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Abstract

A benchmark calculation is designed to compare the climate and climate sensitivity of 

atmospheric general circulation models (AGCMs). The experimental setup basically follows 

that of the Aqua-Planet Experiment (APE) proposed by Neale and Hoskins (2000a), but a 

simple mixed-layer ocean is embedded to enable air-sea coupling and the prediction of surface 

temperature. In calculations with several AGCMs, this idealization produces very strong zonal 

mean flow and exaggerated ITCZ strength, but the model simulations remain sufficiently 

realistic to justify the use of this framework in isolating key differences between models.  

Because surface temperatures are free to respond to model differences, the simulation of the 

cloud distribution, especially in the subtropics, affects many other aspects of the simulations. 

The analysis of the simulated tropical transients highlights the importance of convection 

inhibition and air-sea coupling as affected by the depth of the mixed layer. These preliminary 

comparisons demonstrate that this idealized benchmark provides a discriminating framework 

for understanding the implications of differing physics parameterization in AGCMs. 



2

1. Introduction

Atmospheric general circulation models (AGCMs) are indispensable tools in 

weather/climate predictions and climate-change studies. Numerous model intercomparisons, 

however, have shown that climate simulations by current AGCMs still differ among themselves, 

as well as showing systematic deviations from the observed climate and its variability.  For 

example, the simulation of the Madden-Julian Oscillation (MJO) is still poor in most current 

models (Slingo et al. 1996; Waliser et al. 2003; Lin et al. 2006), and there is wide disagreement 

in the changes in cloud forcing in climate projections (Intergovernmental Panel on Climate 

Change (IPCC), 2001). Since the large-scale dynamics is well represented in modern AGCMs, 

these failures are likely due to deficiencies in the models’ physical parameterizations. Most of 

all, large uncertainties still exist in the parameterization of moist processes and in their 

interaction with radiation and the large-scale flow. 

Comparisons of models driven by the same observed sea-surface temperatures (SSTs) (i.e., 

Atmospheric Model Intercomparison Project (AMIP)-type intercomparisons, Gates et al., 1999) 

have proven very useful, providing a framework to identify common problems and differences 

in the models.  The models’ behavior, however, are often masked by the complexity of the 

forcing and boundary conditions, including zonal asymmetries due to SSTs, topography, and 

land-ocean distributions that complicate the interpretation of the models’ responses. These 
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considerations motivated the proposals by Held and Suarez (1994) and Neale and Hoskins 

(2000a,b) to study models using much simpler forcings.  A limitation of this approach is that 

results cannot be validated against observations, but if experiments are well-designed, this can 

be compensated by the clarity gained in comparing the models’ formulations.

One of the idealizations proposed is to run the models under axially symmetric forcings, 

and this approach has been used in many previous studies, for example, the aqua-planet 

experiments of Hayashi and Sumi (1986) and Randall et al. (1991).  Recently, coordinated 

research is under way by several modeling groups to assess model simulations in such a 

simplified aqua-planet experiment (APE), proposed by Neale and Hoskins (2000a, hereafter 

NH00a).  APE experiments may be regarded as idealized AMIP simulations, in which the full 

physical parameterizations are retained but the lower boundary of the model is covered by a 

fixed, zonally-symmetric SST distribution. In this configuration, useful sensitivity experiments 

can be performed by varying the underlying SST distributions. APE-type simulations serve to 

explore the interaction between model dynamics and various components of the physics and to 

assess, in an idealized setting, theories of complex phenomena involving interactions between 

moist processes and the large-scale flow.  As an example, Neale and Hoskins (2000b, hereafter 

NH00b) investigated the sensitivity of the simulated ITCZ (intertropical convergence zone) 

precipitation to the meridional gradient of the prescribed SST forcing in the light of the study 
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of Held and Hou (1980). Other examples include studies for the interactions between 

convective heating and tropical waves that produce tropical intraseasonal variability (e.g., 

Hayashi and Sumi, 1986; Lau and Peng, 1987; Tokioka et al. 1988). 

There are, however, several important issues that require careful consideration in this 

aqua-planet framework with prescribed SST conditions.  First, as in the conventional AMIPs, 

the mean climate is highly constrained by prescribed SSTs, which is a very strong regulator of

the modeled convection and diabatic heating distributions. Second, imposed SSTs can also 

affect the climate’s natural variability. This may be important even at intraseasonal time scales 

(Wang et al. 2005) and the MJO (Flatau et al. 1997; Waliser et al. 1999; Watterson 2002; 

Maloney and Sobel 2004). Finally, with prescribed SSTs the surface heat budget is usually 

unbalanced, allowing the system to simulate states that would be far from equilibrium in a 

coupled setting. Estimates of climate sensitivity based on sensitivity to prescribed SSTs (e.g. 

Cess et al. 1990, 1996) are therefore indirect, in that one needs to infer sensitivity from changes 

in the top-of-the-atmosphere energy imbalances.

To avoid those limitations without taking on the complexity of a full ocean GCM, one can 

consider using a slab ocean model. Examples of aqua-planet simulations with mixed-layers are 

Alexeev (2003) and Langen and Alexeev (2005).  In this configuration, the models generate 

their own surface temperatures, and thus are freer to express differences in their physical
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parameterizations. Freeing the SST in this way allows one to study the equilibrium sensitivity 

of the climate to external perturbations, such as doubling CO2 concentration. A simple slab 

ocean does, however, require that the surface heat budget be locally balanced, ignoring the 

effects of ocean heat transports. This results in some marked differences in behavior from fixed 

SST experiments. The coupled slab configuration, for example, does not produce double ITCZ 

structures that are often observed in AMIP simulations (Williamson and Olson, 2003). Some of 

the effects of ocean transports can be included in this framework by prescribing local 

imbalance in the surface heat budget, but this does not account for changes in ocean transport 

with changing climate.  

In this study, motivated by aforementioned benefits of using the ocean-atmosphere 

coupled system, we extend the APE-type model intercomparison proposed by NH00a to 

include interactions with a slab ocean––a homogenous, wet, low-heat-capacity surface. We will 

focus specifically on evaluating the usefulness and limitations of this methodology in 

comparing the moist parameterizations of AGCM. Investigations are primarily focused on the 

simulations of the zonal mean states, the tropical MJO, and climate sensitivities induced by 

doubling CO2.

For a preliminary test, we examine four AGCMs that are currently being used at three 

different institutes: the NASA Global Modeling and Assimilation Office (the NSIPP and 
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