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ABSTRACT: Climate models generally predict a poleward shift of the midlatitude circulation in response to climate
change induced by increased greenhouse gas concentration, but the intermodel spread of the eddy-driven jet shift is large
and poorly understood. Recent studies point to the significance of midlatitude midtropospheric diabatic heating for the in-
termodel spread in the jet latitude. To examine the role of diabatic heating in the jet response to climate change, a series of
simulations are performed using an idealized aquaplanet model. It is found that both increased CO2 concentration and in-
creased saturation vapor pressure induce a similar warming response, leading to a poleward and upward shift of the midlat-
itude circulation. An exception to this poleward shift is found for a certain range of temperatures, where the eddy-driven
jet shifts equatorward, while the latitude of the eddy heat flux remains essentially unchanged. This equatorward jet shift is
explained by the connection between the zonal-mean momentum and heat budgets: increased diabatic heating in the
midlatitude midtroposphere balances the cooling by the Ferrel cell ascending branch, enabling an equatorward shift of the
Ferrel cell streamfunction and eddy-driven jet, while the latitude of the eddy heat flux remains unchanged. The equator-
ward jet shift and the strengthening of the midlatitude diabatic heating are found to be sensitive to the model resolution.
The implications of these results for a potential reduction in the jet shift uncertainty through the improvement of convec-
tive parameterizations are discussed.

SIGNIFICANCE STATEMENT: The latitude of the eddy-driven jet displays considerable variation in climate models,
and the factors influencing this variability are poorly understood. This work connects the strength of midlatitude diabatic
heating to the structure of the midlatitude circulation and the eddy-driven jet latitude. The direction of the eddy-driven
jet shift in response to climate change is found to depend on the diabatic heating response, which in turn depends on the
parameterized convective heating. These results highlight the role of convective parameterizations in the representation
of the midlatitude circulation in climate models. Additionally, the results imply that the eddy-driven jet shift cannot be
explained solely based on the storm-track response to climate change, in contrast with previously suggested explanations.

KEYWORDS: Atmospheric circulation; Diabatic heating; Jets; Storm tracks; Climate change; Idealized models

1. Introduction

The location and intensity of the midlatitude jet stream and
storm track largely determine the structure and properties of
the extratropical climate. Climate models from both phases 5
and 6 of the Coupled Model Intercomparison Project (CMIP5
and CMIP6) generally predict a poleward shift of the midlati-
tude circulation in response to climate change induced by in-
creased greenhouse gas concentration. This shift includes the
eddy-driven jet and the midlatitude storm track. Notably, a
more robust poleward shift is identified in the Southern
Hemisphere than in the Northern Hemisphere (e.g., Chang
et al. 2012; Barnes and Polvani 2013; Vallis et al. 2015; Curtis
et al. 2020). The intermodel spread of the poleward jet shift in

response to climate change is quite large, with several models
showing an equatorward jet shift for certain seasons. The
mechanism responsible for the poleward shift of the mid-
latitude circulation is a subject of ongoing research, and several
explanations have been proposed (Shaw 2019 and references
therein). Studying the circulation response to climate change us-
ing idealized general circulation models (GCMs) with different
levels of complexity has progressed the theoretical under-
standing of this response (e.g., O’Gorman and Schneider
2008a; Butler et al. 2010; Lu et al. 2010; Kidston et al. 2011;
Chen et al. 2013; Shaw and Tan 2018; Tan et al. 2019), yet
some outstanding questions remain. The focus of this study
will be on the role of midlatitude diabatic heating in the mid-
latitude circulation response to climate change, which has re-
ceived relatively little attention despite its importance.

Diabatic heating in the midlatitude midtroposphere is dom-
inated by latent heating associated with midlatitude storms,
which is partly offset by radiative cooling. Latent heating is
generally expected to increase in response to global warming
due to moisture increase following the Clausius–Clapeyron
relation, but it is also affected by changes in the dynamics
(Held and Soden 2006; O’Gorman and Schneider 2008b).
Midlatitude diabatic heating was found to enhance the poleward
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deflection of storms in response to warming (Tamarin and Kaspi
2017). Moisture increase in response to climate change was found
to account for most of the poleward jet shift, while cloud radiative
effects play a secondary role (Tan and Shaw 2020). Recently,
Lachmy (2022) found a high correlation between the strength of
midlatitude midtropospheric diabatic heating and the latitudinal
separation between the eddy heat flux and the eddy-driven jet
in the intermodel spread of CMIP6 models. Lachmy (2022)
further showed that the responses of eddy heat flux and
diabatic heating in CMIP6 models have comparable roles in
balancing the momentum source response associated with the
poleward jet shift. These studies indicate that midlatitude
diabatic heating is an important factor in the midlatitude cir-
culation response to climate change. Taking this factor into
account could potentially fill some gaps in the theoretical un-
derstanding of this response.

One of the unresolved issues regarding the jet response to
climate change is the relation between the eddy-driven jet
shift and the shift of the baroclinic zone. Some studies based
their explanations for the poleward shift of the eddy-driven
jet on a mechanism for the poleward shift of the baroclinic
zone and the eddy heat flux, assuming that the eddy-driven
jet and eddy heat flux shift together, which is a valid as-
sumption in most cases (e.g., Frierson 2008; Lu et al. 2008;
Butler et al. 2011; Voigt and Shaw 2016). In contrast, other
studies found that the eddy heat flux shifts poleward in re-
sponse to climate change, while the eddy-driven jet shifts
equatorward in an idealized GCM, under certain conditions
(Pfahl et al. 2015; Dwyer and O’Gorman 2017; Lachmy and
Shaw 2018; Tan et al. 2019; Davis and Birner 2022). While
these opposite shifts depend on the model configuration, and
specifically on the radiation parameterization (Tan et al. 2019;
Davis and Birner 2022) and convective parameterization
(Garfinkel et al. 2024), they indicate that the latitudinal
shift of the eddy-driven jet could not be fully explained
based on the eddy heat flux shift.

The latitudinal separation between the eddy heat flux and
eddy-driven jet was found to be related to the strength of
midlatitude midtropospheric diabatic heating in observa-
tions and CMIP6 models (Lachmy and Kaspi 2020; Lachmy
2022). As explained in Lachmy and Kaspi (2020), the latitudes
of maximum eddy heat flux and eddy-driven jet (defined by
the surface westerlies) are collocated if the three following
conditions are satisfied:

1) The maximum eddy heat flux is collocated with the maximum
Ferrel cell (FC) streamfunction. This condition depends
on the heat balance between the eddy heat flux conver-
gence and the adiabatic heating by the Ferrel cell’s vertical
motion.

2) The maximum Ferrel cell streamfunction is collocated
with the maximum near-surface zonal-mean meridional
wind. This condition depends on the vertical alignment of
the Ferrel cell streamfunction.

3) The maximum near-surface meridional wind is collocated
with the maximum surface westerlies. This condition de-
pends on the momentum balance between the Coriolis
force and the drag near the surface.

As shown in Lachmy and Kaspi (2020) and Lachmy (2022),
when the midtropospheric midlatitude diabatic heating balan-
ces a significant portion of the adiabatic cooling by the Ferrel
cell ascending branch, condition 1 is not satisfied and the eddy
heat flux and eddy-driven jet are latitudinally separated, with
the Ferrel cell and eddy-driven jet shifted equatorward rela-
tive to the eddy heat flux maximum.

Here, we will use the theoretical framework of Lachmy and
Kaspi (2020) to examine the role of midlatitude diabatic heat-
ing in the latitudinal jet shift in response to climate change
and its relation to the shift of the eddy heat flux. We use an
idealized GCM to examine the response of midlatitude dia-
batic heating to warming over a wide range of climates, forced
by either increased CO2 concentration or increased saturation
vapor pressure. We examine whether an opposite shift of the
eddy-driven jet and eddy heat flux in response to climate
change can be explained based on the role of midlatitude dia-
batic heating in the zonal-mean heat budget. We consider
only the midtropospheric heat budget, focusing on the pres-
sure levels where the Ferrel cell ascent and descent are con-
centrated. Boundary layer and upper-tropospheric heating
terms are left out of the discussion, since they have little effect
on the Ferrel cell latitudinal structure. Before presenting the
idealized model simulations, we present an analysis of CMIP6
data in order to demonstrate the relation between midlatitude
diabatic heating and the intermodel spread of the jet latitude.

The sensitivity of the eddy-driven jet shift to model resolu-
tion is examined. We find that the direction of the eddy-
driven jet shift in response to climate change is sensitive to
the model resolution, with both eddy momentum fluxes and
latent heating responding differently to climate change de-
pending on the resolution. Biases in the midlatitude circula-
tion due to coarse resolution have been examined in many
previous studies. Several studies found an equatorward jet
bias in the coarser-resolution models (e.g., Pope and Stratton
2002; Gerber et al. 2008; Guemas and Codron 2011; Lu et al.
2015). Studies which examined the hydrological circulation
found that the precipitation due to parameterized convection
decreases with increasing resolution, while the precipitation
due to resolved moisture increases (e.g., Herrington and
Reed 2017; Lin et al. 2023). Our purpose here is not to investi-
gate the effect of increased resolution on the model per-
formance but rather to connect the midlatitude circulation
response to climate change to the diabatic heating response,
using the two resolutions as test cases.

The paper is organized as follows. Section 2 describes the
CMIP6 data and the idealized aquaplanet model used in this
study. Section 3 reviews the equations that we use for analyzing
the model output. The CMIP6 data analysis is presented in
section 4, and the results from the idealized aquaplanet model
simulations are presented in section 5. The conclusions and
discussion are given in section 6.

2. Model and data description

In this study, an analysis of CMIP6 data is presented in or-
der to examine the dependence of the jet latitude on the sur-
face temperature and to demonstrate its connection to the
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eddy heat flux latitude and to the strength of midlatitude dia-
batic heating. The CMIP6 data analysis raises theoretical
questions regarding the connection between the responses of
the jet and the heat budget terms to climate change. To ad-
dress these questions, we use an idealized aquaplanet model
without continents, ice, or clouds, where dynamical mecha-
nisms can be more easily isolated.

a. Analysis of CMIP6 model data

The analysis presented here is limited to the 13 CMIP6
models which output the diabatic heating terms explicitly
(Lachmy 2022). The list of models is given in Table 1. We
compare between the statistically steady-state periods (50-yr
periods; see Lachmy 2022) of the preindustrial and abrupt
43CO2 simulations, focusing on the Southern Hemisphere
(SH) summer. The details of the heat budget and midlatitude
circulation are examined for two of the models: INM-CM4-8
and MIROC-ES2L, which exhibit the weakest and strongest
midlatitude diabatic heating, respectively. The dependence of
the latitude of several midlatitude circulation features on the
mean surface temperature in the midlatitudes is examined.

The calculation of the circulation metrics in the CMIP6
models is performed as follows. The latitudes of maximum
eddy heat flux and diabatic heating in the midlatitude mid-
troposphere are calculated after averaging the respective
variables over the 410–690-hPa pressure levels. The diabatic
heating strength is averaged over the same pressure range
(410–690 hPa) and a range of 58 latitude on each side of the
diabatic heating maximum. The pressure levels for averaging
the diabatic heating and the eddy heat flux were chosen in or-
der to capture their role in the midtropospheric heat budget,
which is connected to the Ferrel cell streamfunction. The
eddy-driven jet latitude is calculated as the latitude of maxi-
mum zonal-mean zonal wind at the pressure level of 860 hPa.
This choice is aimed at capturing the latitude of maximum
surface westerlies, while avoiding the pressure levels that are
partly below the surface. Before calculating the latitudes of
maxima, each variable is interpolated at a 0.18 interval using
spline interpolation. The vertical level of maximum diabatic
heating is calculated within the range of 410–790 hPa, in order
to capture its location in all the models. The midlatitude
mean surface temperature (MidLatMST) is calculated by av-
eraging the temperature over latitudes 408–608S at the surface.
The results of this analysis are presented in section 4.

b. Idealized model simulations

The idealized aquaplanet model used in this study is the
Model of an Idealized Moist Atmosphere (MiMA; Jucker and
Gerber 2017), which is based on the GFDL dynamical core
and a previous aquaplanet model (Frierson et al. 2006), with
several modifications. MiMA is considered to be an interme-
diate-complexity model, since it includes more sophisticated
diabatic processes than dry dynamical core models, yet it is
simplified compared to comprehensive climate models (Maher
et al. 2019). The model includes interactive water vapor with
latent heat release modeled by a large-scale condensation
scheme, Betts–Miller convection (Betts 1986; Betts and Miller

1986) with the simplified version described in Frierson (2007).
Additionally, the model uses a mixed layer ocean, a Monin–
Obukhov boundary layer scheme, and a rapid radiative transfer
model (RRTM) radiation scheme (Iacono et al. 2000). The
radiation scheme includes the radiative effects of CO2, ozone,
and water vapor, while only the latter is a prognostic variable
of the model.

More details of the model can be found in Frierson et al.
(2006) (regarding the dynamical core, boundary conditions,
surface fluxes, boundary layer, and large-scale condensation
parameterizations), Frierson (2007) (regarding the convective
parameterization), and Jucker and Gerber (2017) (regarding
the radiative parameterization). An example for the applica-
tions of this model can be found in Garfinkel et al. (2020). We
chose to use this model since moist processes are essential for
capturing the effect of diabatic heating in midlatitudes and
since the full radiative scheme in this model produces a more
realistic circulation than the gray radiation scheme used in the
previous aquaplanet model of Frierson et al. (2006), as shown
in Tan et al. (2019).

The results presented in this study show sensitivity to the
convective heating term in the heat equation; therefore, we
dedicate special attention to the convective parameterization.
The Betts–Miller convection scheme relaxes the temperature
and humidity to specified equilibrium profiles. We follow the
choice of Frierson (2007) and use the virtual pseudoadiabat
for the temperature equilibrium profile and a constant rela-
tive humidity of 0.7 for the humidity equilibrium profile. The
model is configured to include deep convection, but without
shallow convection. To ensure moist enthalpy conservation in
the vertical integral, the time scales of the temperature and
humidity relaxation are adjusted so that the precipitation
rates associated with humidity and temperature tendencies
would be equal (the namelist parameter for this option in the
model is called “do_simp”; see Frierson 2007). This scheme
also ensures water conservation, since the convective precipi-
tation is equal to the vertical integral of the water vapor loss
due to convection.

TABLE 1. Specifications of CMIP6 models considered in this
study. The models marked in boldface are those for which the
spatial distribution of the heat budget terms is shown in Fig. 1.

Modeling
protocol Model Experiment

CMIP6 CESM2 Preindustrial and
abrupt 43CO2CESM2-FV2

CESM2-WACCM
CESM2-WACCM-FV2
CNRM-CM6-1
CNRM-ESM2-1
GFDL-CM4
INM-CM4-8
INM-CM5-0
IPSL-CM5A2-INCA
IPSL-CM6A-LR
MIROC-ES2L
MIROC6
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To obtain the simplest possible configuration for capturing
the dynamical link between diabatic heating and the midlati-
tude circulation, we use an aquaplanet system with zonally
symmetric boundary conditions, with no clouds, continents, or
ice. The model was run in the equinox configuration. This
configuration is compared with the SH summer in CMIP6
models. The motivation for these choices is their relative simi-
larity. The SH summer exhibits relatively weak zonal asym-
metries, which makes it reasonable to compare with a zonally
symmetric model. The model circulation in a summer configu-
ration is very weak compared to the real SH summer circula-
tion; therefore, we choose to use an equinox configuration,
which creates a stronger midlatitude circulation.

To examine the changes in the atmospheric circulation due
to increased moisture and the response to climate change,
two control parameters are systematically varied. One param-
eter is the humidity factor (HF; 0.8, 0.9, 1.0, 1.1, and 1.2),
which multiplies the saturation vapor pressure (SVP) in the
Clausius–Clapeyron equation (as in Frierson et al. 2006, see
section 3e). A higher HF leads to increased moisture content
and increased latent heat release. The second parameter is
the CO2 concentration (300, 400, 500, and 600 ppm). Both
of these parameters affect the temperature and the amount
of moisture in the atmosphere. When CO2 levels rise, it
leads to increased temperatures resulting in increased atmo-
spheric moisture due to the Clausius–Clapeyron relation.
Increased HF directly increases not only the amount of
moisture for a given temperature but also the temperature.
This is because the water vapor radiative effect is included
in the model, which amplifies the greenhouse effect when
the air becomes moister. Additionally, increased humidity
enhances the atmospheric static stability (Frierson et al. 2006).
The range of parameters used leads to a wide range of climates
(Table 2).

All the simulations include 50 model levels in the vertical
direction. The model simulations are repeated using two hori-
zontal resolutions (T42 and T85), in order to examine the sen-
sitivity of the results to model resolution. Model simulations
are carried out for a 70-yr period. The results are averaged
over the statistically steady-state period of the last 20 years of
each simulation. The first 50-yr period is considered as spinup,
since the warmest simulations take almost 50 years to reach a
steady state. Excluding the parameters for representing land
and other zonal asymmetries, model parameters are as in
Jucker and Gerber (2017) unless specified otherwise. We use
a constant albedo of 0.26 in order to obtain relatively realistic
surface temperatures.

c. Analysis of the idealized model simulations

The calculation of the circulation metrics in the idealized
model, which are presented in section 5, is performed as
follows. The latitudes of maximum eddy heat flux, diabatic
heating, and Ferrel cell streamfunction are calculated after
vertically averaging over the 400–800-hPa pressure levels. The
diabatic heating strength is calculated by averaging over the
same pressure levels (400–800 hPa) and a range of 58 around
the latitude of diabatic heating maximum. This range of levels

is chosen to capture the role of the heating terms in the mid-
tropospheric heat budget. It is slightly different from the mid-
tropospheric pressure level range we used for the CMIP6 data
analysis because we use the pressure levels for which the data
are available. In both cases, the range used is around the level
of maximum Ferrel cell streamfunction, where the structure
of the heating terms can be connected to the Ferrel cell struc-
ture using the theoretical framework of Lachmy and Kaspi
(2020) (see section 1).

The vertical level of maximum diabatic heating and the ver-
tical level where diabatic heating changes sign from positive
to negative as the pressure decreases are calculated after lati-
tudinally averaging the diabatic heating over 358–558N. The
eddy-driven jet latitude is calculated using the zonal-mean
zonal wind at 950 hPa. This level was chosen to capture the
maximum surface westerlies, but the latitude of maximum
zonal wind is not very sensitive to the choice of level within
the lower troposphere. For the calculation of the latitudes of
maxima, the respective variables are interpolated at the 0.18
interval to get a finer grid, as we considered in the CMIP6
data analysis.

3. Diagnostics

In this section, we review the diagnostic equations that we
use for analyzing the output from the CMIP6 models and
from the idealized aquaplanet model.

TABLE 2. Experimental setup using the idealized GCM MiMA.
The control parameters are the HF and the CO2 concentration.
GMST and SVP are the global mean surface temperature and
global mean surface saturation vapor pressure, respectively,
averaged over the statistically steady-state period. The model
resolutions are denoted by the truncation wavenumbers: T42
and T85.

HF

CO2

concentration
(ppm)

T42 T85

GMST
(K)

SVP
(hPa)

GMST
(K)

SVP
(hPa)

0.8 300 286.28 12.14 285.57 11.58
400 287.37 13.04 286.62 12.41
500 288.25 13.81 287.46 13.11
600 288.99 14.5 288.18 13.75

0.9 300 287.94 15.23 287.08 14.39
400 289.12 16.44 288.19 15.48
500 290.08 17.5 289.11 16.43
600 290.91 18.45 289.9 17.29

1.0 300 289.81 19.1 288.71 17.79
400 291.12 20.78 289.95 19.27
500 292.23 22.31 290.98 20.59
600 293.23 23.75 291.89 21.82

1.1 300 292.08 24.3 290.63 22.15
400 293.75 27 292.13 24.37
500 295.3 29.74 293.37 26.36
600 296.79 32.61 294.47 28.23

1.2 300 295.57 32.99 293.09 28.25
400 298.4 39.25 295.07 31.98
500 301.41 47.08 296.99 36
600 306.77 64.44 299.02 40.75
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a. Heat budget calculation

The zonal-mean atmospheric heat budget is calculated as
a function of pressure and latitude using [e.g., Holton 2004,
Eq. (3.6)]

­T
­t

52
y

a
­T
­f

2 v
­T
­p

2 k
T
p

( )
2

1
a cosf

­[cosf(y ′T′ )]
­f

2
­(v′T′ )

­p
2 k

v′T′
p

[ ]
1

J
cp

, (1)

where T, y , and v are the temperature, meridional wind, and
vertical wind in the pressure coordinates, respectively; p is the
pressure; f is the latitude; J is the total diabatic energy ten-
dency; cp is the specific heat capacity of dry air at constant
pressure; Rd is the gas constant of dry air and k equals Rd/cp;
and a is Earth’s radius. An overbar denotes the zonal averaging,
and a prime denotes the deviation from the zonal average.

In Eq. (1), the first term on the right-hand side,2(y /a)(­T /­f),
is the meridional temperature advection by the mean flow, the
second term, 2v[(­T /­p)2 k(T /p)], is the adiabatic term asso-
ciated with the zonal-mean vertical motion (hereafter Ferrel cell
heating rate), the third term,2[1/(a cosf)]{­[cosf(y ′T′ )]/­f}, is
the meridional eddy heat flux convergence, the fourth term,
2{[­(v′T′ )/­p]2 k(v′T′ /p)}, is the vertical eddy heat flux heating
rate, and the fifth term, J /cp, is the diabatic heating rate due to
convection, condensation, diffusion, and radiation.

The observational study of Lachmy and Kaspi (2020) found
that the meridional temperature advection by the mean flow
(first term) is negligible and the rest of the terms close the
time-mean zonal-mean atmospheric heat budget:

2v
­T
­p

2 k
T
p

( )
2

1
a cosf

­[cosf(y ′T′ )]
­f

2
­(v′T′ )

­p
2 k

v′T′
p

[ ]
1

J
cp

’ 0: (2)

In the CMIP6 data analysis presented in section 4, we use
the term “eddy heat flux heating rate” to refer to the sum of
the meridional eddy heat flux convergence (second term on the
left-hand side of Eq. (2), 2[1/(a cosf)]{­[cosf(y ′T′ )]/­f}) and
the vertical eddy heat flux heating rate (third term on the left-
hand side of Eq. (2), 2{[­(v′T′ )/­p]2 k(v′T′ /p)}). The eddy
heat flux heating rate is calculated by subtracting the Ferrel
cell heating rate from the temperature tendency due to advection
(as in Lachmy 2022). The diabatic heating rate is defined as the
“temperature tendency from model physics” in the CMIP6 data
output, which consists of the heating due to radiation, large-scale
condensation, convection, and boundary layer processes.

b. Mass streamfunction calculation

The zonal-mean meridional mass streamfunction C is de-
rived using

C(f, p) 5 2pa cosf
g

�p

0
ydp′, (3)

where g is the gravitational acceleration of Earth.

c. Moisture budget calculation

The zonal-mean atmospheric moisture budget equation is

­q
­t

52
y

a
­q
­f

2 v
­q
­p

2
1

a cosf
­[cosf(y ′q′ )]

­f
2

­(v′q′ )
­p

1 S,

(4)

where q is the specific humidity (also referred to as moisture)
and S is the net source of specific humidity from condensa-
tion, convection, and diffusion. In Eq. (4), the first term on
the right-hand side, 2(y /a)(­q/­f), is the meridional moisture
advection by the mean flow, the second term, 2v(­q/­p), is
the vertical moisture advection by the mean flow, the third
term, 2[1/(a cosf)]{­[cosf(y ′q′ )]/­f}, is the meridional eddy
moisture flux convergence, and the fourth term, 2­(v′q′ )/­p,
is the vertical eddy moisture flux convergence.

The specific humidity tendency due to advection is calcu-
lated as the sum of the four first terms on the right-hand side
of Eq. (4). In a statistically steady state, the left-hand side of
(4) is near zero and the specific humidity tendency due to ad-
vection is equal to minus the net source term (2S). In the ide-
alized model, the net source term represents the sum of the
specific humidity tendency from physical parameterizations
(large-scale condensation, convection, and diffusion). In our
model data analysis, the moisture budget terms are multiplied
by Ly/cp to express them in temperature tendency units.

d. Momentum budget calculation

The zonal-mean atmospheric momentum budget equation
is

­u
­t

5 fy 2
y

a
1

cosf
­[cosf(u)]

­f
2 v

­u
­p

2
1

a cos2f
­[cos2f(u′y ′ )]

­f
2

­(v′u′ )
­p

2 Fx , (5)

where u is the zonal wind, f is the Coriolis parameter, and Fx

is the friction. In Eq. (5), the first term on the right-hand side,
fy , is the Coriolis force, the second term, 2(y /a)(1/cosf)
{­[cosf(u)]/­f}, is the meridional momentum advection by
the mean flow, the third term, 2v(­u/­p), is the vertical mo-
mentum advection by the mean flow, the fourth term,
2[1/(a cos2f)]{­[cos2f(u′y ′ )]/­f}, is the meridional eddy mo-
mentum flux convergence, and the fifth term, 2[­(v′u′ )/­p], is
the vertical eddy momentum flux convergence.

e. Clausius–Clapeyron equation

The Clausius–Clapeyron equation is used for calculating the
saturation vapor pressure in the aquaplanet model, given the
temperature and assuming fixed latent heat of vaporization
[Frierson et al. 2006, Eq. (22)]:

P(T) 5 P(T0)exp 2
Ly

Ry

( )
1
T
2

1
T0

( )[ ]
, (6)

where P(T) is the saturation vapor pressure at temperature T,
T0 5 273.16 K is a constant reference temperature, Ry is the
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gas constant for water vapor, and Ly is the latent heat of
evaporation.

In the idealized aquaplanet model, the reference saturation
vapor pressure P(T0) is multiplied by a nondimensional pa-
rameter, which we call “the humidity factor” (see section 2b).
HF controls the humidity content in the atmosphere through
the saturation vapor pressure (as in Frierson et al. 2006). To
calculate the saturation vapor pressure in the model, we mul-
tiplied HF by the vapor pressure calculated using Eq. (6),
where Ly 5 2.5 3 106 J kg21, Ry 5 461.5 J kg21 K21, and
P(T0)5 610.78 Pa.

4. Midlatitude atmospheric circulation in CMIP6 models

a. The heat budget and its response to climate change

The latitude of the eddy-driven jet shows a large intermodel
variability in CMIP6 models, though this variability is reduced
compared to CMIP5 (Curtis et al. 2020). Lachmy (2022)
found a negative correlation between the midlatitude diabatic
heating strength and the eddy-driven jet latitude during SH
summer in the intermodel variability in CMIP6 models. Here,
we examine the climatological heat budget in two extreme
cases: one model with strong midlatitude diabatic heating and
a more equatorward eddy-driven jet (MIROC-ES2L) and an-
other model with weak diabatic heating and a more poleward
eddy-driven jet (INM-CM4-8). The heat budget terms, mass
streamfunction, and zonal-mean zonal wind in these two models
(marked in boldface in Table 1) are shown in Fig. 1. The heat
budget terms presented in Fig. 1 are defined in section 3a.

To keep the analysis relatively simple, only the SH summer
[December–February (DJF)] is considered. The colored shad-
ing in Fig. 1 represents the preindustrial climate and the col-
ored contours represent the response to climate change
defined as the difference between the abrupt 43CO2 experi-
ment and the preindustrial experiment. The gray solid and
dashed lines in Fig. 1 represent the mass streamfunction of
the atmospheric circulation in the preindustrial experiment.

There are notable differences in the structure of the midlat-
itude circulation between the two models, which can be un-
derstood in terms of the zonal-mean heat and momentum
budgets. The Ferrel cell mass streamfunction is relatively
weak and wide in INM-CM4-8 compared to MIROC-ES2L.
The polar cell is confined to the polar region in INM-CM4-8,
while in MIROC-ES2L, it is quite established at 608S.
Consistent with the differences in the structure of the mass
streamfunction, the region of the strongest negative Ferrel
cell heating rate in the midtroposphere is more poleward in
INM-CM4-8 (around latitude 608S), where it is balanced
mostly by the eddy heat flux heating rate [Figs. 1a(1),b(1),c(1)],
while in MIROC-ES2L, it is located more equatorward (around
latitude 508S), and it is mostly balanced by diabatic heating
[Figs. 1a(2),b(2),c(2), note the positive maximum of diabatic
heating around 600 hPa and 508S and the strong negative val-
ues of the Ferrel cell heating rate around the same location,
while the eddy heat flux heating rate there is nearly zero]. The
jet stream is located inside the Ferrel cell in both models
[Figs. 1d(1),d(2)]. The jet is more equatorward in the MIROC-

ES2L model, consistent with the more equatorward Ferrel cell
maximum streamfunction.

The conditions for the collocation of the eddy heat flux and
eddy-driven jet suggested by Lachmy and Kaspi (2020) (see
section 1) can be used to interpret the circulation differences
between these two models. The latitudes of maximum eddy
heat flux and Ferrel cell streamfunction in the midtropo-
sphere are closer in the INM-CM4-8 model compared to the
MIROC-ES2L model. This can be seen by comparing the
maximum streamfunction and the latitude of zero eddy heat
flux heating rate around 600 hPa in Figs. 1b(1) and 1b(2) (in
the INM-CM4-8 model, the maximum eddy heat flux latitude
is 47.98S and the maximum Ferrel cell streamfunction latitude
is 48.28S in the preindustrial experiment, whereas in the
MIROC-ES2L model, these latitudes are at 49.88 and 43.18S,
respectively). This means that condition 1 is approximately
satisfied in INM-CM4-8, but not in MIROC-ES2L. The eddy-
driven jet is located inside the Ferrel cell (in both models,
consistent with conditions 2 and 3) and is thus closer to the
maximum eddy heat flux in the INM-CM4-8 model compared
to the MIROC-ES2L model.

A strong positive correlation between midlatitude diabatic
heating and the latitudinal separation between the eddy heat
flux and eddy-driven jet in CMIP6 models was found in
Lachmy (2022). The comparison between the heat budgets of
the two models demonstrates that this correlation can be ex-
plained by the conditions suggested in Lachmy and Kaspi
(2020). As shown in Lachmy (2022), the eddy heat flux peak
latitude is almost constant across various models, when con-
sidered separately for each of the experiments (preindustrial
and abrupt 43CO2). Consequently, a higher latitudinal sepa-
ration between the eddy heat flux and the eddy-driven jet is
associated with a more equatorward eddy-driven jet. This ex-
plains the negative correlation between diabatic heating and
the eddy-driven jet latitude found in Lachmy (2022).

In terms of the response to climate change, a poleward and
upward shift is noticed in the Ferrel cell heating rate, the heat-
ing rate due to total eddy heat flux, diabatic heating, and the
jet stream in both models, with a more notable poleward shift
in the MIROC-ES2L model. Note that the MIROC-ES2L
model has a more equatorward eddy-driven jet latitude in the
preindustrial simulation and a stronger poleward shift in re-
sponse to climate change, compared with INM-CM4-8. This is
consistent with previous studies, which found a negative cor-
relation between the preindustrial jet latitude and the pole-
ward jet shift in response to climate change (Kidston and
Gerber 2010; Simpson and Polvani 2016; Curtis et al. 2020;
Simpson et al. 2021).

b. Latitudinal shifts as a function of surface temperature

Previous studies explained the poleward shift of the eddy
heat flux and eddy-driven jet in response to climate change
based on the poleward shift of the baroclinically unstable
zone with increased surface temperature due to increased
static stability on the equatorward side of the baroclinic zone
(e.g., Frierson 2008; Lu et al. 2010; Butler et al. 2011). Follow-
ing this reasoning, we would expect the maximum eddy heat
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flux to be located more poleward in models with a higher sur-
face temperature. The latitude of the eddy-driven jet would
follow the latitude of the maximum eddy heat flux to the ex-
tent that conditions 1–3 from Lachmy and Kaspi (2020) are
satisfied. However, the relation between the latitudes of the
eddy heat flux and eddy-driven jet could be modified due to

the intermodel spread in midlatitude diabatic heating, as sug-
gested in Lachmy (2022) and demonstrated in the previous
subsection. This is because in models with a strong midlatitude,
diabatic heating condition 1 is not satisfied. Here, we examine
how the intermodel spread in surface temperature in the mid-
latitudes is related to the spread in the eddy-driven jet latitude.

FIG. 1. Heat budget terms and the zonal-mean zonal wind in the SH summer (DJF) in the preindustrial experiment
(shaded colors) and the response to quadrupled CO2 concentration (colored contours) for two different CMIP6 models:
INM-CM4-8 and MIROC-ES2L. The heating terms include (a1),(a2) Ferrel cell heating rate (K day21), (b1),(b2) eddy
heat flux heating rate (K day21), (c1),(c2) diabatic heating rate (K day21), and (d1),(d2) the zonal-mean zonal wind
(m s21). Solid and dashed gray contours represent the positive and negative values of the mass streamfunction in the pre-
industrial experiment, respectively, with a contour interval of 53 109 kg s21. The zero contour is omitted.
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The CMIP6 intermodel variability of the latitudes of maxi-
mum eddy heat flux, eddy-driven jet and diabatic heating, and
the vertical level of maximum diabatic heating along with the
strength of diabatic heating are plotted as a function of the
mean midlatitude surface temperature in Fig. 2, for the prein-
dustrial (marked by circles) and abrupt 43CO2 (marked by
squares) experiments (see section 2a for the analysis methods).
A poleward shift of the eddy heat flux, eddy-driven jet, and
diabatic heating can be observed in response to climate
change (Figs. 2a–c). The midlatitude surface temperature
changes widely between models. In all the models, the tem-
perature increases in response to quadrupled CO2, but the in-
termodel differences in surface temperature are of the same
order of magnitude as the response to quadrupled CO2.

It can be seen that the poleward shift of the eddy heat flux
latitude is quite monotonic as a function of temperature, with

a high correlation (0.85 in the preindustrial experiment, 0.90
in the abrupt 43CO2 experiment, and 0.96 for the two experi-
ments together, Fig. 2a). This relation is consistent with theo-
retical arguments put forward in previous studies (e.g., Lu
et al. 2010; Shaw 2019). A positive correlation can be ob-
served between the mean midlatitude surface temperature
and the latitudes of the eddy-driven jet (0.31, 0.36, and 0.57 in
the preindustrial, abrupt 43CO2, and two experiments together,
respectively; Fig. 2b) and diabatic heating (0.52, 0.44, and 0.74 in
the preindustrial, abrupt 43CO2, and two experiments together,
respectively; Fig. 2c), but these correlations are weaker and less
significant than the correlation between the midlatitude surface
temperature and the eddy heat flux latitude.

As explained above, increased midlatitude midtropospheric
diabatic heating is associated with a larger separation between
the eddy heat flux and eddy-driven jet. The larger separation
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FIG. 2. (top) Latitudes of maxima of the following variables in CMIP6 models (Table 1) for the SH summer vs mean midlatitude surface
temperature (MidLatMST): (a) eddy heat flux (EHF), (b) eddy-driven jet (EDJ), and (c) midlatitude diabatic heating (DH). (middle)
Shown are (d) vertical level of maximum DH vs MidLatMST, (e) DH strength vs MidLatMST, and (f) EDJ latitude vs DH strength.
(bottom) The response (denoted by D) of the following variables to climate change vs the MidLatMST response: (g) DH level, (h) DH
strength, and (i) the EHF–EDJ latitudinal separation. The circles, squares, and triangles represent the preindustrial experiment, the abrupt
43CO2 experiment, and the response, respectively, with the color representing the model. Empty markers represent the multimodel mean.
Larger markers represent the models for which the heat budget is presented in Fig. 1. The correlation r between the variables within each
panel is written in the bottom of each panel with its p value, where blue, red, black, and purple colors represent the preindustrial, abrupt
43CO2, both experiments together, and the response, respectively. For the correlations, we consider the latitude as positive in the SH.
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between the eddy heat flux and eddy-driven jet in models
with stronger diabatic heating is mostly expressed by a more
equatorward eddy-driven jet, while the differences in the
eddy heat flux latitude between the models are more subtle
(Figs. 4d–f of Lachmy 2022). The negative correlation be-
tween the eddy-driven jet latitude and midlatitude diabatic
heating for each of the experiments separately is shown in
Fig. 2f, similar to the result shown in Lachmy (2022).

Midlatitude diabatic heating depends on the circulation and
on temperature. In terms of temperature dependence, latent
heating, which is the dominant component of diabatic heating
in the midlatitudes, is expected to intensify in a warmer cli-
mate. This is due to an increase in moisture content following
the Clausius–Clapeyron relation. Additionally, as surface tem-
peratures rise, condensation is expected to occur at higher
altitudes, leading to higher-level latent heating. The level of
maximum midlatitude diabatic heating and its strength increase
with climate change, but are not significantly correlated with
temperature in the intermodel spread of each individual experi-
ment (Figs. 2d,e). The reason for this lack of significant correla-
tion between midlatitude diabatic heating and temperature is
beyond the scope of this work. We point to the possibility that
different convective parameterizations in different models could
contribute to the large intermodel spread in diabatic heating, as
these parameterizations were shown to contribute to the spread
in the lapse rate and jet latitude by Fuchs et al. (2023).

These results suggest that the responses of midlatitude dia-
batic heating and eddy heat flux to increased temperatures
may have opposite effects on the eddy-driven jet latitude. On
the one hand, increased surface temperature causes a pole-
ward shift of the eddy heat flux, which could be associated
with a poleward shift of the eddy-driven jet. On the other hand,
increased midlatitude midtropospheric diabatic heating could
be associated with a more equatorward eddy-driven jet latitude
(Fig. 2f here and Figs. 4 and 5 in Lachmy 2022). The effect of di-
abatic heating could, at least partly, explain the lower correla-
tion of the eddy-driven jet latitude with temperature, compared
to that of the eddy heat flux latitude (Figs. 2a,b).

We further investigate the spread in the response to climate
change. Figures 2g–i show the relation between the responses
of the maximum diabatic heating level, diabatic heating
strength, the latitudinal separation between the eddy heat flux
and eddy-driven jet, and the response of midlatitude mean
surface temperature. The responses, denoted by D, are calcu-
lated as the values in the abrupt 43CO2 experiment minus
the preindustrial. Models with a stronger temperature re-
sponse generally show a stronger upward shift of the diabatic
heating (with a 0.62 correlation, Fig. 2g) and a more pro-
nounced strengthening of the diabatic heating (with a 0.87
correlation, Fig. 2h). Additionally, a stronger temperature
response is correlated with a larger latitudinal separation
response between the eddy heat flux and eddy-driven jet
latitude (with a 0.71 correlation, Fig. 2i). We argue that the re-
lation between the temperature response and the diabatic
heating response explains the relation between the tempera-
ture response and the response of the latitudinal separation
between the eddy heat flux and eddy-driven jet. This argu-
ment is supported by the high correlation (0.93) found by

Lachmy (2022) between the diabatic heating strengthening
and the increase in latitudinal separation in CMIP6 models
(Fig. 5d of Lachmy 2022).

Overall, these results imply a potential role of diabatic heat-
ing in the intermodel spread of the eddy-driven jet latitude
and its response to climate change. To study this connection
systematically, we use a series of idealized model simulations,
presented in the following section.

5. The midlatitude atmospheric circulation response to
climate change in an idealized GCM

The analysis of the CMIP6 output presented in the previous
section suggests that the response of midlatitude diabatic
heating to temperature changes is connected to variations in
the eddy-driven jet latitude. However, the dynamics underly-
ing this connection are difficult to determine using CMIP6
output data due to the complexity of the models, the limited
range of simulated climates for which the relevant data are
available, and the relatively low spatial and temporal resolution
of the available data. For these reasons, we use the idealized
aquaplanet GCM described in section 2b to systematically ex-
amine the responses of midlatitude diabatic heating and the
midlatitude circulation to warming and the connection between
these responses. The model setup and the series of experiments
are described in section 2b and summarized in Table 2.

a. Latitudinal shifts of the midlatitude atmospheric
circulation in response to warming

The latitudes of various metrics in the model simulations
are presented in Fig. 3 as a function of the global mean surface
temperature (GMST) and SVP. It is important to note that the
SVP is a function of the GMST and the humidity factor, as
calculated from Eq. (6) and multiplied by the humidity factor
(see section 2b). SVP is the main variable that determines the
climate, rather than the GMST itself. This can be observed in
Fig. 3, where each SVP value corresponds to a single metric value,
whereas a given GMST corresponds to multiple metric values de-
pending on the humidity factor [e.g., in Fig. 3b(3), the simulations
labeled “600CO2-hf1.0” and “400CO2-hf1.1” have different
eddy-driven jet latitudes, but a similar GMST, while in Fig. 3b(4),
they are shown to have different SVP values]. Replacing the
global mean surface temperature with the midlatitude mean sur-
face temperature yields qualitatively similar results (not shown).

The latitudes shown in Fig. 3 include the maxima of the
eddy heat flux, the eddy-driven jet, the Ferrel cell streamfunc-
tion, and the midlatitude diabatic heating (see section 2c for
the calculation methods). It is found that the eddy heat flux
[Figs. 3a(1)–a(4)], eddy-driven jet [Figs. 3b(1)–b(4)], Ferrel
cell [Figs. 3c(1)–c(4)], and diabatic heating [Figs. 3d(1)–d(4)]
latitudes shift poleward with increased GMST or SVP for low
(T42: first block) and high (T85: second block) resolution sim-
ulations (Fig. 3), with the exception of a certain range of cli-
mates in the T42 simulations. In the T42 simulations, the eddy
heat flux latitude is almost constant between GMST 293 to
296 K (SVP 23–34 hPa) [Figs. 3a(1),a(2)], while the eddy-driven
jet [Figs. 3b(1),b(2)], Ferrel cell maximum streamfunction
[Figs. 3c(1),c(2)], and maximum midlatitude diabatic heating
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[Figs. 3d(1),d(2)] show an equatorward shift in response to
warming or increased SVP at this range of climates.

The absence of an equatorward shift of the eddy-driven jet
in response to increased SVP in the T85 simulations and the
existence of this shift in the T42 simulations for a certain
range of climates could imply that numerical effects are play-
ing a role in this phenomenon. However, an equatorward
shift of the eddy-driven jet in response to climate change was
found in several idealized model studies (Pfahl et al. 2015;
Dwyer and O’Gorman 2017; Lachmy and Shaw 2018; Tan
et al. 2019; Davis and Birner 2022), in some cases when using

T85 resolution (Pfahl et al. 2015). The direction of the eddy-
driven jet shift was found to depend on radiative (Tan et al.
2019; Davis and Birner 2022) and convective (Garfinkel et al.
2024) parameterizations. Even though model configurations
leading to an equatorward jet shift in response to climate
change are generally less realistic, this phenomenon is of
interest, since it challenges our understanding of the mid-
latitude circulation response. Some of the proposed theoretical
explanations for the poleward jet shift in response to climate
change are based on the thermal response, which does not differ
substantially between the cases showing opposite jet shifts
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FIG. 3. The latitudes of various midlatitude circulation metrics in the idealized GCM simulations described in section 2b and Table 2, as
a function of GMST and SVP. Each marker refers to a different simulation, where the CO2 concentration (CO2; ppm) and HF values of
each corresponding simulation are shown in the legend. (a1)–(d1),(a2)–(d2) First and (a3)–(d3),(a4)–(d4) second blocks represent the sim-
ulations using T42 and T85 resolutions, respectively. (first row) The latitude of the EHF maximum and (second row) the latitude of the
EDJ. (third row) The latitude of the maximum of the FC and (fourth row) latitude of the maximum of the midlatitude DH.
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(Tan et al. 2019). We argue here that the equatorward eddy-
driven jet shift in the T42 simulations is related to the re-
sponse of midlatitude diabatic heating to climate change,
which is different in the T85 simulations. While the differ-
ences in the diabatic heating response between the T42 and T85
simulations arise from the different resolutions, these two sets of
simulations provide the opportunity to examine how the circula-
tion response is dynamically related to the diabatic heating re-
sponse. We will examine next the different responses of the
circulation to climate change in the T42 and T85 simulations, in
the range of SVP that shows opposite shifts of the eddy-driven
jet, in order to better understand the conditions that lead to these
opposite shifts.

b. Midlatitude heat budget

As discussed previously in the context of the intermodel
spread of the eddy-driven jet latitude in CMIP6 models,
models with stronger midlatitude midtropospheric diabatic
heating have a more equatorward eddy-driven jet (Fig. 2f),
which can be explained by the zonal-mean heat budget (Lachmy
and Kaspi 2020) (see section 1). Here, we use the same

framework [Eq. (2)] to explain the different shifts of the eddy-
driven jet in response to climate change in the T42 and T85 sim-
ulations. Each term of the heat budget Eq. (2) is plotted in Fig. 4
for the cooler and warmer climates. We consider the simulation
with CO2 concentration 300 ppm and humidity factor of 1.1 as
the cooler climate and the simulation with CO2 concentration
600 ppm and the same humidity factor of 1.1 as the warmer cli-
mate. We choose this pair of climates since this is approximately
the range of climates at which the T42 simulations exhibit an
equatorward jet shift with warming, while the T85 simulations
do not [see Figs. 3b(1)–b(4)]. The mass streamfunction is calcu-
lated using Eq. (3). In all the simulations shown, the heat budget
is closed, i.e., the residual in Eq. (2) is negligible (not shown).
The qualitative resemblance of the heat budget terms and their
response to climate change in the idealized model to those in
the CMIP6 models confirms the relevance of this model for cap-
turing the leading order processes controlling the heat budget re-
sponse to climate change (cf. Fig. 4 with Fig. 1, where the eddy
heat flux heating rate represents the sum of the heating by me-
ridional eddy heat flux convergence and vertical eddy heat flux
heating rate).

FIG. 4. Heat budget terms (shaded; K day21) over the midlatitudes in the cooler (CO2: 300 ppm and HF: 1.1) and warmer (CO2:
600 ppm and HF: 1.1) simulations in the idealized GCM, and the difference between the warmer and cooler simulations (colored contours;
K day21). The plotted heat budget terms are (first row) Ferrel cell heating rate, (second row) meridional EHF convergence, (third row)
vertical EHF heating rate, and (fourth row) DH rate. The first block represents the simulations using T42 resolution and the second block
represents high-resolution simulations using T85. The left and right columns of each block represent the cooler and warmer simulations,
respectively. Solid and dashed contours represent the positive and negative values of the mass streamfunction, respectively, with a contour
interval of 53 109 kg s21.

G HO SH E T AL . 299715 MAY 2024

Brought to you by Weizmann Institute of Science Library | Unauthenticated | Downloaded 05/28/24 04:09 AM UTC



The heat budget terms in the colder and warmer simulations
with the two resolutions (Fig. 4) indicate that the equatorward
eddy-driven jet shift found in the T42 simulations is related to
the response of midlatitude diabatic heating to climate change,
which is different from its response in the T85 simulations. In
the T42 simulations, it can be seen that while the meridional
eddy heat flux convergence shifts upward in response to cli-
mate change with not much change in its latitudinal structure
(Figs. 4b,f), the changes in the latitudinal structure of the
Ferrel cell heating rate and the diabatic heating are significant
in response to climate change. The ascending branch of the
Ferrel cell becomes narrower and shifts equatorward, leading
to stronger cooling by the upward motion around latitudes
458–508N (Figs. 4a,e). This stronger cooling is partly balanced
by stronger midlatitude midtropospheric diabatic heating
(Figs. 4d,h).

This response of the heat budget terms indicates that the
equatorward shift of the maximum Ferrel cell streamfunction
in response to climate change in the T42 simulations is con-
nected to the strengthening response of midlatitude diabatic
heating, through the constraint of the zonal-mean heat bal-
ance. These results are consistent with the differences in the
heat budget and circulation between the two CMIP6 models
examined in Fig. 1, where the model with stronger midlatitude
diabatic heating has a narrower ascending branch of the Ferrel
cell and its maximum streamfunction is more equatorward.
The eddy-driven jet latitude is linked to the maximum Ferrel
cell streamfunction latitude through conditions 2 and 3 (see
section 1). These conditions are approximately satisfied in the
CMIP6 models as well as the idealized model simulations
presented here, as evident from the high correlation between
the maximum Ferrel cell streamfunction latitude and the eddy-
driven jet latitude [Figs. 3b(2),c(2) and Fig. 4c in Lachmy
(2022)]. These results link the equatorward shift of the eddy-
driven jet to the strengthening of the midlatitude diabatic
heating.

In the T85 simulations, there is no significant latitudinal
shift of the Ferrel cell streamfunction and the associated heating
term in response to climate change for this range of parameters
(Figs. 4i,m). Consistent with the argument connecting the equa-
torward shift of the circulation to the diabatic heating response
in the T42 simulations, it can be seen that the diabatic heating
response in the T85 simulations is much weaker (Figs. 4d,l
and 5c,f in the next subsection). All the circulation compo-
nents and heating terms, i.e., Ferrel cell heating rate, heating
due to meridional and vertical eddy heat flux, and diabatic
heating are shifted upward and slightly poleward in response
to warming in the T85 simulations.

The appearance of the polar cell can be observed in the
warmer simulation with the T42 resolution, while it is much
weaker and narrower in the cooler simulations for both reso-
lutions and in the warmer simulation with the T85 resolution
(Fig. 4 and Fig. S1 in the online supplemental material). In
the T42 simulations with SVP less than 24.3 hPa (experiment
with CO2: 300 ppm and HF: 1.1), the polar cell is nearly ab-
sent or very weak (not shown). At this range of parameters,
the jet shifts poleward with warming [Fig. 3b(2)]. When the
SVP increases above 24.3 hPa, there is a transition to a regime

with a polar cell and the eddy-driven jet shifts equatorward
with increased SVP, but the eddy heat flux stays approxi-
mately at the same latitude [Figs. 3a(2),b(2)]. For SVP values
above 33 hPa, the eddy-driven jet and eddy heat flux both
shift poleward with increased SVP [Figs. 3a(2),b(2)], while
the polar cell remains (not shown). In the T85 simulations, the
polar cell is very weak for all the climates examined here. The
equatorward jet shift in the T42 simulations with increased
SVP as the polar cell appears is related to the strong diabatic
heating, which balances the adiabatic cooling by the Ferrel
cell (the cooling at the ascending branch becomes stronger
when the polar cell appears), while the meridional eddy heat
flux convergence balances the diabatic cooling at high latitudes
(Figs. 4e–h).

c. Vertical shift and strengthening of the midlatitude
diabatic heating

In the previous subsections, it was shown that an equator-
ward shift of the Ferrel circulation and the eddy-driven jet in
response to climate change occurs in the T42 simulations for a
certain range of parameters, while in the rest of the parameter
range and in the T85 simulations, the Ferrel cell and the eddy-
driven jet shift poleward in response to climate change. It
was suggested that the equatorward shift is connected to a
strengthening of the midlatitude midtropospheric diabatic
heating. We wish to examine next the properties of the mid-
latitude diabatic heating response to climate change for the
full range of parameters, in order to assess how these proper-
ties are related to the direction of the jet shift. We examine
the vertical shift of midlatitude diabatic heating by measuring
the level of maximum midlatitude diabatic heating (Figs. 5a,d)
and the level where the midlatitude diabatic heating changes sign
from positive to negative as the pressure decreases (Figs. 5b,e),
as well as the strength of the diabatic heating averaged over
the midlatitude midtroposphere (Figs. 5c,f), as a function of
SVP. The calculation methods for these metrics are presented
in section 2c.

The dependence of the vertical level of maximum diabatic
heating on the SVP is similar in the T42 and T85 simulations.
It can be seen that the maximum midlatitude diabatic heating
shifts from the boundary layer to the midtroposphere when
the SVP increases beyond 24.3 hPa in the T42 simulation
(24.4 hPa for the T85 simulation). While this shift seems
abrupt in Figs. 5a and 5d, it represents a gradual weakening of
the diabatic heating in the boundary layer and strengthening
in the midtroposphere. The vertical level where diabatic heat-
ing changes sign also depends similarly on SVP in the T42 and
T85 simulations (Figs. 5b,e). For both resolutions, this vertical
level shifts upward (i.e., to levels with lower pressure) as the
SVP increases. Note that the SVP in the T42 simulations
reaches higher values for a given set of parameters (CO2 con-
centration and humidity factor), compared with the SVP in
the T85 simulations with the same parameters. However, the
vertical shift of diabatic heating as a function of SVP is quite
similar for the two resolutions.

The response of the diabatic heating strength to increased
SVP shows a notable difference between the two resolutions,
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for SVP values beyond 20 hPa (Figs. 5c,f). In the range of
SVP between 20 and 35 hPa, diabatic heating increases from
around 0.4 to 0.75 K day21 in the T42 simulations and from
0.4 to 0.58 K day21 in the T85 simulations. The opposite shifts
of the eddy-driven jet are within this range of SVP values
[Figs. 3b(2),b(4)], which supports the assumption that the
equatorward shift of the jet in the T42 simulations is related
to the strengthening of the midlatitude midtropospheric dia-
batic heating. At SVP values higher than 35 hPa, the midlati-
tude diabatic heating becomes concentrated in the upper
troposphere (pressure levels of 325 hPa and less, Figs. 5b,e),
so that it cannot balance the Ferrel cell cooling in the midtro-
posphere and the eddy-driven jet continues to shift poleward
with the eddy heat flux [Fig. 3b(2)]. Overall, in the T42 simu-
lations, it is noticed that at the transition where the polar cell
appears (SVP increases above 24.3 hPa), the diabatic heating
is shifted upward and strengthens and becomes dominant in
the midtropospheric heat budget. This leads to a decoupling
between the eddy heat flux, which stays roughly at the same
latitude, and the eddy-driven jet and Ferrel cell, which shift

equatorward. In the rest of the parameter space (lower or
higher SVP), the eddy heat flux and eddy-driven jet shift pole-
ward with increased SVP at a similar rate because the role of
diabatic heating in the midtroposphere is not significantly
changed between these simulations.

d. Midlatitude diabatic heating terms and the
moisture budget

The results of the previous subsections indicate that the di-
rection of the eddy-driven jet shift in response to climate
change is related to the response of midlatitude diabatic heat-
ing. In the range of parameters where the midlatitude midtro-
pospheric diabatic heating does not increase much with
warming, the eddy-driven jet shifts poleward with the eddy
heat flux. When diabatic heating increases significantly in the
midlatitude midtroposphere, the eddy-driven jet shifts equa-
torward. While this connection is explained based on the con-
straint of the zonal-mean heat balance and the relation
between the Ferrel circulation and the eddy-driven jet, this
explanation does not imply a causal relation, as the eddy-
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FIG. 5. DH strength and the vertical level of maximum DH in (a)–(c) T42 and (d)–(f) T85 simulations using the idealized GCM showing
(left) vertical level of maximum DH, (center) the vertical level of the change in sign of DH, and (right) the averaged DH over the midlati-
tude midtroposphere (K day21).
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driven jet and diabatic heating can be mutually dependent or
can depend both on a third element of the circulation. Specifi-
cally, the latent heating component of the diabatic heating is
partly due to eddy moisture flux convergence, which depends
on the properties of midlatitude eddies, which drive the jet.
To investigate this relationship, we break down the diabatic
heating into its latent heating and radiative components and
compare the total parameterized latent heating with the latent
heat release associated with moisture (i.e., specific humidity)
tendency.

Midlatitude diabatic heating is decomposed into radiative
and latent heating. The radiative heating is the sum of the
temperature tendency due to longwave and shortwave radia-
tion. The latent heating is the sum of temperature tendency
from large-scale condensation, convection, and diffusion. We
use the term “latent heating” for brevity, though heating due
to convection and diffusion represents not only latent heating
but also heating due to subgrid-scale processes. Latent heating
due to large-scale condensation (hereafter called “condensation”
for brevity) is equal to 2cp/Ly times the specific humidity
tendency due to large-scale condensation. This parameteriza-
tion scheme adjusts the specific humidity to its saturation
value when it is exceeded within a grid box. The latent heating
due to convection is calculated as a relaxation toward an equi-
librium profile (see section 2b). Latent heating from diffusion
describes the vertical mixing of temperature in the boundary
layer, using a Monin–Obukhov scheme (more details are given
in Frierson et al. 2006).

We examine the response of latent heating and specific hu-
midity tendency due to advection (defined in section 3c) to
warming in two ranges of parameters. In the first range, pre-
sented in Fig. 6, the eddy-driven jet shifts in opposite direc-
tions in the T42 and T85 simulations (the same range of
parameters examined in section 5b). In the second range, pre-
sented in Fig. 7, the eddy-driven jet shifts poleward with
warming for both T42 and T85 resolutions. In Fig. 7, the base-
line simulation is with CO2 5 300 ppm and HF 5 0.9, while
the warmer simulation uses CO2 5 300 ppm and HF 5 1.1.
This comparison allows us to examine whether the direction
of the eddy-driven jet shift is related to changes in the mois-
ture budget.

For the range of parameters in which the eddy-driven jet
shifts equatorward with warming in the T42 simulations
(Fig. 6), it can be observed that the contribution of latent
heating to the diabatic heating response [Figs. 6c(1),c(2)] is
greater than that of radiation [Figs. 6b(1),b(2)]. In the T42
simulations, the diabatic heating is strengthened and shifted
upward [Fig. 6a(1)], whereas in the T85 simulations, the dia-
batic heating is shifted upward and poleward [Fig. 6a(2)] with
comparatively less strengthening (Figs. 5c,f). The radiative
heating is negative almost everywhere in the midlatitude mid-
troposphere in an approximately homogeneous pattern below
400 hPa and shows a weak and mostly negative response to
warming [Figs. 6b(1),b(2)]. The maximum latent heating is
concentrated over the midlatitude (408–508N) midtroposphere
[500–700 hPa, Figs. 6c(1),c(2)]. Similar to the response of
diabatic heating, latent heating is strengthened and shifted
upward using T42 where an upward and poleward shift of

latent heating is observed in the T85 simulations [Figs. 6c(1),c(2)].
The specific humidity tendency due to advection is dominated
by the contribution from eddy moisture flux convergence
(not shown). The specific humidity tendency due to advection
strengthens and shifts upward in the T42 simulations, but shifts
upward and poleward in the T85 simulations [Figs. 6d(1),d(2)].
It is weaker than the latent heating response, especially in
the T42 simulations, which means that the latent heating
response is not only due to changes in humidity tendency
due to advection. We will return to this point in the next
subsection.

Figure 7 shows the case where the circulation shifts pole-
ward in response to climate change for both resolutions. With
both resolutions, the diabatic heating is concentrated at the
boundary layer in the cooler simulation and shifts upward and
poleward in response to warming [Figs. 7a(1),a(2)]. The radia-
tive heating spreads nearly homogeneously in the midlatitude
midtroposphere and does not contribute much to the diabatic
heating response in this region [Figs. 7b(1),b(2)], similar to
the case shown in Figs. 6b(1) and 6b(2). The latent heating
contributes much to the diabatic heating and is concentrated
near 448N at the boundary layer and shifts upward and pole-
ward [Figs. 7c(1),c(2)]. The specific humidity tendency due to
advection also shows a poleward and upward shift using both
resolutions [Figs. 7d(1),d(2)], but its response is weaker than
the latent heating response. The similarity between the dia-
batic heating terms response in the two resolutions for this
range of parameters is consistent with the similar eddy-driven
jet shifts. This supports the assumption that the diabatic heat-
ing response and the direction of the eddy-driven jet shift are
connected.

The results so far indicate that a strengthening of the dia-
batic heating in the midlatitude midtroposphere is related to
an equatorward shift of the eddy-driven jet, whereas an up-
ward and poleward shift of midlatitude diabatic heating is re-
lated to a poleward shift of the eddy-driven jet. The
decomposition in Figs. 6 and 7 shows that the different re-
sponses of midlatitude diabatic heating in the two cases are
due to differences in the latent heating response. However,
this response cannot be attributed only to differences in hu-
midity advection, since latent heating, parameterized by con-
densation, convection, and diffusion schemes, is stronger than
the temperature tendency associated with specific humidity
advection.

e. Relationship between heating due to specific humidity
tendency and latent heating

The motivation for this subsection is to examine which
terms contribute to the response of latent heating, after the
previous subsection showed that it is not explained by humid-
ity advection alone. We focus on the set of simulations show-
ing opposite shifts of the eddy-driven jet in response to
warming in the T42 and T85 simulations (the same set of sim-
ulations examined in Figs. 4 and 6). All the left column of
each block in Fig. 8 shows the specific humidity source terms
and the right column presents the components of the latent
heating (i.e., the temperature tendency from the respective
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parameterization scheme). The sum of the specific humidity
source terms is represented by S in Eq. (4). In a statistically
steady state, where the left-hand side of Eq. (4) is zero, S is
equal to minus the total specific humidity tendency due to ad-
vection (examined in the previous subsection). To ease the
comparison between the specific humidity terms and the la-
tent heating terms, the humidity tendency terms are multi-
plied by 2Ly/cp [Figs. 8d(1) and 8d(3) shows S, multiplied by
2Ly/cp, which is similar to the total humidity tendency from
advection shown in Figs. 6d(1) and 6d(2), respectively]. A
negative specific humidity tendency term means that the wa-
ter vapor is condensed and latent heating is released, so that

2Ly/cp times this term represents the amount of latent heat-
ing release associated with this term. The left block represents
the model simulations with T42 resolution where the T85 sim-
ulations are placed in the right block.

Most of the latent heating response in the midtroposphere
comes from convection and large-scale condensation [for
both resolutions, Figs. 8a(2),a(4),b(2),b(4)]. Both the terms
have comparable contributions in terms of the strength of the
response. In the convection terms, there is a large difference
between the humidity tendency [Figs. 8a(1),a(3)] and heating
[Figs. 8a(2),a(4)], where the positive heating response in the
midtroposphere, which is much stronger in the T42 than the

FIG. 6. DH terms using (left) T42 and (right) T85 resolutions in the idealized GCM for the cooler simulation
(shaded; using CO2 5 300 ppm and HF 5 1.1), where the terms are (a1),(a2) total DH, (b1),(b2) radiative heating,
(c1),(c2) latent heating, and (d1),(d2) Ly/cp times the specific humidity tendency due to advection. The solid colored
contours represent the changes in response to warming (where the parameters in the warmer simulation are
CO2 5 600 ppm and HF 5 1.1). All the plots are in units of K day21.
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T85 simulations, does not appear in the humidity tendency
term. In the large-scale condensation terms, humidity ten-
dency [Figs. 8b(1),b(3)] and heating [Figs. 8b(2),b(4)] are ex-
actly the same, as defined by the large-scale condensation
scheme. The diffusion terms are negligible over the midtropo-
sphere but large at the boundary layer for both the specific
humidity tendency and latent heating [Figs. 8c(1)–c(4)]. In the
boundary layer, convection, diffusion, and large-scale conden-
sation are all important, with the former two contributing to
the difference between the specific humidity tendency due to
advection and latent heating in the midlatitude boundary
layer (Figs. 6c,d). The sum of the contributions from all pa-
rameterizations shows a much larger midtropospheric heat-
ing response in the T42 simulation [Fig. 8d(2)] than in the
T85 simulation [Fig. 8d(4)], while the difference in the

humidity tendency response between the resolutions is
milder [Figs. 8d(1),d(3)], as noted above in the discussion of
Fig. 6. Overall, Fig. 8 shows that the main difference in the
diabatic heating response between the T42 and T85 simula-
tions, associated with the different jet shifts (as shown in
the previous subsections), comes from the convective heat-
ing term and is not associated with the specific humidity
tendency due to convection. Note that the convection
scheme in the model is designed to conserve moist enthalpy
in the vertical integral, but not locally for each level, so that
latent heating and humidity tendency due to convection can
be locally different (see section 2b and Frierson 2007).

Recent studies by Fuchs et al. (2023) and Garfinkel et al.
(2024) point to a major role of differences in the convection
scheme in the intermodel spread of the jet latitude and its

FIG. 7. As in Fig. 6, but for the cooler simulation using CO2 5 300 ppm and HF 5 0.9 (colored shading) and the
warmer simulation using CO2 5 300 ppm and HF5 1.1 (the response to warming is shown in colored contours).
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response to climate change in comprehensive climate models
and idealized atmospheric models. The study of Fuchs et al.
(2023) shows that a model with only deep convection tends to
produce a more equatorward jet, whereas a model with shal-
low convection tends to produce a more poleward jet in the
SH summer. They find a similar relationship in an idealized
atmospheric model and in comprehensive climate models.
The study of Garfinkel et al. (2024) uses the same model as in
this study (MiMA; see section 2b) to examine the effect of dif-
ferent versions of the convective parameterization on the
eddy-driven jet shift. They find that when shallow convection
is turned off, the preindustrial simulation exhibits a more
equatorward jet compared to a case with shallow convection.
Furthermore, they find a poleward jet shift in response to

climate change in the absence of shallow convection and no sig-
nificant shift when shallow convection is included. The results
presented here support the conclusions of these studies that
there is a relation between convective heating and the jet lati-
tude in models. Specifically, we find that parameterized convec-
tive heating plays a major role in the midlatitude diabatic
heating response. We provide a theoretical framework for con-
necting the diabatic heating response to the eddy-driven jet shift.

f. The momentum budget

As noted in the previous subsections, increasing the resolu-
tion in our simulations affects both the diabatic heating and
the eddy-driven jet latitude. The momentum budget could
provide some insight into how the eddy-driven jet latitude

FIG. 8. Decomposition of latent heating terms and specific humidity source terms (multiplied by2Ly/cp) using T42 resolution in the first
block and T85 resolution in the second block in the idealized GCM under the cooler climate (color shading; experiment with CO2 5 300 ppm
and HF 5 1.1) and in response to climate change (colored contours; the difference between the experiment with CO2 5 600 ppm and
HF5 1.1 and the cooler experiment). (a1)–(a4) Tendency due to convection, (b1)–(b4) tendency due to condensation, (c1)–(c4) tendency
due to diffusion, and (d1)–(d4) total tendency due to latent heating and specific humidity source, for the respective model resolution. The
positive values of the moisture tendency terms correspond to drying because they are multiplied by2Ly/cp. Units are in K day21.
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changes with resolution. In this subsection, we examine what
changes in the momentum budget are related to the equator-
ward shift of the jet in the T42 simulations and how they are
different from the T85 simulations. The momentum budget is
calculated using Eq. (5). Figure 9 shows the major momentum
budget terms (defined in section 3d) for the same simulations

considered in Figs. 4, 6, and 8, along with the zonal-mean
zonal wind. The terms of meridional and vertical momentum
advection by the mean flow are relatively small in the midlati-
tudes and are not shown in Fig. 9.

The structure of the Coriolis term is consistent with the
structure of the circulation cells [Figs. 9a(1),a(2), compared

FIG. 9. Midlatitude momentum budget terms and zonal wind in the idealized GCM. The shaded colors show the
(a1),(a2) Coriolis force, (b1),(b2) meridional eddy momentum flux convergence, (c1),(c2) vertical eddy momentum
flux convergence, and (d1),(d2) zonal wind (m s21) in the cooler climate (as in Fig. 6) for the (left) T42 simulations and
(right) T85 simulations. The black contours in (a1)–(c2) represent the zonal wind (m s21) where the contour interval is
5 m s21 starting from zero. The gray contours in (d1) and (d2) represent the mass streamfunction with the contour
interval of 53 109 kg s21. The colored contours represent the difference between the warmer and cooler simulations.
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with the streamfunction in Fig. 4], with positive Coriolis force
in the Hadley cell and negative Coriolis force in the Ferrel
cell in the upper troposphere (around 300 hPa). The response
of the Coriolis force in the upper branch of the Ferrel cell in
the T42 simulations [Fig. 9a(1)] is positive and extended to
high latitudes. This response is consistent with a weakening of
the Ferrel cell and the appearance of a polar cell at high lati-
tudes (positive Coriolis force at high latitudes is consistent
with a polar cell which appears in the warmer T42 simulation
poleward of around 558N, refer to Fig. 4e). In contrast, in the
T85 simulations, a weak response of the Coriolis force at high
latitudes is observed [Fig. 9a(2)], consistent with the weak re-
sponse of the mass streamfunction at high latitudes (Figs. 4i,m).

The meridional eddy momentum flux convergence and
its response to warming are shown in Figs. 9b(1) and 9b(2).
In the T42 resolution experiment (Fig. 9b1), the eddy mo-
mentum flux response decelerates the zonal wind at the pole-
ward side of the jet, consistent with the equatorward shift of
the jet [Figs. 3b(2) and 9d(1)]. The appearance of the eddy
momentum flux divergence on the poleward side of the jet in
the T42 experiment is consistent with the appearance of the
polar cell, since the eddy momentum flux convergence term
and the Coriolis term nearly balance each other in this region.
In contrast, no such deceleration is seen on the poleward side
of the jet in the T85 simulations [Fig. 9b(2)], and consistently,
there is no equatorward shift of the jet [Figs. 3b(4) and 9d(2)].
The vertical eddy momentum flux does not contribute signifi-
cantly to the momentum budget response, except for an upward
response on the equatorward side of the jet [Figs. 9c(1),c(2)].
Explaining the differences in the responses of the eddy momen-
tum flux convergence between the two resolutions is beyond the
scope of this work. We note that these results show a connection
between the differences in the diabatic heating responses and
the differences in the eddy momentum flux responses, since they
are both linked to the Ferrel cell becoming narrower and a polar
cell appearing in the T42 resolution, in contrast with the absence
of this response in the T85 resolution.

The zonal-mean zonal wind shows an equatorward shift in
response to warming in the T42 simulations as seen by the
positive values on the equatorward side and the negative val-
ues on the poleward side of the jet [Fig. 9d(1)]. In the T85
simulations, the response of the zonal-mean zonal wind
around the eddy-driven jet latitude is very weak [Fig. 9d(2)],
as the shift of the jet is nearly stagnated in this range of pa-
rameters [see Fig. 3b(4)].

6. Summary and conclusions

This study examines the relation between the response of
midlatitude diabatic heating and the response of the midlati-
tude circulation to climate change, with a focus on the latitu-
dinal shift of the eddy-driven jet. Some studies investigating
the latitudinal shift of the eddy-driven jet in response to cli-
mate change have assumed that the jet shifts together with
the eddy heat flux and the baroclinic zone (e.g., Frierson 2008;
Lu et al. 2008; Butler et al. 2011; Voigt and Shaw 2016). Other
studies explained the eddy-driven jet shift from considerations
of wave propagation properties that change due to increased

zonal winds in the upper troposphere and lower stratosphere
(e.g., Chen et al. 2008; Rivière 2011; Lorenz 2014). However,
the role of midlatitude diabatic heating in the eddy-driven jet
response to climate change has not been systematically exam-
ined yet. Recent studies indicate that there is a negative corre-
lation between the eddy-driven jet latitude and the strength
of midlatitude midtropospheric diabatic heating in the inter-
annual variability in observations (Lachmy and Kaspi 2020)
and in the intermodel variability in climate models (Lachmy
2022). Based on the heat and momentum budgets, these stud-
ies showed that stronger diabatic heating is associated with a
larger latitudinal separation between the eddy-driven jet and
eddy heat flux, which can explain this negative correlation.

Here, we examine the relevance of the theoretical frame-
work suggested by Lachmy and Kaspi (2020) for the eddy-
driven jet shift in response to climate change. According to
this framework (see section 1), the latitudes of maximum mid-
tropospheric poleward eddy heat flux and the eddy-driven jet
(defined by the maximum surface westerlies) are collocated if
three conditions are satisfied: 1) The maximum eddy heat flux
is collocated with the maximum of the Ferrel cell streamfunc-
tion. This condition is satisfied if midlatitude midtropospheric
diabatic heating is negligible. 2) The maximum Ferrel cell
streamfunction is collocated with the maximum meridional
wind in the lower branch of the Ferrel cell. This condition de-
pends on the geometric structure of the Ferrel cell. 3) The
maximum meridional wind in the lower branch of the Ferrel
cell is collocated with the maximum surface westerlies. This
condition depends on the near-surface momentum balance. If
all three conditions are approximately satisfied, then the
eddy-driven jet is expected to shift together with the eddy
heat flux in response to climate change. However, if the
strength of midlatitude midtropospheric diabatic heating is
significantly changed in response to climate change, this will
affect condition 1 and may lead to a decoupling between the
eddy heat flux and eddy-driven jet shifts.

The poleward shift of the eddy heat flux and other storm-
track metrics is a robust response to climate change in models
of different complexity levels (see review by Shaw et al. 2016).
In contrast, a few studies found an equatorward shift of the
eddy-driven jet in response to climate change, under certain
model parameters (Pfahl et al. 2015; Dwyer and O’Gorman
2017; Lachmy and Shaw 2018; Tan et al. 2019; Davis and Birner
2022). While the poleward shift of the eddy heat flux can be di-
rectly connected to the increased surface temperature by a rela-
tively simple theoretical argument (viz., the stabilization on the
equatorward side of the storm track due to increased static
stability, e.g., Frierson 2008), the explanations suggested for the
eddy-driven jet shift are linked to the surface temperature in a
more complicated chain of causation (see review by Shaw 2019).
By examining CMIP6 data for the SH summer, we show here
that the intermodel spread in the eddy heat flux latitude is
strongly correlated with the mean midlatitude surface tempera-
ture. However, the eddy-driven jet latitude is not significantly
correlated with the mean midlatitude surface temperature, when
considering the intermodel spread within each experiment. We
argue that this lack of significant correlation is at least partly due
to the intermodel variability in the strength of midlatitude
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midtropospheric diabatic heating, which affects the latitudinal sep-
aration between the eddy heat flux and eddy-driven jet (Lachmy
2022).

To further investigate the relation between the responses of
midlatitude diabatic heating and the eddy-driven jet to warm-
ing, we use an idealized aquaplanet model (MiMA; Jucker
and Gerber 2017), where a wide range of climates is obtained.
The climate in the model is modified by increasing the CO2

concentration and by increasing the humidity factor, which is
a nondimensional parameter multiplying the saturation vapor
pressure in the Clausius–Clapeyron equation. We find that
the atmospheric circulation in the model depends on the
mean surface saturation vapor pressure, which increases with
the CO2 concentration and the humidity factor. The response
of the midlatitude circulation to climate change (induced by
increased saturation vapor pressure) differs when the model
resolution is increased from T42 to T85.

The response of the midlatitude circulation and diabatic
heating to climate change in the two cases found using the
idealized model is described schematically in Fig. 10. The first

case (Fig. 10a) describes what is found using the T85 resolu-
tion for all the parameter sweep. Midlatitude diabatic heating
shifts upward and poleward with climate change, increasing
gradually in the midtroposphere [Figs. 3d(4) and 5e,f]. The
eddy heat flux, eddy-driven jet, and Ferrel cell streamfunction
shift monotonically poleward [Figs. 3a(4),b(4),c(4)]. In this
case, the cooling by the Ferrel cell ascending branch is bal-
anced partly by eddy heat flux convergence and partly by dia-
batic heating in both climates (Figs. 4i,j,l–n,p). This means
that condition 1 from Lachmy and Kaspi (2020) is not
changed significantly between the two climates. This heat
budget response allows for the Ferrel cell to shift together
with the eddy heat flux. The eddy-driven jet shifts with the
Ferrel cell due to the Ferrel cell structure and the momentum
balance condition [conditions 2 and 3 from Lachmy and Kaspi
(2020)].

The second case (Fig. 10b) describes what is found using
the T42 resolution for the intermediate range of climates. The
diabatic heating shifts upward and strengthens sharply in the
midtroposphere in response to climate change [Figs. 3d(2)
and 5b,c]. The eddy heat flux shifts poleward, but the Ferrel
cell streamfunction and the eddy-driven jet shift equatorward
[Figs. 3a(2),b(2),c(2)]. The strong midlatitude diabatic heating
in the warmer climate balances most of the cooling by the
Ferrel cell ascending branch, while at higher latitudes, dia-
batic cooling is balanced mostly by eddy heat flux conver-
gence (Figs. 4e,f,h). In this case, condition 1 from Lachmy and
Kaspi (2020) is not satisfied in the warmer climate. The re-
sponse of the heat budget terms allows for the Ferrel cell as-
cending branch to shift in the opposite direction to the eddy
heat flux shift. The eddy-driven jet shifts with the Ferrel cell
streamfunction, consistent with conditions 2 and 3. These con-
siderations explain the opposite shifts of the eddy heat flux
and eddy-driven jet in this case.

Even though the coarser-resolution simulations are farther
from capturing the realistic phenomena, the basic theoretical
explanations for the jet response to climate change are ex-
pected to apply for these cases as well. We therefore use them
as test cases for challenging the theoretical arguments that
predict a poleward shift of the eddy-driven jet in response to
climate change. Furthermore, an equatorward shift of the jet
in response to climate change was also found in simulations
using T85 resolution (Pfahl et al. 2015).

The explanation given above argues for a connection be-
tween the response of midlatitude diabatic heating to climate
change and the direction of the eddy-driven jet shift, but it
does not imply any causal relation. Since midlatitude diabatic
heating is dominated by latent heat release associated with
midlatitude storms (Fig. 6), it is strongly coupled to the eddy
momentum flux that drives the eddy-driven jet and is associ-
ated with the same storms. However, the model parameteriza-
tions of convective and boundary layer mixing (diffusion)
processes, which we refer to as components of the latent heat-
ing, are not locally identical to the latent heating associated
with the humidity tendency terms because they represent also
the effect of subgrid-scale processes. The latent heating asso-
ciated with the humidity tendency terms in the model is found
to contribute only weakly to the total latent heating (Figs. 6
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FIG. 10. Schematic diagram of two different midlatitude circula-
tion responses to warming: (a) a case where midlatitude DH shifts
upward and poleward and slightly strengthens and (b) a case where
midlatitude DH sharply increases and shifts upward in the midtro-
posphere. In case (a), the EDJ and the Ferrel cell streamfunction
shift poleward with the EHF in response to climate change,
whereas in case (b), the EDJ and the Ferrel cell rising branch shift
equatorward, while the EHF shifts poleward. The relation between
the DH response and the EDJ shift is explained based on the heat
and momentum balance constraints (see text).
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and 7), and it is found that convective heating plays a domi-
nant role in the strengthening of the midlatitude midtropo-
spheric diabatic heating between the moderate and warmer
climates in the T42 simulations (Fig. 8). We are therefore un-
able to point to the direct causal link between the diabatic
heating response and the response of midlatitude storms to
climate change in the model.

The sensitivity of the results to the model resolution could
be related to the convective parameterization (e.g., Frierson
2007; Herrington and Reed 2017) or to the wavebreaking pro-
cesses that are not represented well when the model resolu-
tion is low (e.g., Jablonowski and Williamson 2006; Lu et al.
2015). We find that the equatorward jet shift in the T42 exper-
iment is accompanied by the appearance of a polar cell and
strong eddy momentum flux divergence at high latitudes,
which does not occur using the T85 resolution (Fig. 9). The
momentum balance between the Coriolis force and the eddy
momentum flux convergence in the upper troposphere re-
quires that this high-latitude momentum flux divergence
would be accompanied by the appearance of a polar cell. On
the other hand, the appearance of the polar cell is also con-
sistent with the equatorward shift of the Ferrel cell, which in
turn is related to the response of the heating by the Ferrel cell
that balances the strong midlatitude diabatic heating. In this
sense, we show a connection between the sensitivity of the di-
abatic heating and eddy momentum flux to the model resolu-
tion, but we are unable to determine causal relations.

These results imply that the representation of the eddy-
driven jet and its response to climate change in climate mod-
els depends, among other factors, on the parameterizations of
latent heating processes and specifically convective parame-
terizations. Recent studies found that the latitude of the eddy-
driven jet is sensitive to the inclusion of shallow convection in
the convective parameterization in comprehensive climate
models (Fuchs et al. 2023) and in the idealized model used
here, MiMA (Garfinkel et al. 2024). In the model simulations
presented here, the direction of the eddy-driven jet shift in re-
sponse to climate change is linked to the response of convec-
tive heating in the midlatitude midtroposphere. We argue
here that when trying to explain or evaluate the eddy-driven
jet shift in response to climate change, based on idealized or
comprehensive climate models, the factors controlling the dia-
batic heating response should also be taken into account,
since the midlatitude diabatic heating and the eddy-driven jet
latitude are mutually constrained through the heat and mo-
mentum balance conditions.
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