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Abstract This study compares the simulation of subseasonal tropical variability by a set of six
state-of-the-art AGCMs in two experiments in aquaplanet con“guration: a zonally symmetric experiment,
and an experiment with a warm pool centered on the equator. In all six models, the presence of the warm
pool generates zonal asymmetries in the simulated mean states in the form of a ••Gill-type•• response, made
more complex by feedbacks between moisture, convective heating and circulation. Noticeable differences
appear from one model to another. Only half the models simulate mean low-level equatorial westerlies over
the warm pool area. The presence of the warm pool can also favor the development of large-scale variability
consistent with observed Madden-Julian Oscillation (MJO) characteristics, but this happens only in half the
models. Our results do not support the idea that the presence of the warm pool and/or of mean low-level
equatorial westerlies are suf“cient conditions for MJO-like variability to arise in the models. Comparing
spectral characteristics of the simulated Convectively Coupled Equatorial Waves (CCEWs) in the aquaplanet
experiments and the corresponding coupled atmosphere-ocean (i.e., CMIP) and atmosphere-only (i.e., AMIP)
simulations, we also show that there is more consistency for a given model across its con“gurations, than
for a given con“guration across the six models. Overall, our results con“rm that the simulation of
subseasonal variability by given model is signi“cantly in”uenced by the parameterization of subgrid
physical processes (most-likely cloud processes), both directly and through modulation of the mean state.

1. Introduction

1.1. Motivation
Tropical rainfall is organized on a wide range of spatial and temporal scales that remain a challenge to simu-
late in state-of-the-art general circulation models (GCMs). Observed individual clouds and mesoscale convec-
tive systems (MCSs) along the Inter-Tropical Convergence Zone (ITCZ) are often organized into larger zonally
propagating features commonly referred to as Convectively Coupled Equatorial Waves (CCEWs) [e.g., Kiladis
et al., 2009]. These features - such as Equatorial Kelvin waves, Equatorial Rossby waves and Mixed Rossby-
Gravity waves - can in turn be modulated by the planetary-scale eastward propagating Madden-Julian Oscilla-
tion (MJO) [Madden and Julian, 1972;Zhang, 2005]. The latter represents a major source of predictability on
intraseasonal scales in the tropics [e.g.,Waliser et al., 2003;Gottschalck et al., 2010], and its in”uence extends
to the midlatitudes [Cassou, 2008;Moore et al., 2010]. The observed CCEWs show consistency with the classical
shallow-water equatorial-wave theory proposed byMatsuno[1966], but no comprehensive theory has yet
emerged to explain all aspects of the intraseasonal MJO [e.g., Zhang et al., 2013].

GCMs show a large variety of behaviors in the way they simulate subseasonal tropical variability. None of
them can reproduce satisfyingly the entire observed space-time spectrum, even if noticeable improvements
are overall achieved from one generation of GCMs to the next (e.g., from CMIP3 to CMIP5 inHung et al.
[2013]). Improving how the MJO is simulated undoubtedly remains an important challenge for any GCM in
the tropics [e.g.,Zhang et al., 2013;Hung et al., 2013;Jiang et al., 2015]. It is seen that the different character-
istics of the MJO are reproduced with various degrees of success by each GCM. For example, some models
produce an oscillation on intraseasonal scales but with only weak propagation. Others can simulate a
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propagating mode but signi“cant differences are still seen in the vertical structure between models [Jiang
et al., 2015;Klingaman et al., 2015;Xavier et al., 2015]. From inter-GCM comparison studies such asHung
et al. [2013], it also appears that there is no best nor worst model for the entire spectrum of variability. For
instance, the ability to simulate an MJO-like oscillation does not seem necessarily correlated with the degree
of success to which the same model simulates the different CCEWs. This variety of behavior among GCMs
re”ects the strong dependence of the tropical variability on how subgrid physical processes (phase
changes, turbulence, radiation) are parameterized. Schemes for convective triggering, cloud types, or sur-
face ”uxes are thought to play a signi“cant role in the mechanisms at play in CCEWs and the MJO [e.g.,
Jiang et al., 2015;Klingaman et al., 2015;Sobel and Maloney, 2012;Kiladis et al., 2009]. Those parameteriza-
tions are also likely to act on the model•s mean state, which in turn is thought to modulate the simulated
tropical variability [e.g.,Han and Khouider, 2010;Inness et al., 2003].

Understanding the mechanisms of intraseasonal variability and the causes for differences in GCM behavior
is complicated by various factors. The characteristics of the intraseasonal oscillation vary with the seasonal
cycle: the ••canonical•• MJO is more often observed in boreal winter, while in summer the oscillation has a
more pronounced northward propagation and interacts with the Asian monsoon [Wang et al., 2006;Zhang,
2005]. How distinct are the mechanisms at play in both seasons remains an open question. Coupling with
an interactive ocean is also seen to amplify or improve to differing degrees the simulation of the MJO in dif-
ferent GCMs, and both surface ”uxes and changes in the mean state seem to be involved [e.g.,DeMott
et al., 2014;Jiang et al., 2015]. Interactions with heterogeneous land-sea surface and orography might also
interfere in how the MJO propagates over the Maritime continent [e.g.,Peatman et al., 2014].

In this paper we present an inter-model comparison study documenting the variety of behavior among state-
of-the-art GCMs in the way they simulate tropical subseasonal variability, and how the choices made for the
parameterizations of the subgrid scale physical processes might impact on this subseasonal variability.

Our approach follows the idea previously promoted byHoskins et al. [1999],Neale and Hoskins[2000],Black-
burn and Hoskins[2013] that aquaplanet experiments provide a useful benchmark to compare
Atmospheric-GCMs (AGCMs) with simpli“ed boundary conditions and forcing……namely a water-covered
Earth to which is applied an idealized time-independent sea surface temperature (SST), and “xed equinoc-
tial radiative forcing. The use of the simpli“ed aquaplanet forcing and boundary conditions rules out some
of the in”uencing factors listed previously, such as the role of the land-sea contrasts, orography, ocean cou-
pling, or seasonal changes in the mean state. By design, the focus is thus on differences in model behaviors
due to differences in dynamical core, spatial resolution, and subgrid parameterizations. Using this idealized
set-up to study the tropical climate and its subseasonal variability builds on a diversed body of earlier work
with aquaplanets. Some aspects are reviewed in the next section, followed by an outline of the paper.

1.2. Earlier Work With Aquaplanets
1.2.1. Sensitivity to the Imposed SST Boundary Condition
A primary objective of earlier aquaplanet studies has been to investigate the sensitivity of full-physics
AGCMs mean states to various zonally symmetric SST boundary conditions.Hess et al. [1993] pointed out
for the “rst time the large sensitivity of the simulated mean state to both the meridional gradient in SST
and the model•s parameterizations. More recently, the inter-model comparison project APE (Aqua-Planet
Experiment) extended the approach to compare 16 aquaplanet AGCMs and several idealized SST boundary
conditions symmetric about the equator [seeWilliamson et al., 2013, and other APE references therein]. The
zonal-mean circulation was shown to depend on the imposed SST gradient: as the SST latitudinal distribu-
tion ”attens in the tropics, the Hadley circulation weakens and shifts poleward, and the midlatitude jet
cores move poleward. The extent of these variations is however model-dependent. Besides, the stationary
regime of the tropical precipitation is either a single maximum along the equator, or alternatively a double
maximum straddling the equator, depending on the imposed meridional SST gradient. A sharply peaked
SST pro“le usually leads to a single-maximum regime, while a ”atter SST pro“le leads to a double-maximum
regime. Again, the actual degree of how ••peaked•• or ••”at•• it needs to be to switch from one precipitation
regime to the other is model-dependent.Oueslati and Bellon[2013a] showed that the transition between
the single and double maximum regimes in two contrasting aquaplanet models was driven by changes in
the low-level convergence forced by the SST gradient, but modulated by dry and moist model-dependent
feedbacks.
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1.2.2. Tropical Subseasonal Variability (CCEWs and MJO)
A brief overview of the tropical subseasonal variability simulated by the APE models in their control axisym-
metric aquaplanet experiment (i.e., forced by a zonally uniform SST pattern) is found inWilliamson et al.
[2013]. Space-time spectral analysis of the tropical precipitation showed no clear MJO-like variability in any
of the models. Despite the uni“ed aquaplanet con“guration, the CCEWs simulated by these models exhib-
ited a large diversity. The inter-model differences appeared the largest in the vertical structure of the synop-
tic waves and especially when looking at the convective and stratiform heating [Nakajima et al., 2013a].
Signi“cant differences were also found in the phase relationship between precipitation and low-level con-
vergence in the waves. Overall the APE results con“rmed the dif“culties of the AGCMs in coupling the mois-
ture and the ”ow anomalies, underlying the essential role of the parameterization schemes in the simulated
variability.

MJO-like tropical variability in aquaplanets has also been the speci“c focus of a number of studies since the
pioneer papers. For example,Hayashi and Sumi[1986] andSwinbank et al. [1988] described a ••30 day oscilla-
tion•• propagating eastward around the tropics with the structure of a large Kelvin wave, of which the propa-
gation speed and periodicity seemed sensitive to moisture effects. More recently,Kang et al. [2013] showed
that the properties (horizontal scale and structure, speed and periodicity) of the Kelvin waves simulated in a
zonally symmetric aquaplanet experiment were dependent on the meridional SST gradient. For a ”atter SST
latitudinal distribution at the equator, the low-level wind Kelvin wave signal appeared to slow down and to
couple with a westward equatorial Rossby wave. The authors suggested that the resulting ••coupled Kelvin-
Rossby wavepacket•• might provide some insight in the mechanisms of the observed MJO.

A growing number of studies alternatively discuss the observed MJO as a ••moisture mode•• of which the
destabilization and eastward propagation can be analyzed through the terms of its budget of Moist Static
Energy (MSE) [seeSobel and Maloney, 2012, and references therein]. In this framework,Maloney et al. [2010]
performed sensitivity experiments with an aquaplanet model to investigate the conditions under which
such an eastward intraseasonal moisture mode appeared, and analyzed the sources and sinks of its MSE
budget. Their SST boundary condition was derived from averaging and smoothing the observed Indian-
Paci“c SST. The geographical distribution was asymmetric in longitude and latitude and included a wave-
number 1 warm pool peaking at 308C, centered just south of the equator, and with reduced meridional SST
gradient to one third of observed gradient. Their study showed that the presence of this warm pool, and
the low-level mean westerly ”ow it induced locally on the equator, was a necessary condition, in their mod-
el, for the MJO-like moisture mode to arise. This moisture mode did not arise in the control experiment
where the zonally asymmetric SST pattern was replaced by its corresponding zonal average. The MSE bud-
get of their MJO-like moisture mode highlighted that (1) the mode was destabilized by wind-induced latent
heat ”ux anomalies at the surface, and (2) its eastward propagation resulted from the zonal advection of
humidity (both through the mean zonal and eddy transport). In addition, the destabilizing role of the cloud
radiative feedbacks was also also pointed out in a companion paper byLandu and Maloney[2011]. Howev-
er,Maloney et al. [2010] noted that the processes contributing to the eastward propagation of the mode in
their aquaplanet (zonaladvection of humidity) were not consistent with those in their standard GCM experi-
ment [Maloney, 2009], wheremeridionalhumidity advection was the dominant term. More speci“cally, they
had observed in their standard GCM experiment a relative humidi“cation ahead of the moisture mode sub-
sequent to the inhibition of the eddies• drying effect by the large-scale ”ow (as eddies mix the drier air
from the subtropics with the wetter air from the equator). This inconsistency between the aquaplanet
experiment and its standard GCM counterpart points out some limits in the use of aquaplanets to interpret
AGCM behaviors in more realistic con“gurations. It also remains unclear how model-dependent those
results are. It is for example noted that the relative contribution of the latent heat ”uxes to the MSE budget
of the MJO is too large in the model inMaloney[2009] andMaloney et al. [2010], compared to radiative
”uxes, unlike observed. This was ascribed later on to radiative feedbacks being too weak in that same mod-
el [Hannah and Maloney, 2011, 2014]. In other words, one model might produce an MJO mode for ••wrong••
reasons compensating for other aspects of the moist physics that would be unrealistically simulated. This
possibility strongly argues in favor of carrying out inter-model comparison work in addition to this type of
in-depth processes studies focused on a single model.

The warm pool seen as a necessary condition for the MJO was for example questioned byAndersen and
Kuang[2012] who obtained an MJO-like mode in an aquaplanet experiment for which a zonally symmetric
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SST is applied. The con“guration of their model is however relatively far from the one ofMaloney et al.
[2010] as they ran an aquaplanet with a super-parametrized convection (SPCAM), seasonally varying insola-
tion and a zonally symmetric SST peaking at 58N. In their case, the MSE budget of their MJO-like mode sug-
gested that the radiative feedbacks were the main source of MSE in phase with the precipitation
(destabilizing role) rather than latent heat ”uxes. The main source of MSE ahead of the precipitation enve-
lope was also found to be the meridional advection rather than the zonal advection as inMaloney et al.
[2010]•s aquaplanet.

1.3. Outline
The present study was carried out as part the EMBRACE (Earth system Model Bias Reduction and assessing
Abrupt Climate change) project, funded by the European Union•s 7th Framework Program. EMBRACE pro-
vided the framework and opportunity to gather a set of six up-to-date AGCMs and to perform speci“cally
designed aquaplanet experiments with them. Building on the existing literature presented above, we take
here the point of view of an inter-model and inter-con“guration comparison, in order to investigate the fol-
lowing aspects: How do these GCMs in aquaplanet con“guration compare in the way they simulate subsea-
sonal tropical variability? To what extent the variety of behaviors known to exist among the full ••CMIP-type••
models remains in an idealized aquaplanet setting? How sensitive are the aquaplanet GCMs to breaking the
longitudinal symmetry of the SST boundary conditions with an idealized ••warm pool••? In particular, is this a
necessary condition for MJO-like intraseasonal variability to appear? The focus here is on documenting
whether consistent results and behaviors are seen among the models rather than describing in full details
the behavior of each of the six aquaplanet models individually. We further extend the inter-model compari-
son across con“gurations by comparing spectral characteristics of the simulated subseasonal variability in
the aquaplanet experiments and in the corresponding coupled atmosphere-ocean (i.e., CMIP) and
atmosphere-only (i.e., AMIP), in order to investigate how consistent are these three con“gurations for each
GCM.

Section 2 presents the six AGCMs involved in the inter-comparison, and gives the details of the numerical
set-up for the aquaplanet experiments. Sections 3 and 4 respectively compare the tropical mean state and
subseasonal variability simulated by this set of models. Section 5 then discusses possible links between
mean state and subseasonal variability in the context of existing literature. A summary and some conclud-
ing remarks are “nally given in section 6.

2. Aquaplanet Set-up and Models

2.1. Zonally Symmetric Reference SST (QOBS)
We choose to use as our reference SST boundary condition the zonally symmetric SST (labeled ••QOBS•• in
the following), that was previously designed in the literature to resemble the mean observed SST in the
Indo-Paci“c region [e.g.,Neale and Hoskins, 2000]. TheQOBSlatitudinal SST pro“le is de“ned as:

SSTQobs5 0:5 27 12 sin2 p3 lat
120

� �� �� �

1 0:5 27 12 sin4 p3 lat
120

� �� �� �

where lat (the latitude in degrees) is between2 60o; 60o½ �, andSSTQobs5 0 otherwise.

This is the same idealized SST as used for the zonally symmetric aquaplanet experiments of the CMIP5 pro-
tocol [Taylor et al., 2012]. It differs from the control SST in the APE project, the latter having a more sharply
peaked latitudinal distribution about the equator. The APE control SST was shown to induce strong midlati-
tude jets, located closer to the equator than observed. It was also shown to yield faster westerlies than
observed in the equatorial upper levels, that were suspected to in”uence in turn the characteristics of the
tropical variability [Nakajima et al., 2013a, 2013b].

2.2. Adding an Idealized Warm Pool (QOBS1 WP)
In addition to the reference zonally symmetric experiment, we also perform an experiment (labeled
QOBS1 WPin the following) in which a warm-pool-like temperature anomaly is added toSSTQobs. The warm
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pool is centered on the equator, at longitude lon05 180o, with a half-length ofKlat5 30o in latitude and Klon

5 150o in longitude. The SST anomaly isDwp51 2oC at the centre of the warm pool.

If lat 2 2 Klat; 1 Klat½ �and lon 2 lon02 Klon; lon01 Klon½ �,the SST with warm pool is de“ned as:

SSTwp5 SSTQobs1 Dwp3 cos2 p
2

lat
Klat

� �

3 cos2 p
2

lon2 lon0

Klon

� �

where lat and lon are the latitude and longitude in degrees, respectively. Away from the warm pool,
SSTwp5 SSTQobs. As a summary, the idealized SST boundary conditions used in theQOBSand QOBS1 WP
experiments are plotted in Figure 1.

TheDwp51 2oC maximum anomaly in the warm pool is in the range of the APE protocol, which proposed
two warm pool anomalies of1 1oC and1 3oC. It is also of same order of magnitude as the SST used by
Maloney et al. [2010] (see their Figure 1) derived from observed time-mean SST in the Indo-Paci“c region.

An additional experiment was performed with the six models to test the sensitivity to the size of the warm
pool in longitude, with a warm pool of intermediate longitude extension (Klon5 50o). Results from this
experiment will not be shown for the sake of brevity, but they will be discussed in section 4.4. A few more
sensitivity experiments were also performed with one of the models (CNRM-5) to test further the sensitivity
of the results to some other aspects of the experimental design. The effect of a more elongated warm pool
(half-lengthKlon5 180o) was tested. Another experiment was also performed in the zonally symmetric con-
“guration with a peak SST value on the Equator at 298C (instead of 278C inQOBS). Theses sensitivity experi-
ments are also discussed in section 4.4.

2.3. Participating Models
We consider and compare here six AGCMs, run in the aquaplanet set-up described above: CNRM-5, CNRM-
PRE6, EC-Earth, MetUM-GA3, IPSL-A, IPSL-B. Their reference papers are listed in Table 1 along with their spa-
tial resolution and information about their convective schemes. None of these GCMs did participate to the
earlier APE inter-comparison. Also, APE had involved an older generation of models (contributing to CMIP3)
while the models examined in the present paper took part in CMIP5. Two institutes have provided the aqua-
planet experiments with two versions of their model: IPSL-A, IPSL-B and CNRM-5, CNRM-PRE6 respectively.
In each pair, the two versions differ at least by the set of parameterizations of the subgrid physical process-
es (deep and shallow convection, boundary-layer turbulence, etc). Both IPSL-A and IPSL-B took part in
CMIP5, IPSL-B being at the time the most-recent version of the parameterization set for this model, and
IPSL-A being the previous version, run for comparison [Dufresne et al., 2013;Hourdin et al., 2013]. CNRM-5
took part in CMIP5, while CNRM-PRE6 is a preliminary version of the CNRM model being developed for the
coming CMIP6. It differs from CNRM-5 by an updated dynamical core, an increased vertical resolution and
an entirely new package of parameterizations for subgrid scale moist processes (shallow and deep

Figure 1. (a) Meridional SST section along longitude 1808in the zonally symmetric experiment (QOBS, solid black) and in the experiment
with a warm-pool (QOBS1 WP, dotted red). (b) SST (o C) in theQOBSexperiment (shading), and SST anomaly (QOBS1 WPminus QOBS) con-
toured in solid white every 0.58C (zero omitted).
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convection, boundary layer turbulence and microphysics). A preliminary description of this new package
can be found inCouvreux et al. [2015] andMichou et al. [2015].

Each aquaplanet experiment was run with a constant equinoctial solar forcing for at least 4 years. This 4
year period represents more than� 32 times the longest period of the variability we aim to diagnose here
(i.e., MJO; period T� 45 days). It was also veri“ed that the characteristics of subseasonal variability in the
models were established in the “rst few months and then remained similar from year to year over the entire
simulations. The analyses and diagnostics shown in this study are all performed on the daily averaged
outputs.

3. Simulated Mean States

The choices made for the parameterizations of the subgrid processes in each model might in”uence the
simulated tropical variability in two ways: (1) via a direct in”uence on the destabilization and growth pro-
cesses of the tropical modes [e.g.,Sobel and Maloney, 2012], or (2) via an indirect in”uence through a con-
trol of the mean state (both dynamics and moisture), which in turn, might in”uence the way the tropical
modes develop (e.g., vertical shear as discussed inDias and Kiladis, [2014] andHan and Khouider[2010]). In
this section, we therefore present some elements of comparison about the simulated tropical mean states,
before the tropical subseasonal variability is shown in section 4.

3.1. Zonally Symmetric Experiment (QOBS)
A signi“cant diversity remains among the six simulated mean states despite the idealized con“guration and
identical zonally symmetric SST boundary condition, as was suggested by previous studies [e.g.,Williamson
et al., 2013;Stevens et al., 2013]. This is illustrated in Figure 2 with the zonally averaged 850 hPa zonal and
meridional winds, 850 hPa wind convergence and precipitation. Diversity appears in the amplitude of the
low-level tropical easterlies, as well as in their location in latitude on both sides of the equator (Figure 2a).
Note however that the same model, CNRM-5, stands out as the outlier in all these panels, while the “ve oth-
er models appear more alike regarding the location of the wind gradients and convergence.

The models also differ by the degree to which the trade-winds converge equatorward (Figures 2b and 2c)
and by the amplitude and meridional width of the ITCZ precipitation pattern (Figure 2d). The latter is either
single- or double- peaked, consistent with the sensitivity to the meridional distribution of SST studied in
Oueslati and Bellon[2013a]. Recall however that the same SST distribution is applied here to all the models.
Thus for this given meridional distribution of SST, the differences between the simulated ITCZs can only be
accounted for by the differences in the models• formulations. Note that the two models showing the most
pronounced double-peaked precipitation pattern (CNRM-5 and IPSL-A) correspond to the two old versions
of the pairs of models provided by CNRM and IPSL. This unrealistic ••double-ITCZ•• feature, also discussed in
Oueslati and Bellon[2013b], is not seen anymore in the more recent versions (CNRM-PRE6 and IPSL-B).
CNRM-5 was also shown to be the outlier model in term of low-level wind convergence (Figure 2a), which is
precisely thought to be the main driver of the ITCZ geometry [Oueslati and Bellon, 2013a].

Table 1. Participating Models and References

Model Name Research Group
Horizontal Res.

and Vertical Levels Model Reference Convective Scheme Reference

1 CNRM-5 CNRS T127 x L31 Voldoire et al. [2013] Bougeault[1985]
M�et�eo-France Moisture convergence

2 CNRM-PRE6 CNRS
M�et�eo-France

T127 x L91 Model in development
for CMIP6

Piriou et al. [2007];Gu�er�emy[2011]
CAPE

(cf. section 2.3)
3 EC-Earth Rossby Centre, Swedish T159 x L42 Hazeleger et al. [2012] Tiedtke[1989]

Meteo. and Hydro. Institute CAPE/moisture convergence
4 MetUM-GA3 Met Of“ce N96 x L85 Walters et al. [2011] Gregory and Rowntree[1990]

CAPE
5 IPSL-A IPSL, France T63 x L39 Hourdin et al. [2006] Emanuel[1991]

CAPE/CIN
6 IPSL-B IPSL, France T63 x L39 Hourdin et al. [2013] Rio et al. [2010]

Grandpeix and Lafore[2010]
Available Lifting Energy/Power
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3.2. Warm-Pool Experiment (QOBS1 WP)
The consequences on the mean state of adding a warm pool (experimentQOBS1 WP) are shown in Figures 3
and 4 for precipitation and 850 hPa wind. Figure 3 also gives in contours the difference in precipitation rela-
tive to the zonally symmetric experiment (QOBS), and Figure 5 gives the difference in 200-to-850 wind shear,
and geopotential height at 200 hPa. Adding the warm pool breaks the zonal symmetry of the ITCZ in all the
models, with a concentration of precipitation in the warm-pool area, and less precipitation away from the
warm pool compared to theQOBSexperiment. The two models that had a double ITCZ inQOBS(i.e., CNRM-5
and IPSL-A) now show a single equator-centered peak of precipitation in the warm pool, with only a faint dou-
ble ITCZ remaining away of the warm-pool region. The degree to which precipitation decreases away from
the warm pool is however model dependent. See for example the contrasting precipitation difference
QOBS1 WP- QOBSin the two models that show a narrow ITCZ in the zonally symmetric case (i.e., CNRM-PRE6
and IPSL-B). The presence of the warm pool also induces modi“cations in the amplitude of the precipitation
pattern within the ITCZ but it is worth noting that the latitudinal extent of the ITCZ itself remains relatively
unchanged in the experiments with and without warm pool for a given model. For example, the zonally sym-
metric ITCZ is very narrow inQOBSfor models IPSL-B and CNRM-PRE6 (the 2…4 mm/d contour being con-
tained between 58 S and 58 N), and it remains of similar width inQOBS1 WP, even if the SST warm-pool
anomaly extends from 208S to 208N.

Within the ITCZ, the amplitude of the precipitation change inQOBS1 WPrelative to QOBSdepends on the
model, and so is the longitudinal position of the precipitation peak. The latter is seen just east of the center

Figure 2. Time-mean zonally averaged (a) zonal and (b) meridional wind components at 850 hPa, (c) horizontal wind convergence at 850
hPa, and (d) precipitation, in theQOBSexperiment from the 6 model: thick solid red for CNRM-5, thick dashed red for CNRM-PRE6, thin sol-
id blue for IPSL-A, thin dashed blue for IPSL-B, thick solid black for EC-Earth, and thin solid green for MetUM-GA3.
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of the warm pool for half of the models (CNRM-5, CNRM-PRE6, EC-Earth) while it appears slightly west of it
for the other half (MetUM-GA3, IPSL-A, IPSL-B).

The presence of the warm pool also has the effect of breaking the zonal symmetry of the circulation, as
seen from the time-mean 850 hPa wind and 200-to-850 hPa zonal shear in Figures 4 and 5. In the lower lev-
els, the warm pool induces a reinforcement of the equatorward component of the wind on both ”anks of
the warm pool (i.e.,� 10-158N and S). The low-level equatorial easterlies strengthen just east of the warm-
pool, while they weaken in the western part of the warm pool. In three of the models (CNRM-5, IPSL-A, and
EC-Earth), the weakening of the easterlies is such that actual equatorial westerlies appear, consistent with
the observed low-level wind mean state in the Indian ocean. We thus “nd here that only half the models of
our set reproduce the behavior seen inMaloney et al. [2010] from their single-model aquaplanet study with
a warm pool. The presence or absence of these low-level westerlies is consistent in each model from level
850 hPa to the surface (not shown).

Figure 3. Time-mean precipitation in theQOBS1 WPexperiment: total “eld (shading in mm d… 1) and anomaly to the zonally symmetric
experimentQOBSfrom the 6 models (contours every 2 mm d2 1, zero omitted, solid red for positive values, dashed dark grey for negative
values). The SST anomaly in the warm-pool is contoured in light every 0.5� C (zero omitted).
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The latitudinal extent of the circulation pattern induced by the warm pool is fairly similar in the six models.
The diversity between models is mainly seen in the strength of the circulation change, and in the presence
or absence of the low-level westerlies on the equator. The presence of those westerlies is interestingly the
main noticeable difference between the two versions of the model pairs (old versus new) provided by
CNRM and IPSL: the westerlies arise in the older versions (i.e., CNRM-5 and IPSL-A), which are also the two
models with the broader ITCZ band (doubled-peaked inQOBS).

The zonal vertical shear between 200 and 850 hPa decreases above the warm pool and amplify on the
equator, away from the warm pool. The three models that simulate low-level westerlies in the warm pool
also show the stronger reduction in the vertical shear.

From a more general point of view, Figures 3…5 thus illustrate how a ••Gill-type•• response of the tropical
atmosphere to some localized diabatic heating [Gill, 1980] becomes more complex when the full feedbacks
between the convective heating and the circulation are modeled. The warmer SST in our warm-pool experi-
ment induces locally an increase of moist convection in the ITCZ that generates a dynamical response of

Figure 4. Time-mean horizontal wind at 850 hPa (vectors, see scale on the map), and zonal component (shading, in m s… 1) in the
QOBS1 WPexperiment from the 6 models. The SST anomaly in the warm-pool is contoured in light every 0.5� C (zero omitted).
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the atmosphere (e.g., illustrated with the geopotential height difference in Figure 5), with ascent over the
warm pool, as in the Gill symmetric case. However, here the diabatic heating is not imposed but interactive,
in that it is in”uenced in turn by the moist feedbacks from the circulation on the convection. Those feed-
backs result in large part from the transport of moisture into the warm-pool region by the dynamical
response. These feedbacks generally enhance convection over the warm pool, but they also modulate its
spatial distribution. ExperimentQOBS1 WPthus points out the large sensitivity of the time-mean precipita-
tion and wind response patterns to the models• physics, and thus suggests that such aquaplanet set-ups
can be useful to understand this sensitivity better.

In the next section, we examine how tropical subseasonal variability is simulated in these aquaplanet
experiments. Given the substantial diversity between the models mean states, it is already clear that both
the direct in”uence of the parameterization choices on the tropical variability, and their indirect in”uence
via changes in the mean state likely remain at play in our idealized aquaplanet set-up.

Figure 5. Time-mean difference betweenQOBS1 WPand QOBSexperiments of: 200-to-850 hPa zonal wind shear (shading), and of geopo-
tential height (contoured every 15 m, positive values in solid blue, negative values in dashed black). The SST anomaly in the warm-pool is
contoured in light every 0.5� C (zero omitted).
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