
Timothy M. Merlis
McGill University

Carbon dioxide’s direct weakening of the 
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Many climate changes are proportional to 
the amount of global warming:



Direct tropical circulation weakening robustly simulated 
in CMIP5 GCMs

Direct vs. Temperature Mediated Climate Changes

But radiative forcing agents can also 
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Bony et al. (2013)
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Key point

The spatial structure of radiative forcing provokes 
tropical circulation changes…

… & these direct circulation changes are more robust 
than temperature dependent ones

IPCC AR5: 45+ figures of aerosol radiative forcing, but
 0 of carbon dioxide’s structure



Spatial structure of CO2 radiative forcing

Zhang & Huang (2014)

Annual mean Wm�2

The climatological cloud and w.v. distribution “masks” (=reduces) 
the CO2 radiative forcing in regions of mean ascent.
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Required atmospheric energy transport of 
mean tropical circulations decreases.

CO2 radiative forcing is spatially inhomogeneous!



Surface radiation & fluxes also affect circulation energetics…
key for land-sea circulation changes

Sketch of cloud masking of CO2 radiative forcing

Shaw & Voigt (2016)



CO2 radiative forcing is spatially inhomogeneous!

Merlis (2015): Direct weakening of tropical circulations 
from masked CO2 radiative forcing. PNAS 



Tropical circulation response to 4⨉CO2

GFDL ESM2M

GFDL AM2.1

~15-25% of century-scale weakening is a direct CO2 weakening
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Removing masking by altering radiative transfer

GFDL AM2.1

Direct CO2 weakening of tropical circulations decreases as 
masking is deactivated! 

GFDL AM2.1

M
asking of forcing deactivated 



Idealized Models: Aquaplanet & One-layer 

~2% direct weakening like comprehensive BC GCMs

Prescribed cloud

circulation of the tropical Pacific. The results of GCM simula-
tions and a simple model of the Hadley circulation that remove
the masking of the radiative forcing by altering the radiative
transfer calculation confirm the importance of this physical
mechanism.

Results
Fig. 1 shows the results of atmospheric GCM simulations in which
the dependence of the radiative transfer on clouds is deactivated
(bottom row). When the radiative effect of clouds is deactivated
in the GCM’s radiative transfer calculation, the climatological
circulation is altered (Fig. 1E), as is expected because the radi-
ative energy sources and sinks to the atmospheric column differ
(27). Deactivating the radiative effect of clouds reduces the
spatial variation in CO2 radiative forcing and, although there
are regional circulation changes, the tropical-mean circulation
weakening is eliminated (Fig. 1F). In simulations with the pre-
scribed SST from observations rather than the coupled GCM,
there is a larger direct CO2 weakening (∼4%) and deactivating
cloud radiative effects reduces the direct circulation weakening
to ∼1.5%, with the remainder of the direct weakening associated
with water vapor masking (Fig. S2). Thus, both clouds and water
vapor can contribute to the spatial structure of the radiative forcing
and their climatological distributions (perturbed here through
changing the SST distribution) influence the magnitude of the
direct response of the circulation to CO2.
To demonstrate that the masked CO2 radiative forcing mecha-

nism operates independent of the surface boundary conditions,
idealized aquaplanet GCM simulations are presented. When an
upper-tropospheric cloud is prescribed in the deep tropics in the
idealized GCM, there is a ∼1.8% weakening of the overturning
circulation in the region with the cloud (Fig. 3A). This is con-
sistent with the results of CMIP5 simulations, which feature a
direct CO2 weakening of the tropical circulation in simulations
with both aquaplanet and comprehensive lower boundary con-
ditions (8). With clear-sky radiative transfer, the direct circula-
tion change in the deep tropics is near zero in the lower troposphere
and is a strengthening in the upper troposphere (Fig. 3C). In regions
away from the prescribed cloud, the circulation change is similar
between the two simulations (Fig. 3 A and C).

Fig. 2. Schematic of masked radiative forcing mechanism for direct CO2

weakening of tropical circulations. The overturning circulation is shown in
dashed lines, and the outgoing longwave radiation (OLR) is shown in curved
lines, where black lines are climatological values and red lines are anomalies
under increased CO2 concentration. The climatological clouds (blue) are
deep in areas of climatological ascent, such as the intertropical convergence
or west Pacific, and are shallow in regions of climatological subsidence, such
as the subtropics or equatorial East Pacific. The spatial structure of the cli-
matological cloud and water vapor distribution leads to weaker radiative
forcing (top red line) in regions of mean ascent than in regions of mean
subsidence. This spatial structure offsets the net radiation gradient at the
TOA and implies a reduced need for atmospheric energy transport and mass
transport by the mean circulation. The same relationship between the cloud
masking of the radiative forcing and overturning circulation can also apply
to zonally asymmetric circulations like the Walker circulation.
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Fig. 3. Demonstration of the masked radiative forcing mechanism for direct CO2 weakening of tropical circulation in idealized aquaplanet atmospheric GCM
simulations and a single-layer model of the Hadley circulation. (A and C) Eulerian-mean mass streamfunction (black contours with negative dashed, contour
interval 20 × 109 kg·s−1), change in streamfunction between 4×CO2 and 1×CO2 (colors with contour interval 1 × 109 kg·s−1), and cloud fraction (magenta
contours of 1% and 5%) for simulations with (A) prescribed tropical cloud and with (C) clear-sky radiation. Positive streamfunction values are counter-
clockwise circulation, and negative streamfunction values are clockwise circulation. (B) Vertically integrated potential temperature change between 4×CO2

and 1×CO2 radiative convective equilibrium (RCE) simulations with a tropical cloud (as in A) and with clear-sky radiation (as in C). (D) Meridional velocity and
its changes in a single-layer model of the Hadley circulation driven by the RCE potential temperature shown in B.
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Idealized Models: Aquaplanet & One-layer 

Remove cloud            remove direct CO2 weakening

circulation of the tropical Pacific. The results of GCM simula-
tions and a simple model of the Hadley circulation that remove
the masking of the radiative forcing by altering the radiative
transfer calculation confirm the importance of this physical
mechanism.

Results
Fig. 1 shows the results of atmospheric GCM simulations in which
the dependence of the radiative transfer on clouds is deactivated
(bottom row). When the radiative effect of clouds is deactivated
in the GCM’s radiative transfer calculation, the climatological
circulation is altered (Fig. 1E), as is expected because the radi-
ative energy sources and sinks to the atmospheric column differ
(27). Deactivating the radiative effect of clouds reduces the
spatial variation in CO2 radiative forcing and, although there
are regional circulation changes, the tropical-mean circulation
weakening is eliminated (Fig. 1F). In simulations with the pre-
scribed SST from observations rather than the coupled GCM,
there is a larger direct CO2 weakening (∼4%) and deactivating
cloud radiative effects reduces the direct circulation weakening
to ∼1.5%, with the remainder of the direct weakening associated
with water vapor masking (Fig. S2). Thus, both clouds and water
vapor can contribute to the spatial structure of the radiative forcing
and their climatological distributions (perturbed here through
changing the SST distribution) influence the magnitude of the
direct response of the circulation to CO2.
To demonstrate that the masked CO2 radiative forcing mecha-

nism operates independent of the surface boundary conditions,
idealized aquaplanet GCM simulations are presented. When an
upper-tropospheric cloud is prescribed in the deep tropics in the
idealized GCM, there is a ∼1.8% weakening of the overturning
circulation in the region with the cloud (Fig. 3A). This is con-
sistent with the results of CMIP5 simulations, which feature a
direct CO2 weakening of the tropical circulation in simulations
with both aquaplanet and comprehensive lower boundary con-
ditions (8). With clear-sky radiative transfer, the direct circula-
tion change in the deep tropics is near zero in the lower troposphere
and is a strengthening in the upper troposphere (Fig. 3C). In regions
away from the prescribed cloud, the circulation change is similar
between the two simulations (Fig. 3 A and C).

Fig. 2. Schematic of masked radiative forcing mechanism for direct CO2

weakening of tropical circulations. The overturning circulation is shown in
dashed lines, and the outgoing longwave radiation (OLR) is shown in curved
lines, where black lines are climatological values and red lines are anomalies
under increased CO2 concentration. The climatological clouds (blue) are
deep in areas of climatological ascent, such as the intertropical convergence
or west Pacific, and are shallow in regions of climatological subsidence, such
as the subtropics or equatorial East Pacific. The spatial structure of the cli-
matological cloud and water vapor distribution leads to weaker radiative
forcing (top red line) in regions of mean ascent than in regions of mean
subsidence. This spatial structure offsets the net radiation gradient at the
TOA and implies a reduced need for atmospheric energy transport and mass
transport by the mean circulation. The same relationship between the cloud
masking of the radiative forcing and overturning circulation can also apply
to zonally asymmetric circulations like the Walker circulation.
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Fig. 3. Demonstration of the masked radiative forcing mechanism for direct CO2 weakening of tropical circulation in idealized aquaplanet atmospheric GCM
simulations and a single-layer model of the Hadley circulation. (A and C) Eulerian-mean mass streamfunction (black contours with negative dashed, contour
interval 20 × 109 kg·s−1), change in streamfunction between 4×CO2 and 1×CO2 (colors with contour interval 1 × 109 kg·s−1), and cloud fraction (magenta
contours of 1% and 5%) for simulations with (A) prescribed tropical cloud and with (C) clear-sky radiation. Positive streamfunction values are counter-
clockwise circulation, and negative streamfunction values are clockwise circulation. (B) Vertically integrated potential temperature change between 4×CO2

and 1×CO2 radiative convective equilibrium (RCE) simulations with a tropical cloud (as in A) and with clear-sky radiation (as in C). (D) Meridional velocity and
its changes in a single-layer model of the Hadley circulation driven by the RCE potential temperature shown in B.
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Idealized Models: Aquaplanet & One-layer 

~2% direct weakening across model hierarchy

SLM from Sobel & Schneider (2009) 
implemented by Tim Cronin

This mechanism is based on energetic Hadley cell theory 
(Held & Hou, 1980)           axisymmetric models 
with appropriate thermal forcing will simulate it

circulation of the tropical Pacific. The results of GCM simula-
tions and a simple model of the Hadley circulation that remove
the masking of the radiative forcing by altering the radiative
transfer calculation confirm the importance of this physical
mechanism.

Results
Fig. 1 shows the results of atmospheric GCM simulations in which
the dependence of the radiative transfer on clouds is deactivated
(bottom row). When the radiative effect of clouds is deactivated
in the GCM’s radiative transfer calculation, the climatological
circulation is altered (Fig. 1E), as is expected because the radi-
ative energy sources and sinks to the atmospheric column differ
(27). Deactivating the radiative effect of clouds reduces the
spatial variation in CO2 radiative forcing and, although there
are regional circulation changes, the tropical-mean circulation
weakening is eliminated (Fig. 1F). In simulations with the pre-
scribed SST from observations rather than the coupled GCM,
there is a larger direct CO2 weakening (∼4%) and deactivating
cloud radiative effects reduces the direct circulation weakening
to ∼1.5%, with the remainder of the direct weakening associated
with water vapor masking (Fig. S2). Thus, both clouds and water
vapor can contribute to the spatial structure of the radiative forcing
and their climatological distributions (perturbed here through
changing the SST distribution) influence the magnitude of the
direct response of the circulation to CO2.
To demonstrate that the masked CO2 radiative forcing mecha-

nism operates independent of the surface boundary conditions,
idealized aquaplanet GCM simulations are presented. When an
upper-tropospheric cloud is prescribed in the deep tropics in the
idealized GCM, there is a ∼1.8% weakening of the overturning
circulation in the region with the cloud (Fig. 3A). This is con-
sistent with the results of CMIP5 simulations, which feature a
direct CO2 weakening of the tropical circulation in simulations
with both aquaplanet and comprehensive lower boundary con-
ditions (8). With clear-sky radiative transfer, the direct circula-
tion change in the deep tropics is near zero in the lower troposphere
and is a strengthening in the upper troposphere (Fig. 3C). In regions
away from the prescribed cloud, the circulation change is similar
between the two simulations (Fig. 3 A and C).

Fig. 2. Schematic of masked radiative forcing mechanism for direct CO2

weakening of tropical circulations. The overturning circulation is shown in
dashed lines, and the outgoing longwave radiation (OLR) is shown in curved
lines, where black lines are climatological values and red lines are anomalies
under increased CO2 concentration. The climatological clouds (blue) are
deep in areas of climatological ascent, such as the intertropical convergence
or west Pacific, and are shallow in regions of climatological subsidence, such
as the subtropics or equatorial East Pacific. The spatial structure of the cli-
matological cloud and water vapor distribution leads to weaker radiative
forcing (top red line) in regions of mean ascent than in regions of mean
subsidence. This spatial structure offsets the net radiation gradient at the
TOA and implies a reduced need for atmospheric energy transport and mass
transport by the mean circulation. The same relationship between the cloud
masking of the radiative forcing and overturning circulation can also apply
to zonally asymmetric circulations like the Walker circulation.
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Fig. 3. Demonstration of the masked radiative forcing mechanism for direct CO2 weakening of tropical circulation in idealized aquaplanet atmospheric GCM
simulations and a single-layer model of the Hadley circulation. (A and C) Eulerian-mean mass streamfunction (black contours with negative dashed, contour
interval 20 × 109 kg·s−1), change in streamfunction between 4×CO2 and 1×CO2 (colors with contour interval 1 × 109 kg·s−1), and cloud fraction (magenta
contours of 1% and 5%) for simulations with (A) prescribed tropical cloud and with (C) clear-sky radiation. Positive streamfunction values are counter-
clockwise circulation, and negative streamfunction values are clockwise circulation. (B) Vertically integrated potential temperature change between 4×CO2

and 1×CO2 radiative convective equilibrium (RCE) simulations with a tropical cloud (as in A) and with clear-sky radiation (as in C). (D) Meridional velocity and
its changes in a single-layer model of the Hadley circulation driven by the RCE potential temperature shown in B.
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circulation of the tropical Pacific. The results of GCM simula-
tions and a simple model of the Hadley circulation that remove
the masking of the radiative forcing by altering the radiative
transfer calculation confirm the importance of this physical
mechanism.

Results
Fig. 1 shows the results of atmospheric GCM simulations in which
the dependence of the radiative transfer on clouds is deactivated
(bottom row). When the radiative effect of clouds is deactivated
in the GCM’s radiative transfer calculation, the climatological
circulation is altered (Fig. 1E), as is expected because the radi-
ative energy sources and sinks to the atmospheric column differ
(27). Deactivating the radiative effect of clouds reduces the
spatial variation in CO2 radiative forcing and, although there
are regional circulation changes, the tropical-mean circulation
weakening is eliminated (Fig. 1F). In simulations with the pre-
scribed SST from observations rather than the coupled GCM,
there is a larger direct CO2 weakening (∼4%) and deactivating
cloud radiative effects reduces the direct circulation weakening
to ∼1.5%, with the remainder of the direct weakening associated
with water vapor masking (Fig. S2). Thus, both clouds and water
vapor can contribute to the spatial structure of the radiative forcing
and their climatological distributions (perturbed here through
changing the SST distribution) influence the magnitude of the
direct response of the circulation to CO2.
To demonstrate that the masked CO2 radiative forcing mecha-

nism operates independent of the surface boundary conditions,
idealized aquaplanet GCM simulations are presented. When an
upper-tropospheric cloud is prescribed in the deep tropics in the
idealized GCM, there is a ∼1.8% weakening of the overturning
circulation in the region with the cloud (Fig. 3A). This is con-
sistent with the results of CMIP5 simulations, which feature a
direct CO2 weakening of the tropical circulation in simulations
with both aquaplanet and comprehensive lower boundary con-
ditions (8). With clear-sky radiative transfer, the direct circula-
tion change in the deep tropics is near zero in the lower troposphere
and is a strengthening in the upper troposphere (Fig. 3C). In regions
away from the prescribed cloud, the circulation change is similar
between the two simulations (Fig. 3 A and C).

Fig. 2. Schematic of masked radiative forcing mechanism for direct CO2

weakening of tropical circulations. The overturning circulation is shown in
dashed lines, and the outgoing longwave radiation (OLR) is shown in curved
lines, where black lines are climatological values and red lines are anomalies
under increased CO2 concentration. The climatological clouds (blue) are
deep in areas of climatological ascent, such as the intertropical convergence
or west Pacific, and are shallow in regions of climatological subsidence, such
as the subtropics or equatorial East Pacific. The spatial structure of the cli-
matological cloud and water vapor distribution leads to weaker radiative
forcing (top red line) in regions of mean ascent than in regions of mean
subsidence. This spatial structure offsets the net radiation gradient at the
TOA and implies a reduced need for atmospheric energy transport and mass
transport by the mean circulation. The same relationship between the cloud
masking of the radiative forcing and overturning circulation can also apply
to zonally asymmetric circulations like the Walker circulation.
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Fig. 3. Demonstration of the masked radiative forcing mechanism for direct CO2 weakening of tropical circulation in idealized aquaplanet atmospheric GCM
simulations and a single-layer model of the Hadley circulation. (A and C) Eulerian-mean mass streamfunction (black contours with negative dashed, contour
interval 20 × 109 kg·s−1), change in streamfunction between 4×CO2 and 1×CO2 (colors with contour interval 1 × 109 kg·s−1), and cloud fraction (magenta
contours of 1% and 5%) for simulations with (A) prescribed tropical cloud and with (C) clear-sky radiation. Positive streamfunction values are counter-
clockwise circulation, and negative streamfunction values are clockwise circulation. (B) Vertically integrated potential temperature change between 4×CO2

and 1×CO2 radiative convective equilibrium (RCE) simulations with a tropical cloud (as in A) and with clear-sky radiation (as in C). (D) Meridional velocity and
its changes in a single-layer model of the Hadley circulation driven by the RCE potential temperature shown in B.
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circulation of the tropical Pacific. The results of GCM simula-
tions and a simple model of the Hadley circulation that remove
the masking of the radiative forcing by altering the radiative
transfer calculation confirm the importance of this physical
mechanism.

Results
Fig. 1 shows the results of atmospheric GCM simulations in which
the dependence of the radiative transfer on clouds is deactivated
(bottom row). When the radiative effect of clouds is deactivated
in the GCM’s radiative transfer calculation, the climatological
circulation is altered (Fig. 1E), as is expected because the radi-
ative energy sources and sinks to the atmospheric column differ
(27). Deactivating the radiative effect of clouds reduces the
spatial variation in CO2 radiative forcing and, although there
are regional circulation changes, the tropical-mean circulation
weakening is eliminated (Fig. 1F). In simulations with the pre-
scribed SST from observations rather than the coupled GCM,
there is a larger direct CO2 weakening (∼4%) and deactivating
cloud radiative effects reduces the direct circulation weakening
to ∼1.5%, with the remainder of the direct weakening associated
with water vapor masking (Fig. S2). Thus, both clouds and water
vapor can contribute to the spatial structure of the radiative forcing
and their climatological distributions (perturbed here through
changing the SST distribution) influence the magnitude of the
direct response of the circulation to CO2.
To demonstrate that the masked CO2 radiative forcing mecha-

nism operates independent of the surface boundary conditions,
idealized aquaplanet GCM simulations are presented. When an
upper-tropospheric cloud is prescribed in the deep tropics in the
idealized GCM, there is a ∼1.8% weakening of the overturning
circulation in the region with the cloud (Fig. 3A). This is con-
sistent with the results of CMIP5 simulations, which feature a
direct CO2 weakening of the tropical circulation in simulations
with both aquaplanet and comprehensive lower boundary con-
ditions (8). With clear-sky radiative transfer, the direct circula-
tion change in the deep tropics is near zero in the lower troposphere
and is a strengthening in the upper troposphere (Fig. 3C). In regions
away from the prescribed cloud, the circulation change is similar
between the two simulations (Fig. 3 A and C).

Fig. 2. Schematic of masked radiative forcing mechanism for direct CO2

weakening of tropical circulations. The overturning circulation is shown in
dashed lines, and the outgoing longwave radiation (OLR) is shown in curved
lines, where black lines are climatological values and red lines are anomalies
under increased CO2 concentration. The climatological clouds (blue) are
deep in areas of climatological ascent, such as the intertropical convergence
or west Pacific, and are shallow in regions of climatological subsidence, such
as the subtropics or equatorial East Pacific. The spatial structure of the cli-
matological cloud and water vapor distribution leads to weaker radiative
forcing (top red line) in regions of mean ascent than in regions of mean
subsidence. This spatial structure offsets the net radiation gradient at the
TOA and implies a reduced need for atmospheric energy transport and mass
transport by the mean circulation. The same relationship between the cloud
masking of the radiative forcing and overturning circulation can also apply
to zonally asymmetric circulations like the Walker circulation.
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Fig. 3. Demonstration of the masked radiative forcing mechanism for direct CO2 weakening of tropical circulation in idealized aquaplanet atmospheric GCM
simulations and a single-layer model of the Hadley circulation. (A and C) Eulerian-mean mass streamfunction (black contours with negative dashed, contour
interval 20 × 109 kg·s−1), change in streamfunction between 4×CO2 and 1×CO2 (colors with contour interval 1 × 109 kg·s−1), and cloud fraction (magenta
contours of 1% and 5%) for simulations with (A) prescribed tropical cloud and with (C) clear-sky radiation. Positive streamfunction values are counter-
clockwise circulation, and negative streamfunction values are clockwise circulation. (B) Vertically integrated potential temperature change between 4×CO2

and 1×CO2 radiative convective equilibrium (RCE) simulations with a tropical cloud (as in A) and with clear-sky radiation (as in C). (D) Meridional velocity and
its changes in a single-layer model of the Hadley circulation driven by the RCE potential temperature shown in B.
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CO2 radiative forcing is spatially inhomogeneous!

Low clouds: little impact on longwave & big impact on shortwave



Expect differences in circulation change 
(         P & TC) from affect on moist energetics!
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Direct circulation response to CO2, solar forcing

In aquaplanet version of GFDL’s HiRAM 50-km GCM 

Comprehensive BC GFDL AM2.1 also has forcing 
dependent direct mean circulation response

fixed SST, altered forcing

Merlis et al. (2013b)
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CO2 forces larger ITCZ shifts than 
comparable S0 increase
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Figure 5. Time- and zonal-mean change in (first row) SST, (second row) precipitation, (third row)
evaporation, and (fourth row) normalized moist static energy deficit (dimensionless). Slab ocean (dashed
lines) and prescribed-SST simulations with both radiative forcing and SST changes (solid lines) are shown
in the left column. Prescribed-SST simulations with unchanged SST and perturbed radiative forcing are
shown in the middle column and prescribed-SST simulations with perturbed SST and unchanged ra-
diative forcing parameters are shown in the right column. Solar-forced changes are shown in red and
CO2-forced changes are shown in blue.

4.1. Slab

The slab ocean simulations have a patterned SST change
with greater warming poleward of ITCZ (near 10� latitude)
than equatorward of it (Fig. 5). There is a sharper gradi-
ent in the SST change in the CO2-forced simulation than in
the solar-forced simulation. The change in precipitation is
a dipole with a decrease near the control simulation ITCZ
latitude ( 8� latitude) and increased precipitation poleward
of this. The Eulerian-mean streamfunction has substantial
positive anomalies near the boundary between the cells, in-
dicating a poleward shift in the boundary in the region of
maximum ascent (Fig. 2). The poleward shift of the pre-
cipitation maximum is larger in the CO2-forced simulation

than in the solar-forced simulation: maximum in P shifts
3.0� latitude poleward for CO2 forcing and 2.5� latitude
poleward for solar forcing. In addition to poleward shifts,
the streamfunction changes imply a reduced magnitude of
ascent in the genesis region, consistent with the analysis of
slab ocean simulations in Ballinger et al. [2015].

In the energetic framework for ITCZ latitude �I , the ratio
of the vertically integrated, northward MSE flux at the equa-
tor {vh}0 and the net energy input to the atmospheric col-
umn determine the ITCZ latitude [Kang et al., 2008; Yoshi-
mori and Broccoli , 2008; Bischo↵ and Schneider , 2014]. For
equilibrated climates with slab ocean boundary conditions,
the net energy input to the atmospheric column is simply
the TOA net radiation NTOA and the ITCZ latitude is given
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diative forcing parameters are shown in the right column. Solar-forced changes are shown in red and
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ent in the SST change in the CO2-forced simulation than in
the solar-forced simulation. The change in precipitation is
a dipole with a decrease near the control simulation ITCZ
latitude ( 8� latitude) and increased precipitation poleward
of this. The Eulerian-mean streamfunction has substantial
positive anomalies near the boundary between the cells, in-
dicating a poleward shift in the boundary in the region of
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than in the solar-forced simulation: maximum in P shifts
3.0� latitude poleward for CO2 forcing and 2.5� latitude
poleward for solar forcing. In addition to poleward shifts,
the streamfunction changes imply a reduced magnitude of
ascent in the genesis region, consistent with the analysis of
slab ocean simulations in Ballinger et al. [2015].

In the energetic framework for ITCZ latitude �I , the ratio
of the vertically integrated, northward MSE flux at the equa-
tor {vh}0 and the net energy input to the atmospheric col-
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equilibrated climates with slab ocean boundary conditions,
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tropical cyclone genesis indices [e.g., Emanuel and Nolan,
2004; Tippett et al., 2011]. We do not explicitly evaluate
TC genesis indices here, as Camargo et al. [2014] has shown
that they have di�culty capturing the direct response to
increased CO2.

Held and Zhao [2011] argued that decreases in mean as-
cending mid-tropospheric vertical velocity in genesis regions,
as a proxy for the level of convective activity, account for re-
duced global TC frequency for both direct and temperature-
dependent responses to CO2 [see also Zhao and Held , 2012].
Changes in ascending vertical velocity were largely success-
ful in capturing the simulated global TC frequency changes
in the TC-permitting model intercomparison described in
Zhao et al. [2013]. Here, we show changes in the Eulerian-
mean streamfunction from which changes in mean vertical
velocity can be inferred (Fig. 2).

Emanuel et al. [2008] argued that normalized moist en-
tropy deficit, defined analogously to (3) but with equivalent
potential temperature, increases in warming scenarios and
this tends to suppress genesis. They also showed its increase
accounted for reduction in genesis in TC downscaling simu-
lations of future climate projections. The normalized MSE
or moist entropy deficit increases under warming because the
numerator increases (in proportion to the saturation deficit
⇠7%K�1, if relative humidity is unchanged) more rapidly
than the denominator (in proportion to the energetically
constrained surface flux change ⇠2%K�1). The increase in
� can be interpreted as an increase in the timescale for the
subsaturated mean state of the free troposphere to transition
to the saturated free troposphere state of a TC via surface
evaporation. Climate change simulations robustly features
increases in the normalized MSE deficit, though the subse-
quent TC downscaling simulations of Emanuel [2013] had
an increase in global TC frequency. This variable � has also
been incorporated in genesis indices [Emanuel , 2010].

Last, Merlis et al. [2013a] showed sensitive dependence of
TC genesis on ITCZ latitude. The ITCZ can shift poleward

from changes in the cross-equatorial ocean heat transport
or as a result of internal atmospheric feedbacks under in-
creased radiative forcing. Warmed climate states with un-
changed ITCZ position (brought about by a combination of
increased radiative forcing and decreased ocean heat trans-
port in aquaplanet slab ocean simulations) had a decrease in
global TC frequency, consistent with comprehensive bound-
ary condition simulations under uniform warming [Held and
Zhao, 2011]. A poleward shift in the ITCZ increases the
relevant planetary vorticity component of the absolute vor-
ticity, a standard variable in genesis indices.

Tropical cyclone potential intensity (PI) also commonly
appears in genesis indices. The slab ocean and perturbed
SST simulations have increases in PI and the direct response
to both forcing agents is a decrease in PI. The magnitude
of these PI changes has radiative forcing agent dependence,
with larger CO2-forced than solar-forced changes. All of the
simulated PI changes in the TC-permitting GCM simula-
tions here are qualitatively consistent with the single col-
umn simulations of Emanuel and Sobel [2013] because the
dominant contributor to PI changes is the changes in air–sea
enthalpy disequilibrium [Emanuel , 1987; Wing et al., 2015].
This, in turn, is constrained by surface or atmospheric en-
ergy balance considerations [O’Gorman et al., 2012]. Rather
than showing PI, we show evaporation changes. This gives
the correct expectation for PI changes and sheds light on
how the denominator of the normalized MSE deficit �
changes.

We do not show vertical wind shear or free-troposphere
relative humidity, as these are favorable for TC genesis near
the ITCZ and their changes do not appear to be the domi-
nant factors in accounting for the changes in TC genesis.

In what follows, the simulated changes in the mean SST,
precipitation, evaporation, normalized MSE deficit, and
Hadley circulation are presented for the slab ocean simula-
tions, followed by the prescribed-SST simulations used to de-
compose the changes into direct and temperature-dependent
responses (Fig. 5).

Viale & Merlis (submitted)

These shifts are temperature-dependent (not direct) changes

3° shift vs. 2.5° shift of latitude of maximum P with 
same global-mean radiative forcing



CO2 forces larger ITCZ shifts than 
comparable S0 increase

This shows that the ITCZ position, to first order in d, is
proportional to the negative of the atmospheric energy
flux across the equator hyhi0, with the sensitivity of this
dependence (the proportionality ‘‘constant,’’ which need
not be constant) determined by the net energy input to
the equatorial atmosphere S0 2 L0 2 O0.

2 For Earth’s
annual- and zonal-mean equatorial net energy input of
about 10–20Wm22 (Fasullo and Trenberth 2008), it im-
plies that the ITCZ shifts approximately 18–28 southward
for every 0.1PW increase in northward cross-equatorial
atmospheric energy transport, holding the net energy
input fixed.
Equation (3) provides a first-order quantitative basis

for understanding the anticorrelation between cross-
equatorial energy transport and ITCZ position seen in
GCM simulations (e.g., Kang et al. 2008, 2009; Frierson
and Hwang 2012; Donohoe et al. 2013). Additionally, it
explains how and by how much the ITCZ can shift in
response to equatorial changes that may not have a sig-
nature in cross-equatorial energy transport: If the net
energy input to the equatorial atmosphere in the de-
nominator of Eq. (3) changes, the sensitivity of the ITCZ
position to cross-equatorial energy transport changes,
and that alone can shift the ITCZ (see Fig. 1 for an

illustration). For example, the increased net energy input
to the equatorial atmosphere during El Ni~no by itself
(apart from any change in cross-equatorial energy trans-
port) implies an equatorward shift of the ITCZ according
toEq. (3), as is in fact observed (e.g., Dai andWigley 2000;
Berry and Reeder 2014). Changes in the net energy input
to the equatorial atmosphere may also explain why the
ITCZ shifts as tropical cloud parameterizations are varied
in GCMs (Kang et al. 2008, 2009).
The linear approximation implicit in Eq. (3) gives the

exact position of the zero of the atmospheric energy flux
if the energy flux varies linearly with latitude in the
vicinity of the equator (as illustrated in Fig. 1). Where
this is inaccurate—that is, where the energy flux varies
more strongly with latitude near the equator, as it does
regionally—higher-order terms in the expansion, in-
volving higher derivatives of the atmospheric energy flux
near the equator, may be needed to improve the appro-
ximation.However, in the zonal and annualmean, Eq. (3)
approximates the zero of the atmospheric energy flux to
within 18–28 accuracy, according to the data provided by
Fasullo and Trenberth (2008).
To connect the cross-equatorial energy transport to

interhemispheric asymmetries, we integrate the energy
balance [Eq. (1)] separately from the equator to the lati-
tudes fN and fS near the northern and southern edges of
theHadley circulation where themeanmeridional energy
flux hyhi vanishes, and the total flux hyhi5 hyhi1 hy 0h0i
approximately reduces to the eddy flux hy 0h0i. In the
present climate, this occurs near fN,S ’ 6358. The two
integrations yield two expressions that can be combined
to give the cross-equatorial atmospheric energy flux in
terms of interhemispheric asymmetries in eddy energy
fluxes at fS and fN and in the net atmospheric energy
input between fS and fN,

hyhi0’ fhy 0h0igNS 2

!ðy

0
(S2L2O) dy

#N

S

. (4)

Here, the braces f!gNS denote the arithmetic mean of (!)
evaluated at fN and fS. This relation is diagnostic in the
sense that the location where the mean meridional en-
ergy flux vanishes is not a constant but may change with
climate. For a hemispherically symmetric planet, the
eddy energy flux and input integral on the right-hand
side of Eq. (4) are hemispherically antisymmetric; their
arithmetic means at fN and fS are zero, and so is the
cross-equatorial atmospheric energy flux. Any nonzero
cross-equatorial atmospheric energy flux arises from
asymmetries in the eddy energy flux at fN,S and from
asymmetries in the energy input to the atmosphere within
the tropical latitude belt betweenfS andfN, for example,
by asymmetries in ocean energy flux divergence. On

FIG. 1. Qualitative behavior of the ITCZ position (large dots) as
the northward cross-equatorial atmospheric energy flux hyhi0 de-
creases (blue line) and as the net energy input to the equatorial
atmosphere S0 2L0 2O0 5 ›yhyhi0 increases (red line). Decreased
northward energy flux at the equator shifts the zero of the energy
flux and hence the ITCZ poleward. Increased energy input increases
the divergence (slope) of the energy flux and shifts its zero and hence
the ITCZ equatorward.

2A slightly more accurate relation is obtained if the net energy
input in the denominator is not evaluated at the equator but is
averaged between the equator and the ITCZ; however, given the
uncertainties in the inferred net energy input, this makes little
difference in Earth’s atmosphere.
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Bischoff & Schneider (2014)
Solar forcing provokes an increase in tropical energy input 
because it is larger in the tropical mean than CO2 forcing



CO2 forces larger ITCZ shifts than 
comparable S0 increase
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CO2 forces larger ITCZ shifts than 
comparable S0 increase

This shows that the ITCZ position, to first order in d, is
proportional to the negative of the atmospheric energy
flux across the equator hyhi0, with the sensitivity of this
dependence (the proportionality ‘‘constant,’’ which need
not be constant) determined by the net energy input to
the equatorial atmosphere S0 2 L0 2 O0.

2 For Earth’s
annual- and zonal-mean equatorial net energy input of
about 10–20Wm22 (Fasullo and Trenberth 2008), it im-
plies that the ITCZ shifts approximately 18–28 southward
for every 0.1PW increase in northward cross-equatorial
atmospheric energy transport, holding the net energy
input fixed.
Equation (3) provides a first-order quantitative basis

for understanding the anticorrelation between cross-
equatorial energy transport and ITCZ position seen in
GCM simulations (e.g., Kang et al. 2008, 2009; Frierson
and Hwang 2012; Donohoe et al. 2013). Additionally, it
explains how and by how much the ITCZ can shift in
response to equatorial changes that may not have a sig-
nature in cross-equatorial energy transport: If the net
energy input to the equatorial atmosphere in the de-
nominator of Eq. (3) changes, the sensitivity of the ITCZ
position to cross-equatorial energy transport changes,
and that alone can shift the ITCZ (see Fig. 1 for an

illustration). For example, the increased net energy input
to the equatorial atmosphere during El Ni~no by itself
(apart from any change in cross-equatorial energy trans-
port) implies an equatorward shift of the ITCZ according
toEq. (3), as is in fact observed (e.g., Dai andWigley 2000;
Berry and Reeder 2014). Changes in the net energy input
to the equatorial atmosphere may also explain why the
ITCZ shifts as tropical cloud parameterizations are varied
in GCMs (Kang et al. 2008, 2009).
The linear approximation implicit in Eq. (3) gives the

exact position of the zero of the atmospheric energy flux
if the energy flux varies linearly with latitude in the
vicinity of the equator (as illustrated in Fig. 1). Where
this is inaccurate—that is, where the energy flux varies
more strongly with latitude near the equator, as it does
regionally—higher-order terms in the expansion, in-
volving higher derivatives of the atmospheric energy flux
near the equator, may be needed to improve the appro-
ximation.However, in the zonal and annualmean, Eq. (3)
approximates the zero of the atmospheric energy flux to
within 18–28 accuracy, according to the data provided by
Fasullo and Trenberth (2008).
To connect the cross-equatorial energy transport to

interhemispheric asymmetries, we integrate the energy
balance [Eq. (1)] separately from the equator to the lati-
tudes fN and fS near the northern and southern edges of
theHadley circulation where themeanmeridional energy
flux hyhi vanishes, and the total flux hyhi5 hyhi1 hy 0h0i
approximately reduces to the eddy flux hy 0h0i. In the
present climate, this occurs near fN,S ’ 6358. The two
integrations yield two expressions that can be combined
to give the cross-equatorial atmospheric energy flux in
terms of interhemispheric asymmetries in eddy energy
fluxes at fS and fN and in the net atmospheric energy
input between fS and fN,

hyhi0’ fhy 0h0igNS 2

!ðy

0
(S2L2O) dy

#N

S

. (4)

Here, the braces f!gNS denote the arithmetic mean of (!)
evaluated at fN and fS. This relation is diagnostic in the
sense that the location where the mean meridional en-
ergy flux vanishes is not a constant but may change with
climate. For a hemispherically symmetric planet, the
eddy energy flux and input integral on the right-hand
side of Eq. (4) are hemispherically antisymmetric; their
arithmetic means at fN and fS are zero, and so is the
cross-equatorial atmospheric energy flux. Any nonzero
cross-equatorial atmospheric energy flux arises from
asymmetries in the eddy energy flux at fN,S and from
asymmetries in the energy input to the atmosphere within
the tropical latitude belt betweenfS andfN, for example,
by asymmetries in ocean energy flux divergence. On

FIG. 1. Qualitative behavior of the ITCZ position (large dots) as
the northward cross-equatorial atmospheric energy flux hyhi0 de-
creases (blue line) and as the net energy input to the equatorial
atmosphere S0 2L0 2O0 5 ›yhyhi0 increases (red line). Decreased
northward energy flux at the equator shifts the zero of the energy
flux and hence the ITCZ poleward. Increased energy input increases
the divergence (slope) of the energy flux and shifts its zero and hence
the ITCZ equatorward.

2A slightly more accurate relation is obtained if the net energy
input in the denominator is not evaluated at the equator but is
averaged between the equator and the ITCZ; however, given the
uncertainties in the inferred net energy input, this makes little
difference in Earth’s atmosphere.

1 JULY 2014 B I S CHOF F AND SCHNE IDER 4939

Solar forcing provokes an increase in tropical energy input 
because it is larger in the tropical mean than CO2 forcing


