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1. Introduction

The Aqua-Planet Experiment (APE) consists of 
a series of Atmospheric General Circulation Model 
(AGCM) simulations on a variety of water covered 
planets which otherwise have Earthlike physical char-
acteristics. The experiment involves a comparison of 
a number of AGCMs which are used for or are being 
developed for climate and numerical weather predic-
tion applications. The AGCMs are complete as devel-
oped for Earth applications but are applied to an ideal-
ized water covered planet with no land, orography 
or sea-ice. The Sea Surface Temperatures (SST) are 
specified to have simple distributions and are fixed in 
time. A modest number of SST fields, to be described 
below, are specified in order to study the response of 
aqua-planet simulations to changes in the SST fields. 
In this paper we consider the response to changes in the 
meridional SST profile and the response to shifting the 
maximum SST off the equator. 

APE was conceived by Neale and Hoskins (2000a) 
as one component of a modelling hierarchy of 
increasing complexity, both of the models themselves 

and of the experimental configurations to which they 
are applied. The hierarchy has two distinct roles: an 
evaluation role in the development and testing of 
complex atmospheric models, and a conceptual role 
in linking complex models with theory and observa-
tion. This context of APE is discussed in more detail 
by Blackburn and Hoskins (2013), so only a summary 
is given here. 

In the conceptual context, theory and more ideal-
ised models provide constraints on the character of the 
global circulation expected in APE. The zonally aver-
aged SST distributions in APE are broadly similar to 
Earth, so the equator-to-pole temperature difference is 
expected to give rise to a jet stream and storm track 
in mid-latitudes. Theory suggests that the location and 
strength of the storm track will closely follow low-level 
baroclinicity associated with the mid-latitude SST 
gradient. Recent idealised modelling studies (Lu et al. 
2010; Butler et al. 2011) have highlighted the impor-
tance of changes in static stability in influencing the 
latitude of maximum baroclinic instability, suggesting 
that increased sub-tropical static stability may be one 
mechanism that causes the storm tracks to migrate 
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polewards in simulations of the 21st century climate 
warming (Yin 2005; Lorenz and DeWeaver 2007). 

In the tropics, the analytic model of Held and Hou 
(1980) predicts that a Hadley circulation with equa-
torial ascent must exist when the latitudinal profile of 
temperature in equilibrium with the underlying SSTs 
is steeper than quartic, in order to maintain a themal 
wind balance consistent with angular momentum 
conservation. The tropical SST profiles in APE were 
designed to include this limiting case: they vary from 
a profile denoted PEAKED in which the mid-lati-
tude SST gradient extends to the equator, through a 
CONTROL which is quadratic and QOBS which is 
closer to the observed profile in the Pacific, to a quartic 
profile denoted FLAT. The tropical circulation is there-
fore expected to consist of a Hadley circulation with 
equatorial ascent for the steeper SST profiles, but this 
should break down in the limiting FLAT case to give a 
state closer to radiative-convective equilibrium at each 
latitude. 

Held and Hou (1980) considered only forcing and 
SSTs symmetric about the equator in their analytic 
and idealised numerical model study. Later, Lindzen 
and Hou (1988) found that moving the SST maximum 
only a few degrees off the equator resulted in a marked 
asymmetry of the Hadley cells, with rising on the 
summer side of the equator and a much strengthened 
cell crossing the equator into the winter hemisphere. 
In order to test this asymmetry in AGCM simulations, 
Neale and Hoskins (2000a) proposed a fifth zonally 
symmetric forcing case in which the SST maximum is 
moved 5° off the equator, CONTROL 5N. 

Previous modelling studies using aqua-planet 
configurations have confirmed that the tropical circula-
tion and the location of the Inter-Tropical Convergence 
Zone (ITCZ) produced by AGCMs do depend on SST. 
The most systematic study, by Hess et al. (1993), used 
a number of widely varying tropical SST profiles and 
two different convective parameterizations in a single 
model. Hess et al. and other studies found that the trop-
ical circulation and ITCZ location also differs between 
models, with some models producing a double-ITCZ 
straddling the equator even when SST is peaked on 
the equator. Such a double-ITCZ was found in the 
first modern aqua-planet simulation, by Hayashi and 
Sumi (1986). An unrealistic double-ITCZ is also found 
in many simulations using coupled atmosphere-ocean 
GCMs (e.g., Lin 2007). As discussed in Blackburn and 
Hoskins (2013), the origin of this phenomenon and its 
relationship to uncoupled simulations with prescribed 
SSTs are not well understood. 

A number of these studies, in particular that of Hess 

et al., provided motivation for Neale and Hoskins 
(2000a) to propose a benchmark test suite of AGCM 
aqua-planet experiments. In this evaluation context 
of the modelling hierarchy, APE is a bridge between 
experiments with models of reduced complexity that 
are used in the development of individual model 
components, and realistic simulations of Earth’s 
climate using complete AGCMs, coordinated through 
the Atmospheric Model Intercomparison Project 
(AMIP, described in its original form by Gates 1992). 
APE therefore provides a test-bed for the interaction of 
dynamics and physical parameterizations in AGCMs 
which is simpler than Earth yet contains the complete 
sub-gridscale parameterization package developed for 
Earth applications. For this reason, APE is sponsored 
by the Working Group on Numerical Experimenta-
tion (WGNE) which is jointly sponsored by the World 
Meteorological Organization (WMO) Commission 
on Atmospheric Science (CAS) and World Climate 
Research Program (WCRP). The goals of APE are to 
expose inter-model differences, to stimulate research 
to understand their causes and to provide a benchmark 
of the behaviors of the current generation of models.

This paper considers the simulated responses to 
varying the latitudinal profile of SST, using experiments 
based on the five zonally symmetric SST distributions 
defined by Neale and Hoskins. A companion paper, 
Blackburn et al. (2013), discusses the CONTROL SST 
experiment in more detail.

2. Experimental design and participating models

The latitudinal structures of the five zonally 
symmetric SST fields are shown in Fig. 1. The simple 
formulae defining these distributions are not repeated 
here but were originally given in Neale and Hoskins 
(2000a) and are repeated in Blackburn and Hoskins 
(2013) and Williamson et al. (2012). The four latitu-
dinally symmetric distributions, labeled PEAKED, 
CONTROL, QOBS and FLAT, have a maximum SST 
of 27C at the equator and differ in their meridional 
gradients approaching the equator. All experiments 
specify a SST of 0C poleward of 60° latitude, with no 
sea ice. The PEAKED experiment has a strong SST 
gradient continuing to the equator while the FLAT 
experiment has its maximum gradient poleward of 20° 
latitude and is quartic in latitude, giving a broad equa-
torial SST maximum and flatter profile approaching the 
equator. The CONTROL SST is quadratic in latitude 
and QOBS is the average of CONTROL and FLAT. 
Based on their experience with the Met Office model 
(HadAM3, Pope et al. 2000) applied to these SST fields, 
Neale and Hoskins (2000a) designated the CONTROL 
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as the standard experiment. However, QOBS is closest 
to the observed zonal mean boreal winter SST in the 
Pacific. The fifth SST, denoted CONTROL 5N, distorts 
the CONTROL SST by shifting the maximum to 5°N 
while holding the transition to 0C fixed at ±60° lati-
tude. As discussed in the introduction, the four hemi-
spherically symmetric SSTs are intended to study the 
issue of the intensity of the ITCZ and the formation 
of a single ITCZ on the equator versus a double ITCZ 
spanning the equator. The hemispherically asymmetric 
SST is intended to examine the response of the ITCZ 
when the maximum SST is not on the equator.

The APE design included certain model specifica-
tions in order to obtain uniformity across the models. 
Complete details are available on the APE web site 
(http://climate.ncas.ac.uk/ape/) and in an atlas of model 
simulation statistics (Williamson et al. 2012), hereafter 
referred to simply as the ATLAS. Many aspects of the 
design are also briefly summarized in Blackburn et al. 
(2013) and Blackburn and Hoskins (2013). Values for 
basic geophysical constants and parameters are recom-
mended. The insolation is perpetual equinoctial and 
symmetric about the equator, but includes the diurnal 
cycle. Values are specified for the solar constant and 
CO2 concentration. Recommendations are given for 
other well mixed gasses as well as for the mass of the 
dry atmosphere. Ozone is specified as a zonally and 
meridionally symmetric latitude-height distribution 
determined from the annual mean climatology used in 

AMIP II (Wang et al. 1995; Liang and Wang 1996).
The simulations are run for 3.5 years for each exper-

iment. The analysis is made over the last 3 years, omit-
ting the first 6 months as spin-up. A model-simulated 
state, from either a previous aqua-planet integration 
or an earth-like simulation, should be used for the 
initial conditions. In independent tests of the spin-up 
in several models, aqua-planet climate equilibrated in 
a matter of weeks from these types of initial condition, 
so a 6 month spin-up is considered adequate. Neverthe-
less, the modelling groups were instructed to check that 
equilibration was achieved during the discarded initial 
6-month period. Daily time-series of global averages 
were requested for a number of variables, which allows 
a gross check that equilibrium was reached. A variety 
of data sets from the final three years of the simula-
tions was requested for the APE data archive. This list 
is considerably longer than that suggested by Neale 
and Hoskins (2000a) and is given on the APE web site 
(http://climate.ncas.ac.uk/ape/) and summarized in the 
ATLAS.

Simulations from 16 models were contributed to the 
APE data base. These models are listed in Table 1. The 
table includes the commonly accepted model name, the 
group that contributed the data and the location of the 
group’s home institution. The group symbol is used to 
identify the models in figures, tables and discussions. 
Not all models contributed simulations for all SST 
distributions. The last two columns of Table 1 indicate 
those that contributed PEAKED, CONTROL, QOBS 
and FLAT and those that contributed CONTROL and 
CONTROL 5N. Those are the models analyzed here. 
The models include established models that have been 
used in production applications such as numerical 
weather prediction and IPCC simulations, and some 
newer, more novel models that have been less well 
tested in real-world applications. Table 2 summarizes 
the dynamical cores, the methods used for water vapor 
transport and resolutions of the participating models. 
Table 3 lists major choices in the model parameter-
izations of convection and boundary layer turbulence. 
Brief descriptions of the models with references for 
their algorithms are available in the ATLAS.

The simulations from the CONTROL experiment 
are presented in a companion paper (Blackburn et al. 
2013). Most of the figures included there and in the 
current paper are extracted from the ATLAS. Because 
of the number of experiments considered (five) and 
number of models involved (fourteen of the sixteen 
submitted) we can only provide a sampling of the 
properties of the aqua-planet simulations and an indi-
cation of the wide variety of model behaviors. Detailed 

Fig. 1. Zonal average SST for PEAKED, 
CONTROL, QOBS, FLAT and CONTROL 5N, °C
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Table 1. Participating models

Group
symbol

Location Model Tuned
TOA?1

PCQF3 C5N4

1
2
3

AGU
CGAM
CSIRO

Japan (consortium)
Reading, UK
Aspendale, Australia

AFES
HadAM3
CCAM

No
Yes
No

X
X
X

X
X
X

4
5
6

DWD
ECM-CY29
ECM-CY32

Offenbach/Mainz, Germany
Reading, UK
Reading, UK

GME
IFS cy29r2
IFS cy32r3

Yes
No
No

X
X
X

X
X

7
8
9

FRCGC
GFDL
GSFC

Yokohama, Japan
Princeton, USA
Maryland, USA

NICAM
AM2.1
NSIPP-1

No
Yes
No

X
X

X
X

10
11
12

K1JAPAN
LASG
MIT

Japan (collaboration) 
Beijing, China
Cambridge, USA

CCSR/NIES 5.7
SAMIL
MIT-GCM

Yes
No
No

X
X
X

X
X
X

13
14
15
16

MRI
NCAR
UKMO (N48)
UKMO (N96)

Tokyo, Japan
Boulder, USA
Exeter, UK
Exeter, UK

MRI/JMA98
CCSM-CAM3
pre-HadGAM1
pre-HadGAM1

No
Yes

Weakly2

Weakly2

X
X
X

X
X

X
1i.e. was the top of atmosphere radiative balance optimised for present day Earth climate?
2During the development phase of HadGEM1 the TOA fluxes of AMIP runs were monitored to check that they did 
not widely diverge from balance but were not actively tuned.

3Submitted results from PEAKED, CONTROL, QOBS and FLAT experiments.
4Submitted results from CONTROL and CONTROL 5N experiment.

Table 2. Dynamical properties of participating models

Group
symbol

Dynamical
core

Water vapor
transport

Horizontal
resolution

Vertical
resolution

AGU
CGAM
CSIRO

Eulerian spectral
lat-lon grid point
C-C1 semi-Lag2

Eulerian spectral
Eulerian grid

semi-Lag

T39
3.75° × 2.5°

~210 km (C48)

L48
L30 
L18

DWD
ECM-CY29
ECM-CY32

icosahedral grid
semi-Lag spectral
semi-Lag spectral

semi-Lag grid
semi-Lag grid
semi-Lag grid

~1°
T159
T159

L31
L60 
L60

FRCGC
GFDL
GSFC

icosahedral Eulerian
lat-lon finite volume

lat-lon grid point

Eulerian
finite volume

Eulerian centered

~7 km
2.5° × 2°
3.75° × 3°

L54 
L24 
L34

K1JAPAN
LASG
MIT

Eulerian spectral
Eulerian spectral

cubed sphere

semi-Lag grid
Eulerian grid
Eulerian grid

T42
R42

~280 km

L20
L9 
L40 

MRI
NCAR
UKMO (N48)
UKMO (N96) 

Eulerian spectral
Eulerian spectral

semi-Lag lat-lon grid
semi-Lag lat-lon grid

Eulerian spectral 
semi-Lag grid

semi-Lag
semi-Lag

T42
T42

3.75° × 2.5°
1.875° × 1.25°

L30 
L26
L38 
L38

1C-C denotes conformal cubic
2semi-Lag denotes semi-Lagrangian
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analyses are left for individual studies of specific 
aspects. We summarize the collective APE model 
behavior for many statistics with a multi-model mean. 
The statistics are always calculated on each model’s 
submitted data grid, then linearly interpolated to a 1° 
latitude-longitude grid to calculate the multi-model 
mean. A more complete description of the process is 
given in the ATLAS. The models are weighted equally 
for the mean even though with some statistics there are 
model outliers. The sample size is large enough that the 
impact of outliers is generally small, although there are 
a few exceptions. One subtle aspect is that the models 
included in the multi-model mean for the CONTROL 
depend on which experiments it is being compared to. 
Thus in Blackburn et al. (2013), which considered only 
the CONTROL experiment, the multi-model mean 
includes all models in Table 1 except FRCGC which is 
an extremely high resolution model and was only run 
for 30 days. The multi-model mean for the PEAKED, 
CONTROL, QOBS, FLAT comparison here includes 
all models with an X in the next-to-last column in 
Table 1. The multi-model mean for the CONTROL 5N, 
CONTROL comparison later includes all models with 
an X in the last column in Table 1. Thus plots of the 
CONTROL for the multi-model mean will not be iden-
tical in the different comparisons. The multi-model 
mean should not be thought of as a best estimate of the 
aqua-planet climate. It is simply a convenient way to 

summarize the properties of the current set of AGCMs. 
In this set, no one model is a good match for the multi-
model mean, and in general the individual models all 
differ from the multi-model mean.

To indicate variations among the APE models we 
present the inter-model standard deviation. The stan-
dard deviation of the statistics is also calculated after 
the statistics for each model are calculated on the 
submitted model grid and interpolated to the 1° grid.  
As with the multi-model mean, the models are weighted 
equally for the standard deviation even though with 
some statistics there are model outliers. These outliers 
do have a noticeable effect on some of the standard 
deviations. The corresponding plots for all individual 
models are available in the ATLAS but we do not 
provide specific figure numbers here. When discussing 
the multimodel mean and inter-model standard devi-
ation, we often describe in words the source of the 
variability between models. This is our subjective 
evaluation of the plots from all the individual models 
contained in the ATLAS. These overviews are intended 
to emphasize the great variation between the models in 
most of the statistics examined.

As noted above and as can be seen in the ATLAS, 
there are three or four models that are relative outliers 
in many metrics. These do affect the multi-model mean 
climate to some extent, but probably have a larger 
effect on the inter-model standard deviations. Never-

Table 3. Parameterizations of participating models

Group
symbol

PBL Shallow
convection

Deep
convection

AGU
CGAM
CSIRO

Mellor-Yamada
Smith

Holtslag-Boville

None
Gregory-Rowntree

None

Emanuel
Gregory-Rowntree 

McGregor 

DWD
ECM-CY29
ECM-CY32

Louis
Louis-Beljaars
Louis-Beljaars

Tiedtke
Tiedtke

Bechtold et al. 2008

Tiedtke 
Bechtold et al. 2004 
Bechtold et al. 2008

FRCGC
GFDL
GSFC

Mellor-Yamada
Lock
Louis

None
RAS1
RAS

None
RAS
RAS 

K1JAPAN
LASG
MIT

Mellor-Yamada
Local vert diffusion

Mellor-Yamada

None
None
RAS

Pan-Randall 
Manabe

RAS

MRI
NCAR
UKMO (N48)
UKMO (N96)

Mellor-Yamada
Holtslag-Boville
Lock/Richardson
Lock/Richardson

Randall-Pan
Hack

Gregory 1990/Grant
Gregory 1990/Grant

Randall-Pan 
Zhang-McFarlane 

Gregory 1999
Gregory 1999

1RAS denotes relaxed Arakawa-Schubert.
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theless we perform all analyses with the complete set of 
models. All contributed models were accepted into the 
APE data base with no overall quality criterion. In fact, 
applying a quality cut-off would be particularly diffi-
cult since the APE climate is unknown. Perhaps criteria 
could be based on the quality of Earth-like simulations 
but even then only egregious outliers could be safely 
discarded. APE outliers only become apparent in the 
comparative analyses, and there is a remote possibility 
that they provide a more accurate indication of the 
APE climate. We provide plots of some statistics for 
individual models as well. Individual model plots are 
made on each model’s submitted grid, i.e. they show 
the statistics before interpolation to the 1° grid. All 
statistics for all models are available in the ATLAS.

Neale and Hoskins (2000b) considered the response 
of a single model to these different SST fields. Here we 
determine how robust their results are by comparing 
14 models.

3. Sensitivity to meridional SST profile

In this section we consider the changes in the simu-
lations as the meridional profile of SST changes from 
the PEAKED case, in which the mid-latitude gradient 
continues to the equator, to the FLAT case, in which the 
equatorial maximum is very broad and SST is quartic 
in latitude, i.e. from PEAKED to CONTROL to QOBS 
to FLAT. In this sequence, the region of the primary 
SST gradient steepens, narrows, and moves poleward. 
For these four cases the SST is symmetric about the 
equator and the radiative forcing is symmetric about 
the equator. Thus the time average zonal means are also 
symmetric about the equator. Therefore we average the 
two hemispheres together to reduce the noise slightly 
and plot one hemisphere only, in the sense of the 
Northern Hemisphere. In addition, the abscissa adopts 
sine of latitude in order to provide detail in the tropical 
regions which exhibit more structure in many statistics.

3.1 Poleward energy transport
Blackburn et al. (2013) compared the insolation for 

APE to the annual average insolation for Earth. Since 
the SST is fixed, the fraction of insolation reaching the 
surface is lost. Nevertheless, an implied ocean pole-
ward heat transport can be computed to balance the 
net surface energy flux if the global average energy 
imbalance is neglected. For each model the total pole-
ward transport by the atmosphere plus an implicit 
underlying ocean has been computed to balance the net 
top of atmosphere (TOA) energy flux. These are aver-
aged to give the APE multi-model mean transport. The 
implied oceanic component balances the net surface 

energy flux and the atmospheric component balances 
the difference between TOA and surface net fluxes. 
Globally averaged net fluxes have been removed and 
the two hemispheres have been averaged.

We first compare the poleward energy transport for 
the PEAKED, CONTROL, QOBS and FLAT experi-
ments. The transports of the CONTROL were discussed 
in Blackburn et al. (2013) and compared to estimates 
of the annual average transport for Earth from Fasullo 
and Trenberth (2008). Figure 2 shows the multi-model 
mean zonal-time average poleward energy transports 
for the four experiments (solid lines) along with the 
Fasullo and Trenberth (2008) estimates (dashed lines). 
Plus to minus one inter-model standard deviation is 
shaded. For each experiment, the atmospheric transport 
shows little variation between the APE models which 
are strongly affected by the fixed SST. This implies 
that the large range in the TOA net energy flux (not 
shown here, but available in the ATLAS and reflected 
in the total transport) passes through the atmosphere 
and affects the implied ocean transport.

The TOA net energy flux is relatively insensitive 
to SST. In the sequence from PEAKED to FLAT, the 
net downward flux increases slightly in the tropics and 
decreases in the extra-tropics. The decrease extends 
beyond the latitude of zero net flux near 40° which 
therefore shifts slightly equatorward. This leads to 
a small equatorward shift in the pattern of the total 
transport going from PEAKED to FLAT seen in Fig. 
2, mainly associated with an increase in tropical trans-
port. The equatorward shift brings the latitudinal 
distribution of the total transport closer to that of Earth 
although the overall amplitude increases at the same 
time so that the maximum total transport in the FLAT 
case is a little over 20% larger than that of Earth.

The TOA net energy flux and total poleward transport 
show almost no variation through the SST sequence 
poleward of 60° latitude where in all cases the SST 
fields are flat and equal to 0°C. In this region APE 
atmospheric and implied oceanic transports in Fig. 2 
also show little variation through the SST sequence. 
The total transport is stronger than that of Earth, ulti-
mately driven by the stronger gradient of insolation, 
but the atmospheric transport is less than that of Earth 
and the oceanic is larger. This is consistent with the 
APE lower boundary being open ocean with SST set 
to 0°C, which results in the APE atmosphere gaining 
more energy from the underlying surface than does 
Earth’s atmosphere.

In mid-latitudes, changes in the atmosphere-ocean 
transport partition are broadly consistent with changes 
in the underlying SST gradient, shown in Fig. 1. In the 
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PEAKED case, the atmosphere transport is weak and 
the ocean transport strong compared to the other cases, 
consistent with the weaker mid-latitude SST gradient, 
since the fixed temperature difference between 
the equator and 60° is linear in latitude. Between 

CONTROL and FLAT the changes are smaller. The 
atmosphere transport moves slightly poleward and 
strengthens, along with the maximum SST gradient, 
mainly by strengthening the poleward flank of the 
transport peak.

Fig. 2. Multi-model mean poleward energy transport for the PEAKED, CONTROL, QOBS and FLAT experi-
ments (solid lines). Plus to minus one inter-model standard deviation is shaded. Total transport is that required 
to balance the top of atmosphere net radiative flux; ocean transport is that implied to balance the surface net 
flux; atmospheric transport is the difference between the two. Annual mean observational estimates for Earth 
are included for comparison, from Fasullo and Trenberth (2008) (dashed). Values shown are averaged over the 
Northern and Southern hemispheres.
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The most dramatic response of the atmo-
sphere-ocean transport partition to SST occurs in the 
tropics. The total transport increases only slightly 
going from PEAKED to FLAT, but a broader tropical 
SST maximum produces weaker transport in the atmo-
sphere and stronger transport in the ocean equatorward 
of 30°. The QOBS case is closest to Earth, particu-
larly for the atmosphere transport, with the total (and 
ocean) transport being slightly larger than observed. 
The change in transport partition with SST is so 
strong that, in the deep tropics for the PEAKED case, 
the atmosphere transports more energy than the total 
with equatorward transport in the ocean, while for the 
FLAT case the entire transport is carried by the ocean. 
The absence of poleward atmospheric transport in the 
deep tropics in the FLAT case is a first indication that 
the Hadley circulation does indeed break down in the 
APE models for this SST profile, as predicted by the 
theoretical model of Held and Hou (1980), leaving the 
atmosphere close to radiative-convective equilibrium 
at each latitude in the deep tropics.

The modest sensitivity of total poleward transport in 
the tropics to SST is due to a large degree of compen-
sation between changes in net shortwave and longwave 
fluxes at the TOA in the tropics (shown in the ATLAS). 
In contrast, changes in net shortwave flux at the surface 
dominate over those in longwave and are augmented 
by changes in the turbulent heat fluxes, dominated by 
the latent heat flux. These contributions lead to the 
large opposing changes in separate atmosphere and 
implied ocean poleward transports. As the tropical SST 
maximum broadens going from PEAKED to FLAT, the 
net solar flux at the TOA and surface, which is down-
ward, increases in the equatorial region and decreases 
in the subtropics, due to migration of deep cloud from 
the equator to the subtropics. The maximum surface 
latent heat flux similarly migrates poleward from the 
deep tropics in PEAKED to beyond 20° in FLAT. 
The reduction in near equatorial latent heat flux in the 
FLAT case is associated with weaker surface winds, 
again indicative of a breakdown of the large scale 
overturning circulation. The weaker evaporation more 
closely balances local precipitation (shown later), also 
indicating approximate radiative-convective equilib-
rium in the deep tropics. The maximum latent heat flux 
is influenced by both wind strength and the latitudinal 
gradient of saturated specific humidity, q*(TS), so 
remains on the poleward flank of the subtropical trade 
winds. The large downward net surface flux at the 
equator in the FLAT case leads to the strong implied 
ocean transport.

Overall, all the transports in QOBS are most like 

those of Earth, with the atmosphere component being 
remarkably close.

3.2 Zonal mean state
In this section we discuss how the multi-model 

mean simulated state changes as the meridional SST 
profile changes for the four zonally and hemispheri-
cally symmetric experiments. Blackburn et al. (2013) 
compared the CONTROL experiment with the Earth’s 
climate. We first consider the time average, zonal 
average precipitation for the individual models and for 
the multi-model mean. This provides an overview of 
the inter-model variability. We then consider the time 
average, zonal average of the three-dimensional atmo-
sphere by examining the multi-model mean. Finally we 
describe the variation between the models and summa-
rize it by showing the intermodel standard deviation 
of the zonal-time averages. The multi-model mean 
includes all models except FRCGC and UKMO(N96) 
as indicated in Table 1.

a. Precipitation
The zonal average, time average precipitation 

provides a good overview of the response of the Hadley 
circulation to changes in the SST profile. Figure 3 
shows the zonal average total precipitation for the 
multi-model mean and for the individual models for 
the PEAKED, CONTROL, QOBS and FLAT experi-
ments. The top two rows focus on the tropics, 0° to 
25° latitude, where most of the response in precipita-
tion occurs. The bottom two rows show the sub-tropics 
and extra-tropics, 15° to 90° latitude, with an enlarged 
precipitaton scale. To make the curves of the indi-
vidual models more visible they are divided across two 
panels (e.g., first and second rows) for each experiment 
(columns). The multi-model mean (over all models) is 
included on both panels of the pair.

Considering first the multi-model mean, the tropical 
precipitation maximum becomes weaker and broader 
from PEAKED to QOBS. It remains a single peak 
on the equator through the first three experiments, 
although it is basically flat within 5° latitude of the 
equator in QOBS. In the FLAT case the peak moves off 
the equator to around 14° latitude giving a wide double 
structure with symmetric peaks about the equator.

The PEAKED SST distribution yields a single ITCZ 
in all models, but the maximum precipitation rate varies 
greatly between models, by almost a factor of three. 
The FLAT case yields a pair of precipitation maxima 
symmetric about the equator in all models except 
LASG which retains a single but very weak maximum 
on the equator. In most models the off-equator maxima 
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Fig. 3. Zonal average, time average total precipitation for multi-model mean and individual models from PEAKED, 
CONTROL, QOBS and FLAT SST distributions (mm d–1). The top two rows include just the tropical region 
while the bottom two plot the extra-tropical region on a different scale.
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result in a clear double structure. The AGU has a 
secondary maximum on the equator which is almost 
as large as the off-equator peak values. Three other 
models (ECM-CY29, DWD and UKMO) also have a 
weak but notable peak on the equator, but the magni-
tude is appreciably less than the off-equator peak. 
These minor equatorial peaks are more easily seen in 
plots included in the ATLAS which contains individual 
figures for each model with graphs of the four experi-
ments superimposed, the complement of Fig. 3. In the 
FLAT case the location of the maximum precipitation 
varies from 5° to 17° latitude in the different models. 
Through the SST sequence PEAKED to FLAT, the 
double structure occurs first with the CONTROL in 
the CGAM, NCAR and UKMO-N48 models. It occurs 
first with QOBS for most of the remaining models and 
occurs first with FLAT in AGU, DWD and K1JAPAN. 
Thus all models except those last three show a double 
structure with QOBS yet the multi-model mean does 
not. The single structure of the multi-model mean is 
broad and relatively flat near the equator. The widely 
varying meridional structure seen in individual models 
is averaged out in the multi-model mean. The inter-
model variability seen in the figure is quite striking 
with QOBS. The CONTROL has a fair amount of vari-
ability as well, but it is not as striking as QOBS since 
the maximum precipitation even when a double struc-
ture forms, occurs closer to the equator.

It is conceivable that averaging the two hemispheres 
as done here could hide the existence of a single 
off-equator structure which would be interpreted in the 
average as a weaker double structure. We have verified 
that this is not the case in any of the models in any of 
the experiments. It is also conceivable that the 3-year 
mean is not representative, due to possible intermit-
tent switching between single and double structures in 
QOBS. We believe the 3-year mean is representative, 
but this cannot be guaranteed for all models since the 
APE protocol requested only a single 3-year average. 
Tests with the NCAR model preliminary to the APE 
design indicated that the structures were very stable 
and even single year averages showed no such intermi-
tency. The single versus double structure is also stable 
for each model in four sequential 3-monthly averages 
of precipitation taken from the one-year of 6-hourly 
data, although the intensity varies as expected for such 
short samples.

In the multi-model mean, the secondary precipita-
tion maximum associated with mid-latitude baroclinic 
waves, seen in the bottom two rows of Fig. 3, moves 
poleward through the SST sequence. The strength 
is very similar for PEAKED through QOBS then 

decreases slightly in FLAT. The largest shift in position 
occurs from QOBS to FLAT. As will be seen below, 
this is consistent with the poleward shift of the westerly 
jets and the baroclinic region. The individual models 
show a minor variation in the latitude and value of the 
mid-latitude maximum in PEAKED, CONTROL and 
FLAT. QOBS shows the largest variation in latitude 
and value of the maximum associated with the storm 
tracks.

Even though the maximum SST is the same in all 
cases, there is large variation in the maximum precipi-
tation rate, and by inference in the maximum strength 
of the Hadley circulation, between the four experiments 
for a single model. (This is more obvious in figures in 
the ATLAS which combine the four experiments into 
a single plot for each individual model.) Although the 
maximum precipitation rate varies greatly between the 
models and decreases through the sequence  of SST 
fields, the tropical average shows much less variation. 
Figure 4 shows the time average tropical precipitation, 
averaged from –27° to +27° latitude, for the multi-
model mean (bars) and inter-model standard deviation 
(whiskers at the top of the bars). The region is basically 
that shown in the top two rows of Fig. 3. The latitude 
boundaries were chosen around the minimum precipi-
tation of the FLAT case (bottom two rows of Fig. 3) to 
separate the tropical precipitation from the extra-trop-
ical. The other cases have a clearer separation between 
the tropics and mid-latitude precipitation with a very 
flat structure poleward of the ITCZ until the mid-lati-
tude cell begins to form.

The average precipitation of the multi-model mean 
increases rather uniformly through the sequence from 
PEAKED to FLAT, from 3.40 to 4.21 mm day–1, or 
by a little more than 20%. The increases CONTROL-
PEAKED, QOBS-CONTROL and FLAT-QOBS are 
0.34, 0.17 and 0.30 mm day–1, respectively. All indi-
vidual models (not shown) have a similar variation 
with SST, except for a small number in which average 
precipitation does not increase from QOBS to FLAT, 
giving the largest inter-model standard deviation for 
FLAT-QOBS. The increase is most likely associated 
with an increasing latitudinal extent of the tropical 
overturning circulation in the sequence PEAKED 
to FLAT that is evident in the zonal average vertical 
and meridional velocities in Fig. 5 and discussed in 
Section 3.2c. A broader tropical circulation provides a 
larger surface area of radiative cooling that is balanced 
predominantly by increased latent heating equatorward 
of 27° latitude.

These precipitation behaviors reaffirm for many 
models the discussion of Neale and Hoskins (2000b) 
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from their single model result that the response to 
the SST is not a local thermodynamic one. There 
is a strong interaction between the formation of the 
convective maximum and the large-scale circulation. 
As will be seen below a strong precipitation maximum 
is accompanied by an intense vertical branch of the 
mean meridional circulation.

The widths of the convective maxima appear to 
depend on the near-equator curvature of the SST. 
The large near-equator gradient of the PEAKED 
gives a strong narrow single ITCZ. Weaker gradients 
(CONTROL, QOBS) lead to a wider single or double 
structure depending on the model. The FLAT with the 
weakest near-equator gradient leads to double structure 
with peaks relatively far from the equator with most 
models. This change in structure should be reflected 
in the dynamical variables discussed in the following 
sections.

In the FLAT case, Neale and Hoskins (2000b) 
describe the convection maxima in the HadAM3 
model to be more a result of the interaction with 
mid-latitude systems than a pure ITCZ. In that case 
the greater baroclinicity leads to more intense troughs 
which trigger convection  over the warmer waters 
which extend further poleward in the FLAT case. 
Other models, however, have different characteristics. 
Examination of animations of surface pressure and 
precipitation reveals that in many models the precipita-
tion along this high latitude ITCZ has the character of 

tropical cyclones rather than hybrid tropical-extratrop-
ical disturbances in most models. In these models the 
precipitation band in the FLAT case is a type of ITCZ.

Of the specified SST, QOBS is the closest to the 
boreal winter profile in the Pacific. The transition 
from single to double ITCZ is seen to occur around 
the QOBS and CONTROL experiments. In addition 
QOBS shows the greatest variation in precipitation 
between models. Thus accurate tropical simulation of 
Earth may be particularly difficult to achieve. In addi-
tion, the mid-latitude storm tracks also show the largest 
variation between models with QOBS.

b. Zonal wind and temperature
We now consider the vertical and horizontal struc-

ture of the model responses to the SST profile, first 
examining the multi-model mean. The inter-model 
variability is discussed in the following section. The 
first row of Fig. 5 shows the temperature for the 
CONTROL and differences between successive exper-
iments in the sequence PEAKED to FLAT. Through 
this sequence, SST warms most in the subtropics, 
decreasing the gradient in the tropics while increasing 
and shifting poleward the maximum extratropical 
gradient. These changes are mirrored through the depth 
of the troposphere, with low-level warming over the 
SST extending upwards in a band that tilts poleward 
with height and amplifies up to around 400 hPa. The 
response is largest for QOBS to FLAT. The second 
row of Fig. 5 shows that the westerly jet moves pole-
ward through the SST sequence, with the latitude of 
the maximum value occurring at 27°, 30°, 32° and 46° 
latitude. The jet core strengthens slightly from 59 m 
s–1 in the PEAKED to 62 m s–1 in the CONTROL then 
weakens to 49 m s–1 and 39 m s–1 in QOBS and FLAT, 
respectively. The shift in the jet location is consistent 
with the poleward shift and weakening of the mid-lat-
itude precipitation maximum seen earlier in Fig. 3. 
Although the jet shifts poleward along with the extra-
tropical SST gradient, it weakens as the SST gradient 
strengthens. Two ingredients contribute to this count-
er-intuitive result. For the large poleward shift from 
QOBS to FLAT, the increase in Coriolis parameter acts 
to weaken the thermal wind by 25%, but this cannot 
account for a similar weakening of the jet for the much 
smaller shift from CONTROL to QOBS. Key to these 
changes is the latitude and tilt of the tropospheric 
warming relative to the existing jet. The tilt displaces 
the warming poleward of the maximum SST increase, 
which is generally equatorward of the jet. For PEAKED 
to CONTROL the tropospheric warming is beneath the 
PEAKED jet, so its tilt gives approximately cancelling 

Fig. 4. Tropical-time average (–27° to +27°) 
precipitation for multi-model mean and standard 
deviation from PEAKED, CONTROL, QOBS 
and FLAT SST distributions (mm d–1)
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Fig. 5. Zonal-time average multi-model mean temperature (t), zonal wind (u), meridional wind (v), pressure 
vertical velocity (om) and relative humidity (rh) for PEAKED, CONTROL, QOBS and FLAT. Temperature plots 
are for differences between experiments as indicated above each column, except for the CONTROL itself which 
is contoured from 190 to 300 by 5 K.
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changes in temperature gradient (and thermal wind) in 
the lower and upper troposphere. The jet strengthens 
slightly with little poleward shift. For both CONTROL 
to QOBS and QOBS to FLAT the warming is displaced 
poleward of the jet, so the temperature gradient beneath 
the jet is reduced throughout the troposphere and the 
jet weakens. For QOBS to FLAT the accompanying 
large increase in temperature gradient on the poleward 
flank of the jet leads to the large poleward shift.

In contrast to the jet maximum in the upper tropo-
sphere, the mid-latitude surface westerlies strengthen 
monotonically and the maximum moves poleward 
from 32° to 45° latitude through the SST sequence, 
more closely related to the changes in mid-latitude 
SST gradient. Using aquaplanet simulations with a 
greater range of SSTs, Lu et al. (2010) suggest that the 
sensitivity of the surface westerlies to increasing SST 
gradient may be related to low level static stability on 
the equatorward flank of the jet, via its role in baroclinic 
growth rates. Certainly, in Fig. 5 the poleward-tilted 
temperature differences between the APE SST experi-
ments do act to increase static stability in this manner, 
reducing baroclinic growth rates in the sub-tropics. 
Since the surface winds must be maintained against 
friction (the surface stress), the strengthening of the 
surface wind requires increasing momentum forcing 
by baroclinic eddies in the storm-track through the 
SST sequence. The upper tropospheric jet maximum 
is located equatorward of the surface westerlies in all 
but the FLAT experiment, indicating that the tropical 
overturning circulation is important in maintaining the 
jet in these cases. For FLAT the maximum westerly 
wind is vertically aligned, indicating the dominance of 
mid-latitude eddy forcing, with the tropical circulation 
playing a much smaller role on its sub-tropical flank.

Equatorial easterlies increase in strength and width 
through the SST sequence, with an additional closed 
contour forming below the tropopause in the FLAT 
experiment. The region of weak easterlies in the polar 
region deepens and narrows.

c. Meridional circulation
The third and fourth rows of Fig. 5 show the meridi-

onal velocity and pressure vertical velocity respectively. 
In the multi-model mean, the mean meridional circula-
tion shifts slightly poleward and weakens through the 
sequence PEAKED to QOBS. The continuing change 
to the FLAT is more dramatic. In the FLAT case the 
upward branch of the Hadley cell moves well off the 
equator to 12° latitude and equatorward flow forms in 
the equatorial region at 200 hPa. The transition to a 
double structure well off the equator by the FLAT SST 

is consistent with the theoretical model of Held and 
Hou (1980). However, as discussed below, the inter-
model variation in this transition is significant. In the 
sequence PEAKED to FLAT the maximum poleward 
flow at 200 hPa moves poleward from 6° to 8° to 10° 
to 18° latitude and decreases in strength from 4.2 to 3.9 
to 3.1 to 1.4 m s–1. The maximum equatorward flow at 
the surface also moves poleward from 6° to 8° to 10°  
to 21° latitude and decreases in strength from –5.2 to 
–4.8 m s–1 to –4.0 to –2.9 m s–1. The tropical upward 
branch of the Hadley cell decreases in strength from 
–178 to –102 hPa d–1 to –54 to –22 hPa d–1 and in the 
FLAT case moves off the equator to 12° latitude. In 
the FLAT case a downward cell forms in the upper 
troposphere on the equator corresponding to the 
equatorward and easterly flow there. The omega field 
generally mirrors the multi-model mean precipitation 
seen earlier in Fig. 3 as expected. A strong precipita-
tion maximum is accompanied by an intense vertical 
branch of the mean meridional circulation. The merid-
ional velocity in the PEAKED experiment shows weak 
but noticeable shallow return flow at the equator at 
700 hPa and equatorward flow at 400 hPa below the 
outflow at the top of the Hadley cell. This structure in 
the shallow return flow is present but weaker in the 
CONTROL experiment, insignificant in the QOBS, 
and absent in the FLAT.

The poleward edge of the Hadley circulation can be 
defined as the boundary between the equatorward and 
poleward flow at the surface. This boundary shifts to 
higher latitudes through the SST sequence and seems 
related to the shift in the ITCZ. This behavior is consis-
tent with the angular momentum constraint on the size 
of the Hadley cell (Satoh 1994). The shift of the ITCZ 
and poleward migration of the edge of the Hadley cell 
vary in the same way among the models as can be seen 
in plots for the individual models in the ATLAS.

d. Relative humidity
The relative humidity is shown in the fifth row of 

Fig. 5. To a large extent the relative humidity reflects 
the changes in the mean meridional circulation. The 
relative humidity is maximum in the upward branch of 
the Hadley cell and minimum in the downward branch. 
As the circulation weakens through the SST sequence 
the relative humidity becomes more neutral decreasing 
in the upward branch and increasing in the downward 
branch of the Hadley cell. The minimum relative 
humidity shifts poleward also following the circula-
tion. In the FLAT case the relative humidity contours 
become flat in the tropics reflecting the minimal  
Hadley circulation there. There is a slight local 
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maximum in the region of weak upward motion around 
12° latitude.

3.3 Variation between models
In this section we discuss the variation between the 

models that make up the multi-model mean zonal-
time average. We consider two types of variability: the 
inter-model standard deviation for each individual SST 
experiment, and the inter-model standard deviation in 
the response to changes in SST shown in Figures 6 
and 7, respectively. We do not show the many figures 
of zonal averages of the individual models. These are 
all available in the ATLAS. Also included there are 
plots of the individual models minus the multi-model 
mean, and the individual model differences for PEAK-
ED-CONTROL, QOBS-CONTROL and FLAT-CON-
TROL.

a. Variability in each SST experiment
The inter-model standard deviation of the CONTROL 

is discussed in Blackburn et al. (2013). Figure 6 shows 
that there are common features in all experiments. 
We do not repeat all the details of the Blackburn et al. 
(2013) discussion here. Rather we concentrate on the 
differences associated with the changed SST.

For each experiment, in the troposphere the inter-
model standard deviation of the zonal wind (Fig. 6, 
Row 2) increases with height as does the mean wind 
speed. It is maximum on the flanks of the jet where 
the maximum wind gradients occur and has a relative 
minimum near the jet axis. This pattern of inter-model 
variability is generally due to a poleward or equator-
ward shift of the maximum wind gradients in the indi-
vidual models rather than to a widening or narrowing 
of the individual jet structures. The standard deviation 
increases markedly from PEAKED to CONTROL to 
QOBS, with strong variability in QOBS extending 
downward throughout the troposphere. The variability 
then decreases going to the FLAT SST, but the vari-
ability continues to extend throughout the troposphere. 
The North-South variability pattern of maximum, 
minimum, maximum also shifts poleward through the 
SST sequence following the shift of the jet axis.

The inter-model standard deviation becomes 
very large in the lower stratosphere, above 150 hPa. 
As discussed for the CONTROL in Blackburn et al. 
(2013), this is due to the very different behaviors of the 
lower stratosphere jet in the models, with some models 
extending the tropospheric jet into the stratosphere, 
some closing off the tropospheric jet to form a well 
separated stratospheric jet, and a few forming a very 
weak stratospheric jet. A similar situation arises with 

all the SST configurations. As mentioned in Blackburn 
et al. (2013), the lower stratospheric jet in these models 
is controlled by the top boundary conditions chosen for 
the models. Thus the behavior there might be thought 
of as a computational artifact rather than being related 
to an attempt to model the local phenomenon and the 
variability reflects different modeling choices.

For each experiment the inter-model standard devia-
tion of temperature (Fig. 6, Row 1) generally increases 
with height. There is strong increase in the mid-lati-
tude and polar regions below the tropopause reaching 
a maximum at the tropopause reflecting large vari-
ability in the structure of the tropopause. This region of 
maximum inter-model variability shifts poleward and 
shrinks laterally in the sequence PEAKED to FLAT. 
As the region of extra-tropical variability shifts pole-
ward, QOBS and FLAT develop a region of maximum 
variability below the tropical tropopause at the top of 
the upward branch of the Hadley cell. This is a reflec-
tion of different tropopause temperatures and thus of 
different gradients leading up to the tropopause. The 
tropical tropopause itself shows even stronger vari-
ability due to the strength and height of the tropopause 
in different models. The largest inter-model variability 
occurs in the tropical lower stratosphere, a region with 
large vertical gradient. There are also several model 
outliers contributing to this feature.

At each level in the troposphere, except near the 
surface, there is a local maximum which occurs equator-
ward of the region of maximum latitudinal temperature 
gradient before the temperature contours flatten going 
to the equator. The variability arises from differences 
in the vertical structure of the temperature there. This 
variability strengthens and shifts poleward through the 
SST sequence from PEAKED to QOBS then weakens 
slightly to FLAT. In the CONTROL, QOBS and FLAT 
there is a relative upper level maximum close to the jet 
core, collocated with the local minimum in variability 
in the zonal wind. Throughout the troposphere the 
largest variability is in the subtropics in the PEAKED 
and CONTROL but it spreads into the equatorial region 
in QOBS and FLAT.

The most notable feature in the inter-model vari-
ability of the mean meridional circulation is the large 
standard deviation associated with the upward branch 
of the Hadley cell (Fig. 6, Row 4). In PEAKED, 
CONTROL and QOBS the largest variability is on 
the equator with a secondary maximum on the pole-
ward edge of the upward branch of the multi-model 
mean. This variability is primarily a reflection of the 
different strengths and depths of the upward motion 
in the different models, with the width and/or a single 
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Fig. 6. Inter-model standard deviation of the zonal-time average for temperature (t), zonal wind (u), meridional 
wind (v), pressure vertical velocity (om) and relative humidity (rh) for PEAKED, CONTROL, QOBS and FLAT.
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versus double structure making a secondary contribu-
tion. The single versus double plays a larger role in the 
variability in the QOBS as might be expected from 
the earlier discussion associated with the precipitation 
shown in Fig. 3 for the different models. In the FLAT 
case the center of the upward motion varies from the 
equator to 15° latitude in the different models. The 
majority of models have the maximum around 15° 
latitude but with different strengths yielding the vari-
ability there, but a few place the maximum closer to 
the equator giving the secondary peak of variability 
at 5° latitude. The two peaks centered at 5° and 15° 
are primarily due to the variability in amplitude in the 
different models. A secondary contribution is intro-
duced by slight differences in the location of the center 
of the individual model cells.

In the mid-latitudes the inter-model standard devi-
ation of pressure vertical velocity increases from 
PEAKED to QOBS. It tends to occur in the transi-
tion region from downward to upward motion in the 
multi-model mean and reflects a shift in the latitude 
of transition in the different models. The mid-latitude 
inter-model variability decreases from QOBS to FLAT 
as the multimodel mean circulation becomes weaker.

For all SST distributions, the inter-model variability 
in the meridional velocity is greatest around the 200 
hPa outflow region at the top of the Hadley cell (Fig. 6, 
Row 3). However, it extends below the outflow region, 
particularly in the PEAKED and CONTROL. In the 
outflow region itself the variability is due to variation 
in the strength of the Hadley cell. Below the outflow 
region the variability is primarily due to large varia-
tion in the strength of the secondary equatorward cell, 
although a few models have a deeper outflow region 
extending further down into the troposphere and a few 
others have a lower top to the Hadley cell. There is 
a cell of maximum inter-model variability associated 
with the surface flow into the Hadley cell. The vari-
ability strengthens from PEAKED to QOBS as the 
multi-model mean strength decreases. This variability 
is due to differences in the strength, depth and center 
of the inflow region. Variation in the secondary cell, 
or low level return flow contributes to the equatorial 
variability above 800 hPa which generally defines the 
top of the inflow region.

The upper troposphere shows a relative maximum in 
the inter-model variability in the meridional velocity in 
mid-latitudes. This variability increases from PEAKED 
to QOBS and is due to variation in the strength of the 
equatorward flow there. The variability in the FLAT 
case there is also primarily a variability in strength. 
The variability near the surface in mid-latitudes also 

increases from PEAKED to QOBS. This is also due 
to variation in strength, but it does not mirror the cell 
structure of the multi-model mean because the varia-
tion in the latitude of the cells also contributes to the 
variability.

The pattern of the standard deviation of the rela-
tive humidity seen in Blackburn et al. (2013) for the 
CONTROL changes little between the SSTs (Fig. 6, 
Row 5). However, the peak in the standard deviation 
at the sub-tropical inversion decreases through the SST 
sequence and shifts poleward following the migration 
of the Hadley cell. This variability reflects differences 
in the inversion height and strength between models. 
This local maximum in the standard deviation occurs 
in the lower part of the downward branch of the Hadley 
cell with all SST distributions where the multi-model 
mean has the largest downward motion, especially in 
PEAKED and CONTROL. Although the variability is 
primarily associated with a large inter-model variability 
in specific humidity, a relative maximum variability in 
temperature also contributes. The decrease through 
the SST sequence reflects a decrease in the moisture 
difference across the inversion seen in the multi-model 
mean (Fig. 5, Row 5) where FLAT is moister in the free 
troposphere.

Inter-model variability in the upward branch of the 
Hadley circulation increases with height reaching a rela-
tive maximum around 300 hPa at the top of the region 
of strong upward motion. The varibility increases 
through the sequence and spreads poleward as the 
Hadley cell broadens. Continuing upward, after a local 
minimum, the variability reaches a further maximum 
at the tropical hygropause, the level of minimum water 
vapor mixing ratio. This maximum varies little with 
SST reflecting the fact that this sharp feature remains 
at a fixed height determined by deep tropical convec-
tion. In contrast, the relative humidity standard devi-
ation peak at the polar hygropause decreases through 
the sequence as the polar hygropause rises. The inter-
model variability in relative humidity through the 
polar troposphere is related more to the variability in 
temperature than to the variability in specific humidity. 
The variability is similar for the four SST fields.

In all the fields, QOBS exhibits the largest inter-
model variability, not only in the tropical Hadley cell 
but also in the region of the extra-tropical jet.

b. Variability in response to changes in SST
In this section we consider the inter-model stan-

dard deviation of the response to the changed SST, 
i.e. the standard deviation in the differences EXPER-
IMENT-CONTROL. We note again that, as seen in 
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the ATLAS, there are 3 or 4 models that are relative 
outliers that can lead to anomalously large inter-model 
standard deviations in some regions. This can negate 
the utility of the standard deviation in those regions. 
Nevertheless, we retain the philosophy of including 
all models in the analysis. In affected fields, we try to 
flag those regions where the standard deviation is less 
meaningful.

In general, as can be seen in the ATLAS, the indi-
vidual model difference fields EXPERIMENT-CON-
TROL for a given field have similar structures. The 
primary difference between models response to the 
changed SST is in the amplitude of these structures. 
However, shifts in the basic patterns also contribute 
to the inter-model variability, but they appear to be of 
secondary importance.

The first row of Fig. 7 shows the inter-model stan-
dard deviation of EXPERIMENT-CONTROL for the 
temperature. The largest variability in temperature in 
QOBS-CONTROL and FLAT-CONTROL is below 
and above the tropical tropopause. However that inter-
model variability is due to a single outlier (LASG) 
and is uninformative. The significant variability is in 
the extra-tropics extending into the tropics. The core 
of the maximum closely follows that of the pattern 
of the EXPERIMENT-CONTROL differences for 
the multi-model mean (Fig. 5, Row 1), especially in 
the PEAKED case. The maximum inter-model vari-
ability in the difference is shifted equatorward of the 
maximum in the multi-model mean difference in the 
other two cases. The patterns do not match the inter-
model standard deviation of the individual experiments 
(Fig. 6, Row 1). The implication is that the strength of 
the responses to the changes in SST differs, while the 
patterns of the changes are similar even though there 
is significant variability in the individual structures 
between models for any one experiment.

The inter-model standard deviation of EXPERI-
MENT-CONTROL for the zonal wind is shown in 
the second row of Fig. 7. Concerning the mid-lati-
tude jet, the difference, PEAKED-CONTROL shows 
little variability among the models. On the other hand, 
the QOBS-CONTROL and FLAT-CONTROL show 
significant variability among the models. The inter-
model variability in the upper tropical tropopause, 
particularly in FLAT-CONTROL, is associated with 
the difference in the extension of the westerlies into 
the tropics.

The inter-model variability in the meridional wind 
for the three SST differences is shown in Fig. 7, Row 3. 
The upper tropical tropopause variability is due to vari-
ability of the changes in the strengths of the outflow 

at the top of the Hadley cell and of the changes in 
the secondary inflow just below. The variability near 
the surface is due to variability of the changes in the 
strength and to variability of the shifts of the centers of 
cells of poleward and equatorward flow.

The inter-model variability in the pressure vertical 
velocity (Fig. 7, Row 4) for all three SST differences 
is primarily associated with the upward branch of the 
Hadley cell and mimics variability in the individual 
experiments. It is partly due to the change from single 
to double ITCZ, which occurs at different places in 
the SST sequence with different models, and partly to 
different changes in strength in individual models with 
changes in the SST even when the basic structure does 
not change.

Figure 7, Row 5 shows the inter-model variability in 
the change in relative humidity as the SSTs are changed. 
The larger variability in the PEAKED-CONTROL in 
the lower troposphere around 20° to 30° latitude is 
associated with different shifts of the poleward edge 
of the subsidence region where the relative humidity 
gradient is large. In the plots of the differences for the 
individual models themselves in the ATLAS, the inter-
model differences in the minimum and maximum rela-
tive humidity on the equatorward and poleward sides, 
respectively, catch the eye. However the slight shift in 
the latitudinal gradient of relative humidity introduces 
more variability and this dominates the inter-model 
differences in Fig. 7. The relative humidity variability 
between 30° and 40° latitude in QOBS-CONTROL 
and in FLAT-CONTROL is also due primarily to the 
differences in the shift in location of the gradient as 
the subsidence region moves poleward. The variability 
around 20° latitude in QOBS-CONTROL is due to 
differences in the minimum relative humidity in the 
subsidence region itself. The equatorial variability in 
the relative humidity difference mimics that of the 
upward branch of the Hadley cell seen in vertical 
velocity.

From the individual model plots in the ATLAS there 
are indications (but no more) of a relationship between 
tropical and extra-tropical responses to the SST 
profiles. This is related to the ITCZ regime change near 
QOBS. Models in which the ITCZ splits before QOBS 
have a stronger poleward shift of the mid-latitude jet 
between the CONTROL and QOBS. In addition, those 
models in which the split ITCZ is located closer to the 
equator have a weaker shift in the FLAT case relative 
to the CONTROL.
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Fig. 7. Inter-model standard deviation of the differences, experiment - control, of the zonal-time average for 
temperature (t), zonal wind (u), meridional wind (v), pressure vertical velocity (om) and relative humidity (rh) for 
PEAKED-CONTROL, QOBS-CONTROL and FLAT-CONTROL.
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3.4 Maintenance of zonal mean state
a. Transient eddies

Figure 8 shows the multi-model mean and inter-
model standard deviation transient eddy momentum 
′ ′[ ]u v* *  and heat fluxes ′ ′[ ]u T* *  for the four SST 

fields. Following generally accepted notation, the 
overbar ( )  denotes the time average, prime ′(  ) 
denotes the deviation from the time average, square 
brackets [ ] denote the zonal average and star ( *) 
denotes the deviation from the zonal average. The tran-
sient eddy poleward heat flux (third row) strengthens as 
the SST shifts from PEAKED to FLAT and the center 
moves poleward. The poleward momentum flux (first 
row) strengthens while the equatorward flux weakens, 
both in the polar and equatorial regions. The poleward 
momentum flux shifts poleward in parallel with the jet 
core shifting poleward. The individual models all show 
qualitatively the same variation from PEAKED to 
FLAT but there is significant variability in the strength 
of the cells for any one experiment as seen in Black-
burn et al. (2013) for the CONTROL experiment. The 
inter-model standard deviations reflect that variability.

b. Parameterized thermodynamic forcing
Seven models submitted the total parameterized 

heating for all experiments. This is the sum of the radia-
tion, turbulence or planetary boundary layer (including 
the surface sensible heat flux), convection and large 
scale condensation. Figure 9 shows the zonal averaged 
total parameterized heating for a selection of 4 of those 
models, AGU, ECM-CY32, K1JAPAN and NCAR. 
The fields are plotted on the individual model vertical 
and horizontal grids. We do not calculate a multi-model 
mean of the parameterization components because 
they can be highly dependent on the vertical grid and 
important details can be lost by vertical interpolation to 
a common grid. This might be less of an issue with the 
total shown in Fig. 9, but even there some layer struc-
tures are apparent. The particular models shown in Fig. 
9 are chosen to illustrate the variety of behaviors in 
the models. The parameterized heating for all models 
can be seen in the ATLAS. Of those not included here, 
UKMO(N48) resembles ECM-CY32 but without the 
break in the heating around 600 hPa. ECM-CY29 
also resembles ECM-CY32 but the heating in QOBS 
associated with the upward branch of the Hadley cell 
moves off equator, consistent with double ICTZ struc-
ture in ECM-CY29. The pattern in GSFC is somewhat 
similar to AGU but the heating is significantly stronger 
in GSFC and it has a layer at 800 hPa where the heating 
becomes very small, possibly due to the evaporation 
of rain.

In all models, the heating in the tropics becomes 
weaker through the sequence PEAKED to FLAT, with 
the heating in the FLAT case moving away from the 
equator. This is consistent with the weakening of the 
Hadley circulation seen earlier in the discussion of the 
zonal mean meridional circulation in Section 3.2c. It 
is also consistent with the variation in precipitation 
discussed in Section 3.2a.

Of course, the tropical heating, vertical motion and 
precipitation are all intimately related. The tropical 
heating in the PEAKED and CONTROL experiments 
are rather similar to each other in all models with larger 
differences between the models going from CONTROL 
to QOBS. In NCAR there is a slight cooling in QOBS 
on the equator in the upper troposphere indicative of 
the more widely spaced double structure in precipita-
tion. Cooling also occurs in ECM-CY29 (not shown) 
while ECM-CY32 shows the double structure, but 
with heating at the equatorial minimum. In the FLAT 
experiment, AGU has no structure in the heating in the 
tropics. The other models all show weak heating associ-
ated with upward motion. K1JAPAN keeps the heating 
near the equator with no cooling on the equator. In the 
other models (ECM-CY29, GSFC, and UKMO(N48), 
not shown) the heating maximum in the FLAT case 
occurs poleward of 10° latitude as seen in Fig. 9 for 
ECM-CY32 and NCAR. The cooling around 800 hPa 
in the subsidence region, which is primarily from 
longwave radiation, decreases through the sequence, 
more so in those models with strong cooling there 
in the CONTROL (ECM-CY29, ECM-CY32, and 
UKMO(N48)) than those with modest cooling. The 
large variability in cooling between the models for a 
single SST field is due to differences in the low clouds. 
The heating in mid-latitudes in the baroclinic regions 
also decreases through the SST sequence in all models.

3.5 Tropical variability
a. Tropical waves

The temporal variability of tropical precipitation in 
the models may be quantified using wavenumber-fre-
quency diagrams, following the analysis methodology 
of Wheeler and Kiladis (1999). A template for this anal-
ysis is shown in Fig. 10. It includes the conventional 
dispersion curves for the odd meridional mode-num-
bered equatorial waves of Matsuno (1966) and Gill 
(1980) for equivalent depths of 12, 25, and 50m (see 
Wheeler and Kiladis, 1999). The odd numbered modes 
correspond to divergence and temperature, and by 
assumption precipitation, that is symmetric about the 
equator. The U-shaped curves in the upper half of the 
plots show westward (WIG) and eastward (EIG) prop-
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Fig. 8. Multi-model mean and standard deviation, transient eddy momentum ′ ′[ ]u v* *  and heat fluxes ′ ′[ ]u T* *  
for PEAKED, CONTROL, QOBS and FLAT.
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Fig. 9. Parameterized total temperature tendency for individual models for PEAKED, CONTROL, QOBS and 
FLAT, K d–1.
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agating inertio-gravity waves. The diagonal lines from 
bottom center to the right are eastward propagating 
Kelvin modes (KELVIN) and the lower curves from 
zero to the left are westward propagating equatorial 
Rossby waves (ER). In the following for convenience 
we refer to the types of mode based on their frequency 
signatures relative to the dispersion curves. However, 
we do not know if their spatial structures actually 
correspond to those types of the theoretical modes.

Figure 11 shows the log of the power of the 
symmetric component of the unnormalized spectra of 
the 6-hour averaged precipitation, averaged from 20°S 
to 20°N for selected models. The full power is plotted 
without removing a background spectrum in order to 
allow a comparison of the overall power of the waves 
as well as the wave characteristics. In the aqua-planet 
the wave characteristics emerge from the total without 
a normalization. The multi-model mean is not very 
informative for this statistic. Therefore, to save space, 
we have chosen to show only a few models to indicate 
the variety of behaviors seen among the models. All 
the models are shown in Blackburn et al. (2013) for the 
CONTROL experiment and in the ATLAS for all the 
experiments. None of the models shown here are repre-
sentative of other models which are not shown, those 
have even different behaviors. It is very difficult to find 
two models whose wave characteristics are similar 
through the sequence PEAKED to FLAT. In Blackburn 

et al. (2013) the wavenumber-frequency diagrams for 
the CONTROL show precipitation averaged from 10°S 
to 10°N. The domain is enlarged here because much 
of the tropical precipitation in the FLAT experiment 
moves poleward of 10° latitude (see Fig. 3). For the 
experiments in which the precipitation remains within 
the 10°S to 10°N region, the effect of the larger domain 
is to reduce the average power somewhat but to retain 
the basic structure. This can be verified by comparing 
the relevant plots in the ATLAS or by comparing plots 
of the CONTROL here with those in Blackburn et al. 
(2013).

In Fig. 11 AGU has a relatively weak Kelvin mode 
signature in all experiments, decreasing in power 
through the sequence PEAKED to FLAT, reaching 
weak power in all modes by FLAT. The lack of power 
in the FLAT experiment is consistent with other 
aspects seen earlier in the AGU model of very weak 
tropical activity even though the zonal average tropical 
precipitation is similar to many other models (Fig. 3). 
The AGU model tends to have its power in the equato-
rial Rossby modes, particularly in the CONTROL and 
QOBS. Differences between the two ECM versions are 
noteworthy. Major revisions were made to the convec-
tive parameterization in ECM-CY32 (Bechtold et al. 
2008). This pair in particular illustrates the importance 
of the interaction between the dynamics and the param-
eterizations. The dynamical core and resolution are the 
same in the two cycles. ECM-CY29 has weaker Kelvin 
waves through the SST sequence, with almost none in 
the FLAT experiment. ECM-CY32 also has minimal 
power in the Kelvin modes in the FLAT experiment. 
In the PEAKED and CONTROL, the power of the 
ECM-CY29 modes tends to be independent of wave-
number and to depend on the period with the contours 
being rather horizontal except for a modest Kelvin 
wave signature. The power of the ECM-CY32 modes, 
on the other hand, tends to follow the dispersion 
curves, and decreases with increasing wavenumber. 
Both versions develop equatorial Rossby waves in 
the QOBS and FLAT experiments. In the QOBS 
ECM-CY29 has relatively more power in the equa-
torial Rossby modes compared to the Kelvin modes, 
while ECM-CY32 has the opposite partition, with rela-
tively more power in the Kelvin than in the equato-
rial Rossby modes. K1JAPAN retains Kelvin structure 
through the sequence to the FLAT experiment as does 
NCAR. In both models westward propagating equato-
rial Rossby modes strengthen through the sequence. 
Overall K1JAPAN has more power than NCAR but 
NCAR isolates the Kelvin modes more throughout the 
sequence.

Fig. 10. Template of dispersion curves for wave-
number-frequency diagrams of symmetric equa-
torial modes shown in Fig. 11.
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Fig. 11. Wavenumber-frequency diagrams of log of power of symmetric modes of equatorial precipitation from 
AGU, ECM-CY29, ECM-CY32, K1JAPAN and NCAR for PEAKED, CONTROL, QOBS and FLAT, averaged 
from –20° to +20° latitude. The template for the dispersion curves is shown in Fig. 10.
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Several models show a clear shift from eastward 
propagating Kelvin modes to westward propagating 
equatorial Rossby modes through the sequence 
PEAKED to FLAT. In addition to those shown in 
Fig. 11 are CGAM, CSIRO, DWD, GFDL, GSFC, 
LASG, MIT and UKMO(N48). All of that list, except 
GSFC, have almost no indication of Kelvin waves in 
the FLAT case, i.e. the pattern of the power is like that 
of ECM-CY29 in Fig. 11 but the power varies between 
models. Most of the models retain some power in the 
Kelvin modes in QOBS. Those that have very little are, 
in addition to AGU in Fig. 11, CSIRO and MIT.

Westward low frequency power is generally less 
dispersive than the equatorial Rossby modes, as noted 
by Blackburn et al. (2013) for the CONTROL experi-
ment. This is likely to be a doppler shifting due to the 
presence of easterly zonal flow throughout the equa-
torial troposphere  (Gui-Ying Yang 2011, personal 
communication), as Fig. 5 shows is increasingly 
the case in the sequence PEAKED to FLAT. In the 
PEAKED experiment in ECM-CY29 and K1JAPAN 
there is significant westward power at low zonal wave-
numbers on timescales of around 3 days that does not 
correspond to any of the symmetric equatorial modes. 
It is possible that this is associated with the anti-sym-
metric mixed Rossby-gravity mode leaking power into 
symmetric precipitation. The corresponding spatial 
structures are worthy of further investigation.

b. Tropical precipitation frequency distribution
Figure 12 shows the fraction of the time the precip-

itation is in each 1 mm d–1 bin ranging from 0 to 120 
mm d–1. The left-most bin is the fraction of time the 
precipitation is exactly 0, and the right-most bin the 
fraction of time the precipitation exceeds 120 mm 
d–1. A gap in the curve indicates the fraction is zero 
for that bin. The fraction is computed for the 6-hour 
averaged precipitation over all points between 20°S to 
20°N. Blackburn et al. (2013) discussed the frequency 
distribution for the precipitation averaged from 10°S to 
10°N for the CONTROL. Since the precipitation moves 
poleward of that domain with almost all models for 
FLAT and with some models for QOBS we extend the 
region here. As can be seen by comparing plots of the 
CONTROL here with those in Blackburn et al. (2013) 
the effect is to reduce the fraction of large precipita-
tion rates in the CONTROL, and by implication in the 
PEAKED and QOBS, since the region now includes 
more points with low precipitation amounts. Since the 
extreme precipitation rates are highly dependent on 
the model grid size (Williamson 2008), the model grid 
data have been averaged to a 5 degree latitude-longi-

tude grid before calculating the frequency distribution. 
Corresponding plots based on the original model grid 
values can be seen in the ATLAS. The general char-
acteristics discussed below concerning the dependence 
on the different SST fields for each model are qualita-
tively the same for the frequency distribution based on 
the model grid data, but the inter-model differences are 
significantly greater.

In general, there is a trend for a decrease in the frac-
tion of large values through the sequence, along with 
a decrease in the largest values of precipitation them-
selves. For many models, PEAKED and CONTROL 
are very close to each other relative to the other 
SST distributions. For four models the difference 
in frequency distribution between the different SST 
distributions is very subtle (CGAM, LASG, MIT and 
NCAR). Of these CGAM and NCAR have relatively 
low maximum precipitation rates and LASG and MIT 
have very large maximum precipitation rates, on the 
order of 200 mm d–1. (For the frequency distribution 
for all experiments which include a larger precipitation 
range see the ATLAS). Two models show significant 
gap between CONTROL and QOBS (ECM-CY29 and 
GFDL). ECM-CY29 and GFDL have large precipi-
tation rates for the PEAKED and CONTROL exper-
iments (400 and 200 mm d–1, respectively) but both 
models decrease the precipitation rates substantially 
for the QOBS experiment.

4. Sensitivity to off-equatorial SST maximum

The fifth zonally symmetric SST distribution 
(CONTROL5N) shifts the maximum SST off the 
equator to 5°N latitude. It is intended primarily to 
examine the asymmetry in convection and the Hadley 
cell when the maximum SST is no longer centered on 
the equator. As discussed in the introduction, the theo-
retical model of Held and Hou (1980), when applied to 
a asymmetric SST profile by Lindzen and Hou (1988), 
gave a significantly more intense overturning circula-
tion crossing the equator into the winter hemisphere 
than in the symmetric case, even for displacement of 
the temperature maximum by only a few degrees. 

The CONTROL 5N SST is a distortion of the 
CONTROL SST created by shifting the maximum 
from 0° to 5°N latitude while continuing to have the 
SST go to 0C at both 60°N and 60°S latitudes. Thus 
the mid-latitude gradient is stronger in the Northern or 
“summer” hemisphere than in the Southern. This planet 
does not completely mimic the Earth which generally 
has an equatorial minimum in SST, particularly in the 
East pacific, giving two peaks in the SST profile. One 
might expect such a double peak to more easily drive 
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a double ITCZ.

4.1 Zonal mean state
We first examine the response of the precipitation to 

the off-equatorial shift of the SST maximum. Figure 13 
shows the zonal average, time average precipitation for 
the multi-model mean and for the individual models 

plotted between 25°N and 25°S. In all models, the ITCZ 
moves off the equator in CONTROL 5N following the 
SST maximum. In many models the ITCZ weakens and 
broadens. In those models with broadening it occurs 
via a slightly larger shift of the precipitation into the 
Northern Hemisphere. Both these characteristics are 
visible in the multi-model mean plot. The weakening 

Fig. 12. Fraction of time that 6 hour averaged precipitation from –20° to +20° latitude is in 1 mm d–1 bins ranging 
from 0 to 120 mm d–1 for individual models for PEAKED, CONTROL, QOBS and FLAT experiments. Grid 
values have been conservatively averaged to a 5° latitude-longitude grid.
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of the precipitation is balanced by the broadening to 
yield very similar tropical averages. The average from 
25°N to 25°S of the multi-model mean increases by 
0.1 mm d–1 from 3.9 mm/day for the CONTROL to 4.0 
mm d–1 for CONTROL 5N. The intermodel standard 
deviation of the tropical average is 0.7 mm d–1 for both 
experiments. The inter-model standard deviation of the 
differences of the averages is 0.06 mm d–1.

Most models that produce a single equatorial 
maximum in the CONTROL retain the single struc-

ture in the CONTROL 5N. The maximum remains 
single and moves off the equator clearly following the 
SST maximum to 5°N to within the resolution of the 
individual model grids. Recall, the individual model 
discrete grids might not have a grid point at 5°N nor be 
symmetric about 5°N. This single-ITCZ behavior domi-
nates the multi-model mean. Two models with a single 
ICTZ in the CONTROL (ECM-CY29 and MIT) form 
a hint of a double ITCZ in CONTROL 5N, although 
these are very weak signals. In three of the models 

Fig. 13. Zonal-time average precipitation for individual models from CONTROL and CONTROL 5N SST distribu-
tions, mm d–1.
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that had a double structure in the CONTROL (CGAM, 
NCAR and UKMO(N96)), the double structure moves 
with the SST in the CONTROL 5N, retaining the rela-
tive minimum over the maximum SST at 5°N. The 
southern maximum moves close to the location of the 
minimum in CONTROL at the equator. We again note 
that the symmetry of the structure may be compro-
mised by the discrete sampling in the CONTROL 5N 
where the grid points are not necessarily symmetric 
about the SST maximum. One model (GSFC) which 
had a slight double structure in the CONTROL created 
a single structure in the CONTROL 5N.

Figure 14 shows the zonal average u, v and omega 
for the multi-model mean for the CONTROL and 
CONTROL 5N experiments. As consistent with the 
precipitation, the upward branch of the Hadley circula-
tion moves off the equator in CONTROL 5N following 
the SST maximum. All three fields indicate that the 
southern hemisphere Hadley cell dominates. The 
cross-equatorial cell is stronger with a wider region of 
descent. However, the asymmetry of the overturning 
circulation and low level easterly trade winds in the 
APE multi-model mean is much more modest than in 
both the theoretical and idealised numerical models of 

Lindzen and Hou (1988).
Neale and Hoskins (2000b) report that in their 

experiments with the Met Office HadAM3 model two 
distinct ascent maxima appear with the lower tropo-
sphere one closer to the equator. They attribute this 
behavior to two distinct convective maxima, the lower 
close to the equator and the higher over the region of 
maximum SST. Here, the multi-model mean shows 
only a hint of such structure with a horizontal separa-
tion of about 1 grid point (on the 1° interpolation grid) 
and a barely discernible upper maximum. In fact only 
a few of the models develop such a double structure, 
namely CSIRO, GSFC and MIT (not shown), and thus 
it does not appear in the multi-model mean. The indi-
vidual models are not shown here but plots are included 
in the ATLAS. The individual model total parameter-
ized temperature tendencies (not shown here but also 
included in the ATLAS) tend to support the presence or 
lack of double vertical structure in the vertical velocity 
for those models which submitted the parameterization 
terms.

4.2 Tropical waves
With the formation of equatorial asymmetries in 

Fig. 14. Zonal-time average multi-model mean u, v and omega for CONTROL (top) and CONTROL 5N (bottom).
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the CONTROL 5N experiment the natural question 
is: Is there a shift in the power of the tropical waves 
from symmetric to anti-symmetric modes compared 
to the CONTROL? We find it difficult to discern any 
systematic shift in power from symmetric to anti-sym-
metric modes in the wavenumber-frequency plots 
for the individual models. The plots are available in 
the ATLAS but not included here because the signal, 
if any, is extremely weak. There are, perhaps, subtle 
shifts for some models, but these are very subjective, 
difficult to discern by eye, and other investigators 
may draw a different interpretation. For the precipita-
tion, a few appear to have a slight decrease of power 
in symmetric modes and an increase in antisymmetric 
(GSFC, K1JAPAN, MRI and NCAR). Other models 
show little change (AGU, CGAM, CSIRO and MIT) 
and two indicate a decrease in anti-symmetric power 
(DWD and ECM-CY29). The power in the OLR shows 
even less shift from symmetric to antisymmetric, with 
all models but two being rather neutral, and two (AGU 
and DWD) showing, if anything, a decrease in power in 
the anti-symmetric modes in the CONTROL 5N case.

5. Summary

We have presented a selection of circulation statis-
tics from the intercomparison of APE models for the 
five zonally symmetric SST fields originally speci-
fied by Neale and Hoskins (2000a). Four of these are 
hemispherically symmetric and labeled PEAKED, 
CONTROL, QOBS and FLAT. This SST sequence 
is designed to indicate the sensitivity of the Atmo-
spheric General Circulation Models to the meridi-
onal SST profile. All SSTs have the same maximum 
at the equator but differ in their meridional gradients 
approaching the equator. They range from a strong SST 
gradient continuing to the equator (PEAKED) to a flat 
approach to the equator with maximum gradient pole-
ward of 20° latitude. The fifth SST is a hemispherically 
asymmetric modification of the CONTROL, with the 
maximum SST shifted to 5°N. Denoted CONTROL 
5N, it is designed to examine the response when the 
maximum SST is not on the equator. Here we are able 
to present only a small sample of the multitude of 
statistics that have been calculated and are available 
in the ATLAS (Williamson et al. 2012). Simulations 
from the CONTROL are described in greater detail in 
Blackburn et al. (2013).

The general sensitivity to the changed SST is illus-
trated by the response in multi-model mean statistics. 
The variability of the individual model responses is 
quantified by the inter-model standard deviation. In 
fact, the most striking feature in these experiments 

is the large variation between models, both within a 
single experiment and in the response to changes in 
SST. Thus the multi-model mean should not be consid-
ered as a best estimate of the aquaplanet climate. It is 
simply a convenient way to generalize the sensitivities 
of the current set of AGCMs. In this set, no one model 
is a good match for the multi-model mean. All models 
differ significantly in many fields from the multi-model 
mean. This was particularly apparent in the tropics with 
QOBS where the multi-model mean precipitation indi-
cated a single ITCZ yet all but three models produce a 
double ITCZ with differing strengths and widths.

For precipitation we include line plots of the zonal 
average for all the individual models to indicate the 
nature of the inter-model variability. For multi-level 
fields we present the multi-model mean and the inter-
model standard deviation of the zonal average. Space 
does not allow inclusion of contour plots of the zonal 
averages for all models. In this case the salient features 
which contribute to the inter-model standard deviation 
are described verbally. Plots for all models are avail-
able in the ATLAS. Some statistics, for which a multi-
model mean is awkward, are shown here for selected 
models only, with the intent of illustrating the range 
of behaviors among the models rather than being all 
inclusive.

For the symmetric SST profiles, the APE models 
confirm the expectation from the theoretical model of 
Held and Hou (1980) and a number of idealised numer-
ical model studies, that the tropical overturning circu-
lation undergoes a regime transition as the tropical 
SST profile is flattened in the sequence PEAKED to 
CONTROL to QOBS to FLAT. The symmetric Hadley 
circulation, with a single ITCZ and rising motion on 
the equator, that occurs for the PEAKED equatorial 
SST profile, breaks down for the FLAT SST profile 
which has quartic variation with latitude. The resulting 
circulation consists of a pair of widely spaced ITCZs 
and overturning circulations directed poleward into the 
sub-tropics. This leaves the deep tropics much closer to 
radiative-convective equilibrium at each latitude, with 
weak circulation and uniform weak precipitation.

The general trend, to weaken the Hadley circu-
lation and shift it poleward as the SST profile flat-
tens, is clearly evident in the overturning circulation 
in the multi-model mean, and to different degrees in 
the precipitation of all individual models. The details, 
however, vary greatly between models. All the models 
form a single ITCZ at the equator with the PEAKED 
SST. A few models form a double ITCZ structure on 
the equator for the CONTROL SST and most form a 
double ITCZ with QOBS, even though, as described 
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above, a double structure does not appear in the multi-
model mean. In almost all the models, the ITCZ is 
widely split for the FLAT SST, with a relatively weak 
ITCZ poleward of 10° latitude. In contrast, the double 
ITCZ for CONTROL and QOBS remains close to the 
equator in most models, with significant precipitation 
on the equator. However, in a few models, the ITCZ 
is almost completely split in QOBS, indicating that 
the double ITCZ seen in many AGCM simulations is 
related to the regime transition with SST profile. Of 
the specified SSTs, QOBS is the closest to the boreal 
winter Eastern Pacific profile. The transition from 
single to double ITCZ is seen to occur around the 
QOBS experiment and this SST also shows the largest 
inter-model variability. This result implies that accu-
rate tropical simulation of Earth may be particularly 
difficult to achieve.

Even though the maximum SST is the same in all 
experiments, there is large variation between models 
in the change in the precipitation with different equa-
torial SST gradients, and a large variation between the 
individual models for any one SST. The response to 
the SST is not a local thermodynamic one. There is 
an important interaction between the formation of the 
convective maximum and the large-scale circulation.

The mid-latitude jet core moves poleward over the 
sequence of SST from PEAKED to FLAT. The jet 
strengthens slightly from PEAKED to CONTROL, 
then weakens to QOBS and FLAT. In contrast, mid-lat-
itude surface westerlies increase monotonically and 
the maximum moves poleward. Equatorial easterlies 
increase in strength and the region of easterlies widens. 
This pattern is seen in all models, but the magnitude 
of the changes differ by more than a factor of two 
among the models. The transient eddy poleward heat 
flux strengthens as the SST shifts from PEAKED to 
FLAT and the center moves poleward. The poleward 
momentum flux strengthens and shifts poleward while 
the equatorward flux weakens. Again the inter-model 
variability of these eddy transports and transport 
changes is significant.

The tropical wave characteristics are also very 
different among the models for all SST distributions. 
In general, however, the tropical wave activity tends 
to decrease going from CONTROL to QOBS to FLAT 
although the details of the changes are very different 
for the different models. The partition of power 
between classes of equatorial wave mode also changes 
through the sequence. Eastward propagating Kelvin 
modes tend to be predominant in many models with the 
sharper equatorial SST gradients but reduce in power 
with the reduction in SST gradient, particularly from 

QOBS to FLAT. This indicates that the precipitation 
in widely spaced off-equator ITCZs projects weakly 
onto the equatorially peaked divergence structure of 
the Kelvin mode. Westward propagating equatorial 
Rossby waves, on the other hand, tend to increase in 
power with the reduction in SST gradient. Once again, 
this is a general assessment but there is a large inter-
model variability with exceptions to the above descrip-
tion. Such vastly different behaviors illustrate further 
the importance of the interaction between the dynamics 
and the parameterizations.

The tropical precipitation frequency distribution was 
also considered. In general all models show a decrease 
in the fraction of large values through the SST sequence 
PEAKED to FLAT, along with a decrease in the largest 
values of precipitation themselves. However, both 
the magnitude of the changes and where in the SST 
sequence the most notable changes occur, vary greatly 
among models, as do the frequency distributions them-
selves for any one SST distribution.

We then examined the sensitivity to off-equatorial 
SST maximum, i.e. the change from the CONTROL 
to the CONTROL 5N SST distributions. In the multi-
model mean, the upward branch of the Hadley circu-
lation follows the SST maximum off the equator 
into the Northern Hemisphere and the center of the 
precipitation maximum remains centered over the SST 
maximum. Those models that have a relatively strong 
double ICTZ in the CONTROL experiment also form 
one in the CONTROL 5N with minimum precipitation 
remaining over the shifted SST maximum. However, 
one model that has a very weak double structure in 
the CONTROL forms a single in the CONTROL 5N 
and one that has a single structure in the CONTROL, 
forms a double in CONTROL 5N. Most models show 
a reduction in the maximum value of precipitation in 
the CONTROL 5N, no model shows an increase. The 
weakening of the maximum precipitation is balanced 
by a broadening of the structure such that the trop-
ical average precipitation increases marginally. With 
the upward branch of the Hadley circulation moving 
into the Northern Hemisphere the zonal average u, v 
and omega all indicate that the southern hemisphere 
Hadley cell dominates.

However, the asymmetry of the overturning circu-
lation and low level easterly trade winds in the APE 
multi-model mean is much more modest than in both 
the theoretical and idealised numerical models of 
Lindzen and Hou (1988). Again, the variation between 
the individual models is large. Since the CONTROL 5N 
SST introduced equatorial asymmetries into the simu-
lations it is natural to ask if there a shift in the power of 
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the tropical waves from symmetric to anti-symmetric 
modes. We were unable to identify such a systematic 
shift from the wavenumber-frequency plots.

The aqua-planet presents a much more constrained 
experimental environment than earth-like simula-
tions such as AMIP (Gates 1992; Gates et al. 1999). 
Nevertheless, a repeating theme is the large variability 
among the models for each single SST experiment and 
the large variability in the responses of the models 
to changes in the specified SST. These variations are 
perhaps smaller than found in AMIP but neverthe-
less are significant. We have concentrated primarily 
on statistics responding to the parameterized moist 
processes and their interaction with the resolved 
dynamics. In the companion paper describing results 
from the CONTROL, Blackburn et al. (2013) also 
discuss aspects that are more constrained and therefore 
have less variation between models.

In the APE models, resolution undoubtedly influ-
ences the interaction between the resolved dynamical 
flow and the parameterized moist processes. Many of 
the APE models have relatively coarse resolution, so 
that baroclinic waves do not fully develop. In a baro-
clinic instability test case Jablonowski and Williamson 
(2006) show that, in the set of models they exam-
ined, spectral truncation of T85, or grid resolution of 
1 degree was needed to capture the baroclinic growth 
of eddies. In the NCAR CAM, Williamson (2008) has 
shown that, even for longitudinal wavenumbers less 
than 15, T170 truncation is required to obtain conver-
gence in the tropical wave characteristics. Many of the 
APE models were applied at lower resolutions and thus 
different truncation errors in the dynamical component 
can play a significant role in the inter-model variability.

As with most intercomparison projects involving 
earth-like AGCMs it is difficult to determine the 
cause of the differences in the model behaviors. Now 
the issue is to understand the causes of the different 
model responses. That requires further exploratory 
experiments, formation of hypotheses and experi-
ments to verify or refute the hypotheses. We hope the 
Aqua-Planet Experiment will stimulate researchers to 
do just that, and that it provides a significantly simpler 
environment to explore the differences that have been 
exposed by the intercomparison. The APE simulations 
are freely available from the APE web site (http://
climate.ncas.ac.uk/ape/) and we encourage researchers 
to perform more thorough analyses of individual 
phenomena than we have been able to do here. We also 
hope that as new models are developed they will repeat 
the APE simulations.
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