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Abstract

Latent heating (LH) influences the extratropical large-scale circulation, but its dynamical role
remains difficult to isolate because moist processes simultaneously affect eddies, the zonal-mean
state, and their interaction. Here, we investigate how eddy-LH coupling shapes the extratropical
circulation in statistical equilibrium by conducting a series of moist idealized general circulation
model experiments in which the coupling between LH and eddies is selectively suppressed while
preserving the direct effect of LH on the zonal-mean state. As eddy-LH coupling is progressively
suppressed, the effective static stability experienced by eddies approaches the dry static stability.
The zonal-mean state concurrently undergoes a systematic reorganization characterized by an
enhanced meridional temperature gradient in midlatitudes associated with high-latitude cooling
and a poleward intensification of the eddy-driven jet. The meridional temperature gradient
increases quasi-linearly with the effective static stability, reminiscent of baroclinic adjustment in
a moist atmosphere. Despite the loss of diabatic eddy energy input, storm track activity does not
weaken owing to the compensating increase in baroclinic energy conversion associated with the
enhanced meridional temperature gradient. The dominant length scale of extratropical eddies
increases systematically as eddy-LH coupling weakens, consistent with scaling based on the
Rossby deformation radius defined using the effective static stability. These results demonstrate
that the role of eddy-LH coupling in the equilibrated extratropical circulation extends beyond
its established influence on linear moist baroclinic instability to include the regulation of the
background mean state.
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Abstract 22 

Latent heating (LH) influences the extratropical large-scale circulation, but its dynamical role 23 

remains difficult to isolate because moist processes simultaneously affect eddies, the zonal-24 

mean state, and their interaction. Here, we investigate how eddy-LH coupling shapes the 25 

extratropical circulation in statistical equilibrium by conducting a series of moist idealized 26 

general circulation model experiments in which the coupling between LH and eddies is 27 

selectively suppressed while preserving the direct effect of LH on the zonal-mean state. As 28 

eddy-LH coupling is progressively suppressed, the effective static stability experienced by 29 

eddies approaches the dry static stability. The zonal-mean state concurrently undergoes a 30 

systematic reorganization characterized by an enhanced meridional temperature gradient in 31 

midlatitudes associated with high-latitude cooling and a poleward intensification of the eddy-32 

driven jet. The meridional temperature gradient increases quasi-linearly with the effective static 33 

stability, reminiscent of baroclinic adjustment in a moist atmosphere. Despite the loss of 34 

diabatic eddy energy input, storm track activity does not weaken owing to the compensating 35 

increase in baroclinic energy conversion associated with the enhanced meridional temperature 36 

gradient. The dominant length scale of extratropical eddies increases systematically as eddy-37 

LH coupling weakens, consistent with scaling based on the Rossby deformation radius defined 38 

using the effective static stability. These results demonstrate that the role of eddy-LH coupling 39 

in the equilibrated extratropical circulation extends beyond its established influence on linear 40 

moist baroclinic instability to include the regulation of the background mean state.  41 
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1. Introduction 42 

 The extratropical large-scale circulation is fundamentally driven by the equator-to-pole 43 

temperature contrast, which provides the reservoir of mean available potential energy (MAPE) 44 

that can be converted into eddy available potential energy (EAPE) and then into eddy kinetic 45 

energy (EKE) (Lorenz 1955; Peixóto and Oort 1974). This conversion is achieved through 46 

baroclinic instability (Charney 1947; Eady 1949; Phillips 1954), whose large-scale effects are 47 

reflected in eddy heat fluxes (Lorenz 1955; Stone 1978; Held and Larichev 1996), and manifest 48 

themselves on synoptic weather maps as surface cyclogenesis and its vertical coupling with 49 

upper-tropospheric disturbances (Petterssen and Smebye 1971; Hoskins et al. 1985). 50 

Baroclinically growing eddies exhibit a distinct lifecycle (Thorncroft et al. 1993) and interact 51 

with the mean flow, driving the eddy-driven jet (EDJ) and Ferrel circulation (Edmon et al. 1980; 52 

Robinson 2000) and shaping the thermal stratification (Stone 1978; Schneider 2004). These 53 

dry dynamical processes form the geophysical fluid dynamical backbone of our understanding 54 

of the extratropical climate. 55 

 Although long regarded as secondary to dry dynamics, moist processes also play an 56 

important role in shaping the extratropical weather and climate. However, unlike the tropics, 57 

where moist convection and the large-scale circulation are inherently tightly coupled (Riehl 58 

and Malkus 1958; Emanuel et al. 1994), moist dynamics has received relatively less attention 59 

in the extratropics. Given the increasing moisture content and its expected effects in weather 60 

and climate under anthropogenic warming (O’Gorman and Schneider 2009; Schneider et al. 61 

2010), improving our understanding of extratropical moist dynamics becomes an increasingly 62 

important challenge. 63 

The existing body of literature on extratropical moist dynamics is broadly twofold: 64 

studies examining the effects of latent heating (LH) on synoptic storms and those examining 65 

its effects on the large-scale mean state (pathways A and B, respectively, in Fig. 1). The effects 66 

of LH on synoptic storms have been investigated through the development of moist baroclinic 67 

instability theories (Wang and Barcilon 1986; Mak 1982; Emanuel et al. 1987; Mak 1994; Kohl 68 

and O’Gorman 2022; Yang and Li 2023), as well as through diagnostic approaches in which 69 

LH effects can be explicitly quantified for individual storms (Davis and Emanuel 1991; 70 

Stoelinga 1996; Tamarin and Kaspi 2016; Zhao et al. 2023; Park et al. 2023). Linear theories 71 

predict that LH increases the growth rate of storms and preferentially destabilizes shorter waves. 72 

This is well supported by moist baroclinic wave lifecycle experiments (Gutowski et al. 1992; 73 

Whitaker and Davis 1994; Balasubramanian and Yau 1996; Moore and Montgomery 2004; 74 
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Booth et al. 2013, 2015), although LH may not lead to further storm amplification at higher 75 

background temperatures due to degraded phasing between eddy fields (Kirshbaum et al. 2018). 76 

For a comprehensive review, readers are referred to Wernli and Gray (2024). 77 

 The aforementioned studies primarily address the linear growth or finite-time evolution 78 

of baroclinic disturbances, for which the background mean state is either prescribed or 79 

undergoes little adjustment. Moist processes, however, also directly modify the mean state in 80 

which baroclinic disturbances develop. As in the tropics (Xu and Emanuel 1989), moist 81 

convection contributes to shaping the static stability and tropopause in the extratropics (Juckes 82 

2000; Frierson 2008; Schneider and O’Gorman 2008; Wu and Pauluis 2014; Levine and 83 

Schneider 2015). Studies have also shown that LH exerts dynamical influences on the 84 

extratropical large-scale circulation, including the EDJ and Ferrel cell (Lachmy and Kaspi 2020; 85 

Lachmy 2022; Ghosh et al. 2024), and their low-frequency variability (Xia and Chang 2014; 86 

Lutsko and Hell 2021). In these studies, however, the role of LH is interpreted mostly through 87 

its statistical imprint left by weather systems (e.g., zonal-mean LH), rather than through its 88 

explicit coupling with eddies. Some studies have employed dry dynamical-core general 89 

circulation models (GCMs) with prescribed zonally uniform thermal forcings to investigate the 90 

dynamical role of diabatic heating in the extratropical large-scale circulation (Baker et al. 2017; 91 

White et al. 2024). 92 

 Taken together, LH influences the extratropical circulation by modifying both eddies 93 

and the mean state. In addition to these direct influences, LH may further indirectly affect dry 94 

eddy-mean flow interaction (pathway C in Fig. 1). For example, LH-induced changes in storm 95 

activity can alter meridional eddy heat transport and thereby modify the equator-to-pole 96 

temperature gradient. Conversely, changes in the mean thermal structure can feed back onto 97 

eddies; for example, the greater dry static stability of a moist atmosphere can suppress EKE 98 

(Lutsko et al. 2024). However, the consequences of these individual effects for the equilibrated 99 

circulation are difficult to predict because of nonlinear interactions between all the players in 100 

Fig. 1. A few studies have considered all these influence pathways in interpreting the 101 

circulation responses using numerical experiments in which atmospheric moisture is varied and 102 

the mean state is allowed to adjust freely (Frierson et al. 2006; Bembenek et al. 2020; Lutsko 103 

et al. 2024). For example, Lutsko et al. (2024) showed that increasing atmospheric moisture 104 

can ultimately weaken EKE when the environmental conditions are permitted to adjust. 105 

However, the individual influence pathways have rarely been isolated thus far, limiting 106 

confidence in our systematic understanding of moist dynamics. In particular, the role of eddy-107 
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LH coupling in shaping the extratropical circulation beyond its well-established role in moist 108 

baroclinic instability remains unclear. 109 

In the present study, we explore how eddy-LH coupling shapes the statistically 110 

equilibrated state of the extratropical circulation using an idealized moist GCM coupled to a 111 

slab ocean. To isolate the role of eddy-LH coupling from the multiple influence pathways 112 

through which moisture influences the extratropical circulation, we introduce a LH 113 

homogenization framework that selectively suppresses the zonally asymmetric component of 114 

LH while preserving the direct effect of LH on the zonal-mean state. Within this framework, 115 

the effective static stability experienced by eddies approaches the dry static stability, providing 116 

a simple physical interpretation in terms of dry dynamical arguments. The strength of eddy-LH 117 

coupling is then varied systematically using a tunable homogenization parameter to trace the 118 

circulation response across coupling strengths. Specifically, we aim to answer the following 119 

questions using this framework: 120 

1) How does the zonal-mean background state adjust when eddy-LH coupling is 121 

suppressed? 122 

2) Does storm track activity weaken, as might be expected from moist baroclinic 123 

instability theory, when eddy-LH coupling is suppressed but mean-field adjustment is 124 

allowed? 125 

3) Does the dominant length scale of extratropical eddies increase when eddy-LH 126 

coupling is suppressed, as expected from the comparison of the most unstable modes 127 

of dry versus moist baroclinic instability? 128 

The remainder of this paper is organized as follows. Section 2 describes the idealized 129 

moist GCM and the experimental design, including the LH homogenization framework. 130 

Section 3 presents the theoretical basis of the LH homogenization in terms of the effective 131 

static stability. The three questions posed above are addressed in section 4. Section 5 132 

summarizes the main findings and discusses their broader implications. 133 

 134 
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Figure 1. Conceptual illustration of the influence pathways linking latent heating, eddies, and the mean 135 
state in the extratropical atmosphere. Single-headed arrows denote one-way influences, whereas the 136 
double-headed arrow denotes a two-way interaction. 137 
 138 

2. Methods 139 

a. Model description 140 

 We use an idealized moist GCM configured similarly to the Model of an Idealized 141 

Moist Atmosphere (MiMA; Jucker and Gerber 2017), which is built upon the aquaplanet GCM 142 

of Frierson et al. (2006) and implemented within the Isca modeling framework (Vallis et al. 143 

2018). It employs a spectral dynamic core solving the primitive equations in sigma coordinates. 144 

The surface is represented by a slab ocean whose temperature evolves according to local energy 145 

exchanges with the atmosphere as 146 

𝐶 !"!"#$
!#

= 𝑅$%# + 𝐻& + 𝐻',   (1) 147 

where 𝐶 is the heat capacity of the slab ocean, a function of the mixed-layer depth; 𝑅$%# is the 148 

net surface radiative flux; 𝐻&  and 𝐻'  are the surface latent and sensible heat fluxes, 149 

respectively. 150 

Moist convection is parameterized using a simplified Betts-Miller convection scheme 151 

(Betts and Miller 1986; Frierson 2007) with minor modifications of O’Gorman and Schneider 152 

(2008). A large-scale condensation scheme produces resolved precipitation when the air 153 

becomes saturated. The condensed water is assumed to precipitate immediately, with no 154 

explicit representation of clouds. Only vapor-liquid phase changes are considered, and re-155 

evaporation is not permitted. 156 

Radiative heating is computed using the Rapid Radiative Transfer Model (RRTM; 157 

Mlawer et al. 1997). H2O, CO2, and O3 are the only radiative active gases represented. H2O 158 

is computed interactively through the model hydrological cycle, whereas CO2 and O3 are 159 

prescribed. Surface fluxes are calculated using bulk aerodynamic formulas. Their drag 160 

coefficients are derived from the modified Monin–Obukhov scaling used in O’Gorman and 161 

Schneider (2008) which allows for unstable boundary layers. Turbulent mixing within the 162 

planetary boundary layer is parameterized using a K-profile diffusion scheme with a boundary 163 

layer depth diagnosed from a critical bulk Richardson number (Troen and Mahrt 1986). 164 

 165 
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b. Core experimental designs 166 

 We run the model at T42 horizontal resolution with 40 unevenly spaced sigma levels. 167 

A higher-resolution configuration (T85) was also tested and yielded robust conclusions; 168 

therefore, T42 results are presented here to facilitate reproduction at lower computational cost. 169 

The slab ocean has a depth of 1 m and a globally uniform surface albedo of 0.26. The moist 170 

convective adjustment time scale and reference relative humidity are set to 2 h and 0.8, 171 

respectively. CO2 is prescribed as a spatially uniform concentration of 370 ppm, while ozone 172 

is specified using a climatological vertical-latitudinal distribution. The radiative time step is 2 173 

h. 174 

In the absence of ocean heat transport, all meridional heat transport is accomplished by 175 

the atmosphere. This produces an excessively strong meridional temperature gradient in the 176 

tropics, leading to an unrealistically strong Hadley circulation and subtropical jet. An overly 177 

strong subtropical jet can further result in too equatorward positions of EDJ and storm track 178 

(Lee and Kim 2003; Son and Lee 2005; Brayshaw et al. 2008). To alleviate this, we introduce 179 

an additional term, 𝛁 ∙ 𝐅(, into the right-hand side of Eq. (1) to mimic the ocean heat transport 180 

(the so-called Q flux), following Merlis et al. (2013): 181 

𝛁 ∙ 𝐅((𝜙) = 𝑄)
*

+),-
(1 − .-%

-&%
)exp(− -%

-&%
),  (2) 182 

where 𝜙 is the latitude; 𝑄)  are 𝜙/  are set to 35 W m-2 and 16°, respectively. This Q flux 183 

effectively redistributes excess heat from the deep tropics to the subtropics (Jucker and Gerber 184 

2017; Garfinkel et al. 2020). 185 

The model is integrated under a perpetual equinox condition with no seasonal or diurnal 186 

cycle. All simulations are conducted for 7,200 days, with the first 3,600 days discarded as 187 

spinup. Statistical equilibrium states are computed from the final 3,600 days. Given the 188 

hemispheric symmetry of the equilibrated climate, the Northern and Southern Hemispheres are 189 

combined. Model output, originally defined in native sigma coordinates, is interpolated onto 190 

standard pressure levels before analysis. 191 

 192 

c. Latent-heating homogenization experiments 193 
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 To investigate the influence of eddy-LH coupling on the equilibrated extratropical 194 

circulation, we conduct LH homogenization experiments. At every model time step, the 195 

diabatic temperature tendency due to LH, 𝑇̇&0, is zonally homogenized according to  196 

𝑇̇&0 = 𝑇̇&044444 + 𝛼𝑇̇&01 ,    (3) 197 

where overbar and prime denote zonal mean and deviations therefrom, respectively. Here, 𝛼 is 198 

a tunable parameter controlling the extent of homogenization. When 𝛼 = 1.0, LH at each grid 199 

point is identical to that computed by the moist convection and large-scale condensation 200 

schemes. When 𝛼 = 0.0, LH is replaced by its zonal mean. Those two experiments are referred 201 

to as control and homogenization experiments, respectively. 202 

We perform parameter-sweep experiments in which 𝛼  is varied from 0.0 to 1.0 in 203 

increments of 0.1 to examine how the equilibrated extratropical circulation responds to varying 204 

degrees of eddy-LH coupling suppression. Note that regardless of the value of 𝛼, the zonal-205 

mean LH is preserved, allowing the effects of eddy-LH coupling to be isolated without altering 206 

the direct effect of LH in zonal-mean dynamics. To focus on the role of eddy-LH coupling in 207 

the extratropics, LH is homogenized only poleward of 30°. Artificial discontinuities between 208 

the tropics and extratropics are avoided by allowing the homogenization parameter to vary 209 

smoothly across the subtropics using a cosine taper: 210 

𝛼- =

⎩
⎪
⎨

⎪
⎧

1,

𝛼 + *23
.
=1 + cos(𝜋 |-|2-'

-%2-'
)B ,

|𝜙| < 𝜙*
𝜙* ≤ |𝜙| ≤ 𝜙.
|𝜙| > 𝜙.

𝛼,

, (4) 211 

with 𝜙* = 20° and 𝜙. = 30°. 212 

Figure 2 shows snapshots of 𝑇̇&0 at 500 hPa and geopotential height anomaly from its 213 

zonal mean at 750 hPa for the control (𝛼 = 1.0) and homogenization (𝛼 = 0.0) experiments. 214 

In the control experiment, LH occurs preferentially along the leading edge of cyclonic 215 

anomalies (Fig. 2a), consistent with the observed midlatitude synoptic storms. In the 216 

homogenization experiment, 𝑇̇&0  in the extratropics exhibits no zonal asymmetry (Fig. 2b), 217 

thereby eliminating spatial correlations between LH and eddy circulation. The next section 218 

further details the theoretical basis of the LH homogenization framework. 219 
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 220 

Figure 2. Snapshots of instantaneous zonal anomaly of 700-hPa geopotential height (contours, unit: 221 
gpm) and 500-hPa temperature tendency due to LH (shading, unit: K day-1) in a the control (α=1.0) and 222 
b the homogenization (α=0.0) experiments. 223 

 224 

3. Theoretical basis of LH homogenization 225 

One intuitive way to understand the impact of LH homogenization may be through 226 

potential vorticity (PV) thinking (Hoskins et al. 1985). In midlatitude storms, latent heat release 227 

is collocated with ascending motion on the downstream side of low-level cyclones (as shown 228 

in Fig. 2a), generating upper-level anticyclonic and low-level cyclonic PV anomalies through 229 

altered dry static stability (𝜕𝜃 𝜕𝑝⁄ , where 𝜃 is potential temperature). These PV anomalies are 230 

balanced by upper-level ridge building and low-level cyclone intensification, thereby 231 

reinforcing the mutual interaction between upper- and low-level baroclinic disturbances when 232 

the phasing of LH is favorable. Homogenizing LH destroys this phase relationship, preventing 233 

LH from amplifying baroclinic disturbances. 234 

 Although PV thinking provides an intuitive picture of the consequence of LH 235 

homogenization for individual storms, it offers limited insight into how these effects 236 

accumulate to shape the equilibrated eddies and mean fields. To interpret the gross influence 237 
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of eddy-LH decoupling in extratropical circulation, we adopt the effective static stability theory 238 

of O’Gorman (2011). In the homogenization experiment (𝛼 = 0.0), the effective static stability 239 

felt by eddies reduces to dry static stability, implying that eddies follow the dry dynamics even 240 

in the presence of moist processes. To understand how this emerges, we first revisit the 241 

derivation of the effective static stability. 242 

For an air parcel undergoing condensation while conserving its saturation equivalent 243 

potential temperature, 𝜃%∗, the thermodynamic equation can be written as 244 

67
6#
= 𝜔↑ O!7

!9
P
7(∗
= 𝑇̇&0,   (5) 245 

where  𝜔↑ = 	𝜔𝐻(−𝜔) and 𝐻(∙) is the Heaviside function, which ensures that condensation 246 

occurs only during ascent. It is assumed that LH is the dominant diabatic process on storm time 247 

scale, and that the ascending air parcel remains saturated. Transforming Eq. (5) into Eulerian 248 

form and collecting the terms involving vertical velocity, 𝜔, yields 249 

!7
!#
= −𝜔 !7

!9
+ 𝜔↑ O!7

!9
P
7(∗
+⋯,   (6) 250 

Neglecting the eddy contribution to the vertical gradient of potential temperature (i.e., 251 

𝜕𝜃 𝜕𝑝⁄ ≈ 𝜕𝜃̅ 𝜕𝑝⁄ ), the eddy thermodynamic equation is 252 

!7*

!#
= −𝜔1 !7:

!9
+ 𝜔↑1 O!7

!9
P
7(∗

44444444 + ⋯.   (7) 253 

The truncated eddy ascent 𝜔↑1  is then parameterized in terms of 𝜔1  using a least-squares 254 

regression in the zonal direction: 255 

𝜔↑1 = 𝜆𝜔1 + 𝜀,    (8) 256 

where 𝜆 = 𝜔1𝜔↑144444444 𝜔1.44444⁄  is the rescaling coefficient; 𝜀 is the residual. To the extent that 𝜔↑1 is 257 

reasonably projected onto 𝜔1, Eq. (7) is rewritten as 258 

!7*

!#
= −𝜔1 O;<

:

;=
P
>??
+⋯,   (9) 259 

where the effective static stability is defined by 260 

−O!7
:

!9
P
>??
= − !7:

!9
+ 𝜆 O!7

!9
P
7(∗

44444444.    (10) 261 

Note that Eq. (9) is identical to the dry eddy thermodynamic equation except that the dry static 262 

stability is replaced by the effective static stability. This formulation, although post hoc, allows 263 
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dry eddy dynamics to be applied to a moist atmosphere (O’Gorman 2011; Levine and 264 

Schneider 2015; Dwyer and O’Gorman 2017), which would not be possible with previous 265 

reduced static stability that does not take unsaturated descent into account (Nielsen-Gammon 266 

and Keyser 2000; Zurita-Gotor 2005; Emanuel et al. 1987). We now extend the above 267 

derivation by replacing the LH term with its homogenized form. Equation (6) is then modified 268 

as 269 

!7
!#
= −𝜔 !7

!9
+ 𝜔↑ O!7

!9
P
7(∗

444444444444 + 𝛼 W𝜔↑ O!7
!9
P
7(∗
− 𝜔↑ O!7

!9
P
7(∗

444444444444X + ⋯, (11) 270 

where the second and third terms on the right-hand side correspond to the right-hand side of 271 

Eq. (3). Likewise, the eddy thermodynamic equation is 272 

!7*

!#
= −𝜔1 !7:

!9
+ 𝛼𝜔↑1 O!7

!9
P
7(∗

44444444 + ⋯,   (12) 273 

which can be rewritten in a similar way as 274 

!7*

!#
= −𝜔1 O!7

:

!9
P
%@@

+⋯,    (13) 275 

where the effective static stability is now 276 

−O!7
:

!9
P
>??
= − !7:

!9
+ 𝛼𝜆 O!7

!9
P
7(∗

44444444.   (14) 277 

Equation (14) states that LH homogenization modifies the effective static stability in a simple 278 

manner: the stratification effect by LH is merely rescaled by 𝛼. Consequently, the effective 279 

static stability reduces to the dry static stability in the limit of complete homogenization (𝛼 =280 

0), whereas it recovers the original expression when 𝛼 = 1.  281 

 The rescaling coefficient 𝜆 is generally less than unity because Eq. (8) accounts for both 282 

condensation during ascent and its absence during descent. At latitudes of strong zonal-mean 283 

ascent (e.g., deep tropics), 𝜆 is close to 1, whereas 𝜆 is close to 0 at latitudes of strong zonal-284 

mean descent (e.g., subtropics). At latitudes where zonal-mean vertical velocity is close to zero 285 

(e.g., midlatitudes), 𝜆  measures the asymmetry of 𝜔1with 𝜆 = 0.5  for symmetry between 286 

ascent and descent, and 𝜆 > 0.5 for ascent stronger and spatially narrower than descent. See 287 

O’Gorman (2011) for further interpretation. 288 

In the control experiment, λ is close to 0.8 in the deep tropics, while it is less than 0.5 289 

in the subtropics (Fig. 3a). In midlatitudes, λ exceeds 0.5, implying that the distribution of 290 
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vertical velocity is skewed toward stronger and narrower ascent. This skewness is a common 291 

feature of moist baroclinic disturbances, in which latent heat release and ascent mutually 292 

reinforce each other, leading to stronger and more localized upward motion on the frontal scale 293 

(Emanuel et al. 1987; Booth et al. 2015). The homogenization experiment exhibits a 294 

pronounced reduction in 𝜆 in midlatitudes (Fig. 3b). This reduction reflects the removal of the 295 

positive feedback between LH and ascent, which are no longer spatially correlated to each other. 296 

In contrast, 𝜆 changes little in the deep tropics where homogenization is not applied and in the 297 

high latitudes where the amount of moisture is low. The reduction is most prominent in the 298 

lower troposphere in storm track latitudes and rapidly weakens above the tropopause. The 299 

tropopause height does not change much in the homogenization experiment (not shown). When 300 

averaged over the midlatitudes and whole troposphere, 𝜆 linearly decreases as 𝛼  decreases 301 

from 1.0 to 0.0 (Fig. 4a), reflecting a gradual weakening of the ascent-descent asymmetry 302 

within baroclinic eddies. 303 

The LH homogenization substantially increases the effective static stability throughout 304 

the extratropical troposphere (Figs. 3c,d). The largest increases occur in the lower troposphere 305 

within the storm track latitudes, roughly coinciding with the region where the asymmetry 306 

parameter also exhibits its largest reduction. This spatial correspondence suggests that this 307 

increase in effective static stability is primarily driven by suppressed coupling between eddies 308 

and LH, rather than by changes in the dry static stability. Indeed, the dry static stability exhibits 309 

modest changes of varying sign (Figs. 3e,f). Near the tropopause and in the lower stratosphere, 310 

however, the responses of effective and dry static stabilities are very similar, suggesting that 311 

the effective static stability change there is dominated by adjustments of the dry stratification. 312 

Averaged over the midlatitudes and troposphere, the effective static stability increases nearly 313 

linearly as 𝛼 decreases, approaching the dry static stability at 𝛼=0.0 (Fig. 4b). In contrast, the 314 

dry static stability remains nearly unchanged across the parameter sweep of 𝛼. If atmospheric 315 

moisture content, rather than eddy-LH coupling, were altered, the dry static stability would 316 

change substantially as shown by Frierson et al. (2006) and Lutsko et al. (2024). Therefore, the 317 

response of the effective static stability is governed primarily by changes in eddy-LH coupling 318 

rather than by changes in the background thermal stratification. 319 
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 320 

Figure 3. a λ (shading) and dynamic tropopause (black lines) in the control experiment. The dynamic 321 
tropopause is defined as the 2-PVU surface, where 1 PVU≡10-6 m2 s-1 K kg-1. b Difference in λ between 322 
the homogenization and control experiments (α=0.0 minus α=1.0). c,d, as in a,b, but for effective static 323 
stability (unit: K hPa-1). e,f, as in a,b, but for dry static stability (unit: K hPa-1). 324 
 325 
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 326 

Figure 4. a Tropospheric (1000–250 hPa) and midlatitude (30°–60°) average of λ for a series of 327 
experiments in which α is varied from 0.0 to 1.0. b As in a, but for dry static stability (dashed line) and 328 
effective static stability (solid line). 329 
 330 

4. Equilibrated extratropical large-scale circulation 331 

a. Adjustment of mean fields 332 

 We examine first how the zonal-mean fields adjust to changes in eddy-LH coupling. 333 

Relative to the control, the homogenization experiment exhibits a colder atmosphere poleward 334 

of 50° and a warmer lower troposphere on the equatorward side of the storm track, thereby 335 

enhancing the meridional thermal contrast in midlatitudes (Fig. 5a). Consistent with thermal 336 

wind balance, the strengthened temperature gradient is accompanied by a poleward 337 

displacement and intensification of the westerly jet (Fig. 5b). The jet response is nearly 338 

barotropic, implying the change in the eddy-driven jet, rather than in the angular momentum-339 

conserving subtropical jet that is located on the poleward edge of the Hadley cell (Held and 340 

Hou 1980). Indeed, we found that the latitude of the Hadley cell edge remains nearly unchanged, 341 

while the eddy momentum flux convergence varies consistently with the jet change (not shown). 342 
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The enhanced meridional thermal gradient is also reflected in the slab-ocean 343 

temperature, which evolves through local atmosphere-ocean energy exchange. As the 344 

homogenization parameter 𝛼  decreases from 1.0 to 0.0, high-latitude surface temperature 345 

decreases systematically, whereas tropical surface temperature remains nearly unchanged (Fig. 346 

5c). The corresponding response of the EDJ position, defined as the latitude of the maximum 347 

zonal-mean zonal wind at 850 hPa, is provided in Fig. 5d. The jet shifts progressively poleward 348 

with decreasing 𝛼, with the largest sensitivity occurring for 𝛼 ≤ 0.4. When 𝛼 = 0.0, the EDJ 349 

is displaced poleward by approximately 4° relative to the control. The more causal mechanisms 350 

of EDJ response to eddy-LH decoupling are beyond the scope of the present study. 351 

 352 

Figure 5. a Zonal-mean potential temperature in the control experiment (contours, unit: K) and its 353 
difference between the homogenization and control experiments (α=0.0 minus α=1.0; shading). b As in 354 
a, but for zonal-mean zonal wind (unit: m s-1). c Latitudinal profiles of zonal-mean slab ocean surface 355 
temperature, and d latitudinal positions of EDJ for a series of experiments in which α is varied from 0.0 356 
to 1.0. 357 

 358 

Because the zonal-mean thermal structure shown in Fig. 5 represents an equilibrated 359 

state arising from nonlinear interactions between eddies and the mean flow over model 360 

integration, direct attribution of the mean-state adjustment to eddy-LH coupling is not 361 
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straightforward. Instead, we examine whether the adjusted thermal structure can be understood 362 

using scaling arguments. We first consider the baroclinic adjustment theory of Stone (1978). 363 

The original baroclinic adjustment states that baroclinic eddies continuously adjust the 364 

extratropical troposphere toward a state that is neutral to linear baroclinic instability. The 365 

resulting scaling relates the dry static stability to the meridional temperature gradient as !7
:

!A
=366 

− @
B0

!7:

!C
, where 𝑓 and 𝛽 are the planetary vorticity and its meridional gradient, and 𝐻 is the 367 

scale height. This scaling suggests that a baroclinically adjusted atmosphere maintains an 368 

isentropic slope at its critical value. However, statistical equilibrium in nonlinear models does 369 

not necessarily coincide with exact baroclinic neutrality (Zhou and Stone 1993a,b; Barry et al. 370 

2000). Nevertheless, a tendency for eddies to constrain variations in the isentropic slope is 371 

evident in the real atmosphere, as indicated by the lead-lag relationship between anomalous 372 

isentropic slope and synoptic eddy heat fluxes (Thompson and Birner 2012). Following the 373 

concept of “weak baroclinic adjustment” (Stone and Branscome 1992), the scaling relevant to 374 

our parameter-sweep experiments may be expressed as 375 
!7:

!A
∝ − !7:

!C
.     (15) 376 

An analogous scaling for a moist atmosphere may be obtained by replacing the dry static 377 

stability with the effective static stability: 378 

(!7
:

!A
)>?? ∝ −

!7:

!C
.    (16) 379 

Figure 6 compares the weak baroclinic adjustment scaling with its moist extension in 380 

our parameter-sweep experiments. Both sides of each equation are evaluated at 500 hPa and 381 

averaged over the midlatitudes (30°–60°). The hydrostatic approximation (i.e., 𝜕𝑝 = −𝜌𝑔𝜕𝑧) 382 

is used to express the static stabilities in geometric coordinates. Across the parameter sweep, 383 

the effective static stability varies quasi-linearly with the meridional potential temperature 384 

gradient. Thus, the systematic increase in the effective static stability with decreasing 𝛼 is 385 

accompanied by a corresponding strengthening of the meridional temperature gradient, broadly 386 

consistent with baroclinic adjustment behavior. In contrast, the dry static stability varies weakly 387 

and in the opposite direction. This decrease differs from the nearly constant dry static stability 388 

in Fig. 4b because the former is evaluated at a single level rather than averaged over the 389 

troposphere. 390 
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 391 
Figure 6. Meridional potential temperature gradient as a function of midlatitude (30°–60°) dry static 392 
stability (triangles) and effective static stability (squares) at 500 hPa for a series of experiments in which 393 
α is varied from 0.0 to 1.0. 394 

 395 

While the weak baroclinic adjustment scaling qualitatively accounts for the covariation 396 

between effective static stability and the meridional temperature gradient, the unspecified 397 

proportionality coefficient precludes a quantitative prediction of their magnitudes. We next 398 

examine whether the supercriticality framework of Schneider and Walker (2006) provides a 399 

quantitative constraint on the adjusted thermal structure. The supercriticality is expressed as 400 

𝑆 = @
B
!7:+
!C
=2 !7

:+
!9
(𝑝'444 − 𝑝"444)B

2*
,   (17) 401 

where !7
:+
!C

 and !7
:+
!9

 are the near-surface meridional potential temperature gradient and dry static 402 

stability; 𝑝'444 − 𝑝"444 is the pressure depth of the troposphere. The supercriticality 𝑆 quantifies the 403 

ratio of the pressure depth over which baroclinic eddies redistribute entropy to the total pressure 404 

depth of the troposphere. If baroclinic eddies dominate the tropospheric entropy redistribution 405 

and thermal stratification, 𝑆 is expected to be close to 1. When 𝑆 < 1, baroclinic eddies do not 406 

extend throughout the full depth of the troposphere, and the upper-tropospheric thermal 407 

stratification is primarily maintained by radiation and convection. The latter regime does not 408 

generally occur unless the near-surface baroclinicity is very weak (Schneider and Walker 2006; 409 

Levine and Schneider 2015). Although formally similar to the original baroclinic adjustment 410 

condition, Eq. (17) does not assume baroclinic neutrality but instead follows from constraints 411 

on isentropic mass transport in a continuously stratified atmosphere (Schneider 2004). 412 
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O’Gorman (2011) extended this framework to moist atmospheres by replacing the dry static 413 

stability with the effective static stability: 414 

𝑆>?? =
@
B
!7:+
!C
b2 O!7

:+
!9
P
>??
(𝑝'444 − 𝑝"444)c

2*
 ,  (18) 415 

that can be used to constrain the moist extratropical atmosphere. This extension is advocated 416 

by Levine and Schneider (2015) who demonstrated that 𝑆>?? remains close to 1 across a range 417 

of moist idealized GCM configurations, just as 𝑆 does in dry atmospheres. 418 

 Figure 7 shows the supercriticality 𝑆 and its moist extension 𝑆>??  in our parameter-419 

sweep experiments. !7
:+
!C

 and static stabilities are evaluated at 875 hPa, immediately above the 420 

boundary layer top, and averaged over midlatitudes (30°–60°). The pressure depth 𝑝'444 − 𝑝"444 is 421 

determined as the difference between 875 hPa and the mean pressure of the 2-PVU surface. 𝑆 422 

has values around 0.5 across the parameter sweep of 𝛼, underestimating the actual vertical 423 

extent of baroclinic eddies (Schneider and O’Gorman 2008; Levine and Schneider 2015). 𝑆>?? 424 

has a value smaller than but very close to 1 for the control experiment, consistent with Levine 425 

and Schneider (2015). However, it decreases continuously to ~0.5 as 𝛼 varies from 1.0 to 0.0, 426 

rather than remaining close to unity. We also took the average over baroclinic zones defined as 427 

a finite latitude width with respect to maximum eddy heat flux, instead of fixed 30°–60°, as in 428 

previous studies (O’Gorman 2011; Levine and Schneider 2015), but the results remain 429 

unchanged. 430 

 431 
Figure 7. Supercriticality of Schneider and Walker (2006) computed using midlatitude (30°–60°) dry 432 
static stability (triangles) and effective static stability (squares) for a series of experiments in which α 433 
is varied from 0.0 to 1.0. 434 

 435 
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Considering that the tropopause height is not much different between the control and 436 

homogenization experiments, the occurrence of 𝑆>?? ≈ 0.5 in the homogenization experiment 437 

implies that the vertical extent of baroclinic eddies is half that in the control experiment. 438 

However, inspection of the vertical distribution of eddy fluxes does not support this 439 

interpretation (not shown). Indeed, according to Schneider and Walker (2006) and Levine and 440 

Schneider (2015), such a subcritical regime is possible only when near-surface baroclinicity is 441 

weak, but the meridional temperature gradient becomes stronger when eddy-LH coupling is 442 

suppressed. We argue that the supercriticality in Eq. (18) does not necessarily constrain the 443 

equilibrated thermal structure of the moist extratropical atmosphere when LH is homogenized. 444 

It is of note that Jansen and Ferrari (2013) revisited Schneider’s supercriticality theory and 445 

demonstrated that the assumption of vertically uniform eddy diffusivity, employed in the 446 

original derivation, is not always valid. Their improved derivation accounts for the existence 447 

of supercritical states; however, it still does not explain the occurrence of the subcritical states 448 

found here. At present, the systematic variation of the meridional temperature gradient across 449 

the parameter sweep may be best understood qualitatively in terms of baroclinic adjustment. 450 

 451 

b. Storm track activity 452 

 We next examine storm track activity. While linear moist baroclinic instability theory 453 

predicts that eddy-LH coupling invigorates individual baroclinic disturbances, it remains 454 

unclear whether the same expectation applies once the mean state is allowed to adjust. Figures 455 

8a,b show the free-tropospheric integrals of EAPE (+,D	
.
𝑇1.4444𝑐𝑜𝑠𝜙) and EKE (*

.
𝑢1. + 𝑣1.444444444444𝑐𝑜𝑠𝜙), 456 

where 𝑐9 is the specific heat at constant pressure, and 𝛾 is the stratification parameter defined 457 

as 458 

𝛾 = 7:

"F
G
+,9

O− !H
!9
P
2*

.    (19) 459 

Here, 𝑅 is the dry gas constant, and − !H
!9

 is the hemispheric-mean dry static stability. The EKE 460 

and EAPE exhibit comparable magnitudes and similar latitudinal distributions, broadly 461 

consistent with the approximate equipartition found in idealized GCMs (Schneider and Walker 462 

2006). Both components of eddy energy change little across the parameter sweep. Although 463 

EKE slightly decreases within 20°–40° as α varies from 1.0 to 0.0, EAPE exhibits only modest 464 

changes. To better focus on “transient” storm track activity, the same diagnostics are computed 465 

using only high-frequency (HF; high-pass-filtered with a 10-day period cutoff) eddies (Figs. 466 
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8c,d). In the control experiment, HF components of EKE and EAPE peak near 40°. As eddy-467 

LH coupling is suppressed, neither HF EKE nor HF EAPE weakens; instead, they exhibit a 468 

slight poleward intensification, consistent with the poleward intensification of the EDJ with 469 

decreasing 𝛼 (Fig. 5d). 470 

 471 

Figure 8. a,b Latitudinal profiles of vertically averaged (875–250 hPa) a EAPE and b EKE for a series 472 
of experiments in which α is varied from 0.0 to 1.0. The cosine latitude weighting is applied. c,d As in 473 
a,b, but only for HF eddies. Note that the y-axis range in a,b is twice that of c,d. 474 
 475 

To explain this counterintuitive storm track response to the suppression of eddy-LH 476 

coupling, we next examine the budget of HF eddy energy based on the Lorenz energy cycle 477 

(Lorenz 1955; Peixóto and Oort 1974). Specifically, we consider the budget of the total eddy 478 

energy 𝐸, defined as the sum of EKE and EAPE. Although EAPE is not a direct measure of 479 

storm track activity, the advantage of the 𝐸 equation over the EKE equation is that the internal 480 

conversion between EKE and EAPE cancels out, leaving only the external energy sources and 481 

sinks (Novak et al. 2020). Under the quasi-geostrophic approximation, the total eddy energy 482 

equation can be written as: 483 
!〈J〉	
!#

= 〈−𝑐9𝛾𝑣1𝑇1444444 !
L!-

𝑇4〉 + 〈𝛾𝑇1𝑄&0144444444〉 + 〈−𝑢1𝑣1444444 !
L!-

𝑢4〉 + ℛ, (20) 484 
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where 𝑎 is the radius of the earth; 𝑄&01  is the zonal deviation of LH rate per unit mass; ℛ 485 

denotes the residual; angle brackets represent the hemispheric mass integration 〈∙〉 =486 

−∫(∙) L
%

M
𝑐𝑜𝑠𝜙𝑑𝜆𝑑𝜙𝑑𝑝. The 10-day high-pass filter is applied to all eddy quantities to focus 487 

on transient storm activity. In computing the stratification parameter 𝛾 in (Eq. 19), we do not 488 

replace the dry static stability with the effective static stability because the LH effect is 489 

explicitly represented by the second term on the right-hand side of Eq (20). Recalling Eq. (3), 490 

the eddy LH rate in our experiments is expressed as 491 

𝑄&01 = 𝑐9𝛼𝑇̇&01 .    (21) 492 

The residual ℛ includes diabatic generation of EAPE by processes other than LH, equatorial 493 

boundary energy inflows, and frictional dissipation, which are not considered explicitly. 494 

The first three terms on the right-hand side of Eq. (20) represent baroclinic energy 495 

conversion from MAPE, diabatic generation of EAPE by LH, and barotropic energy conversion 496 

between eddy and mean kinetic energies, respectively. The left-hand side of Eq. (20) vanishes 497 

for a statistically equilibrated climate (i.e., eddies are saturated), and thus the energetic 498 

diagnostics alone cannot establish causality. Instead, they provide insight into the relative 499 

importance of the individual energetic processes that maintain storm track activity. Figure 9 500 

compares the individual terms on the right-hand side of Eq. (20) among experiments with 501 

different 𝛼. For diagnostic purposes, we retain the latitudinal dependence by integrating only 502 

in the zonal and vertical directions (e.g., Novak et al. 2020). As 𝛼 decreases from 1.0 to 0.0, 503 

baroclinic energy conversion undergoes a pronounced poleward strengthening (Fig. 9a), 504 

indicating enhanced extraction of MAPE by the eddies. Its peak magnitude is larger in the 505 

homogenization experiment than in the control experiment by a factor of 1.4, while the peak 506 

latitude changes only modestly across the parameter sweep. 507 

In contrast, EAPE generation by LH decreases systematically with decreasing 𝛼 and 508 

vanishes when 𝛼 = 0.0 (Fig. 9b). This behavior is expected because the LH contribution is 509 

determined by the covariance between 𝑇1 and 𝑄&01 . In extratropical cyclones, latent heat is 510 

preferentially released in the warm sector where positive temperature anomalies are present 511 

(Browning et al. 1973), producing a positive covariance between 𝑇1 and 𝑄&01 . Because 𝑄&01  is 512 

directly proportional to 𝛼  in our experiments (Eq. 21), this contribution decreases 513 

systematically with decreasing 𝛼 . Despite the contrasting responses of baroclinic energy 514 

conversion and EAPE generation by LH, their sum remains similar across the experiments (Fig. 515 

9c). Thus, the loss of diabatic energy input is largely compensated by enhanced baroclinic 516 
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energy conversion, thereby maintaining storm-track activity despite the suppression of eddy–517 

LH coupling. 518 

The barotropic energy conversion, which is associated with the later stages of the 519 

baroclinic wave lifecycle, exhibits enhanced transfer of EKE to the mean flow at progressively 520 

higher latitudes on the equatorward flank of the storm track as 𝛼 decreases (Fig. 9d). This 521 

behavior is likely related to changes in the relative positions of the storm track and the westerly 522 

jet across the parameter sweep. Nevertheless, the magnitude of this change is much smaller 523 

than those of the first two energetic terms and is therefore unlikely to play a major role in 524 

maintaining storm track activity. 525 

 The compensating increase in baroclinic energy conversion appears to be closely 526 

related to the adjustment of the mean thermal structure. To quantify this relationship, we 527 

assume that the HF eddy heat flux is local and approximately diffusive such that 528 

𝑣1𝑇1444444 ≈ −𝐷 !
L!-

𝑇4 ,    (22) 529 

where 𝐷 is the eddy diffusivity. Rewriting the baroclinic energy conversion using Eq. (22) 530 

yields 〈−𝑐9𝛾𝑣1𝑇1444444 !
L!-

𝑇4〉 ≈ 〈𝑐9𝛾𝐷 O
!

L!-
𝑇4P

.
〉 . Assuming, for simplicity, that the eddy 531 

diffusivity has small vertical variation and remains approximately unchanged across the 532 

experiments, we obtain the following relation: 533 

〈−𝑐9𝛾𝑣1𝑇1444444 !
L!-

𝑇4〉 ∝ 〈𝛾 O !
L!-

𝑇4P
.
〉,   (23) 534 

which implies that the changes in dry baroclinic energy conversion across the experiments can 535 

be approximated by the product of the stratification parameter and the square of the meridional 536 

temperature gradient 1 . Integrating over the latitudes where baroclinic energy conversion 537 

exhibits pronounced inter-experiment differences (40°–60°; Fig. 9a), we find that the baroclinic 538 

energy conversion increases by a factor of 1.94 from the control to the homogenization 539 

 

 

 

1 The diagnosed eddy diffusivity 𝐷 modestly decreases with height in the control experiment. In the 
homogenization experiment, 𝐷  decreases slightly in the lower troposphere and increases in the upper 
troposphere, becoming nearly vertically uniform. However, both the vertical structure and interexperimental 

differences in baroclinic energy conversion are dominated by 𝛾 # !
"!#

𝑇%&
$
, justifying the neglect of 𝐷 in the 

approximated scaling in Eq. (23). 
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experiments, whereas the right-hand side of Eq. (23) increases by a factor of 1.92. This close 540 

agreement suggests that the adjustment of the mean thermal structure largely accounts for the 541 

compensating increase in baroclinic energy conversion. Because the dry static stability changes 542 

only weakly across the experiments, the stratification parameter 𝛾  also varies little. 543 

Consequently, the scaling is dominated by changes in the meridional temperature gradient. 544 

Indeed, omitting 𝛾  from the right-hand side of Eq. (23) alters the predicted increase only 545 

slightly, from 1.92 to 2.01, which remains close to the diagnosed ratio of 1.94. The 546 

compensating increase in baroclinic energy conversion is therefore primarily attributable to the 547 

enhanced meridional temperature gradient. 548 

 549 

Figure 9. Latitudinal profiles of zonally and vertically integrated (875–250 hPa) energetic terms for HF 550 
eddies for a series of experiments in which α is varied from 0.0 to 1.0. a Baroclinic energy conversion, 551 
b EAPE generation by LH, c their sum, and d barotropic energy conversion. Note that the y-axis range 552 
of d is different from that in other panels. 553 

 554 

It is also noteworthy that the right-hand side of Eq. (23) is similar (not identical to) the 555 

approximated MAPE of O’Gorman and Schneider (2008b) (see their Eq. 6). In moist idealized 556 

GCM simulations spanning a range of climates, O’Gorman and Schneider (2008b) showed that 557 

EKE scales approximately linearly with MAPE over the baroclinic zone. This scaling may 558 

explain the poleward strengthening of transient EKE found under eddy-LH decoupling (Fig. 559 
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8d), although the specific processes underlying the EKE response remain obscured from the 560 

steady state alone. 561 

 562 

c. Eddy length scales 563 

 How does the characteristic scale of extratropical eddies respond to the suppression of 564 

eddy-LH coupling? In Earth-like dry atmospheres, the dominant scale of synoptic eddies is 565 

often comparable to that of the most unstable baroclinic waves, which in the Eady model is set 566 

by the Rossby deformation radius. This reflects weak eddy-eddy interactions and inefficient 567 

upscale energy transfer (Held 1999; Schneider 2004; O’Gorman and Schneider 2007). Since 568 

moist baroclinic instability preferentially destabilizes shorter waves, we examine whether the 569 

dominant eddy length scale changes with the suppression of eddy-LH coupling and whether its 570 

variation can be captured by the Rossby deformation radius. 571 

 Figure 10a shows the energy-containing zonal wavenumber (𝑘s) of upper-level eddy 572 

meridional wind . Following Kidston et al. (2010), 𝑘s  is defined as 573 

𝑘s = ∑ O∙|QR(O)|%-
∑ |QR(O)|%-

,   (24) 574 

where 𝑣t(𝑘) is the Fourier component of the eddy meridional wind at zonal wavenumber 𝑘. The 575 

𝑘s  decreases poleward from approximately 𝑘s = 9  at 10° to 𝑘s = 2  at 80°. The larger 576 

wavenumbers in the tropics may partly reflect the larger zonal circumference at low latitudes, 577 

as well as the prevalence of smaller-scale disturbances associated with moist convection in the 578 

absence of zonal asymmetry (Macdonald and Ming 2022). In the experiments with varying 𝛼, 579 

the midlatitude 𝑘s  decreases systematically with decreasing 𝛼, implying longer wavelengths as 580 

eddy-LH coupling is suppressed. This response is qualitatively consistent with the prediction 581 

of moist baroclinic instability theory. Changes in 𝑘s  are negligible in the tropics where the LH 582 

homogenization is not applied and at high latitudes where the influence of eddy-LH decoupling 583 

is limited by low moisture availability. Focusing on HF eddies, the decrease in midlatitude 𝑘s  584 

is more pronounced than for the total eddy (Fig. 10c). This stronger response is consistent with 585 

HF eddies being more representative of synoptic-scale disturbances, whose horizontal scales 586 

are more closely tied to the preferred length scales of baroclinic instability than those of low-587 

frequency eddies. The lengthening of HF eddies is most pronounced on the poleward flank of 588 

the storm track (50°–60°), coinciding with the region of the largest fractional increase in 589 

baroclinic energy conversion (Fig. 9a). 590 
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 We next examine whether the variation in the energy-containing eddy length across the 591 

parameter sweep of 𝛼  can be explained by the Rossby deformation radius. The energy-592 

containing eddy length is defined as 𝐿s = 2𝜋𝑎𝑐𝑜𝑠𝜙/𝑘s  and averaged over midlatitudes. The 593 

Rossby deformation radius is determined as 594 

𝐿6 =
U0
@

,    (25) 595 

where 𝑁 = OM
7
!7:

!A
P
*/.

 is the Brunt–Väisälä frequency; 𝑔 is the gravitational acceleration; the 596 

scale height 𝐻 is somewhat arbitrary and set to 7 km. We further define the effective Rossby 597 

deformation radius by using the effective static stability in calculating the Brunt-Väisälä 598 

frequency as 599 

𝐿6,>?? =
U.//0
@

,    (26) 600 

where 𝑁>?? = =M
7
O!7

:

!A
P
>??
B
*/.

. Figure 10b compares 𝐿s with 𝐿6 and 𝐿6,>??. The 𝐿6 and 𝐿6,>?? are 601 

rescaled by multiplicative constants determined from least-squares fits to 𝐿s . The 𝐿s  almost 602 

linearly decreases with 𝛼. This variation is reasonably well captured by the variation in 𝐿6,>??. 603 

In contrast, 𝐿6  does not vary much and thus fails to reproduce the eddy lengthening with 604 

decreasing  𝛼. For HF eddies, the variation in 𝐿6,>?? captures that in 𝐿s more closely (Fig. 10d), 605 

presumably reflecting their more direct association with the most unstable mode of linear 606 

baroclinic instability. 607 

Although not shown, we also computed the Rhine scale 𝐿G = y𝑈1 𝛽⁄ , where 𝑈1 is the 608 

eddy velocity scale defined as 𝑈1 = √2EKE  (Rhines 1975), and found that 𝐿G change little 609 

across the parameter sweep of 𝛼. The weak sensitivity of the Rhines scale is expected from the 610 

modest changes in unfiltered EKE (Fig. 8a). This suggests that nonlinear turbulent upscale 611 

energy transfer, which is arrested at the Rhine scale, is not the primary control on the variation 612 

of the eddy length scale with the suppression of eddy-LH coupling. 613 
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 614 

Figure 10. a Latitudinal profiles of dominant zonal wavenumber (𝑘#) of eddy meridional wind at 350 615 
hPa for a series of experiments in which α is varied from 0.0 to 1.0. b Midlatitude (30°–60°) average of 616 
dominant eddy wavelength (𝐿#), Rossby deformation radius (𝐿!), and effective Rossby deformation 617 
radius (𝐿!,#$$) at 350 hPa for a series of experiments in which α is varied from 0.0 to 1.0. 𝐿! and 𝐿!,#$$ 618 
are rescaled by multiplicative factors obtained from least squares fit to 𝐿#. c,d As in a,b, but for HF eddy. 619 
 620 

To further illustrate the spectral signature of the increased eddy length scale under eddy-621 

LH decoupling, Fig. 11a presents the wavenumber-phase speed power spectrum of upper-622 

tropospheric eddy meridional wind. The spectra are obtained by applying a two-dimensional 623 

Fourier transform in time and longitude, followed by the Jacobian correction (∆𝑐 ∆𝑘⁄ ) to 624 

preserve the total spectral power (Randel and Held 1991). In the homogenization experiment, 625 

the spectral power shifts systematically toward lower zonal wavenumbers while exhibiting 626 

little change in ground-based phase speed. However, ground-based phase speed includes 627 

Doppler shifting by the zonal-mean flow, which undergoes substantial adjustment as eddy-LH 628 

coupling is suppressed. To remove this effect, Fig. 11b shows the corresponding spectrum as 629 

a function of the intrinsic phase speed, obtained by subtracting the zonal-mean zonal wind from 630 

the ground-based phase speed. In contrast to the ground-based phase speed, the intrinsic phase 631 

speed shifts systematically toward more westward propagation as the dominant spectral power 632 

moves toward lower zonal wavenumbers. This behavior is qualitatively consistent with the 633 

Rossby wave dispersion relation. 634 
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 635 

Figure 11. a Power spectral density of eddy meridional wind at 350 hPa as a function of zonal 636 
wavenumber and phase speed in the control experiment (contours, unit: m2 s-2  ∆𝑘%& ∆𝑐%&) and its 637 
difference between the homogenization and control experiments (α=0.0 minus α=1.0; shading). 638 
Midlatitude (30°–60°) average is applied. b As in a, but as a function of zonal wavenumber and intrinsic 639 
phase speed. 640 
 641 

5. Summary and discussion 642 

We investigated how the equilibrated extratropical circulation responds to the 643 

suppression of eddy-LH coupling using an idealized moist GCM. To selectively isolate the role 644 

of eddy-LH coupling, we introduced a LH homogenization framework that suppresses only the 645 

zonally asymmetric component while preserving the zonal-mean LH. The novel advantage of 646 

this framework is that the strength of eddy-LH coupling can be systematically controlled 647 

through a tunable homogenization parameter, allowing systematic parameter-sweep 648 

experiments across the full range of coupling strengths. In this experimental design, the 649 
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effective static stability experienced by eddies varies continuously between the moist and dry 650 

limits as eddy-LH coupling is progressively suppressed. 651 

Suppressing eddy-LH coupling leads to a systematic adjustment of the mean thermal 652 

structure, characterized by high-latitude cooling that strengthens the meridional temperature 653 

gradient in midlatitudes. In contrast, the tropospheric-mean dry static stability changes little. 654 

The strengthened temperature gradient is accompanied by a poleward shift and intensification 655 

of the EDJ. Across the parameter sweep experiments, the meridional temperature gradient 656 

increases approximately linearly with effective static stability. This covariation is qualitatively 657 

consistent with baroclinic adjustment in a moist atmosphere, although the supercriticality 658 

framework of Schneider and Walker (2006) does not quantitatively capture the response across 659 

the full range of coupling strengths. 660 

Despite the suppression of eddy-LH coupling, the midlatitude storm track does not 661 

weaken but rather intensifies poleward. We found that storm-track activity is maintained 662 

through a redistribution of eddy energy sources. Although EAPE generation by LH shuts down 663 

when eddies are decoupled from LH, this energy loss is largely compensated by enhanced 664 

baroclinic energy conversion from MAPE. This compensation is closely linked to the adjusted 665 

mean thermal structure, particularly the strengthened meridional temperature gradient. This 666 

behavior contrasts with Lutsko et al. (2024) who found a weakening of EKE as moisture 667 

increases in a similar moist idealized GCM. The discrepancy arises because their experiments 668 

controlled the amounts of moisture, rather than isolating eddy-LH coupling. In their study, the 669 

EKE weakening was primarily associated with increased dry static stability which changes only 670 

weakly in the present experiments. 671 

Despite the fully nonlinear nature of our simulations, the dominant extratropical eddy 672 

length scale increases systematically as eddies are decoupled from LH, consistent with the 673 

prediction from linear moist baroclinic instability. The variation in the dominant eddy length 674 

scale is successfully captured by the Rossby deformation radius when defined using the 675 

effective static stability. The variation is, however, not captured by the Rhine scale. This result 676 

suggests that upscale energy transfer remains sufficiently weak for the equilibrated eddy scale 677 

to be constrained by the effective Rossby deformation radius even when eddy-LH coupling is 678 

suppressed. Eddy lengthening is accompanied by a more westward intrinsic phase speed, 679 

qualitatively consistent with the Rossby wave dispersion relation. 680 
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An instructive comparison can be made with the recent study of Auestad et al. (2025), 681 

who suppressed eddy-LH coupling using a fundamentally different experimental design. They 682 

found that when the circulation is decoupled from LH, the westerly jet shifts poleward without 683 

changing its magnitude while midlatitude storms weaken, both contrasting with the present 684 

results. The contrasting responses may arise from the fundamental differences in the degree of 685 

thermodynamic adjustment permitted by the experimental designs. For example, the zonal-686 

mean LH in our framework evolves interactively with the simulated circulation, whereas 687 

Auestad et al. (2025) prescribe a climatological three-dimensional LH field. Moreover, we 688 

allowed the slab ocean temperature to adjust through local atmosphere-ocean energy exchange, 689 

while their atmospheric GCM is forced by prescribed climatological sea surface temperature. 690 

Other differences in model configuration, including zonal asymmetry and clouds, may also 691 

contribute. Applying the present LH homogenization framework to GCMs of varying 692 

complexity will help assess the robustness of the circulation responses shown in this study. 693 

The present study focuses exclusively on the equilibrated circulation and therefore 694 

cannot determine the causal processes through which the circulation adjusts to the suppression 695 

of eddy-LH coupling. Examining the transient evolution of the storm track, the westerly jet, 696 

and the mean thermal structure following an abrupt suppression of eddy-LH coupling would 697 

provide a useful way to identify the specific processes responsible for establishing the 698 

equilibrated circulation, including the poleward intensification of EKE and EDJ. This 699 

represents another important direction for future research. 700 

 A notable aspect of the present results is the concurrent eddy lengthening and poleward 701 

jet shift when eddies are decoupled from LH. A similar response has been reported under global 702 

warming, where changes in eddy length scale have been suggested to cause the poleward jet 703 

shift (Kidston et al. 2010, 2011; Rivière 2011). For example, Rivière (2011) argued that 704 

enhanced upper-tropospheric baroclinicity under global warming lengthens baroclinic eddies, 705 

promoting anticyclonic wave breaking and a poleward jet shift. Kidston et al. (2011) and 706 

Barnes and Hartmann (2011) also associated longer eddy wavelengths with a more poleward 707 

EDJ, although the latter considered a more general dynamical setting rather than global 708 

warming specifically. Whether the concurrent eddy lengthening and poleward jet shift 709 

identified here operate through one of these mechanisms remains an open question whose 710 

resolution would provide valuable insight into how eddy-LH coupling shapes jet dynamics. 711 
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The poleward shift of the midlatitude jet and the high-latitude cooling when 712 

extratropical eddies are decoupled from LH suggest that eddy-LH coupling anchors the jet 713 

farther equatorward while maintaining a warmer polar climate. If the dynamical importance of 714 

eddy-LH coupling increases in a warmer and moister climate, it may represent an additional 715 

mechanism contributing to future polar amplification, complementing the climate feedback 716 

processes that have traditionally been emphasized (Goosse et al. 2018). Likewise, eddy-LH 717 

coupling may influence the response of the midlatitude jet to climate change, alongside the 718 

widely discussed competition between tropical upper-tropospheric warming and polar 719 

amplification (Butler et al. 2010; Barnes and Screen 2015) and other proposed mechanisms 720 

(Shaw 2019). Extending the present framework across a wide range of climates may therefore 721 

help produce more reliable future climate projections and explain the spread in projected 722 

circulation responses among GCMs. 723 
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