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Abstract The Earth’s hemispheric reflectances are equivalent to within± 0.2Wm�2, even though the
Northern Hemisphere contains a greater proportion of higher reflectance land areas, because of greater cloud
cover in the Southern Hemisphere. This equivalence is unlikely to be by chance, but the reasons are open to
debate. Here we show that equilibrating hemispheric albedos in the Hadley Centre Global Environment Model
version 2-Earth System coupled climate model significantly improves what have been considered longstanding
and apparently intractable model biases. Monsoon precipitation biases over all continental land areas, the
penetration of monsoon rainfall across the Sahel, the West African monsoon “jump”, and indicators of hurricane
frequency are all significantly improved. Mechanistically, equilibrating hemispheric albedos improves the
atmospheric cross-equatorial energy transport and increases the supply of tropical atmospheric moisture to
the Hadley cell. We conclude that an accurate representation of the cross-equatorial energy transport appears
to be critical if tropical performance is to be improved.

1. Introduction

The majority of global coupled atmosphere-ocean models do not replicate the observed hemispheric
albedo equivalence [e.g., Vonder Haar and Suomi, 1971; Ramanathan, 1987; Loeb et al., 2009; Stevens
and Schwartz, 2012; Voigt et al., 2013; Stephens et al., 2015]; an analysis of models participating in
the Coupled Model Intercomparison Project phase 3 (CMIP3) [Taylor et al., 2012] suggests that 65%
of the models exhibit a Northern Hemisphere albedo that is higher than the Southern Hemisphere
[Voigt et al., 2013]. When compared against measurements from the Clouds and the Earth’s Radiant
Energy System (CERES) sensor for the present day, Hadley Centre Global Environment Model version
2-Earth System (HadGEM2-ES), the coupled atmosphere-ocean Earth system model of the Met Office
Hadley Centre [Collins et al., 2011], reflects 3.8Wm�2 more solar radiation from the Northern
Hemisphere than the Southern Hemisphere mainly owing to biases in cloud representation at southern
latitudes [Bodas-Salcedo et al., 2014]. While the model is capable of accurately representing the
observed historical evolution of global mean temperature under the influence of increasing concentra-
tions of greenhouse gases and other climate forcing mechanisms [Collins et al., 2011; Jones et al., 2011],
specific longstanding biases are evident in most tropical areas reflecting the model’s inability to accu-
rately represent processes that control tropical rainfall. The timing and magnitude of monsoons and
tropical cyclone frequency are persistent model biases that require improvement and limit the robust-
ness of model results in future climate impact scenarios [Williams et al., 2012].

Here we focus on idealized simulations where we force symmetry in the hemispheric albedos in
HadGEM2-ES by perturbing the Southern Hemisphere energy balance either by stratospheric aerosol
loading (simulation STRAT), by increasing ocean albedo (simulation OCEAN), or by brightening cloud
(simulation CLOUD). Such idealized studies obviously do not address the cause of the hemispheric
biases within the model [Bodas-Salcedo et al., 2014] but rather assess the potential improvement in
model performance should these biases be reduced.
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2. Methods
2.1. The HadGEM2-ES General Circulation Model

HadGEM2-ES is a fully coupled atmosphere-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 1.25° × 1.875°
in latitude and longitude, respectively, equivalent to a surface resolution of about 208 km×139 km at the
equator, reducing to 120 km×139 km at 55° latitude [Collins et al., 2011]. ES refers to the Earth System
version, which includes coupling to a full tropospheric chemistry scheme, the terrestrial carbon cycle, and
an ocean biogeochemistry scheme. Well-mixed greenhouse-gas concentrations are prescribed as are
emissions of anthropogenic aerosols or their precursors, and aerosol direct and indirect effects are repre-
sented using the Coupled Large-scale Aerosol Simulator for Studies in Climate aerosol scheme [Bellouin
et al., 2011]. Tropospheric ozone is simulated by the model from surface and aircraft emissions of tropo-
spheric ozone precursors and reactive gases. Stratospheric ozone is prescribed as monthly zonal/height
fields. Land cover is simulated by themodel’s dynamic vegetation scheme. Natural climate forcings are repre-
sented by prescribing time-varying changes in total solar irradiance and monthly volcanic perturbations to
stratospheric aerosol optical depth which are applied in four equal-area latitudinal bands [Jones et al., 2011].

2.2. HadGEM2-ES Model Simulations and Analysis Periods

We perform four dedicated fully coupled simulations and analyze results over the 20 year period 1979–1998:

HIST. Historical simulation follows the CMIP5 [Taylor et al., 2012] protocol using historical data from 1860 to
2005. The imbalance in the hemispheric energy budget is around 3.8 Wm�2 during this period, with the
Northern Hemisphere being brighter than the Southern Hemisphere.

STRAT. We increase the Southern Hemisphere stratospheric aerosol optical depth by continually injecting
9.1 TgSO2/yr across all latitudes of the Southern Hemisphere stratosphere, which increases the Southern
Hemisphere aerosol optical depth at 550 nm by 0.18.

OCEAN. We increase Southern Hemisphere direct and diffuse ocean albedo by a factor of 1.875.

CLOUD. We increase the minimum cloud droplet number concentration over Southern Hemisphere ocean
and land from 5 cm�3 and 35 cm�3, respectively, to a value of 50 cm�3 for the whole Southern
Hemisphere, which leads to a brightening of liquid-phase clouds. Ice clouds are not modified.

We emphasize that these three approaches are idealized and not intended to represent reality, but all bal-
ance the top of the atmosphere hemispheric reflectances over the period 1979–1998 to within the
±0.2Wm�2 uncertainty evident in CERES observations [Stephens et al., 2015].

In addition, we perform two simulations where the sea surface temperatures are fixed to their climatologi-
cally varying values (i.e., atmosphere-only simulations) and thus are not able to respond to the imposed
external forcings:

HIST_FIXED_SST. As per HIST, but using climatologically varying sea surface temperatures (SSTs) used in
Atmospheric Model Intercomparison Project studies [Taylor et al., 2012]. The imbalance in the hemispheric
energy budget in HIST_FIXED_SST is around 1.8Wm�2, with the Northern Hemisphere being brighter than
the Southern Hemisphere, and thus, the imbalance is approximately half of HIST.

STRAT_FIXED_SST. As per STRAT, but again using climatological SSTs. As in STRAT the top of the atmosphere
hemispheric reflectances over the period 1979–1998 is balanced to within ± 0.2Wm�2.

2.3. Data and Metrics for Assessing Model Performance

Our analysis of precipitation biases is based on Global Precipitation Climatology Project (GPCP) version 2 data
[Adler et al., 2003] over the period 1979–1998 for December–February, March–May, June–August (JJA), and
September–November. Quantitative analysis focuses on land over specific regions (Figure S1 in the supporting
information) [Giorgi, 2006]. Our analysis of the onset of theWest Africanmonsoon uses zonally averaged pentadal
GPCP (1979–1998) precipitation data [Adler et al., 2003; Xie et al., 2003] and Tropical Rainfall Measuring Mission
(TRMM) (1998–2010) daily accumulations of three hourly rainfall rates [Simpson et al., 1988] averaged into
5day means [Xie et al., 2003; Vellinga et al., 2013]. Although the TRMM data do not correspond to the exact time
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period of analysis, it is included
because the use of radar measure-
ments of precipitation makes it argu-
ably the most accurate observational
estimate.

The vertically integrated zonal-annual-
mean northward moisture transport is
calculated as [Peixoto and Oort, 1983]
follows:

MTQ ¼ 1
p�

∫p�0 vqdp (1)

where p* is the surface pressure, v is
the northward component of the
wind speed, and q is the specific
humidity and the units of MTQ are
ms�1 g kg�1.

Our analysis of hurricane frequency
focuses on four metrics over the hur-
ricane season (June–November) in
the Maximum Development Region
(MDR) defined by the area 10–20°N
in the tropical Atlantic Ocean: MDR
wind shear (vertical wind-shear
between 250 hPa and 850 hPa), MDR
precipitation, and the Tropical
Storm Index [Knutson et al., 2010].
Model performance is assessed using
different sources of data: MDR wind
shear is compared against European
Centre Re-Analyses Interim (ERA-
Interim) data [Dee et al., 2011], MDR
rainfall is compared against GPCP
data [Tebaldi and Knutti, 2007], and

the Tropical Storm Index is derived as the difference between the MDR sea surface temperature and
tropical-averaged sea surface temperature.

3. Results

One major impact should be a northward shift in the Intertropical Convergence Zone (ITCZ), as previously
noted in HadGEM2-ES [Haywood et al., 2013], idealized aqua-planet simulations [Kang et al., 2009; Voigt
et al., 2013, 2014], and multimodel analysis of CMIP5 models [Hwang and Frierson, 2013]. Therefore, we initi-
ally focus on tropical precipitation during the June–August (JJA) season when the Northern Hemisphere
monsoon is most active.

Figure 1a shows the precipitation biases over many areas of the tropics in the historical simulation (HIST)
when compared against GPCP observations [Adler et al., 2003]. The long-standing dry bias in Sahelian
Africa and the Indian subcontinent are evident, while a wet bias exists over the Amazonian region.
Figure 1b shows that equilibrating hemispheric albedos in STRAT almost universally reduces precipitation
biases for JJA, while Figure 1c shows a quantitative reduction in dry bias by 79% for South Asia (SAS) and
68% for the Sahel (AF), while the wet bias over Amazonia (AMZ) is reduced by 73%.

For HadGEM2-ES biases exist across all seasons in HIST, but equilibrating the hemispheric albedos leads to a
significant compensation (supporting information Figure S2). Supporting information Table S1 shows quan-
titative analysis of the change in the precipitation bias over climatological hot spot areas [Giorgi, 2006] for

Figure 1. (a) The June–August (JJA) precipitation bias in HadGEM2-ES
(mmday�1) when compared against GPCP data (1979–1998). (b) The sea-
sonal change in precipitation caused by equilibrating the hemispheric albe-
dos in STRAT. (c) Quantitative assessment of the change in the bias with
respect to GPCP for the JJA season over land in the following regions: AMZ:
Amazonia, AF: Sahelian Africa, SAS: South Asia, CAM-W: Central America
West, CAM-E: Central America East, SEA: South East Asia, SOF: Southern Africa
(see supporting information in Figure S1 for these regions). The percentage
change in the precipitation biases for STRAT compared toHIST are emphasized
by black arrow and quantified for each region.
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STRAT, OCEAN, and CLOUD simulations. All three simulations produce broadly similar spatial patterns in pre-
cipitation change, although OCEAN has the strongest impacts, CLOUD the weakest, and STRAT an intermedi-
ate impact (supporting information Table S1). Henceforth, we focus on STRAT (i.e., intermediate impacts). In
all three simulations, the impact on precipitation in the extratropics is minor and is not shown here.

We also compare the hemispherically equilibrated coupled climate simulations against simulations from a
similarly equilibrated atmosphere-only version of the model with prescribed sea surface temperatures
(SSTs). We find that equilibrating hemispheric albedos has little impact on the simulations that use fixed
SSTs but also that the coupled model performs significantly better in terms of precipitation performance
(section 2 and supporting information Figure S3). This suggests that inhibiting the interaction between
atmosphere and ocean prevents the improvement in precipitation evident in the fully coupled model.
Additionally, equilibrating the hemispheric albedos in the coupledmodel leads to a model that performs bet-
ter in terms of tropical precipitation over land than the atmosphere-only model with ostensibly perfect SSTs.
By construction, fixed SST simulations cannot adjust the sensible and latent heat components from the ocean
to the atmosphere when exposed to an external forcing and cannot adequately represent changes in the
atmospheric energy flows that are observed in STRAT.

Equilibrating the hemispheric albedos also impacts the timing of theWest Africanmonsoon. Following previous
studies [Vellinga et al., 2013], Figure 2 shows the temporal evolution of zonally averaged precipitation data from
GPCP [Xie et al., 2003] and TRMM [Simpson et al., 1988] along with results from HIST and STRAT simulations.

Monsoon onset is characterized by a rapid northward shift in rainfall maxima in early July from the Gulf of
Guinea coast to the Sahel/Sudan (Figures 2a and 2b) [Vellinga et al., 2013; Sultan and Janicot, 2003].
This monsoon “jump” of precipitation from latitudes south of 5°N to north of 10°N is not evident in the
HIST simulation (Figure 2c) but is relatively well represented in STRAT (Figure 2d). Thus, equilibrating the
hemispheric albedo significantly improves model performance in this key area [Williams et al., 2012] and
appears to be linked to an increased supply of atmospheric moisture that penetrates into the interior of
the African continent. In STRAT, over ocean the increase/decrease in precipitation is strongly correlated

Figure 2. The temporal and latitudinal evolution of zonally averaged (10°E–10°W) west African precipitation (mm day�1) from (a) GPCP, (b) TRMM, (c) HIST, and
(d) STRAT simulations. The analysis is performed for the 1979–1998 period. The 10°N latitude is frequently used as an indicator for the monsoon jump and is
highlighted by the bold dashed horizontal line.
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withthe increase/decrease in moisture
convergence (supporting information
Figure S4a), a correlation which is also
apparent over South America. Over
the Sahel, the situation is more
complex; the anticyclonic wind field
perturbation centered over southern
Mali leads to a decrease in moisture
convergence although the precipita-
tion increases. Similar responses have
been noted in simulations using the
Met Office Unified model at higher
resolutions [Birch et al., 2014]. The
change in the moisture convergence
in OCEAN and CLOUD exhibits very
similar spatial patterns to STRAT,
but the cross-equatorial atmospheric
moisture supply is larger under OCEAN
and smaller under CLOUD than in the
STRAT simulations (supporting informa-
tion Figures S4b and S4c).

We examine the atmospheric and ocea-
nic energy terms which are diagnosed
explicitly in the oceanmodel and derived
as the difference between the top of
atmosphere net radiation and the
surface energy budget for the atmo-
sphere [Trenberth and Caron, 2001;
Vellinga and Wu, 2008] (supporting infor-
mation Figure S5). While changes in the
total transport of energy appear relatively
subtle, the change in the cross-equatorial
energy transport is significant (Figure 3a).

In HIST there is a significant net north-
ward cross-equatorial energy transport
of approximately + 0.78 Peta Watts
(PW, 1015w) (+0.57 PW from ocean and
+0.21 PW from the atmosphere). This is

contrary to observational estimates from CERES which suggest +0.2 PW in total (+0.4 PW from the ocean and
�0.2 PW from the atmosphere) [Voigt et al., 2013; Stephens et al., 2015]. Thus, in HIST the atmosphere is trans-
porting energy from the Southern Hemisphere to the Northern Hemisphere (i.e., in the wrong direction). In
STRAT the total is +0.32 PW (+0.43 PW from ocean, and �0.11 PW from the atmosphere) with both the model
atmosphere and ocean transporting energy in the correct directions. The results from OCEAN and CLOUD also
correct the sign of the atmospheric cross-equatorial atmospheric energy transport as shown in Figure 3a.

Idealized aqua-planet simulations clearly demonstrate that low-level moisture transport in the atmo-
spheric Hadley cell opposes the atmospheric energy transport [Voigt et al., 2013, 2014; Frierson et al.,
2013]. Obviously, aqua-planet configurations cannot be used to quantify the impact of equilibrating
hemispheric albedos on model performance (e.g., in continental precipitation and the African monsoon
jump), as they do not include continents of any kind. However, in our fully coupled model simulations,
the increased northward supply of atmospheric tropical moisture seen in aqua-planet simulations is
clearly evident in the vertically integrated zonal-annual-mean moisture transport (MTQ) [Peixoto and
Oort, 1983] (Figure 3b). The cross-equatorial MTQ is enhanced by a factor of 2.1 in the STRAT simulations,
increasing the moisture supply to the Northern Hemisphere. The OCEAN and CLOUD simulations lead to a

Figure 3. (a) A summary of the northwards cross-equatorial energy trans-
port (PW) from the HIST and STRAT simulations over the 1979–1998 period.
The observed energy transport derived from CERES is also shown. Tabulated
values also give the cross-equatorial energy transport (PW) from the OCEAN
and CLOUD simulations. (b) The annual-mean meridional transport of
moisture (MTQ, ms�1 g kg�1, from equation (1)). Positive values represent
northward transport, while negative values represent southward transport.
Tabulated values give the cross-equatorial meridional transport of moisture
(MTQ, ms�1 g kg�1) and enhancement from the HIST, STRAT, OCEAN, and
CLOUD simulations.
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somewhat larger (a factor of 2.9) and somewhat smaller response (a factor of 1.9) respectively consistent
with the magnitude of the tropical precipitation response in each simulation (Figure 1c).

To further investigate the mechanism of these improvements we focus on changes in the dominant dynami-
cal features: the zonal tropical overturning circulation and the African easterly jet (AEJ), which are maintained
by two diabatically forcedmeridional circulations, one associated with deepmoist convection in the ITCZ and
a second from dry convection to the north over the Sahara [Thorncroft and Blackburn, 1999].

Figure 4 examines the June–August 1979–1998 mean tropical circulation in the Atlantic and West African
region (60°W–0°E), where large reductions in precipitation bias are evident when hemispheric albedos are equi-
librated. ComparingHISTwith ERA-Interim reanalyses (second row, first and second column) shows a systematic
southward bias (up to 5°) of the ITCZ and region of maximum vertical ascent, consistent with the pattern of
precipitation biases in HIST. This is accompanied by a southward bias in the AEJ at 700 hPa and a large westerly
bias in the tropical upper troposphere at 200 hPa (second row, third column). The STRAT simulation counterba-
lances errors in the meridional circulation at 0–20°N (third row, first column) and the position of the ITCZ and
maximumvertical ascent (third row, second column). The representation of the AEJ is improved (third row, third
column), and the excessive westerly winds in the upper troposphere in HIST are also reduced in STRAT due to
reduction of the erroneous poleward transport in upper levels of the mean meridional circulation (5–20°N).

Another key bias in HadGEM2-ES is low hurricane frequency and intensity [Williams et al., 2012]. HadGEM2-ES
(~200 km equatorial resolution) cannot adequately represent the central pressure of hurricanes, but metrics
for coarse resolution models as indicators of hurricane frequency have been developed that may be
compared against suitably averaged observations focused on the Maximum Development Region

Figure 4. The impacts on Tropical Atlantic and West Africa monsoon circulations for JJA 1979–1998 using data averaged from 60°W to 0°E. Column 1: latitude-pressure
sections of mass meridional stream function (1012 g s�1), column 2: vertical velocity (m s�1), and column 3: zonal wind (m s�1) for (first row) ERA-Interim reanalysis,
(second row) error in HIST (HIST-ERA), and (third row) differences between the two experiments (STRAT-HIST). The opaque arrows in the second column represent the
approximate position of the ITCZ.
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(MDR; 10°N–20°N in the tropical Atlantic) for tropical hurricanes [e.g., Smith et al., 2010; Knutson et al.,
2010; Dunstone et al., 2013]. Equilibrating the hemispheric albedos in STRAT reduces biases in MDR wind
shear (owing to the reduction in the westerly bias in the tropical upper troposphere shown in Figure 4),
precipitation (owing to the increase in the precipitation shown in Figure 1b), and the tropical storm
index (see supporting information Figure S6), by 58%, 82%, and 52%, respectively, when compared to
the observational/reanalysis products, indicating a significant improvement in model performance.
While there have been idealized aqua-planet simulations that perturb oceanic cross equatorial energy
transport and assess the impacts on hurricane frequency [Merlis et al., 2013], our fully coupled simula-
tions indicate that representing the atmospheric cross equatorial energy transport is also important if
hurricane frequency is to be accurately modeled in future climate simulations [Knutson et al., 2010].

4. Discussion and Conclusions

Our results suggest that, in HadGEM2-ES, equilibrating hemispheric albedos by various idealized methods
corrects the direction of atmospheric cross-equatorial energy transport, which increases the northward
cross-equatorial atmospheric moisture supply to the ITCZ leading to significant improvements in the repre-
sentation of tropical precipitation. This mechanistic link has been demonstrated in aqua-planet simulations
[Kang et al., 2009; Frierson et al., 2013; Voigt et al., 2014] and in models with realistic geography [Frierson
et al., 2013], but these studies did not make comparisons against synergistic observations to assess model
performance. Our simulations show that the model response in each of the three idealized methods
(STRAT, CLOUD, and OCEAN) are broadly similar indicating that the results are unlikely to be a side effect of
our methodology. As the STRAT/CLOUD/OCEAN simulations initiate additional reflection of solar radiation
in the stratospheric/boundary layer/surface, the results appear relatively insensitive to the vertical location
of the energy perturbation.

We note that multimodel assessments of the impact of meridional gradients in planetary albedo have
focused on the impacts on zonal SST gradients [e.g., Burls and Fedorov, 2014]. A particularly relevant study
is that of Hwang and Frierson [2013] (HF13), who showed a striking relationship between the “precipitation
asymmetry index” (defined as model precipitation over the latitudinal range 0–20°N minus that for 0–20°S
normalized by the mean tropical precipitation over 20°N–20°S) and cross-equatorial energy transport in
CMIP5 models. An analysis of HIST, STRAT, CLOUD, and OCEAN (supporting information, Figure S9) indicates
that the striking linear relationship shown in the multimodel ensemble of HF13 is also evident in our simula-
tions with a gradient of �1.5 PW per unit HF13 precipitation asymmetry index which is very similar to that
found in HF13. There is also a similar relationship between the cross-equatorial energy transport and the
H15 asymmetry index (see supporting information, Figure S9) which is more relevant for the analyses we pre-
sent in this study. As in HF13, in HadGEM2-ES the precipitation asymmetry index is close to zero when the
interhemispheric temperature asymmetry is close to zero although the interhemispheric temperature asym-
metry per unit HF13 precipitation asymmetry index is less in HadGEM2-ES. This analysis suggests the
HadGEM2-ES simulations appear representative of the multimodel ensemble suggesting that other models
may well respond in a similar way to HadGEM2-ES. Future work should therefore focus on the results from
multiple models, but we note that use of CMIP5 data from standard scenarios will not capture the change
in the performance of an individual model under hemispheric albedo equalization. Multiple model simula-
tions equilibrating the hemispheric albedos are suggested to investigate the robustness of these findings.

While equilibrating hemispheric albedos in HadGEM2-ES improves the tropical performance of themodel when
assessed against observations, there are important caveats that need to be considered. First, STRAT leads to
deterioration in the representation of tropical SSTs which are too cold even in HIST (supporting information
Figure S7). Forcing the Southern Hemisphere to cool in STRAT increases the bias further. Thus, while we are able
to reduce the monsoon precipitation biases in STRAT, we replace a systematic bias in precipitation with a
systematic bias in SSTs. However, we can identify a reason for the improvement in African and South
American monsoon precipitation by analyzing the gradient of tropical SSTs in HIST and STRAT with respect to
observations. Across the latitude range 20°N–20°S the gradient in the Atlantic SSTs from STRAT are in better
agreement with the observations than those from HIST (supporting information Figure S8). The observations
suggest a relatively weak/strong gradient northward/southward of the peak in normalized SSTs compared to
the HIST simulation. This error is corrected in STRAT. Gradients of SST have been implicated as strong drivers
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of Sahelian precipitation for some time [Zeng, 2003; Folland et al., 1986] but, with the exception of HF13, the link
to the hemispheric energy balance has not previously been established. Indeed, accurate representation of
SSTs and SST gradients does not necessarily lead to accurate representation of tropical precipitation as empha-
sized by the HIST_FIXED_SST and STRAT_FIXED_SST atmosphere-only simulations performed here. The fully
coupled STRAT simulation where the SST gradients and the atmospheric cross-equatorial transport are in
approximate agreement with observations provides a better representation of tropical precipitation. This sug-
gests limitations to the approach of drivingmodels using fixed SSTs; in HadGEM2-ES, fully coupledmodel simu-
lations are required if the atmospheric energy transport is to be accurately represented with implications for
accurate representation of tropical precipitation.

A further caveat is that our idealized study does not tackle the issue of how to realistically achieve an accurate
representation of hemispheric albedo balance, which should be a topic of further research, but it shows the
considerable potential improvement in representation of tropical precipitation and hurricane frequency if
that is achieved. Future work should include assessment of the impacts of equilibrating not just the gross
hemispheric albedo but evaluating the impacts of reducing the zonal mean and spatial distribution of albedo
biases and, of course, trying to tackle the root cause of these biases [Bodas-Salcedo et al., 2014].
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