of cloud-radiation interactions at the cloud scale and
at the meso-scale is nicely reviewed by Tompkins and Di Giuseppe (2008). Here we discuss the role of these
interactions in the self-organization of the equatorial atmosphere at larger spatial scales, in relationship with the
synoptic to planetary scales of variability of the tropical atmosphere.
The study by Lin et al. 2006 shows that current state-of-the art coupled ocean-atmosphere GCMs still have
significant problems and display a wide range of skill in simulating the tropical intraseasonal variability. In
ECMWF Seminar on Parametrization of Subgrid Physical Processes, 1-4 September 2008
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particular, there appears to be a lack of highly coherent eastward propagation of the Madden-Julian Oscillation
(MJO) in many models. In addition, the phase speeds of convectively coupled equatorial waves are generally
too fast, whish suggests that these models may not have a large enough reduction in their effective static stability
by diabatic heating (Lin et al. 2006).
Radiative processes contribute to the diabatic heating of the atmosphere, and observational studies have revealed
large variations of the tropospheric radiative cooling in regions of a strong intraseasonal climate variability, such
as the Indian and the western Pacific oceans (e. g. Mehta and Smith 1997, Johnson and Ciesielski 2000, Lin
and Mapes 2004). These variations are primarily related to the presence of deep convective clouds and to their
interaction with longwave radiation. Given the difficulties of GCMs in simulating clouds and the radiative effects
of clouds, the question arises whether the simulation of cloud radiative processes and feedbacks may explain
part of the problems revealed by Lin et al. (2006). To answer this question, one has first to understand the role
that cloud radiative processes play in the natural variability of the tropical atmosphere, and in the intraseasonal
variability in particular.
We have investigated the influence of feedbacks between between moisture (including clouds), radiation and
convection on the large-scale organization of the equatorial atmosphere by using two models of different complexity. First, we used the simple two-layer linear model of the tropical atmosphere proposed by Emanuel
(1987) and improved by Yano and Emanuel (1991) and Emanuel (1993), in which we have added a representation of radiative processes (Bony and Emanuel 2005). Then, we used an aquaplanet general circulation model
(Zurovac-Jevtic et al. 2006) including parameterizations of clouds and convection that have been carefully
evaluated against TOGA-COARE data (Emanuel and Zivkovic-Rothmann 1999, Bony and Emanuel 2001).
Results from the linear model show that interactions between moisture (including clouds) and tropospheric radiative cooling have two important effects in the large-scale organization of the equatorial atmosphere. One
effect is to excite small-scale advective disturbances traveling with the mean flow, and thus to affect the relative
prominence of small-scale versus planetary-scale modes of variability of the equatorial atmosphere (Figure 7a).
However, the primary effect of radiative feedbacks is to reduce the phase speed of large-scale tropical disturbances (Figure 7b): by cooling the atmosphere less efficiently during the rising phase of the oscillations
(when the atmosphere is moister and more cloudy) than during episodes of large-scale subsidence (when the
atmosphere is drier), the atmospheric radiative heating anomalies (which are positive in the rising phase of the
oscillations and negative in the sinking phase) partly oppose the thermodynamical effect of adiabatic motions
(Figure 8). This reduces the effective stratification felt by propagating waves and slows down their propagation. Owing to a positive feedback between large-scale ascent, tropospheric moistening and radiation, a stronger
interaction of clouds with radiation (and thus an enhanced cloud-radiative feedback) reduces the phase lag between radiative heating anomalies and large-scale vertical velocity anomalies, and hence makes the slowing
down more efficient.
Then we used a two-dimensional, ocean covered general circulation model (oriented in the equatorial plane,
having a horizontal resolution of 1.5 degree and 40 vertical levels) to investigate whether the results inferred
from the simple linear model were still valid when using less idealized representations of the convective, cloud
and radiation processes (Zurovac-Jevtic et al. 2006). The framework of the numerical experiments is simple:
a basic state is created first by turning off all advection and running each atmospheric column to a state of
radiative-convective equilibrium, imposing a constant SST and a background mean (easterly) wind vertically
uniform and steady. Then very small random perturbations (white noise) are introduced in the initial field of
potential temperature at 1000 hPa. If the mean state is unstable, these random perturbations develop until a new
statistical equilibrium emerges.
Numerical simulations performed with cloud-radiation interactions turned either on or off confirm that cloud
radiative effects play a fundamental role in the large-scale organization of the tropical atmosphere (Figure 9): in
the absence of cloud-radiation interactions (Figure 9a), the model spontaneously generates fast (period of 12-15
days) upwind (eastward) moving planetary-scale oscillations through the wind-induced surface heat exchange
mechanism (WISHE, Emanuel 1987), while in the presence of cloud-radiative effects (Figure 9c) the model
generates slower upwind propagating waves of planetary scale in addition to small-scale disturbances advected
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Figure 7: (top): Growth rates and (bottom) phase speeds (relative to the mean flow) of the different modes
of variability predicted by the simple linear model of the equatorial atmosphere, as a function of the zonal
wavenumber k and of the intensity of the radiative feedback. Note that the strength of the radiative feedback
α may be related to a relaxation timescale of moisture (or clouds) perturbations (the larger the value of α
the shortest the relaxation timescale; values of α less than 30 correspond to a relaxation time scale longer
than about 1 day). [From Bony and Emanuel (2005).]

downwind (westward) by the mean flow. Cloud radiative effects affect both the mean atmospheric state and
the variability of the tropospheric diabatic heating. An experiment in which the cloud-radiative effects are held
constant in time (Figure 9b) shows that it is the effect of time-varying cloud radiative effects that is responsible
for both slowing down the propagating planetary waves (down to a period of 30-60 days) and for exciting
smaller-scale advective modes. Enhanced cloud-radiative effects (Figure 9d) further slow down the planetaryscale propagating waves, and make them more prominent in the spectrum compared to small-scale advective
disturbances.
Results from our equatorial GCM are thus consistent with the predictions from the simple linear model of the
equatorial atmosphere. They are also consistent with earlier GCM results by Lee et al. (2001) showing that in
their model the simulation of tropical intraseasonal oscillations is sensitive to the representation of clouds, that
the presence of cloud-radiation interactions contaminates the eastward propagation of large-scale oscillations
by small-scale advective disturbances travelling westward with the mean flow, and that the relative prominence
of large-scale propagating and small-scale advective distubances was sensitive to the strength of cloud-radiation
interactions.
These findings lead us to suggest that indeed, the difficulties of GCMs in simulating tropical intraseasonal
variability may stem in part from a wrong simulation of cloud radiative feedbacks in convective regions. HowECMWF Seminar on Parametrization of Subgrid Physical Processes, 1-4 September 2008
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Figure 8: Illustration of the relationship between convection, tropospheric temperature perturbations
(shaded), clouds, outgoing LW radiation (arrows at the top of the atmosphere) and large-scale vertical motion (thick vertical arrows in the middle troposphere) in an equatorial atmospheric oscillation of planetary
scale propagating from left to right. By cooling the atmosphere less efficiently during the rising phase of the
oscillation (when the atmosphere is moist and associated with deep convective clouds) than during episodes
of large-scale subsidence (when the free troposphere is dry and clear-sky), the atmospheric radiative heating
anomalies (which are partly in phase with vertical velocity anomalies) partly oppose the thermodynamical
effect of adiabatic motions. This reduces the effective stratification felt by propagating waves and slows down
their propagation (Bony and Emanuel 2005).

ever, radiative feedbacks are only one among many physical processes that GCMs have to represent correctly
to simulate tropical intraseasonal variations successfully. In particular, interactions between water vapor and
convection have been shown to play a role also in the large-scale organization of the tropical atmosphere (e.g.
Tompkins 2001, Fuchs and Raymond 2002, Grabowski and Moncrieff 2004). Indeed, Bony and Emanuel (2005)
and Zurovac-Jevtic et al. (2006) show that they exert a selective damping effect upon small-scale disturbances,
thereby favoring large-scale propagating waves at the expanse of small-scale advective disturbances, and that
they weaken the ability of radiative processes to slow down the propagation of planetary-scale disturbances.
Therefore, the simulation of the tropical intraseasonal variability depends on the relative strengths of cloudradiation and moisture-convection feedbacks in GCMs. In addition to their difficulty of simulating cloud radiative effects, large-scale models appear to underestimate the sensitivity of atmospheric convection to tropospheric humidity (Derbyshire et al. 2004). This suggests that to improve the simulation of tropical variability
in large-scale models, one needs to make progress in the representation of both cloud-radiation interactions and
moisture-convection interactions.

6 How to assess the quality and the climatic impact of cloud-radiation interactions simulated by GCMs ?
As reviewed in the previous sections, cloud-radiation interactions appear to play a role in a large range of
phenomena, including the global Earth’s radiation budget and climate sensitivity, equator-to-poles energy transports and their response to external forcings, the Hadley-Walker circulation and the large-scale organization
and intraseasonal variability of the tropical atmosphere. The representation of cloud and radiative processes
in GCMs is thus very critical since small changes in this representation can lead to a large impact on many
aspects of the simulated climate. In these conditions, it is important (1) to carefully evaluate the representation
214

ECMWF Seminar on Parametrization of Subgrid Physical Processes, 1-4 September 2008

S. B ONY: C LOUD - RADIATION

INTERACTIONS

Figure 9: Longitudinal-time diagrams of the horizontal wind perturbations (m s−1 ) at 1000 hPa simulated
by an equatorial aquaplanet general circulation model (a) in the absence of cloud-radiation interactions,
(b) in the presence of time-invariant cloud-radiation interactions, (c) in the presence of cloud-radiation
interactions, and (d) in the presence of enhanced cloud-radiation interactions. [From Zurovac-Jevtic et al.
(2006).]

ECMWF Seminar on Parametrization of Subgrid Physical Processes, 1-4 September 2008

215

S. B ONY: C LOUD - RADIATION

INTERACTIONS

of cloud-radiation interactions in GCMs, and (2) to design simplified frameworks allowing us to understand
how cloud-radiative effects interact with other physical processes and collectively contribute to the simulated
climate.

6.1 Evaluation of cloud-radiation interactions
Since the arrival of Earth’s radiation budget measurements from satellites (Ramanathan et al. 1989), radiative
fluxes simulated by GCMs at the top of the atmosphere in clear-sky and cloudy conditions can be evaluated
against observations. For more than two decades, cloud-radiation interactions simulated by GCMs have been
evaluated using such observations. However, radiative fluxes at the top of the atmosphere depend both on the
vertical profile of the cloudiness, on the mean (and subgrid-scale distribution) of the cloud water content at
different altitudes, on the assumed vertical overlap of cloud layers, and on other cloud properties such as the
effective radius of cloud particles or the cloud water phase (liquid, ice or mixed). Therefore, a good agreement
between observed and simulated radiative fluxes or CRF at the TOA can result from a large number of compensating errors, especially between the predicted vertical profile of cloud fraction and cloud optical thickness.
Such errors can substantially affect the vertical profile of radiative heating, with compensations between the
surface and atmospheric radiative effects. For instance, Zhang et al. (2005) show that many GCMs can simulate reasonably good radiative fluxes while simulating too many optically thick clouds and under-estimating the
low-level cloud fraction. As the cloud albedo is not linearily related to cloud optical depth, errors in the mean
cloud optical depth imply that the impact on shortwave radiation of a given change in cloud water is wrong.
Compensating errors can thus affect the sensitivity of radiative fluxes to changes in cloud properties, and hence
cloud-radiative feedbacks.
The new generation of satellite observations, especially the A-Train constellation of satellites that includes both
passive and active remote sensing instruments, makes it possible to observe quasi-coincidently the macrophysical and microphysical properties of clouds, their vertical distribution and their radiative impact. The availability
of these observations represents therefore a great advance for the evaluation of clouds simulated by GCMs.
The observational definition and detection of clouds depends strongly on the type of measurements and sensitivity of sensors, as well as the vertical overlap of cloud layers in the atmosphere. Therefore, to make meaningful
comparisons between models and observations it is recommended to use a simulator to diagnose from the model
outputs some quantities that are directly comparable with observations. Such an approach has been widely used
to compare model cloud covers with ISCCP data (Klein and Jakob 1999, Webb et al. 2001, Zhang et al. 2005).
New simulators aiming to compare clouds simulated by large-scale models with those observed by passive or
active instruments are now in development within the Cloud Feedback Model Intercomparison Project (CFMIP,
http://www.cfmip.net).
First studies using a CALIPSO lidar simulator (Chepfer et al. 2008, Figure 10) or a CloudSat radar simulator
(Haynes et al. 2007, Bodas-Salcedo et al. 2008) show already how promising the approach is to evaluate the
cloudiness simulated by climate models. Biases can now be identified much more clearly and in more detail
(in particular, the vertical structure of clouds can be documented) than with previous comparisons using passive
measurements. Figure 10 shows for instance that the LMDZ GCM lacks mid-level clouds at all latitudes,
especially at middle latitudes, and that it is not due to the attenuation of the simulated lidar signal by higherlevel clouds. Other diagnostics using this simulator show that this model also strongly under-estimates the cloud
fraction in trade-winds regions covered by marine shallow level clouds.
In the near future, the comparison of GCM outputs with A-Train observations will allow us to evaluate both
the cloud fraction (against CALIPSO), the cloud hydrometeors distribution (using CloudSat), the cloud optical
depth (using PARASOL and MODIS), and radiative fluxes at the top of the atmosphere (using CERES) simulated by GCMs. The combination of these different evaluations will constitute a stringent observational test for
climate models, that will provide guidance for the future development of the models’ physics.
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Figure 10: Vertical distribution of the zonally averaged cloud fraction for January-February-March: (a)
original cloud fraction predicted by the LMDZ GCM, (b) GCM cloud fraction diagnosed from the lidar
simulator, and (c) cloud fraction derived from lidar CALIOP/CALIPSO data. [From Chepfer et al. (2008).]

6.2 Simplified frameworks to understand the effect of interactions between clouds, radiation
and large-scale dynamics
As discussed in the previous sections, the role played by cloud-radiation interactions in the climate system
is complex and diverse. GCMs themselves constitute very complex models, and thus unraveling the physical
processes through which these interactions operate in climate can be difficult. To better identify and understand
these processes, it is thus valuable to use a hierarchy of climate models of different complexities.
By removing longitudinal gradients in boundary conditions, orography, continents and seasons, aqua-planet
versions of GCMs allow us to study climate processes in a considerably simpler framework. Therefore they
favor the interpretation of climate simulations in light of conceptual or theoretical studies of the climate system,
and contribute to narrow ”the gap between simulation and understanding in climate modeling” (Held 2005).
Actually, many of the results presented in the previous sections were derived from aquaplanet experiments (e.
g. Randall et al. 1989, Zurovac-Jevtic et al. 2006, Kang et al. 2008).
The comparison of GCMs in aqua-planet mode can also help to identify the primary causes of inter-model
differences in the climate response to specified perturbations. For instance, it has been shown that inter-model
differences in climate change cloud feedbacks were arising from differing responses of boundary-layer clouds.
The type of low-level clouds primary responsible for these differences remains a subject of debate, however. By
comparing the cloud response to global warming simulated by aqua-planet versions of three GCMs, Medeiros et
al. (2008) showed that the primary cause of cloud feedbacks differences among these models was the response
of shallow cumulus clouds (stratocumulus or stratus clouds are not simulated over a zonally uniform SST). To
better understand the reasons for the spread of climate change cloud radiative feedbacks, it is therefore valuable
to compare the spread of these feedbacks in both realistic and aquaplanet configurations of climate models.
To understand the interaction of cloud-radiation interactions with tropical large-scale dynamics, another promising framework is single-column modeling using the Weak Temperature Gradient (WTG) approximation. Sobel
and Bretherton (2000) have shown that if we assume in the thermodynamic equation (equation 1) :

∂T
+ u~h .~∇T + ω S = QC + QR + QTurb
∂t

(1)

that horizontal temperature advections u~h .~∇T are negligible in the free troposphere (which is a good approximation in the tropics), by prescribing externally the temperature profile in the free troposphere, the largescale vertical velocity can be diagnosed as a function of diabatic processes : ω S = QC + QR + QTurb where
S = (T /θ )(∂ θ /∂ P) and where QC , QR and QTurb are the parameterized convective, radiative and turbulent
ECMWF Seminar on Parametrization of Subgrid Physical Processes, 1-4 September 2008

217

S. B ONY: C LOUD - RADIATION

25

50

500 hPa omega (hPa/day)

mm/day

20

15

10

5

0
25

INTERACTIONS

26

27
SST (C)

28

29

0

−50

−100

−150

−200
25

26

27
SST (C)

28

29

Figure 11: Steady-state (left) precipitation (solid lines) and evaporation (dashed lines) and (right) largescale vertical velocity at 500 hPa vs sea surface temperature (SST) derived from calculations performed with
the single column model of Bony and Emanuel (2001).The blue line shows results for the case where cloudradiation interactions are switched off; other lines show results for different strengths of cloud-radiation
interactions (increasing from blue to magenta to red).

heating rates. Figure 11 shows the predicted precipitation, evaporation and mid-tropospheric vertical velocity
predicted by a single column model run in WTG mode for different SSTs and different strengths of cloudradiation interactions in the troposphere. All these simulations use a single prescribed temperature profile in
the free troposphere, that has been derived first from a radiative-convective equilibrium simulation (ω = 0)
performed in a standard mode for an SST of 27 C. The model predicts a larger evaporation than precipitation
for SSTs colder than 27 C, and the opposite for SSTs warmer than 27 C. Consistently, it predicts a large-scale
sinking motion for SSTs colder than 27 C and a large-scale rising motion for SSTs warmer than 27 C. These
calculations show that a strengthening of cloud-radiation interactions in the troposphere results in stronger largescale rising motions and deep convection over warm SSTs. This is consistent with GCM results (Randall et al.
1989, Figure 6).
GCM experiments also show that cloud-radiative effects tend to warm the troposphere. Single-column model
calculations done by specifying warmer temperatures in the free troposphere show that the overall relationships
between precipitation, evaporation, large-scale motion and SSTs remain largely unchanged, except that they
are shifted toward warmer SSTs (not shown). Again, this is consistent with GCM results showing that in the
presence of tropospheric cloud-radiative heating, the occurrence of deep convection occurs for warmer SSTs
than in the absence of cloud-radiative effects (Figure 6).
It has yet to be investigated how far single-column calculations run in WTG mode can reproduce, at least
qualitatively, the behaviour of GCMs when using similar physical parameterizations and consistent temperature
profiles in the free troposphere. Nevertheless, this framework constitutes a useful and convenient framework
to test, with a single column model, how the interaction between the physics and the dynamics depends on
different aspects of the physical parameterizations (e.g. microphysics).

7 Conclusion
The impact of cloud-radiation interactions on top-of-atmosphere and surface radiative fluxes has long been recognized as a critical aspect of GCM modeling for studies of climate sensitivity and ocean-atmosphere coupling.
It is now increasingly recognized that the impact of cloud-radiative effects on the diabatic heating of the troposphere is also key for many other aspects of global climate modeling. In this paper, we have discussed several
of these aspects, including the planetary energy transports by the atmosphere, tropical/extratropical interactions,
the Hadley-Walker circulation, the large-scale organization and the intra-seasonal variability of the equatorial
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atmosphere.
Owing to the numerous and diverse roles played by cloud-radiation interactions in the climate system, the
parameterization of these interactions is critical both for weather and climate models. Partly due to the longstanding lack of appropriate observations, the simulation of cloud-radiation interactions in current models is
still associated with substantial compensating errors, especially between the simulated cloud fraction and cloud
optical thickness. The arrival of new observations, especially those from the A-Train, should allow us to evaluate
these interactions much more thoroughly in the near future. It will help to point out which specific aspects of
physical parameterizations need to be improved in priority, and it will guide model developments.
In parallel, modeling approaches consisting in running the model physics in simplified or idealized configurations (e.g. aqua-planets, single column versions) should be encouraged, as they are likely to help understand how
cloud-radiative effects interact with the large-scale atmospheric circulation and other physical processes. This
will help build a bridge between process (or parameterization) studies and climate studies, as well as between
GCM modeling and other approaches followed to study climate, that use representations of the climate system
that are either very conceptual (theories and simple models) or on the contrary very complex (high-resolution
models using explicit representations of clouds, super-parameterizations). Such bridges would help to foster
improvements in the GCMs’ representation of physical processes, and in our physical understanding of how the
climate system works.

Acknowledgements
The author gratefully acknowledges Hélène Chepfer, Jean-Louis Dufresne, Kerry Emanuel, and Dance ZurovacJevtic for their contribution to the work presented in this paper.

References
[1] L. E. Back and C. S. Bretherton. Geographic variability in the export of moist static energy andvertical
motion profiles in the tropical pacific. Geophys. Res. Lett., 33:L17810, doi:10.1029/2006GL026672.,
2006.
[2] J. W. Bergman and H. H. Hendon. Cloud radiative forcing of the low-latitude tropospheric circulation:
Linear calculations. J. Atmos. Sci., 57:2225–2245, 2000.
[3] A. Bodas-Salcedo, M. J. Webb, M. E. Brooks, M. A. Ringer, K.D. Williams, S. F. Milton, and D. R.
Wilson. Evaluating cloud systems in the Met Office global forecast model using simulated CloudSat radar
reflectivities. J. Geophys. Res., page in press, 2008.
[4] S. Bony, R. Colman, V. M. Kattsov, R. P. Allan, C. S. Bretherton, J.-L. Dufresne, A. Hall, S. Hallegatte,
M. M. Holland, W. Ingram, D. A. Randall, B. J. Soden, G. Tselioudis, and M. J. Webb. How well do we
understand and evaluate climate change feedback processes ? J. Climate, 19:3445–3482, 2006.
[5] S. Bony and J.-L. Dufresne. Marine boundary layer clouds at the heart of tropical cloud feedback uncertainties in climate models. Geophys. Res. Lett., 32:L20806, doi: 10.1029/2005GL023851, 2005.
[6] S. Bony, J.-L. Dufresne, H. LeTreut, J.-J. Morcrette, and C. Senior. On dynamic and thermodynamic
components of cloud changes. Climate Dyn., 22:71–86, 2004.
[7] S. Bony and K. A. Emanuel. A parameterization of the cloudiness associated with cumulus convection;
evaluation using TOGA COARE data. J. Atmos. Sci., 58:3158–3183, 2001.
[8] S. Bony and K. A. Emanuel. On the role of moist processes in tropical intraseasonal variability: cloudradiation and moisture-convection feedbacks. J. Atmos. Sci., 62:2770–2789, 2005.
ECMWF Seminar on Parametrization of Subgrid Physical Processes, 1-4 September 2008

219

S. B ONY: C LOUD - RADIATION

INTERACTIONS

[9] H. Chepfer, S Bony, D Winker, M Chiriaco, J-L Dufresne, and G. Sze. Use of CALIPSO lidar observations to evaluate the cloudiness simulated by a climate model. Geophys. Res. Lett., 35:L15704,
doi:10.1029/2008GL034207, 2008.
[10] A. C. Clement and B. Soden. The sensitivity of the tropical-mean radiation budget. J. Climate, 18:3189–
3203, 2005.
[11] S. H. Derbyshire, I. Beau, P. Bechtold, J.-Y. Grandpeix, J.-M. Piriou, J.-L. Redelsperger, and P. M. M.
Soares. Sensitivity of moist convection to environmental humidity. Quart. J. Roy. Meteor. Soc., 130:3055–
3079, 2004.
[12] J.-L. Dufresne and S. Bony. An assessment of the primary sources of spread of global warming estimates
from coupled ocean-atmosphere models. J. Climate, 21:5135–5144, 2008.
[13] K. A. Emanuel. An air-sea interaction model of intraseasonal oscillations in the tropics. J. Atmos. Sci.,
44:2324–2340, 1987.
[14] K. A. Emanuel. The effect of convective response time on wishe modes. J. Atmos. Sci., 50:1763–1775,
1993.
[15] K. A. Emanuel and M. Zivkovic-Rothman. Development and evaluation of a convection scheme for use in
climate models. J. Atmos. Sci., 56:1766–1782, 1999.
[16] Z. Fuchs and D. J. Raymond. Large-scale modes of a non-rotating atmosphere with water vapor and
cloud-radiation feedbacks. J. Atmos. Sci., 59:1669–1679, 2002.
[17] W. W. Grabowski and M. W. Moncrieff. Moisture-convection feedback in the tropics. Quart. J. Roy.
Meteor. Soc., 130:3081–3104, 2004.
[18] J. M. Haynes, R.T. Marchand, Z. Luo, A. Bodas-Salcedo, and G.L. Stephens. A multipurpose radar
simulation package: Quickbeam. Bull. Amer. Meteor. Soc., 88:1723–1727, 2007.
[19] I. M. Held. The gap between simulation and understanding in climate modeling. Bull. Amer. Meteor. Soc.,
86:1609–1614, 2005.
[20] F. Hourdin, I. Musat, S. Bony, P. Braconnot, F. Codron, J.-L. Dufresne, L. Fairhead, M.-A. Filiberti,
P. Friedlingstein, J.-Y. Grandpeix, G. Krinner, P. LeVan, Z.-X. Li, and F. Lott. The LMDZ general circulation model: climate performance and sensitivity to parameterized physics with emphasis on tropical
convection. Climate Dyn., 19:3445–3482, 2006.
[21] R. H. Johnson and P. E. Ciesielski. Rainfall and radiative heating rates from TOGA COARE atmospheric
budgets. J. Atmos. Sci., 57:1497–1514, 2000.
[22] S. M. Kang, I. M. Held, D. M. W. Frierson, and M. Zhao. The response of the ITCZ to extratropical
thermal forcing: idealized slab-ocean experiments with a GCM. J. Climate, 21:3521–3532, 2008.
[23] S. Kato, F. G. Rose, D. A. Rutan, and T.P. Charlock. Cloud effects on the meridional atmospheric energy
budget estimated from clouds and the earth’s radiant energy system (CERES) data. J. Climate, 21:4223–
4241, 2008.
[24] S. A. Klein and C. Jakob. Validation and sensitivities of frontal clouds simulated by the ECMWF model.
Mon. Wea. Rev., 127:2514–2531, 1999.
[25] T. L. Kubar, D.L. Hartmann, and R. Wood. Radiative and convective driving of tropical high clouds. J.
Climate, 20:5510–5526, 2007.
220

ECMWF Seminar on Parametrization of Subgrid Physical Processes, 1-4 September 2008

S. B ONY: C LOUD - RADIATION

INTERACTIONS

[26] M.-I. Lee, I.-S. Kang, J.-K. Kim, and B. E. Mapes. Influence of cloud-radiation interaction on simulating tropical intraseasonal oscillation with an atmospheric general circulation model. J. Geophys. Res.,
106:14219–14233, 2001.
[27] J.-L. Lin, G. N. Kiladis, B. E. Mapes, K. M. Weickmann, K. R. Sperber, W. Lin, M. C. Wheeler, S. D.
Schubert, A. Del Genio, L. J. Donner, S. Emori, J.-F. Gueremy, F. Hourdin, P. J. Rash, E. Roeckner, and
J. F. Scinocca. Tropical intraseasonal variability in 14 ipcc ar4 climate models. Part I: Convective signals.
J. Climate, 19:2665–2690, 2006.
[28] J.-L. Lin and B. E. Mapes. Radiation budget of the tropical intraseasonal oscillation. J. Atmos. Sci.,
61:2050–2062, 2004.
[29] B. Medeiros, B. Stevens, I.M. Held, M. Zhao, D. L. Williamson, J.G. Olson, and C.S. Bretherton. Aquaplanets, climate sensitivity, and low clouds. J. Climate, 21:4974–4991, 2008.
[30] A. V. Mehta and E. A. Smith. Variability of radiative cooling during the asian summer monsoon and its
influence on intraseasonal waves. J. Atmos. Sci., 54:941–966, 1997.
[31] V. Ramanathan, R. D. Cess, E. F. Harrison, P. Minnis, B. R. Barkstrom, and D. L. Hartmann. Cloudradiative forcing and climate: Results from the Earth Radiation Budget Experiment. Science, 243:57–63,
1989.
[32] D. A. Randall, Harshvardhan, D.A. Dazlich, and T.G. Corsetti. Interactions among radiation, convection,
and large-scale dynamics in a general circulation model. J. Atmos. Sci., 46:1943–1970, 1989.
[33] D.A. Randall, R.A. Wood, S. Bony, R. Colman, T. Fichefet, J. Fyfe, V. Kattsov, A. Pitman, J. Shukla,
J. Srinivasan, R.J. Stouffer, A. Sumi, and K.E. Taylor. Climate Models and Their Evaluation., volume
Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change of Climate Change 2007: The Physical Science Basis, pages 589–662. Cambridge University
Press, Cambridge, 2007.
[34] S. C. Sherwood, V. Ramanathan, T. Barnett, M. Tyree, and E. Roeckner. Response of an atmospheric
general circulation model to radiative forcing of tropical clouds. J. Geophys. Res., 99:20829–20845, 1994.
[35] A Slingo and J. M. Slingo. The response of a general circulation model to cloud longwave radiative
forcing. i: Introduction and initial experiments. Quart. J. Roy. Meteor. Soc., 114:1027–1062, 1988.
[36] A. H. Sobel and C. S. Bretherton. Modeling tropical precipitation in a single column. J. Climate, 13:4378–
4392, 2000.
[37] B. J. Soden and I. M. Held. An assessment of climate feedbacks in coupled ocean-atmosphere models. J.
Climate, 19:3354–3360, 2006.
[38] B. Tian and V. Ramanathan. Role of tropical clouds in surface and atmospheric energy budget. J. Climate,
15:296–305, 2002.
[39] A. M. Tompkins. Organization of tropical convection in low vertical wind shears: The role of water vapor.
J. Atmos. Sci., 58:529–545, 2001.
[40] A. M. Tompkins and F. Di Giuseppe. Cloud radiative interactions and their uncertainty in climate models.
2009.
[41] C. P. Weaver. Efficiency of storm tracks an important climate parameter? The role of cloud radiative
forcing in poleward heat transport. J. Geophys. Res., 108:4018, DOI:10.1029/2002JD002756, 2003.
[42] M. Webb, C. Senior, S. Bony, and J.-J. Morcrette. Combining ERBE and ISCCP data to assess clouds in
the Hadley Centre, ECMWF and LMD atmospheric climate models. Climate Dyn., 17:905–922, 2001.
ECMWF Seminar on Parametrization of Subgrid Physical Processes, 1-4 September 2008

221

S. B ONY: C LOUD - RADIATION

INTERACTIONS

[43] M. J. Webb, C. A. Senior, D. M. H. Sexton, K. D. Williams, M. A. Ringer, B. J. McAvaney, R. Colman, B. J.
Soden, R. Gudgel, T. Knutson, S. Emori, T. Ogura, Y. Tsushima, N. Andronova, B. Li, I. Musat, S. Bony,
and K. Taylor. On the contribution of local feedback mechanisms to the range of climate sensitivity in two
GCM ensembles. Climate Dyn., 27:17–38, 2006.
[44] M. C. Wyant, C. S. Bretherton, J. T. Bacmeister, J. T. Kiehl, I. M. Held, M. Z. Zhao, S. A. Klein, and B. J.
Soden. A comparison of tropical cloud properties and responses in GCMs using mid-tropospheric vertical
velocity. Climate Dyn., 27:261–279, 2006.
[45] M. C. Wyant, C. S. Bretherton, and P. N. Blossey. Understanding subtropical low cloud response to a
warmer climate in a superparameterized climate model. JAMES, page submitted, 2008.
[46] J.-I. Yano and K. A. Emanuel. An improved model of the equatorial troposphere and its coupling with the
stratosphere. J. Atmos. Sci., 48:377–389, 1991.
[47] J Yuan, D. L. Hartmann, and R. Wood. Dynamic effects on the tropical cloud radiative forcing and radiation
budget. J. Climate, 21:2337–2351, 2008.
[48] M. H. Zhang, W. Y. Lin, S. A. Klein, J. T. Bacmeister, S. Bony, R. T. Cederwall, A. D. Del Genio,
J. J. Hack, N. G. Loeb, U. Lohmann, P. Minnis, I. Musat, R. Pincus, P. Stier, M. J. Suarez, M. J. Webb,
J. B. Wu, S. C. Xie, M. S. Yao, and J. H. Zhang. Comparing clouds and their seasonal variations in
10 atmospheric general circulation models with satellite measurements. J. Geophys. Res., 110:D15S02,
doi:10.1029/2004JD005021, 2005.
[49] Y.-C. Zhang and W. B. Rossow. Estimating meridional energy transports by the atmospheric and oceanic
general circulations using boundary fluxes. J. Climate, 10:2358–2373, 1997.
[50] D. Zurovac-Jevtic, S. Bony, and K. A. Emanuel. On the role of clouds and moisture in tropical waves: a
two-dimensional model study. J. Atmos. Sci., 63:2140–2155, 2006.

222

ECMWF Seminar on Parametrization of Subgrid Physical Processes, 1-4 September 2008

