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Abstract
The link between cross-equatorial energy transport, the double-intertropical convergence zone (DI) problem and biases in 
tropical and extratropical albedo and energy budgets in climate models have been investigated in multiple studies, though DI 
biases persist in many models. Here, a coupled climate model, HadGEM2-ES, is used to investigate the response to idealised 
energy perturbations in the tropics and extratropics, in both the northern and southern hemispheres, through the imposition 
of stratospheric aerosols that reflect incoming radiation. The impact on the tropical climate of high and low latitude forcing 
strongly contrasts, with large changes in tropical precipitation and modulation of the DI bias when the tropics are cooled as 
precipitation moves away from the cooled hemisphere. These responses are muted when the extratropics are cooled, as the 
meridional energy transport anomalies that are excited by these energy budget anomalies are partitioned between the atmos-
phere and ocean. The results here highlight the persistence of the DI bias in HadGEM2-ES, indicating why little progress has 
been made in rectifying these problems through many generations of climate models. A highly linear relationship between 
cross-equatorial atmospheric energy transport, tropical precipitation asymmetry and tropical sea surface temperature biases is 
also demonstrated, giving some suggestion as to where improvements in these large scale, persistent biases may be achieved.

Keywords  Climate models · Energy transport · ITCZ · Tropics · Extratropics

1  Introduction

Many studies have been devoted to relating large-scale 
biases in tropical precipitation, particularly the mean latitude 
of the intertropical convergence zone (ITCZ), often referred 
to as the ’double ITCZ’ (DI) problem, to biases elsewhere in 
climate models. These studies have evaluated the controls 
on tropical precipitation in simplified frameworks, such as 
mixed layer/slab ocean (e.g. Chiang and Bitz 2005; Kang 
et al. 2008; Frierson and Hwang 2012; Cvijanovic and Chi-
ang 2013) or aquaplanet (e.g.  Voigt et al. 2014a, b) experi-
ments, through to several recent studies using fully-coupled 
global climate model (GCM) simulations (e.g. Deser et al. 
2015; Haywood et al. 2016; Kay et al. 2016; Tomas et al. 

2016; Hawcroft et al. 2016; Mechoso et al. 2016; Stephens 
et al. 2016).

It has been shown that biases in the top of atmosphere 
(TOA) radiation budget, such as the representation of the 
observed hemispheric albedo symmetry (Voigt et al. 2014b; 
Loeb et al. 2015), may lead to biases in cross-equatorial 
energy transport (e.g. Haywood et al. 2016; Kay et al. 2016; 
Hawcroft et al. 2016). Further, the cross-equatorial atmos-
pheric energy transport has been related theoretically (e.g. 
Bischoff and Schneider 2014, 2016), in observations (e.g. 
Schneider et al. 2014) and in GCM simulations (e.g. Hwang 
and Frierson 2013; Loeb et al. 2015) to the zonal mean ITCZ 
location. The ITCZ moves towards the warmer hemisphere 
as atmospheric energy transport increases out of that hemi-
sphere. As such, large scale biases in TOA energy budgets 
can have a significant impact on tropical precipitation.

Several of the fully-coupled GCM studies focus on the 
impact of biases (and perturbations) to the extratropical 
energy budget to investigate the tropical response to changes 
in Arctic sea ice extent (Deser et al. 2015; Tomas et al. 2016) 
or to reducing the long-standing bias in Southern Ocean 
albedo in coupled models (Kay et al. 2016; Hawcroft et al. 
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2016; Mechoso et al. 2016), which is known to be related 
to inadequate simulation of observed cloud cover and cloud 
properties (Bodas-Salcedo et al. 2014). When perturbing 
the extratropical energy budget in a coupled simulation, 
the tropical atmospheric response is modulated by the frac-
tional change in total meridional energy transport between 
the atmosphere and ocean. If much of the energy transport 
response in the near equatorial region occurs in the ocean, 
the tropical atmosphere response may be muted. By contrast, 
a larger meridional energy transport response in the tropical 
atmosphere may lead to corresponding adjustments in tropi-
cal precipitation.

It is also not clear that an equal perturbation that is 
applied to the northern and southern hemisphere extratropics 
would have an equivalent (though antisymmetric) response 
in the tropics. In terms of energy transport, the coupled 
experiments discussed in Deser et al. (2015) and Tomas 
et al. (2016) exhibit much of their energy transport response 
in the Atlantic, as the Meridional Overturning Circulation 
(AMOC) responds to a warming of the high latitudes from 
sea ice loss, but those experiments also realised a north-
ward migration of the ITCZ related to increased atmospheric 
energy transport through the tropics. In contrast, Kay et al. 
(2016) and Hawcroft et al. (2016) found much of the energy 
transport response to a cooling of the Southern Ocean to be 
in the Pacific Ocean, with relatively little change in tropical 
atmospheric energy transport and a muted ITCZ response. 
Mechoso et al. (2016), applying a forcing between 30-60S in 
two models, found very little ITCZ response in NorESM but 
a northward shift of the ITCZ in the UCLA GCM. Some of 
these differences are likely associated with differing model 
background states and biases, but may also be associated 
with experimental design. This issue is further discussed in 
Sect. 3.8 and the spread of model response warrants further 
investigation.

In the tropics, given the demonstrated relationship 
between cross-equatorial energy transport and the DI prob-
lem, and also the persistence of the DI biases through gen-
erations of GCMs, it is of interest to evaluate the tropical 
precipitation response to qualitatively similar perturbations 
applied in the tropics and extratropics, and also in the north-
ern and southern hemispheres. It has been argued that many 
biases in tropical precipitation may be associated with such 
issues as inadequate convection parameterisation, convec-
tive-dynamical coupling and ocean-atmosphere coupling 
(e.g. Zhang and Wang 2006; Lin 2007; Bellucci et al. 2010; 
Oueslati and Bellon 2015), implying the DI problem may be 
of tropical origin. Evaluating the response to both tropical 
and extratropical perturbations in a model where the physics 
remain consistent is one approach to untangling causality 
in this issue.

In this study, we apply simplified perturbations to the 
energy budget of a GCM, HadGEM2-ES, the coupled 

atmosphere-ocean Earth system model of the Met Office 
Hadley Centre (Collins et al. 2011). HadGEM2-ES has 
been shown to accurately reproduce global observed surface 
temperature change (Collins et al. 2011) and exhibits biases 
in the patterns of TOA shortwave and longwave radiation 
biases that are comparable to many other state-of-the-art 
GCMs, including those related to excessive precipitation in 
the southern tropics (Li et al. 2013). Two previous studies 
using HadGEM2-ES inform the present work. In Haywood 
et al. (2016), the whole southern hemisphere of HadGEM2-
ES was brightened in order to replicate the observed sym-
metry of hemispheric albedo via adjustments to either strato-
spheric aerosol optical depth, ocean albedo or cloud droplet 
number concentration, with improvements in tropical pre-
cipitation observed in all cases. In Hawcroft et al. (2016), 
the southern hemisphere albedo was increased via targeted 
adjustments to the Southern Ocean (where much of the mean 
hemispheric bias is generated), yet did not yield improve-
ments to tropical precipitation due to the modulation of the 
model response by the ocean–atmosphere energy partition-
ing, discussed above, as changes in total energy transport 
in the tropics largely occurred in the ocean. We extend the 
approach of these studies here by applying idealised strato-
spheric aerosol loadings to the model in latitudinal bands 
of equal area to explore the differential response to both 
tropical and extratropical and northern and southern hemi-
sphere perturbations. The intention of these simulations is to 
evaluate the spread of response in tropical precipitation and 
to identify the causes and teleconnections which characterise 
these differences. In doing so, an increased understanding of 
the likely routes to improving tropical precipitation biases 
in GCMs may be gained. Further insights into the depend-
ence of the results of previous studies, using HadGEM2-ES 
and other models, to their experimental design may also be 
achieved.

In Sect. 2 the model and experimental set-up is described, 
along with the observational datasets used to constrain the 
model. In Sect. 3 the results of the experiments are dis-
cussed. The findings, limitations and implications of the 
study are summarised in Sect. 4.

2 � Data and methods

2.1 � HadGEM2‑ES climate model

HadGEM2-ES (Collins et al. 2011) is a fully coupled atmos-
phere–ocean climate model developed by the Met Office 
Hadley Centre. The atmospheric component has 38 levels 
extending to 40 km, with a horizontal resolution of 1.875◦ 
× 1.25◦ in longitude and latitude, respectively, equivalent 
to a surface resolution of about 200 km × 140 km at the 
Equator, reducing to 120 km × 140 km at 55◦ latitude. ES 
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refers to the Earth System version, which includes coupling 
to a tropospheric chemistry scheme, the terrestrial carbon 
cycle and an ocean biogeochemistry scheme. The oceanic 
component has 40 unevenly spaced vertical levels and a lati-
tude–longitude grid with a zonal resolution of 1 ◦ globally 
and meridional resolution of 1 ◦ poleward of 30◦N/S, which 
increases smoothly from 1 ◦ at 30◦N/S to 1/3◦ at the equator.

2.2 � Experimental design

In this study, we perturb the energy budget in the tropics 
and extratropics in both the northern and southern hemi-
spheres. Informed by the approaches in Haywood et al. 
(2016) and Hawcroft et al. (2016), discussed above, and in 
order to provide a perturbation that is comparable across the 
experiments, we impose idealised perturbations to strato-
spheric aerosol optical depth in four separate bands, shown 
in Fig. 1a—the northern hemisphere extratropics (90N–30N, 
NET) and tropics (30N–0, NT) and the southern hemi-
sphere extratropics (30S–90S, SET) and tropics (0–30S, 
ST). These bands have equal area and the aerosol optical 
depth is adjusted equally in all regions. We acknowledge that 
this methodology does not provide equivalent perturbations 
to the Earth’s energy budget in each case, but we diagnose 
the magnitude of the perturbations via the commonly used 
’Effective Radiative Forcing’ approach (Stocker (2014), see 
Sect. 3.3), and further note that we are most interested in 
the patterns of response rather than their absolute magni-
tude. We compare these simulations to a control experiment 
which has a globally uniform, negligible stratospheric aero-
sol loading of 0.02 AOD (’NoAero’). All simulations are 
run with present day forcings and are branched at the same 
date from a control experiment which includes observed, 
historical aerosol forcings. Three experiments with different 
AOD perturbations are performed for each band, giving a 
total of 12 experiments plus the NoAero control case. Based 
on the maximum loadings of major observed eruptions (e.g. 
Pinatubo, El Chichon, Krakatoa), where equivalent bands 
to those used in these experiments peaked in the range of 
1.5–2 AOD, we apply perturbations of 1, 2 and 4 AOD in 
each band with 0.02 applied across the rest of the model 
stratosphere. These forcings broadly equate to half/one/two 
times the maximum load over the equivalent area from any 
observed eruption (see Sato et al. 1993, and updated data). 
Given the climate impacts of these observed events (e.g. 
Hofmann 1987; Hansen et al. 1992; Robock 2000), forc-
ings of these magnitudes are expected to induce discernible 
responses in the model climate, particularly in the 4AOD 
case.

To observe a full, equilibrium response to any large per-
turbation in the energy budget of a model may take hun-
dreds of years, due to the timescale on which the deep ocean 
energy balance and transport may adjust. Here we focus on 

the near term, faster response where we show the first two 
decades of data from each experiment. For the 4AOD and 
NoAero cases, the simulations are extended to 80 years, con-
firming that the qualitative response observed in the first two 
decades is representative of the response at this longer time-
scale, particularly with respect to the large-scale features 
which are the focus of this study. In Hawcroft et al. (2016), 
a subset of experiments were extended to 100 years and in 
Kay et al. (2016), where the Southern Ocean was perturbed 
in the CESM GCM, experiments were run for 200 years. 
In both cases, the fast response was also found to be quali-
tively similar to the longer term response. For the effective 
radiative forcing (ERF) calculations shown in Table 1 and 
discussed in Sect. 3.3, fixed SST simulations are run for 10 
years, which is sufficient time for the atmosphere to respond 
to the imposed forcing in order to calculate the ERF in each 
experiment.

Ocean heat transport is calculated explicitly in 
HadGEM2-ES. Atmosphere heat transport is calculated as 
the difference between the top of atmosphere and surface 
fluxes at each latitude, which is then integrated from the 
south to north pole. The total energy transport is the sum 
of the two and the energy transport budget is closed at the 
north pole (see, for example, Fig. 7). Given these experi-
ments are not in equilibrium, if the total energy transport 
was calculated solely from the top of atmosphere fluxes, the 
energy budget would not be closed (see Hawcroft et al. 2016, 
for further details).

2.3 � Observational datasets

The primary focus of this study is on the nature of the model 
response to perturbations. As such, observations are shown 
to provide a familiar reference state to the reader. TOA 
and surface radiative fluxes are obtained from the CERES 
(Wielicki et al. 1996) Energy Balanced and Filled (EBAF) 
Ed2.8 product (Loeb et al. 2009, 2012; Kato et al. 2013). 
Meridional energy transports are calculated using CERES 
TOA fluxes, combined with total atmospheric heat tendency 
and divergence estimates from the ERA-Interim (Dee et al. 
2011) dataset (see Loeb et al. 2015), which are obtained 
from NCAR (2014), and total ocean heat tendencies from 

Table 1   Global mean top of atmosphere net radiation anomalies (W 
m −2 ) in the 4AOD experiments (Coupled), with corresponding values 
for fixed SST experiments (Fixed) compared to NoAero control simu-
lations performed in a coupled/fixed SST framework

Experiment NET SET NT ST

TOA Net radiation 
anomalies

 Coupled − 0.68 − 1.06 − 0.46 − 0.52
 Fixed − 0.68 − 1.29 − 1.42 − 1.81
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Fig. 1   a The distribution of stratospheric aerosol optical depth 
applied in the experiments. Each of the bands is perturbed in a sepa-
rate experiment, with a background 0.02 AOD applied in the other 
three bands. b–e zonal mean TOA shortwave radiation biases (W 

m −2 , upwards as positive) relative to CERES shown for each set of 
experiments. The black line shows the NoAero simulation with the 
blue, red and green lines showing the 1, 2 and 4AOD experiments, 
respectively
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the ORAS4 dataset (Balmaseda et al. 2013). Data is obtained 
from 2003–2013 and full details of the data and method of 
calculation are given in Hawcroft et al. (2016). Precipita-
tion estimates are obtained from the Global Precipitation 
Climatology Project (GPCP) version 2.2 data (Adler et al. 
2003) over the period 1979–1998. Sea surface temperatures 
are obtained from the NOAA Optimum Interpolation Sea 
Surface Temperature (OISST) version 2 data over the period 
1981–2013 (Reynolds et al. 2007; Reynolds 2009). Net sur-
face flux data is from the OAFlux dataset from 1983–2009 
(Yu et al. 2008) and is ocean only.

3 � Results

3.1 � TOA energy balance

In Fig. 1b–e the TOA shortwave radiation biases are shown 
for each experiment. The climatological bias in the South-
ern Ocean is clear in the NoAero experiment and is compa-
rable to HadGEM2-ES’s historical simulations (see Haw-
croft et al. 2016). Whilst we have noted that the forcings 
between the NET, SET, NT and ST experiments may not 
be equivalent (see Table 1), those applied in the 1, 2 and 
4AOD experiments, if the model response is linear, should 
approximately double from each experiment to the next. In 
the NET and SET experiments this appears to be largely 
true, at least in the region where the forcings are applied, 
though with some differences in the tropics indicating that 
the extratropical-tropical teleconnections may not scale with 
forcing (in particular near 10N, where the core of the north-
ern hemisphere ITCZ is located). The response to the NT 
and ST experiments suggest that there are non-linearities in 
the tropical circulation response to forcings, with relatively 
modest changes from 1AOD to 2AOD and larger responses 
from the 2AOD to 4AOD experiments.

3.2 � Precipitation

The zonal mean precipitation response is shown in Fig. 2. It 
is first worth noting the DI bias in the model, with a peak in 
precipitation around 10S which is greatly overestimated rela-
tive to observations. The far greater response to the tropical 
(NT and ST compared to NET and SET) forcing is readily 
apparent. The tropical precipitation response to extratropical 
forcing further indicates that the teleconnections from the 
extratropics-tropics are not linear. In the NET case (Fig. 2b), 
very little change in tropical precipitation occurs for the 
1AOD experiment and for the SET case (d), the response to 
1AOD and 2AOD are similar and muted when compared to 
4AOD. In the two tropical cases, NT (f) and ST (h), the scal-
ing of the precipitation to the AOD increase is more linear.

3.3 � Effective radiative forcing

It is worth contextualising the magnitude of the response 
in each experiment by examining the changes in net TOA 
radiation in comparison to calculations of effective radia-
tive forcing (ERF) obtained from experiments performed 
with fixed SSTs. The ERFs are intended to provide an 
indication of the direct response to the forcing, without 
the significant reorganisations of ocean and atmospheric 
circulation which occur in the coupled experiments, and 
therefore the energy perturbation that is associated with 
the aerosol itself. Table 1 provides global TOA anomalies 
for the 4AOD simulations and equivalent figures for exper-
iments run with fixed SSTs. In the latter experiments, the 
reorganisation of the climate system seen in the coupled 
experiments is highly damped (not shown). The damp-
ing of the circulation response in the ERF experiments is 
related to surface fluxes—in the fixed SST cases, the ocean 
surface provides a reservoir of energy to compensate the 
cooling in each latitude band, bringing the atmosphere 
back towards equilibrium. In contrast, in the coupled cases 
the ocean surface only provides partial compensation, with 
dynamical changes in the atmosphere serving to import 
further energy into the atmosphere of the cooled region.

The ERF in the NET experiment is substantially 
smaller than in the other three experiments, explicable 
by the lower insolation in the higher latitudes and the 
large expanses of land areas with higher reflectance in 
the northern hemisphere extratropics. In contrast, the 
SET experiment has an ERF almost twice the magnitude 
(− 1.29 against − 0.68 Wm−2 ) since the southern ocean 
has much lower albedo. It might therefore be expected 
that the response in SET would be substantially larger 
than in NET. Both the tropical experiments, NT and ST, 
have higher ERFs (− 1.42 and − 1.81 Wm−2 , respectively). 
These energy budget changes are strongly modulated by 
the dynamical response in the coupled simulations, such 
that the net TOA anomaly in the SET coupled experiment 
is approximately double that of the NT and ST experi-
ments. The coupled response is in large part associated 
with dynamical changes in the model induced by the aero-
sol forcing, rather than the forcing itself—the equivalent 
to climate feedbacks in climate sensitivity experiments 
(e.g. Gregory et al. 2004). In spite of the very different 
ERFs, the first-order dynamical response of the SET and 
NET 4AOD experiments is similar in magnitude (Fig. 2) 
and is far greater in ST and NT than SET in spite of the 
ERFs being 10 and 40% higher and the net TOA response 
in the coupled experiments being less than half (Table 1) 
that in the SET experiment. This emphasises the potential 
sensitivity of model behaviour to the latitude at which any 
forcing is applied or, in the context of model evaluation, 
any net radiation bias may occur.
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3.4 � Albedo

Previous studies have shown the strong relationship 
between cross-equatorial energy transport and tropical 
precipitation/the DI problem and this has further been 
linked to asymmetries in inter-hemispheric albedo (e.g. 
Hwang and Frierson 2013; Bischoff and Schneider 2014; 
Schneider et al. 2014; Loeb et al. 2015; Bischoff and Sch-
neider 2016).

In Fig. 3 global and hemispheric mean albedo and net 
TOA radiation is shown. In all experiments, albedo and out-
going TOA net radiation is increased (black lines in a and 
b, figures in Table 1) as the stratospheric aerosol reflects 
incoming radiation. This directly changes the albedo in the 
hemisphere where the aerosol is imposed, but has further 
implications for both albedo and TOA radiation through the 
changes to the model climate induced by the perturbations 
to the energy budget. Figure 3 shows that the global albedo 

Fig. 2   Zonal precipitation (mm day−1 ) in NoAero (black) and the 1AOD (blue), 2AOD (red) and 4AOD (green) experiments, with GPCP 
(dashed black, a, c, e, g) and anomalies from the NoAero experiment to the 1/2/4AOD experiments (b, d, f, h)
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changes (at least for the 4AOD experiments) are greater in 
the two southern hemisphere experiments, SET and ST, 
compared to NET and NT. In contrast, the response in global 
TOA net radiation (black lines in b, figures in Table 1) is 
less pronounced in the NT than ST experiments compared 
to the NET and SET experiments, in spite of the incoming 
radiation being greater in the tropics. The reasons for these 
differences are a combination of the location of the forcings 
being applied and the climate response in each experiment.

In the SET and NET experiments, the albedo changes are 
comparable in the high latitudes (Fig. 1b, c) but the response 
in the tropics in the SET experiment leads to higher global 
mean albedo. In the ST and NT experiments, both lead to a 
redistribution of precipitation into the opposite hemisphere 
(Fig. 2f, h), though the spatial distribution of these changes 
are material to the TOA radiative response. Figure 4 shows 
precipitation for the NoAero experiment and anomalies to 
the 4AOD experiments. In the ST case (e), precipitation is 

intensified/reduced in the northern/southern tropics and 
the opposite in the NT case (d), though the distribution of 
these changes and the associated cloud distributions gives a 
stronger response in the hemispheric and global mean in the 
ST case. The TOA radiation changes (Fig. 3b) are the result 
of a balance in shortwave and longwave fluxes associated 
with both the direct impact of the aerosols and the distribu-
tion (and height) of clouds.

In the ST and NT cases, there are comparatively larger 
changes in the tropical atmosphere and precipitation 
(Figs. 2f, h and 4d, e) and in the location of the deep, cold 
topped convective clouds that produce much of this precipi-
tation. Given the tropics have warm underlying surfaces this 
means that in the NT and ST cases, the global net TOA 
radiation changes are smaller as the shortwave and longwave 
effects offset each other. This occurs in spite of the fact the 
changes in each hemisphere are greater (Fig. 5e–h), with the 
interhemispheric contrast reduced in ST and increased in NT 

Fig. 3   a Hemispheric mean albedo in the southern (magenta) and 
northern (red) hemispheres in CERES, the NoAero experiment 
and the four perturbed experiments and b TOA net radiation (W 
m −2 , downwards as positive) globally (black) and in the southern 

(magenta) and northern (red) hemispheres, for the same datasets. In 
the experiments, the thinnest line shows the 1AOD case, the medium 
thickness line the 2AOD case and the thickest line the 4AOD case. 
The dotted lines extend the NoAero results to aid interpretation
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(Fig. 3b). In the NET and SET cases, the smaller changes in 
atmospheric circulation and tropical precipitation (Figs. 2b, 
d, 4b, c) mean the increase in outgoing radiation associated 
with the forcing is not offset by a compensating change in 
the tropics of the opposing hemisphere (Fig. 5a–d). The sim-
ple hemispheric and global mean metrics are a function of 
complex reorganisations of the model climate in each case 
and demonstrate that the latitudinal distribution of perturba-
tions, or comparable model biases, may have substantially 
different impacts on the tropical climate in a model.

3.5 � Cross‑equatorial energy transport

Given hemispheric asymmetries in net TOA radiation gov-
ern the energy balance between the hemispheres, we now 
turn to the related metric of cross-equatorial energy transport 
(CET, Fig. 6). The expected relationship between cooling in 
one hemisphere and an increase in total (atmospheric and 
ocean) energy transport into that hemisphere is observed, 
with increased northward energy transport in both NT and 
NET and southward anomalies in ST and SET. The greater 
changes are in the two tropical experiments, since in spite of 
the larger changes in global net TOA radiation in the extrat-
ropical experiments (Fig. 3 and Table 1), it is the difference 
between the two hemispheres that is associated with CET. 
Given the tropical and extratropical forcings are of similar 
magnitude, this indicates that adjustments in circulation and 
energy transport efficiency (e.g. via the extratropical storm 
tracks) modulate the extratropical-tropical teleconnection, 
reducing the impact at the equator in NET and SET. It is 
of interest to note that the ST 4AOD experiment results 
in CETs which are comparable to observations—in other 
words, in order to correct the error in model CET, a per-
turbation equivalent to two Pinatubo eruptions is required, 
underlining how persistent this error is and going some way 
to explaining why DI errors (which have been related to 
atmospheric CET errors in several studies) have been persis-
tent through generations of climate models (see, e.g. Hwang 
and Frierson 2013; Loeb et al. 2015).

At the equator, the total CET adjustment in the NT and 
ST cases can be seen to broadly scale with the magnitude of 
the forcing, whereas this is not the case for the NET and SET 
cases. For example, very little change in CET is observed in 
the NT 1AOD case, which reconciles with the small change 
in tropical precipitation in that simulation (Fig. 2b, blue 
line) compared to the 2AOD and 4AOD cases, suggesting 
some non-linearity in the response of the model. In the SET 
case, though the total CET adjustments in the 1AOD and 
2AOD experiments are similar, it is notable that the ocean 

CET changes little from 1AOD to 4AOD, with the increased 
southward anomaly primarily occurring in the atmosphere. 
Again, this can be associated with the tropical precipitation 
anomalies in those experiments (Fig. 2d). In the ST and NT 
cases, the split between ocean and atmosphere of the total 
CET response is non-monotonic, but the broad linearity of 
the total response is apparent and the changes in atmospheric 
CET can be related to the changes in tropical precipitation.

3.6 � Meridional energy transport

Expanding the evaluation of the energy transport response 
globally, the total, atmosphere and ocean meridional energy 
transport anomalies for the experiments, relative to NoAero, 
are shown in Fig. 7. In the NET and SET experiments, the 
cooling of the northern/southern extratropics leads to energy 
transport anomalies further towards the tropics, with total 
transports peaking in both cases near the equator. The 
response of the atmospheric circulation, and tropical precipi-
tion, is modulated by the split in energy transport changes 
between the atmosphere and ocean. Near the equator, the 
response in the atmosphere is greater than the ocean in both 
the NT and ST cases, whereas the relatively damped tropical 
precipitation response in the NET and SET experiments can 
be associated with the greater role of ocean energy transport 
anomalies in the tropics in those experiments. In the NET 
experiments, a relatively small total meridional energy trans-
port anomaly occurs in the 1AOD case as the more modest 
TOA energy anomaly is largely absorbed in the northern 
latitudes, increasing temperature there (not shown).

Figure 8 shows the energy transport anomalies in the 
ocean for the 4AOD experiments with the response decom-
posed into the Atlantic, Pacific and (North) Indian Oceans. 
In the NET experiment, it is clear that the dominant response 
in the ocean is in the Atlantic as the AMOC increases in 
response to the cooling of the northern high latitudes. The 
ocean energy transport response becomes more dominant 
from the 2AOD to 4AOD case such that the tropical precipi-
tation response between the two experiments is relatively 
small compared to the difference in forcing (see Fig. 2b). In 
the SET experiment, the response of the ocean is the domi-
nant term in the 1AOD and 2AOD cases (Fig. 7b), which 
can be associated with the muted response in tropical pre-
cipitation in those experiments (see Fig. 2d), with a stronger 
atmospheric teleconnection only occurring in the 4AOD 
experiment. In the SET experiments, the ocean response is 
dominated by an increase in energy transport in the Pacific, 
with relatively little increase in tropical-extratropical energy 
transport in the Atlantic (Fig. 8b). Deser et al. (2015) and 
Tomas et al. (2016) have previously shown, in experiments 
investigating the response to a reduction in Arctic sea ice, 
that the ocean is crucial in modulating the global response 
to changes in the Arctic and that the AMOC reduces in 

Fig. 4   a Annual mean precipitation (mm day−1 ) and 1000 hPa wind 
vectors for the NoAero experiment and b–e precipitation and wind 
anomalies for the 4AOD experiments

◂



	 M. Hawcroft et al.

1 3

response to Arctic warming—an equivalent response to that 
found here, where the AMOC increases as the Arctic cools. 
This can be contrasted with the largely Pacific energy trans-
port response in the SET experiment. Such a response was 
also observed in both Kay et al. (2016) and Hawcroft et al. 
(2016), where the Southern Ocean was cooled and tropical-
extratropical energy transport in the Pacific increased, and 
is further discussed in Sect. 3.8.

In the NT and ST experiments, the maximum energy 
transport anomalies are situated around the equator (Fig. 7), 
where the local response to the TOA anomalies is to induce 

an energy transport into the hemisphere that has been 
cooled. The response in the atmosphere at the equator is 
relatively linear in both cases, as it increases proportion-
ately with forcing and explains the comparable response in 
tropical precipitation (see Fig. 2f, h). At the poleward flank 
of the forcing (30N and 30S) anomalies of opposite sign 
occur which are due to energy transport into the anoma-
lously cooler tropical band from the mid-latitudes. In the 
ocean, the peak response is observed around 5 ◦ rather than 
at the equator itself. In both the NT and ST experiments, it 
is the Pacific that plays the most significant role in the ocean 

Fig. 5   a, c, e, g Top of atmosphere net radiation biases (W m −2 , 
upwards as positive) relative to CERES for the four experiments. The 
black line shows the NoAero simulation with the blue, red and green 

lines showing the 1, 2 and 4AOD experiments, respectively. b, d, f, 
h Top of atmosphere net radiation (W m −2 , downwards as positive) 
anomalies in the 4AOD experiments relative to the NoAero simulation
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energy transport response (Fig. 8c, d). In both the NT and ST 
cases, the atmospheric circulation response around the equa-
tor generates an anomalous meridional wind stress which 
impacts the sub-tropical cells in the Pacific (Fig. 4d, e). In 
the NT case, the northward CET anomaly in the atmosphere 
is associated with a southward surface wind stress anomaly 
as the southern branch of the Hadley circulation weakens 
and the South Pacific Convergence Zone (SPCZ) intensi-
fies (Fig. 4d). In the northern hemisphere, this slows the 
sub-tropical cell circulation and intensifies it in the southern 

hemisphere (not shown). The opposite is true in the ST case, 
with a reduction in the SPCZ intensity and an increase in 
northward flow across the equator (Fig. 4e). At the equator 
itself, the ocean CET response in the Pacific in both cases 
is a direct response to the anomalous cross-equatorial wind 
stresses. In the SET experiment, the sub-tropical cells inten-
sify (not shown) as the Pacific increases southward energy 
transport to the anomalously cool extratropics, similar to 
the response shown in Hawcroft et al. (2016) Figure 8, and 
further discussed in Sect. 3.8. The tropical atmospheric 

Fig. 6   Cross-equatorial energy 
transport in the atmosphere 
(red), ocean (blue) and total 
(black, all in PW) for the 
NoAero and a 1AOD, b 2AOD 
and c 4AOD experiments and 
from observations (OBS). In 
each panel, the absolute values 
are shown for all datasets with 
the anomaly from the NoAero 
case to each of the perturbed 
experiments shown with a grey 
background
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response in each of these experiments is therefore dependent 
on the latitude of the forcing applied to the model, since the 
tropical teleconnection is a function of both the partitioning 
between atmosphere and ocean of the total response and also 
the basin in which the ocean response occurs.

3.7 � Energy budget and dynamical response

In spite of the differences in circulation response to the dif-
ferential forcings, a clear demonstration of the atmospheric 
CET-tropical precipitation relationship is shown in Fig. 9a, 
where a significant relationship (> 99.9%, R = − 0.98) 
between atmospheric CET (CETA) and tropical precipita-
tion asymmetry (PAI) is shown, with a similarly strong rela-
tionship where the different metric of tropical precipitation 
centroid is used (Fig. 9b). It is notable that this holds in spite 
of the large anomalies imposed at and near the equator in the 
NT and ST experiments, which induce a near step-function 
in TOA net radiation at the equator (Fig. 1d, e), and that 
the linear fit does not pass though the observations. As dis-
cussed above, the ST 4AOD simulation has similar CETA to 
observations but with too much precipitation in the northern 
tropics (Fig. 2g)—the precipitation distribution remains too 
asymmetric compared to observations even with corrected 

CETA. Adam et al. (2016) show a strong relationship (R 
= − 0.85) between CETA and PAI in CMIP5 models and 
it is of interest to note that inspite of the idealised nature of 
the experiments shown here, the relationship is consider-
ably closer between the two variables. This perhaps suggests 
structural differences between models may mean they are 
unable to sample the same space as each other as a result of 
fundamental structural differences and, more importantly, 
observations, even if the energy transports are improved or 
fully corrected.

Bischoff and Schneider (2016) show, using a series of 
slab ocean aquaplanet experiments where the net energy 
input (NEI) to the atmosphere is varied, that where NEI 
at the equator is negative, DI states occur in their experi-
ments and that the asymmetry of tropical precipitation and 
the latitude of the ITCZ varies with increased asymmetry 
of NEI between the hemispheres. In experiments with nega-
tive NEI at the equator and a DI, as the atmosphere of one 
hemisphere has increased NEI, the ITCZ branch in that 
hemisphere intensifies and moves polewards as the opposite 
hemisphere’s ITCZ weakens and moves equatorwards. Here, 
in a fully coupled GCM, we observe some similarities. The 
NEI near the equator remains negative in all experiments 
(Fig. 10) and NEI increases where aerosols are included 

Fig. 7   Meridional energy transport anomalies (PW) in the a NET, 
b SET, c NT and d ST experiments relative to the NoAero experi-
ment. In each panel, total (black), ocean (blue) and atmosphere (red) 

energy transport are shown for the 1AOD (dotted), 2AOD (dashed) 
and 4AOD (solid) cases
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and where the ITCZ intensity and associated cloud radia-
tive heating increases (see Fig. 2). The latitude at which 
the most intense band of the ITCZ precipitation (P

max
 ), in 

either hemisphere, is situated does not alter materially, as 
seen in the monotonic poleward migration with increased 
hemispherically asymmetric NEI in the experiments of Bis-
choff and Schneider (2016), though the centroid of the pre-
cipitation (P

cent
 defined as the median latitude of the zonal 

mean precipitation between 20S and 20N) adjusts, as in 
the experiments of Bischoff and Schneider (Fig. 9b). This 
relationship has previously been demonstrated in coupled 
models (Donohoe et al. 2013), where the CMIP3 models 
were analysed. The results in this study further show that 
the relationship between atmospheric CET and hemispheric 
biases in tropical precipitation are robust, even in idealised 
simulations where strong energy perturbations are imposed 
and where the underlying model is a full GCM with con-
tinents, orography and a dynamical ocean modulating the 
response of the model climate.

The bimodality of tropical precipitation, switching from 
one preferred mean ITCZ location to another, is observed in 
the seasonal cycle of both coupled models and observations 
(Donohoe et al. 2013) and is also seen in the experiments 
analyzed here (Fig. 11), with changes in the intensity of the 

northern/southern hemisphere bands clearly evident but little 
adjustment in the seasonal cycle, the timing of the migration 
of the core of the zonal mean precipitation between hemi-
spheres and the latitude of those bands.

Donohoe et al. (2013) found that in CMIP3 models with 
an annual mean P 

cent
 that was further north/south, the maxi-

mum/minimum latitudes of the ITCZ during the annual 
cycle were further north/south, rather than the intensity (i.e. 
P 
max

 ) changing, but the latitude of the most intense precipi-
tation remaining in a similar location, as seen in Fig. 11. 
This implies that the physical biases in models which deter-
mine the absolute latitude of P 

max
 , in both the annual mean 

and during the annual cycle, may not be the same as those 
governing P 

cent
 , the behaviour of which has been shown to 

be closely tied to atmospheric CET in this study and oth-
ers, highlighting the need to increase understanding what 
processes govern the latitude of P 

max
 in climate models and 

observations.
Haywood et al. (2016) showed that where a hemispheri-

cally uniform perturbation was imposed in the southern 
hemisphere, tropical precipitation asymmetry was greatly 
improved and that tropical SST gradients also responded to 
the diffential energy input to the two hemispheres. In those 
experiments, the cross-equatorial SST gradient increased, 

Fig. 8   Meridional ocean energy transport anomalies (PW) in the a NET, b SET, c NT and d ST 4AOD experiments relative to the NoAero 
experiment. In each panel, total (black), Pacific (blue), Atlantic (red) and Indian (green) Ocean transport anomalies are shown
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Fig. 9   Cross-equatorial energy transport in the atmosphere (CETA) 
and a tropical precipitation asymmetry (PAI) for the NoAero and 
1AOD (blue), 2AOD (red) and 4AOD (green) experiments, b the cen-
troid of tropical precipitation (degrees), c tropical SST asymmetries 
(K), d surface flux asymmetries (W m −2 ). PAI and e tropical SST 
asymmetries and f surface flux asymmetries. The precipitation (P) 

asymmetry is calculated as P 
0−−20N

− P 
0−−20S

/P
20S−−20N

 . The centroid 
is calculated as the median latitude of the integrated zonal mean pre-
cipitation between 20S and 20N. SST and surface flux asymmetries 
are the difference between 0–20N and 0–20S. Observations (OBS) 
are taken from CERES, GPCP, OISST and the OAFlux dataset. Sur-
face fluxes are ocean only
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with the southern hemisphere cooling, and this corre-
sponded to a northward shift in tropical precipitation. The 
same relationship is shown in Fig. 9c, where tropical SST 
asymmetries respond in the same linear fashion to the TOA 
anomalies as CETA and also PAI (e). Previous studies have 
noted the link between Sahelian precipitation and tropical 
SST gradients (e.g. Zeng 2003; Folland et al. 1986) and it 
has further been argued that this behaviour may be linked 
to (northern hemisphere) anthropogenic aerosol emissions 
(Ackerley et al. 2011; Booth et al. 2012), indicating that this 
coupled response in the observed climate system may have 
occurred through similar mechanisms to those explored in 
this study. This implies a strong role for atmospheric model 
biases, particularly in the tropics, driving the DI biases seen 
in many models. Xiang et al. (2017) have recently argued 
that the biases in tropical SSTs that are closely coupled 
with DI biases in the CMIP5 models may be strongly linked 
to tropical surface flux biases. In Fig. 9 the relationships 
between the tropical surface net fluxes and CETA (d) and 
PAI (f) are shown. The relationships here are not as strongly 
coupled as CETA/PAI/SST (a, c, e), though still highly 

significant. It may be that the slightly weaker relationship 
here is associated with the circulation anomalies induced 
at the equator in these experiments (see Fig. 4) as cross-
equatorial zonal mean vertically integrated moisture fluxes 
are relatively noisy in the experiments with smaller CETA 
responses (not shown), moving moisture sourced from one 
hemisphere into the other before it precipitates and decreas-
ing the robustness of this relationship. All these metrics, 
however, show the strong connections between the energy 
budget, tropical precipitation, SSTs and surface fluxes and 
indicate that atmospheric model biases in the tropics can 
play a major role in the DI and CETA biases seen in coupled 
models.

3.8 � Southern ocean cooling and teleconnections

In this study, the response to the SET experiments is of par-
ticular interest given previous work examining the tropical 
response to a cooling of the Southern Hemisphere, espe-
cially the mid to high latitudes. In Haywood et al. (2016), a 
cooling of the whole southern hemisphere was imposed on 
HadGEM2-ES (the model used here), which induced a simi-
lar step-function in TOA net radiation to that in the ST/NT 
experiments in this study (Fig. 1d, e). The dramatic improve-
ments in tropical precipitation in Haywood et al. (2016) can 
therefore be interpreted as a local circulation response to 
this anomaly, similar to the improvement in CET and pre-
cipitation seen in the ST 2AOD and 4AOD experiments, 
underscoring the potential benefits to the tropical climatol-
ogy of models of reducing biases in these first order metrics 
of model fidelity. In contrast, Kay et al. (2016) and Hawcroft 
et al. (2016) found that an increase in albedo in the South-
ern Ocean (where the bias reductions were centred on ∼
65S) had little impact on tropical precipitation, even though 
the forcings were in excess of 10 Wm−2 , which is similar 
in magnitude to the 4AOD experiments (Fig. 1). The SET 
4AOD experiment resulted in a northward shift of the ITCZ 
and reduction of the DI bias (Fig. 2d, green line) as part of 
the energy transport response in the tropics was via a south-
ward energy transport anomaly in the atmosphere (Fig. 7b, 
solid red line). Further, Mechoso et al. (2016), applying a 
forcing between 30 and 60S in two models, found very little 
ITCZ response in NorESM but a northward shift of the ITCZ 
in the UCLA GCM. Though some of these differences are 
likely associated with differing model background states and 
biases, they are also (at least in HadGEM2-ES) associated 
with experimental design.

In Fig. 12, zonal mean eastward winds are shown for 
the NoAero and the SET 4AOD experiments and for an 
equivalent experiment, SWex4, and the comparable histori-
cal (CLIM) simulation in HadGEM2-ES, both taken from 
Hawcroft et al. (2016), where the cooling of the southern 
extratropics is focussed on 60–90S. The anomalies in Fig. 12 

Fig. 10   Net energy input (NEI, W m −2 ) to the atmosphere in the 
NoAero experiment and the four 4AOD experiments shown as a 
absolute values and b anomalies from the NoAero experiment
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are with respect to the companion control case—NoAero/
SET and CLIM/SWex4. The differences in the two responses 
show the sensitivity of the circulation response to the lati-
tude of the forcing. In the SET simulation, the northward 
boundary of the cooling is 30S, leading to an increase in the 
meridional temperature and baroclinic gradient through the 
sub-tropics and a northward shift in the core of the jet. The 
most intense westerlies (at 60S) weaken as the surface tem-
perature gradient reduces through this region (not shown).

In contrast, in the SWex4 simulation, the strongest cool-
ing is restricted to higher latitudes, increasing the surface 
temperature and baroclinic gradient (not shown) in the 
region where the westerlies are already at their strongest 
in the control experiment. This leads to an intensification 
of the existing circulation without a change in the latitude 
of the low level winds. In SET, the northward expansion 
of the region of stronger westerlies slightly increases sur-
face wind stress at 40S (Fig. 4c), though these anoma-
lies are far smaller than those at 60S in Hawcroft et al. 

(2016). These differences can be related to the differential 
response in ocean/atmosphere energy transport in the two 
simulations (Figure 7b and Figure 6 of Hawcroft et al. 
(2016)). In Hawcroft et al. (2016), much of the tropical 
energy transport changes were achieved in the Pacific as 
the sub-tropical cells intensified as part of wider changes 
in the Pacific circulation, with little response in the Atlan-
tic. In SET, southward ocean energy transport anomalies 
in the Pacific are less pronounced (Fig. 8b), leading to 
an increased southward anomaly in atmospheric CET 
(Fig. 6c) and northward shift of the ITCZ (Fig. 2b). It may 
therefore be that some of the differences in Mechoso et al. 
(2016) compared to Kay et al. (2016) and Hawcroft et al. 
(2016) could be connected to similar circulation anomalies 
associated with experimental design. Relatedly, the lati-
tude of albedo and radiation biases across climate models 
may impact on their tropical circulation through similar 
sensitivities.

Fig. 11   Annual cycle of zonal mean precipitation (mm day−1 ) for the NoAero and 4AOD experiments
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4 � Conclusions

This study has investigated the differential response to 
imposing a cooling in defined latitude bands in a fully 
coupled climate model. Building on previous work look-
ing at teleconnections, energy transport and the impact 
of extratropical climate anomalies on the tropics, par-
ticularly tropical precipitation, a spread of behaviour has 
been observed. Where the tropics is cooled directly via 
an increase in stratospheric aerosol, a direct circulation 
response occurs, with increased cross-equatorial energy 
transport into the cooled hemisphere and a shift of tropi-
cal precipitation into the warmer hemisphere, as expected 
from previous studies examining both observations and 
models (e.g. Donohoe et al. 2013; Hwang and Frierson 
2013; Schneider et al. 2014; Loeb et al. 2015; Bischoff and 
Schneider 2016; Adam et al. 2016). Where the cooling is 
applied to the extratropics, the tropical response is modu-
lated by the nature of the teleconnection pathway since 
meridional energy transport adjustments can occur in the 
atmosphere or ocean, and in different ocean basins. Sen-
sitivity to experimental design when interrogating these 
issues has also been highlighted.

The main findings of this study are as follows:

•	 The response of the tropical atmosphere to hemispher-
ically asymmetric energy perturbations in a coupled 
model is highly dependent on the latitude of the forc-
ing, with ocean and atmosphere circulation responses 
to extratropical perturbations modulating the tropical 
response. Tropical atmosphere responses are damped 
where ocean circulation anomalies achieve much of the 
energy transport response in a model.

•	 The relationship between tropical precipitation asym-
metry and cross-equatorial atmospheric energy trans-
port is very closely coupled, as is the relationship 
between both these indices and tropical SST asymme-
try.

•	 The structural biases in the model which lead to biases 
in cross-equatorial energy transport are very resistant to 
change—it takes a forcing equivalent to twice the strato-
spheric aerosol optical depth after the Pinatubo eruption 
( ∼ 10 Wm−2 ) over the southern tropics to correct these 
cross-equatorial energy transport biases.

•	 Biases in the tropical climate in models, future pro-
jections of the tropical climate from models and the 
response of climate models to idealised forcing may 
all have dependence on the particular latitude of any 
albedo/energy budget biases or forcing. Understanding 
the causes and impacts of such biases or responses to 

Fig. 12   Zonal mean eastward wind anomalies (m s −1 ) for the a SET 
and b the SWex4 experiment from Hawcroft et al. (2016). Anomalies 
are shown from the a NoAero experiment and b CLIM experiment 

in Hawcroft et al. (2016), with the a NoAero and b CLIM values as 
unfilled contours at 5m s −1 intervals with 0m s −1 as the lowest visible 
contour
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forcing is therefore an important component of model 
development.

The outcomes of this study may be considered preliminary 
since they are the results of experiments using a single 
model, with the energy perturbations imposed in the strat-
osphere only. In defence of the latter criticism, the results 
shown here can be compared and interpreted with refer-
ence to other experiments using the same model where the 
ocean surface (Hawcroft et al. 2016), stratospheric aerosol 
and cloud radiative properties (Haywood et al. 2016) have 
been altered, with results that indicate a qualitively con-
sistent response to forcings in different latitudes irrespec-
tive of how those forcings are applied. In terms of model 
dependence, other studies investigating the response to 
idealised brightening of the Southern Ocean have shown 
some differences in response (Kay et al. 2016; Mechoso 
et al. 2016), though these issues may also be partly associ-
ated with experimental design (as discussed in Sect. 3.8).

It is clear that any large scale, zonal mean bias in the 
energy budget of a climate model may have remote impacts 
and, when considering future climate projections under a 
warming scenario, the tropical response of a model will 
be related to the extratropical response, though this study 
highlights the uncertainty in those teleconnections if there 
are underlying biases in any given model. For example, 
Arctic amplification (Holland and Bitz 2003) both deter-
mines and is modulated by the climate response at lower 
latitudes (Deser et al. 2015; Tomas et al. 2016) so any 
biases in the Arctic and the circulation anomalies associ-
ated with high latitude warming may have implications 
for the global climate response. The persistence of the DI 
problem through generations of climate models (Zhang 
et al. 2015) and the potential impact of such biases on the 
response of models to warming is also clearly an issue 
when considering future projections and is closely related 
to tropical atmospheric energy transport biases.

In order to increase confidence in future projections of 
climate change and reduce the spread of response across 
models, it is essential that the sources and controls on 
these large scale biases are understood and reduced. As 
part of broader efforts to understand the sources of these 
biases and the spread of model behaviour, the ongoing 
Extratropical-Tropical Interaction Model Intercompari-
son Project (ETIN-MIP) is underway, applying a series 
of idealised forcings to multiple GCMs in order to probe 
the nature and the spread of model response. The present 
authors are also investigating the behaviour of a perturbed 
physics ensemble (PPE) of more recent version of the 
Hadley Centre model in order to investigate the physical 
processes which may play particularly important roles in 
these large scale biases.
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