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[1] Mean climate and intraseasonal to interannual
variability of two versions of the Community Climate
System Model (CCSM) coupled atmosphere-ocean general
circulation model (CGCM) are analyzed. The first version is
the standard CCSM, in which cloud effects on the large-scale
circulation are represented via parameterizations. The second
version includes ‘‘super-parameterization’’ (SP) of convective
processes by replacing parameterized cloud processes with a
two-dimensional (2D) cloud-process resolving model (CRM)
at each CGCM grid column. The SP-CCSM improves several
shortcomings of the CCSM simulation, including mean
precipitation patterns, equatorial SST cold tongue structure
and associated double intertropical convergence zone (ITCZ),
the Asian monsoon, periodicity of the El Niño–Southern
Oscillation, and the intraseasonal Madden-Julian Oscillation.
These improvements were obtained without the retuning of
the coupled model, which is surprising in view of previous
experience with other coupled models. Citation: Stan, C.,

M. Khairoutdinov, C. A. DeMott, V. Krishnamurthy, D. M.

Straus, D. A. Randall, J. L. Kinter III, and J. Shukla (2010), An

ocean-atmosphere climate simulation with an embedded

cloud resolving model, Geophys. Res. Lett., 37, L01702,

doi:10.1029/2009GL040822.

1. Introduction

[2] The horizontal resolution in current coupled ocean-
atmosphere general circulationmodels (CGCMs) is truncated
at a point in the energy spectrum that does not allow the
explicit representation of important physical processes such
as cloud formation, turbulent mixing in the boundary layer,
eddy mixing in the ocean, and the floe-scale physics of sea-
ice. Themodels include parameterizations of these processes,
which lead to large errors and uncertainties in the results.
[3] The latest assessment of climate model simulations

and projections using state-of-the-art CGCMs, issued by the
Intergovernmental Panel on Climate Change (IPCC), reiter-
ates the conclusion of earlier reports that clouds still represent
the largest source of uncertainty in climate simulations
[Randall et al., 2007]. While cloud parameterizations have
been improved for over half of a century [Randall et al.,

2003], the systematic errors associated with the shortcomings
of the parameterizations remain large. These range from
errors in the simulated background climate to errors in the
frequency and intensity of internal fluctuations on various
space and time scales [Guilyardi et al., 2009].
[4] We demonstrate that replacing the parameterization of

cloud processes with a limited-domain, 2D CRM improves
coupled global climate simulation on a wide range of spatial
and temporal scales.

2. Model Description

[5] We use a state-of-the-art version of the Community
Climate System Model, version 3 (CCSM) [Collins et al.,
2006], with a 2D CRM embedded in each CGCM atmo-
spheric grid column, through a multi-scale modeling frame-
work (MMF) [Grabowski, 2001; Khairoutdinov and
Randall, 2001;Khairoutdinov et al., 2005]. TheMMF allows
simultaneous representations of the large-scale atmospheric
circulation on the coarse-resolution grid (T42) of the atmo-
spheric component of the CGCM and physical processes
such as convection and stratiform cloudiness on the fine-
resolution grid (4 km) of the CRM. Cloud microphysics and
radiation are parameterized, but applied at the CRM scale. As
with traditional parameterizations, CRM results are assumed
to be representative of cloud processes taking place within a
GCM grid column, and not exact representations of those
clouds. Convective tendencies of heat, moisture, and mo-
mentum are communicated to the large scale via the GCM
and, as such, do not propagate from one CRM to another,
except through their effects on the large-scale environment.
[6] The embedded CRMs are sometimes referred to as

super-parameterization (SP) of small-scale processes. The
coupled model with a CRM in each grid column of the
atmospheric component will hereafter be referred to as
SP-CCSM. While the CRM is a 2D model described by
Khairoutdinov and Randall [2001, 2003], the SP-CCSM
includes a wide range of spatial and temporal scales and
their interactions. Observational evidence suggests that
such interactions play a key role in the spatiotemporal
organization of tropical convection [e.g., Slingo et al.,
2003; Zelinka and Hartmann, 2009].
[7] We assessed the implication of the cloud processes

representation by comparing the climate simulation pro-
duced by the SP-CCSM with the observations and also with
a control simulation obtained from a version of the CCSM
that uses parameterized cloud processes.

3. Results

[8] Figure 1 compares the monthly Niño-3.4 time series
of the sea surface temperature (SST) anomalies associated
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with the El Niño–Southern Oscillation (ENSO) as simulated
by the SP-CCSM (1b) and CCSM (1c), and as observed (1a)
based on the Hadley Centre SST version 2 (HadSST2) data
set. The SP-CCSM produces a sequence of ENSO events that
is less regular than in the control simulation. The irregularity
of events is also notable in the broadening of the main peak of
the power spectrum (Figure 1d). The amplitude of the signal
is more realistic, but the period of the spectral peak in the
oscillation is too short by 18 months when compared to the
observations. However, the period of ENSO simulated by
the SP-CCSM has improved compared to the CCSM
simulation. We note that ENSO is a coupled phenomenon
driven by the interactions between the ocean and the
atmosphere. The improvement in the period and irregu-
larity in the SP-CCSM is solely due to a better represen-
tation of clouds in the atmospheric model. The resolution
of the ocean model can also be a key factor [Roberts et al.,
2009]; the resolution used in our simulation (gx3) is
known to be less ideal for ENSO simulation [Timmermann
et al., 1999].

[9] We find that the improvement in ENSO simulation is
consistent with the SP-CCSM’s ability to capture the correct
structure of the equatorial cold tongue, which in the CCSM
is too narrowly confined to the equator and extends too far
into the western tropical Pacific (not shown). The SP-CCSM
also simulates the opposite relation with the Niño-3.4 region
across the central and western Pacific, although it is not as
strong as observed. The complex system of islands in this
region influences the wind-stress simulation. Increased res-
olution in all components of the CGCM will allow a better
representation of the wind-stress acting at the air-sea interface
and over the Maritime Continent [Shaffrey et al., 2009].
[10] Realistic simulation of precipitation is one of the

biggest challenges for the current generation of models.
Comparing the global distribution of the seasonal mean
rainfall simulated by SP-CCSM (Figure 2b) and CCSM
(Figure 2c) with observations (Figure 2a) taken from the
Climate Prediction Center (CPC) Merged Analysis Precip-
itation (CMAP) dataset, the improvement in SP-CCSM is
apparent in many regions. In both boreal winter and summer

Figure 1. Time series of the Niño 3.4 index and the associated power spectrum. (a) Observations (HadSST; the SST
anomaly is computed with respect to the 1959–2002 climatology and only the last 22 years are shown to be consistent with
the length of the model time series), (b) SP-CCSM, and (c) CCSM simulations for 22 years. (d) Power spectra computed
from the time-series in Figures 1a–1c. The dashed line represents the red noise power spectrum.
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seasons, the distribution of rainfall along the inter-tropical
convergence zone (ITCZ) and South Pacific convergence
zone (SPCZ) in the SP-CCSM reproduces the observed
patterns, and does not produce the spurious double ITCZ

present in the CCSM. However, the SP-CCSM’s rainfall
east of the date line in the SPCZ does not extend into the
extratropics as in the observations. During the summer,
the distribution of precipitation over the western part of

Figure 2. Seasonal mean precipitation and root mean square error (RMSE) between 60�S and 60�N. For regions marked
with boxes the RMSE was computed (see text for details). (a) Observed December–January–February (DJF) 1979–2006
mean from CMAP. (b) As Figure 2a but for June–July–August (JJA). (c) DJF mean from SP-CCSM. (d) As Figure 2c but
for JJA. (e) DJF CCSM. (f) As Figure 2e but for JJA. (g) DJF mean for 1986–2003 from SP-CAM. (h) As Figure 2g but for
JJA. Units are in mm/day.
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the tropical ocean basin shows an improvement in the
SP-CCSM, but it is still weak compared to the CMAP
analysis. We find a significant improvement in the simu-
lation of rainfall over the South Asian monsoon region,
where large-scale model biases have been reduced. Two
realistically simulated maxima, one west of the Indian
peninsula and the other in the Bay of Bengal, are a
response to moisture advection by the onshore flow.
Compared to observations, the precipitation variation over
India is less well simulated, possibly due to the inability of
coarse resolution of the CGCM to resolve orography
[Gent et al., 2009]. However, compared with the CCSM,
we see a significant improvement in the simulation of
monsoon variability such as the interannual variability of
the summer monsoon associated with the SST anomalies
(not shown). Regional improvements are quantified with
RMSE for specific regions marked by boxes in Figure 2 in
Tables S1 and S2.1

[11] Results by Woolnough et al. [2000] and Manganello
and Huang [2009] have shown that biases in the tropical
SST simulations of coupled models impact the simulation of
the rainfall distribution and its variability. The tropical
atmosphere is very sensitive to changes in the SST, and small
SSTanomalies can lead to large changes in the distribution of
convection [Trenberth et al., 1998]. For comparison, a
simulation with the atmospheric component of SP-CCSM
(SP-CAM) using specified (observed) SSTand sea-ice distri-
butions as boundary conditions [Khairoutdinov et al., 2008]
was analyzed. Figures 2g and 2h show thewinter and summer
rainfall distributions simulated by SP-CAM. In both seasons,
there are regions with excessive precipitation compared to
observations. The most notable biases are found during the
summer over the western Pacific Ocean and the Asian
monsoon region. In the SP-CCSM, these biases are greatly
alleviated, and as a result, the coupled model produces a
better simulation of the geographical distribution and ampli-
tude of precipitation than the uncoupled model does. This
finding is gratifying but surprising, since coupling to an
ocean model typically makes the results of an atmosphere
model worse [Hurrell et al., 2006]. Comparison of the
simulated and observed SST fields are provided in the
auxiliary material. Tables S1 and S2 show the associated
errors in the SST for regions marked with boxes in Figure 2.
[12] The impact of CRMs on the simulation of tropical

variability discussed in connection with SST and precipita-
tion can also be seen in the simulation of the dominant
mode of intraseasonal variability of the tropical atmosphere,
the Madden-Julian Oscillation (MJO), which is poorly sim-
ulated in most of the current generation of models [Randall
et al., 2007]. The phase composites of the dominant MJO
oscillatory mode extracted using a multi-channel singular
spectrum analysis (MSSA) [Ghil et al., 2002;Krishnamurthy
and Shukla, 2007] of outgoing longwave radiation (OLR)
anomalies in observations and simulations are compared in
Figure 3. The composites are constructed by averaging the
OLRMJOmode anomalies (reconstructed components) over
several equal intervals in a (0, 2p) phase cycle of the MJO
oscillation for the entire analyzed period. The MJO-related
mode of variability simulated by the SP-CCSM occurs at
realistic period (56 days in SP-CCSM and 52 days in the
observations) and propagates eastward with a realistic phase
speed. The CCSM produces MJO-like variability but the
period of oscillation is much longer (72 days) and the
disturbance propagates more slowly. Analysis of the spatial
structure of the MJO during its average lifecycle in CCSM
(Figure 4) reveals that the parameterization of convection
results in weak convective anomalies in the Indian Ocean that
cannot propagate beyond the Maritime Continent and decays
before reaching the central Pacific Ocean. In the SP-CCSM,
the alternating ‘‘active’’ periods of enhanced convection and
‘‘break’’ periods of reduced convection over the Indian
Ocean are in agreement with the observations, as are their
eastward and meridional propagation.
[13] Complementary to the MSSA analysis, we have also

applied the CLIVAR [CLIVAR Madden-Julian Oscillation
Group, 2009] standardized set of MJO diagnostics (not
shown). We find that the CCSM has additional shortcom-
ings in representing MJO characteristics such as weak
northward propagation during the boreal summer and poor
representation of the lag of zonal wind anomaly behind (to

Figure 3. Phase composites of OLR MJO mode recon-
structed component (RC) for CCSM (blue), SP-CCSM
(red), and NOAA observation (green). The composites are
averages of RCs over phase intervals of length p/36, p/28,
and p/26 of the MJO oscillations of CCSM, SP-CCSM, and
NOAA observation, respectively. The choice of the phase
interval was based on the average period of the MJO
oscillation in the models and observation (72, 56, and 52
days, respectively) such that each phase interval is 2 days
long. The composites are plotted by averaging over (5�S–
5�N) at (top) 60�E and (bottom) 120�E. Day 0 corresponds
to the composite over the phase interval 0–p/36, 0–p/28,
and 0–p/26 for CCSM (blue), SP-CCSM (red), and NOAA
observation (green), respectively, and represents the com-
posites for the next 2 days of the average MJO oscillation.
The sequence follows the phase intervals in the (0–2p)
cycle of the oscillation’s phase. Units are W m�2.

1Auxiliary materials are available in the HTML. doi:10.1029/
2009GL040822.
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the west of) the precipitation peak. The SP-CCSM improves
the simulation of these processes.

4. Discussions and Conclusions

[14] Results reported here provide compelling evidence
that replacing the cloud process parameterizations with
embedded CRMs improves some of the known shortcom-
ings of the CCSM. Since these shortcomings affect most of
the current CGCMs we argue that currently available
parameterizations for representing the overall properties of
clouds in a grid box have deficiencies that limit the model
skill in simulating the observed characteristics of the Earth’s
climate and its variability.
[15] Convection and cloud parameterizations of most

atmospheric general circulation models (AGCMs) have
been tuned in uncoupled simulations to improve the model
results, which in some cases may be achieved by the
cancelation of errors. For example, errors in a cloud micro-
physics parameterization can be tuned to cancel errors in
the convection parameterization. When the AGCM is
coupled to an ocean model, the errors do not cancel any

more, and the AGCM results usually become less realistic.
As shown above, when the SP-CAM is coupled to an ocean
model, its results actually become more realistic, counter to
expectations based on prior experience with parameterized
models.
[16] Two potential explanations come to mind. First,

improvements may arise simply because ocean-atmosphere
interaction on short time scales plays a role in determining
the observed climate. Second, conventional convective
parameterizations are based on the assumption that collec-
tive effects of cloud ensembles are in quasi-equilibrium with
the large-scale forcing [Arakawa and Schubert, 1974]. This
approximation affects a conventionally-parameterized mod-
el’s ability to simulate the stochastic variability of the
observed climate that arises from internal high-frequency
fluctuations [Neelin and Zeng, 2000]. Observational studies
[e.g., McPhaden et al., 2006; Hendon et al., 2007] have
shown that ENSO is affected by the high-frequency vari-
ability of westerly wind anomalies in the western Pacific
during MJO events. Our results suggest that improvements
of the ENSO variability in the SP-CCSM could be linked, at
least in part, to the model’s ability to simulate the MJO.

Figure 4. Phase composites of the dominant OLR MJO mode reconstructed component for 2-day long phase intervals for
(left) CCSM, (middle) SP-CCSM, and (right) NOAA observation. The sequence follows the phase intervals in the (0–2p)
cycle of the oscillation’s phase. The average period of one cycle of these eight phase intervals is 72 days for CCSM, 56
days for SP-CCSM, and 52 days for NOAA observation. Units are W m�2.
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[17] This experiment suggests that MMF approach
should not be limited to the atmospheric model but extended
to the other components of the climate model, which also use
parameterizations of small-scale process. These results also
bode well for the ability of the global cloud resolving models
to simulate Earth’s climate.
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