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Abstract This study investigates the causes of shifts in the subsiding edge of the boreal winter Hadley cell
(HC) in response to a comprehensive treatment of ocean surface albedo (OSA) in the fully coupled CESM2. The
focus is on an in‐depth understanding of the atmospheric dynamical processes that influence the HC subsiding
edge. Two sets of experiments were performed: one utilizing the default OSA, and the other employing the
comprehensive OSA that accounts for realistic physical mechanisms. The results show that implementing the
comprehensive OSA simulates an El Niño‐like warming pattern in reference to the default experiment, which
leads to an HC contraction. Examination of zonal mean momentum dynamics in the upper troposphere reveals
that variations in meridional winds, crucial for determining the HC extent, are primarily driven by the
differences in the horizontal eddy momentum flux derivative. The findings indicate that the equatorward shift in
meridional temperature gradients enhances subtropical zonal winds and baroclinicity along their equatorial
flanks, amplifying equatorward‐propagating Rossby waves. This, in turn, alters the eddy momentum flux,
reshaping the pattern of the derivatives of horizontal eddy momentum flux, constraining meridional winds, and
resulting in the equatorward movement of the HC subsiding edge. A scaling theory further supports the results
of the HC contraction, showing that the increased subtropical zonal winds and the equatorward shift of the
Intertropical Convergence Zone (ITCZ) elevate the atmospheric angular momentum and eventually limit the
expansion of the HC.

Plain Language Summary The Hadley cell (HC) is a large‐scale tropical circulation system that
exerts a substantial influence on global and regional climates. However, it is necessary to further explain the
mechanisms that control the HC edge. This study investigates how the HC descending edge shifts when a
comprehensive ocean surface albedo (OSA), including more realistic physical processes, is used in a fully
coupled climate model. Two sets of simulations were conducted: one using the default OSA, which neglects
certain physical processes, and the other using the comprehensive OSA. The comprehensive OSA experiment
simulated an El Niño‐like warming climate in contrast to the default simulation, with equatorward movement of
the HC edge. The present study finds that the equatorward shift in the air meridional temperature gradient results
in the intensification of the subtropical zonal winds and baroclinic instability along their equatorial flanks,
enhancing equatorward Rossby wave activities and affecting the pattern of the horizontal eddy momentum flux.
This constrains the meridional winds, causing the HC edge to move equatorward. A scaling theory supports
these findings by showing that the stronger subtropical winds and the equatorward shift of the Intertropical
Convergence Zone (ITCZ) increase the atmospheric angular momentum and subsequently prevent the HC
expanding.

1. Introduction
A crucial feature of the Earth's climate is the poleward transport of energy needed to compensate for an equatorial
energy surplus and high‐latitude deficit caused by differential solar heating (e.g., Webb, 2019). The Hadley cell
(HC), consisting of two counter‐rotating cells near the equator, dominates the atmospheric circulation in the
tropics. Low‐level atmospheric heat and moisture from the Northern Hemisphere (NH) and Southern Hemisphere
(SH) converge into the Intertropical Convergence Zone (ITCZ), where this warm moist air rises into the upper
troposphere and flows poleward in both hemispheres, forcing downdrafts of dry air in the subtropics (Trenberth &
Stepaniak, 2003). The latitudes of these descending currents, or the HC subsiding edges, mark the boundaries of
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Earth's tropical belt (e.g., Davis & Birner, 2017), which vary seasonally and interannually in response to climate
forcings. Any such change in the width of the tropics has the potential to exert various impacts on regional and
global climate (e.g., Seidel et al., 2008; Staten et al., 2018).

Previous studies suggest that the HC subsiding edges have been moving poleward over the last several decades in
response to global warming based upon a wide range of metrics using observations, reanalysis products, and a
suite of climate model simulations under different historical and future projected scenarios (e.g., Choi et al., 2014;
Fu et al., 2006; Grise & Davis, 2020; Hu et al., 2011, 2018; Hu & Fu, 2007; Kang & Lu, 2012; Lau & Kim, 2015;
Lau & Tao, 2020; Lionello et al., 2024; Lu et al., 2008; Lucas et al., 2014; Seidel et al., 2008; Seidel & Ran-
del, 2007; Staten et al., 2018; Watt‐Mayer et al., 2019; Yang et al., 2020). To disentangle the causes of the HC
subsiding edge shifts, several theories were proposed based on different thermodynamic considerations. For
instance, the HC extent has been quantitatively discussed in scaling relations under the assumption of mean
angular momentum conservation in the tropics (Held, 2000; Held & Hou, 1980; Kang & Lu, 2012), and is linked
to variations in static stability, the meridional air temperature gradient, tropopause height and the location of the
ITCZ in a wide range of dry and moist idealized general circulation model (GCM) studies (Chemke & Pol-
vani, 2019; Hilgenbrink & Hartmann, 2018; Korty & Schneider, 2008; Lu et al., 2007; Seo et al., 2014). However,
scaling is built on the conception of the HC being thermally forced, which is only intended for highlighting the
most essential or dominant dynamical factors in the tropics and subtropics that can contribute to HC expansion
under global warming (Kang & Lu, 2012; Kim & Lee, 2001). Extratropical processes (excluded in the scaling)
could also play important roles in adjusting the geographical HC configuration (Chemke et al., 2019; Deser
et al., 2015; England et al., 2020; Kang, 2020; Kang et al., 2020, 2023; Kim et al., 2022; Lu et al., 2008). In
addition, angular momentum is not entirely conserved (Schneider, 2006; Walker & Schneider, 2006), especially
near subtropical HC boundaries where eddy activities dominate. It is also found that subtropical baroclinicity, and
Rossby wave propagations and breaks, are associated with displacements of the HC edges (Homeyer &
Bowman, 2013; Lu et al., 2008; Tandon et al., 2013; Walker & Schneider, 2006; Wittman et al., 2007). Multiple
causes mentioned here may operate concurrently. HC contraction (the subsiding edge moving equatorward), as
observed in El Niño events (e.g., Adam et al., 2014) or occurring under El Niño‐like warming simulations in
idealized or fully coupled GCMs (e.g., Lu et al., 2008; Tandon et al., 2013; Xie et al., 2022), has been docu-
mented, which were found to be strongly related to the zonal mean meridional temperature gradient (Adam
et al., 2014; Davis & Birner, 2013; Levine & Schneider, 2015; Lu et al., 2008; Nguyen et al., 2013; Seager
et al., 2003; Stachnik & Schumacher, 2011). However, few studies detailed the dynamic processes involved in the
equatorward movement of the HC subsiding edge associated with the El Niño‐like warming pattern. Because of
the complex nature of the climate system, the underlying physical dynamical mechanisms controlling the HC
border are still partly unclear (Staten et al., 2018).

The importance of the sea surface temperature (SST) and its pattern in controlling the HC fringe is well estab-
lished (e.g., Chemke & Polvani, 2018; Chen et al., 2013; Feng et al., 2019; Hilgenbrink & Hartmann, 2018;
Knietzsch et al., 2015; Li et al., 2023; Nguyen et al., 2013; Rollings & Merlis, 2021; Yang et al., 2020; Zhou
et al., 2020). Because the ocean surface is the major atmospheric boundary, any differences in ocean surface
thermodynamics would affect heat flux transport at the air‐sea interface in the coupled atmosphere‐ocean system
(e.g., Chemke & Polvani, 2018). This demonstrates the significant role of the ocean surface albedo (OSA; defined
as the ratio of the upward irradiance to the incoming solar irradiance at the sea surface), which not only regulates
the amount of radiation penetrating into the upper ocean but also determines the quantity of solar energy reflected
back. Consequently, OSA is crucial in energy redistribution and subsequently in driving‐related dynamic cir-
culations (Hall, 2004). However, almost all current GCM simulations calculate OSA in a highly simplified way
(Wei et al., 2021). Modeling of OSA in GCMs generally neglects several physical mechanisms, specifically light
absorption beneath the sea surface induced by oceanic optical constituents and upward scattered of light that
subsequently refracts back to the atmosphere through the sea‐air boundary (referred to as water‐leaving radia-
tion), as well as the reflection of light by sea surface whitecaps. Simulated energy flows neglecting the above
factors in the computation of OSA would reshape the energy budget across the coupled atmosphere‐ocean
framework and may have an impact on simulated SST and its pattern.

Therefore, there is a great interest in investigating the movement of the HC subsiding edge, by replacing the
current oversimplified OSA treatment with a comprehensive OSA depiction in the fully coupled model. This
inspires the present work to explore the atmospheric dynamical processes in detail, which govern the displace-
ment of the temporal and zonal mean HC subsiding edge, in response to the implementation of a comprehensive
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OSA to account for the physical mechanisms more realistically, within a fully coupled GCM. This study is
organized as follows. Section 2 outlines the model, experiments, and HC edge metric used. Section 3 discusses the
simulated results. Section 4 provides a summary and discussion.

2. Methods
2.1. Model and Experiments

To investigate the effects of implementing the comprehensive OSA on the movement of the HC border, two sets
of simulations were analyzed based on two experiments conducted by Wei et al. (2023). The two numerical
experiments were performed with the same initial conditions in the Community Earth System Model version 2
(CESM2; Danabasoglu et al., 2020) with the fully coupled mode. The first simulation, CTR, is the existing
standard CESM2 default setting, where OSA for incident direct radiation is only a function of SZA (Briegleb
et al., 1986) and OSA for diffuse radiation is fixed at 0.06, across two partitioned spectral ranges, (0.2–0.7 μm
[ultraviolet/visible] and >0.7μm [near infrared]; Neale et al., 2012; Zhao et al., 2021). Therefore, the direct and
diffuse OSAs do not change with wavelength, surface wind speed, or the optical properties of ocean surface‐layer
hydrosols. The modified model run (MDR), implements a comprehensive OSA method that incorporates the
comprehensive physical processes for both incoming direct and diffuse beams, and accounts for the spectral
dependency of OSA (Wei et al., 2021). Surface albedo treatments of other CESM2 elements, such as land and sea
ice, retain the default settings. Simulations contain 32 vertical atmospheric layers on a 1.9° latitude by 2.5°
longitude horizontal grid. Each experiment is performed over the 1980–2014 period by specifying historical
radiative forcing, as a result, general climate trends are model‐generated, along with realistic but not accurately
timed large‐scale oscillations such as El Niño/Southern Oscillation and the Pacific Decadal Oscillation. The last
30 years of monthly means are analyzed after discarding earlier years as a spin‐up period. The detailed experi-
mental configuration is described in Wei et al. (2023).

The comprehensive OSA method implemented in MDR is formulated as a function of SZA, chlorophyll con-
centration [chl], and the wind field at the ocean surface. SZA determines surface Fresnel reflection (the dominant
contribution to OSA), [chl] determines light absorption and scattering in the ocean upper layer, and the wind field
roughens the sea surface as well as computes the fraction of whitecaps. In CESM2, the OSA is computed within
the model coupler. For the implementation of the MDR experiment, the prognostic wind field from the atmo-
spheric model component and the prognostic [chl] from the Marine Biogeochemistry Library (MARBL) in the
ocean model component of CESM2 are provided to the coupler. Over tropical oceans, the impact of the wind field
on the averaged OSA is very weak on the monthly scale since the averaged SZA is low. However, OSA is
significantly affected and exhibits greater sensitivity to variations of [chl] (Wei et al., 2021).

It is vital to emphasize that the disparities in physical variables between the MDR and CTR are due to intricate
feedback mechanisms inherent in the fully coupled CESM2, originating from a subtle adjustment made to the
OSA method. Consequently, the movement of the HC subsiding edges in the MDR compared to CTR can be
isolated and examined. This is because employing the comprehensive OSA represents the sole external pertur-
bation process in our CESM2 simulations. It is also important to note that this study is motivated to examine time‐
averaged climate state differences (not a time series trend) attributed to different OSA methods under two distinct
experimental setups because both experiments use the same forcing and initial conditions. It is worth noting that
this study does not seek to quantify climate responses to OSA changes caused by individual parameters, such as
evaluating factorial experiments with static or fixed [chl], and an active or inactive wind field in the compre-
hensive OSA, nor does it aim to assess model accuracy by comparing with in situ measurements and satellite
observations.

As noted in previous studies (e.g., Kang & Lu, 2012; Schneider & Bordoni, 2008), the NH summer (June–July–
August; JJA) HC is typically weak with a diffuse boundary, and is strongly affected by extratropical processes (e.
g., Kang & Lu, 2012), which can sometimes lead to difficulties in clearly identifying the cell's edge. This can
result in considerable uncertainties when trying to pinpoint the HC subsiding boundary. Therefore, in the present
study, we only focus on analyzing the results of boreal winter (December–January–February; DJF) seasons.

Journal of Geophysical Research: Atmospheres 10.1029/2024JD041948

WEI ET AL. 3 of 17

 21698996, 2024, 23, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JD

041948 by U
niversity O

f W
ashington, W

iley O
nline Library on [05/12/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



2.2. Hadley Cell Edge Latitude Metric

The HC in this study is analyzed as a temporal and zonal mean atmospheric circulation in the tropics, which is
characterized by the averaged meridional mass streamfunction (MMS), Ψ(p,ϕ), on the latitude‐pressure plane,
given by (e.g., Davis & Birner, 2013):

[Ψ]( p,ϕ) =
2π a cos ϕ

g
∫

p

0
[v]( p,ϕ) dp, (1)

where p is the surface air pressure (unit: hPa); ϕ is the latitude; a is the mean radius of the Earth (unit: m); g is the
gravitational acceleration (unit: m s−2); [v] is the meridional wind speed (unit: m s−1); and overbars and square
brackets represent zonal and time averaging. In this study, two widely used dynamical metrics associated with the
MMS are applied to identify the HC edges, ϕΨ500 (the latitude of zero meridional mass function at 500 hPa; Hu &
Fu, 2007), and ϕ∫ Ψdp (the latitude of the zero contour of the vertically averaged MMS between 150and 850 hPa;

Davis & Birner, 2016).

3. Results
3.1. OSA, Radiation, and Temperature Differences

Figure 1a shows wintertime climatological mean MDR minus CTR OSA relative differences. In the MDR, the
proportion of solar flux reflected at the surface (OSAMDR) is determined in a more detailed form, and the pene-
trating solar flux is absorbed and scattered by hydrosols and water molecules. Therefore, the net effect on upward
radiation results in a lower OSA in the MDR than in the CTR, leading to relative differences of −20 ∼ −25% over
most of the oceans. Because CTR has the simplified OSA treatment and presumably larger biases than MDR, this
suggests that existing CESM runs overestimate OSA and underestimate SST and tropospheric temperature.

With smaller OSAMDR, less incident flux is reflected and more radiant energy is stored almost everywhere in the
ocean, causing positive MDR minus CTR net shortwave flux differences Δ NSW (warm colors in Figure 1c).
Although mean OSAs are smaller in MDR than in CTR (Figure 1a), Δ NSW is not positive everywhere at the
ocean surface (Figure 1c) mainly due to the MDR minus CTR cloud fraction difference. Cloud and aerosol
loadings in the lower atmosphere can substantially modulate the relative proportion of direct and diffuse light and
the spectral distribution of the incoming illumination hitting the sea surface (e.g., Wild, 2016). The light atten-
uation effect from clouds is much stronger than from aerosols owing to the larger mass of liquid or ice cloud
particles in the atmosphere. Thus, less low cloud coverage (negative Δ CLDLOW in Figure 1b) in MDR generally
produces a reduced proportion of atmospheric light attenuation, indicating more solar flux striking the ocean
surface (positive Δ NSW in Figure 1c) compared to CTR. While a reversed and relatively weaker correlation
between Δ CLDLOW and Δ NLW (net longwave flux difference; Figure 1d) is found, regions of positive
(negative) Δ CLDLOW are closely associated with positive (negative) Δ NLW. An enhanced low cloud amount
absorbs more surface‐emitted longwave radiation and reemits more longwave radiation down to the surface,
causing less negative Δ NLW (e.g., Siegel & Dickey, 1986). However, increased low clouds enhance surface
downward longwave radiative flux but do not lead to strong Δ NLW, because a warmer surface (Figure 1e) also
increases surface‐emitted upward longwave radiative flux (Hegyi & Taylor, 2018; Persson et al., 2017).

The comprehensive OSA (the MDR experiment) is associated with more solar energy injected in the upper ocean,
producing a heating effect on SST. However, SST anomalies show more pronounced warming in the central and
eastern equatorial Pacific compared to the western equatorial Pacific (Figure 1e), exhibiting an El Niño‐like SST
difference in the tropical Pacific (e.g., Collins, 2005; Davis & Birner, 2013; Liu et al., 2005; Lian et al., 2018; Song
& Zhang et al., 2014). The El Niño‐like SST response in fully coupled climate models is a complex process
resulting from the interactions between the atmosphere and the ocean. This response is primarily driven by the
weakening of the Pacific Walker circulation (e.g., Knutson & Manabe, 1995; Song & Zhang, 2014; Vecchi
et al., 2006; Vecchi & Soden, 2007; Zhang & Song, 2006), leading to reduced surface easterly winds (e.g., Vecchi
et al., 2006) and oceanic thermocline shoaling (e.g., Luo et al., 2015; Song & Zhang, 2014). Consistent with these
findings, our simulated differences between the MDR and CTR also reveal a similar pattern (Figure S1 in Sup-
porting Information S1). These changes set off feedback loops that promote El Niño‐like conditions. In addition,
variations in ocean dynamics (Liu et al., 2005), heat uptake and transport (Hu et al., 2022; Luo et al., 2015), physical

Journal of Geophysical Research: Atmospheres 10.1029/2024JD041948

WEI ET AL. 4 of 17

 21698996, 2024, 23, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JD

041948 by U
niversity O

f W
ashington, W

iley O
nline Library on [05/12/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



and biogeochemical feedbacks (Eddebbar et al., 2019), and cloud radiative effects (Collins, 2005; Yu &
Boer, 2002) can contribute to this El Niño‐like SST pattern. Such complex processes of ocean‐atmosphere in-
teractions in coupled climate models highlight the need for further research, model evaluations, and analyses of the

Figure 1. (a): DJF climatological mean MDR minus CTR ocean surface albedo (OSA) difference. (b–f) As in panel (a) but for
low cloud fraction (CLDLOW), net shortwave radiative flux (NSW) at the surface, net longwave radiative flux (NLW) at the
surface, sea surface temperature (SST), and zonal mean air temperature ([Tair]). Overbars and square brackets represent zonal
and time averaging, respectively. Positive (negative) radiative fluxes represent net downward (upward) energy fluxes.
Differences significant at the 95% level are stippled. Purple lines in panel (f) show the CTR mean tropopause pressure. Note:
OSA differences here are percentage relative differences: OSA(%) = 100× (OSAMDR—OSACTR)/OSACTR.
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tropical Pacific's response to global warming. We do not present an in‐depth
analysis of the formation of the El Niño‐like SST difference, as it is beyond
the scope of this study, but it should be emphasized that the SST anomaly
presented here stems from a combination of variations in both surface heat flux
and oceanic dynamics, particularly a series of complex air‐sea feedbacks
within the climate system. In Figure 1f, the warming effect is not confined to
the surface but also extends through almost all of the tropical and mid‐latitude
troposphere. The zonal mean MDR minus CTR air temperature warming is
largest in the tropics (20°S–20°N) as a result of the warmer SST pattern and
redistributed heat flux release from the ocean to the atmosphere, as suggested
by Seager et al. (2003). The accentuated warming in the mid‐troposphere can
be linked to variations in the quasi‐moist adiabatic behavior of the tropical
atmosphere in response to increased moist static energy in the boundary layer
due to the heat flux changes (Lu et al., 2008).

3.2. Zonal Mean State of HC Subsiding Edge

Table 1 presents time‐average meridional statistics of the mean latitude of the HC subsiding edge in both the NH
and SH in boreal winter. All HC subsiding fringes using two different HC metrics ([ϕ500] and [ϕ∫ Ψdp]) are

positioned closer to the equator in MDR than in CTR, which means that MDR simulates slightly smaller HC
widths (a contraction of the HC). The magnitude of the margin movement (MDR minus CTR) is around 0.16°–
0.31° of latitude. The equatorward move of the HC boundary due to an El Niño‐like SST change is consistent with
previous work (e.g., Adam et al., 2014; Davis & Birner, 2013). However, there are few studies that document in
detail the dynamic processes responsible for the HC contraction due to the El Niño‐like SST differences, which is
the focus of the present study.

3.3. Possible Causes for Movement of the HC Subsiding Edge

3.3.1. Zonal Mean Atmospheric Momentum Perspective

To unravel possible causes of the HC contraction, our approach starts with a zonal mean atmospheric momentum
perspective. In the upper troposphere, the temporal and zonal mean momentum equation is obtained by making
suitable approximations to the primary equations of momentum (Vallis, 2017). This equation is primarily a
balance (ignoring friction as it is small; Cook, 2003) among the absolute vorticity advection, vertical advection,
and eddy processes (Vallis, 2017):

f (1 + [ζ]/f )[v]
⏟̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅⏟

absolute vorticity
advection

+ [ω]∂z[u]
⏟⏞⏞⏟

vertical
advection

≈ ∂y[u′v′]
⏟⏞⏞⏟

derivative of horizontal eddy
momentum flux

+ ∂z[u′ω′]
⏟⏞⏞⏟

derivative of vertical eddy
momentum flux

, (2)

where f is the Coriolis parameter with positive (negative) sign in the NH (SH); ζ is the relative vorticity
(ζ = ∂y(u cos ϕ)/a cos ϕ); [ζ]/ f is the normalized relative vorticity (dimensionless); and u, v, and ω are the
zonal, meridional, and vertical velocities, respectively. The prime represents deviations of velocities from their
time‐mean values. Subscripts y and z indicate derivatives in latitude and height directions. Terms on the right‐
hand side of Equation 2 represent derivatives of horizontal and vertical eddy momentum fluxes. The sum of
these two terms is the eddy momentum flux divergence (Caballero, 2007; Walker & Schneider, 2006). Overbars
and brackets represent zonal and time averaging. Positive (negative) [v] indicates air flowing toward the north
(south).

In the upper branches of the HC (but not the edges), streamlines (contours in Figure 2a) of the flow are quasi‐
horizontal (Walker & Schneider, 2006), and therefore the magnitude of the upper meridional velocity [v] largely
determines how far the horizontal extent of HC can reach. The vertical flow terms in Equation 2 are generally

Table 1
Long‐Term (1985–2014) Mean of the Hadley Cell Subsiding Edge and Its
95% Confidence Level (Montgomery & Runger, 2018) in Each Hemisphere
in DJF

Location Case

Metrics

[ϕ500] [ϕ∫ Ψdp]

NH CTR 30.38 ± 0.29 30.43 ± 0.28

MDR 30.17 ± 0.26 30.12 ± 0.22

SH CTR −37.37 ± 0.31 −36.76 ± 0.31

MDR −37.14 ± 0.37 −36.60 ± 0.36

Note. Negative latitudes are located in the SH. Unit: latitude degrees.
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weak and can be neglected (see Figures S2b and S2d in Supporting Infor-
mation S1; Caballero, 2007; Singh & Kuang, 2016; Walker &
Schneider, 2006), thus, Equation 2 can be simplified as follows:

f (1 + [ζ]/f )[v] ≈ ∂y[u′v′]. (3)

In equatorial regions (about 5°S–5°N), the mean circulation is directly tied to
∂y[u′v′] and f + [ζ] and dynamics should be linked to Equation 3. But in
zones such as 5°–35° north or south latitudes, [ζ]/ f is negligible (Figure S2a
in Supporting Information S1), so the mean circulation is tightly maintained
by the balance between the Coriolis Force and the derivative of the horizontal
eddy momentum flux, that is, as [ζ]/ f → 0, Equation 3 becomes
f [v] ≈ ∂y[u′v′]. Any change in ∂y[u′v′] would cause a difference of [v].

Because the distribution of solar energy varies with the season, the HC moves
seasonally. For instance, during the boreal winter, the northern HC (solid
contours in Figure 2a) is much stronger and broader than the southern cell
(dashed contours). The descending branches of the two HC cells are associ-
ated with subsidence in the subtropics of each hemisphere, indicating the HC
edges in the meridional direction. Thus, we may expect to have [v] = 0 at the
poleward edges of the HC, according to f [v] ≈ ∂y[u′v′], hence ∂y[u′v′] = 0
(Ait‐Chaalal & Schneider, 2015; Singh & Kuang, 2016; Vallis, 2017). In
other words, the locations of the zero derivative of the horizontal eddy mo-
mentum flux in both subtropical regions mark the poleward borders of the
HC. This attribute is clearly shown in Figure 2a. Specifically, the zero MMS
[ψ] = 0 (the two green lines at the poleward edges of the HC) in the subtropics
generally matches the zero boundary of ∂y[u′v′] (shaded in Figure 2a),
particularly at levels ranging from 250 to 400 hPa. Those green lines, how-
ever, start to deviate from zero values of ∂y[u′v′] as pressure decreases,
especially at pressure levels less than 200 hPa in both hemispheres. This is
found to be linked to dynamic forcings from the vertical term ∂z[u′ω′]

(relatively small compared to ∂y[u′v′]) in Equation 2 at the fringes between
the troposphere and the stratosphere (Figure S2d in Supporting Informa-
tion S1). Nevertheless, the derivative of horizontal eddy momentum flux
∂y[u′v′] is the major driver adjusting the magnitude of the meridional flow
[v], which in turn largely manages the horizontal poleward orientation of the
MMS at the upper branch of the troposphere, determining the poleward extent
of the HC (Caballero, 2007; Walker & Schneider, 2006).

We further analyze the dominant dynamics associated with the upper branch of the troposphere separately in five
latitudinal zones: (a) the SH subtropics‐midlatitudes (35°S–15°S); (b) the SH deep tropics (15°S–5°S); (c) the SH
equator vicinity (5°S–0°); (d) the NH equator vicinity (0°–5°N); and (e) the NH deep tropics‐midlatitudes (5°N–
35°N). We found that ∂y[u′v′] exerts a positive impact on [v] revealed by the principle of the cancellation of
negative signs (individual variable signs are summarized in Table S1 in Supporting Information S1). For instance,
in the SH subtropics‐midlatitudes regions, positive values of ∂y[u′v′] (warm colors in Figure 2a) work as a

positive effect on [v], attributed to the relation of f [v] ≈ ∂y[u′v′] as [ζ]/ f → 0 in Equation 3. Specifically,
because f and [v] in the SH in the upper southern cell of HC both are negative and their signs cancel each other out,
the magnitude of ∂y[u′v′] exerts a positive relation to the numerical value of [v]. A similar analysis can be applied

to the northern cell of the HC in the SH deep tropics, where ∂y[u′v′] elicits a positive difference in [v], given that

the negative signs of f and ∂y[u′v′] counteract each other, with [v] maintaining a positive sign (Table S1 in

Figure 2. (a) DJF time and zonal mean derivatives of horizontal eddy
momentum flux (shaded; ∂y[u′v′]) and mean meridional streamfunction
(contours; [ψ]) in CTR. Solid gray contours indicate positive (clockwise)
values with a contour interval of 0.4 × l011 kg s−1 ranging from 0.2 × l011 kg s−1

to 1.8 × l011 kg s−1, dashed contours indicate negative (counterclockwise)
values with a contour interval of 0.1 × l011 kg s−1 ranging from
−0.35 × l011 kg s−1 to −0.15 × l011 kg s−1, and the green lines indicate the zero
contours. (b) DJF time and zonal mean MDR minus CTR derivative of
horizontal eddy momentum flux difference (shaded; Δ ∂y[u′v′]). Differences
significant at the 95% level are stippled. Solid gray contours (∂y[u′v′]) denote
positive derivatives of horizontal eddy momentum flux in CTR and dashed
contours (∂y[u′v′]) denote negative values, with a contour interval of
0.5 m s−1 day−1. Zero contours are omitted. In each panel, the solid purple line
shows the CTR mean tropopause pressure He, and the vertical black line is the
equator.
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Supporting Information S1). In the SH equator vicinity, dynamics should be applied to Equation 3. In this case,
the f (1 + [ζ]/ f ) term turns out to be negative, because f is negative, whereas the 1 + [ζ]/ f term is positive (see
Figure S3 and Table S1 in Supporting Information S1). Consequently, the negative nature of f (1 + [ζ]/ f )

counterbalances the negative sign of ∂y[u′v′], resulting in a positive influence of ∂y[u′v′] on [v]. It is found that
dynamics act in the same sense in the NH equator vicinity and the NH deep tropics and mid‐latitudes. Thus, the
∂y[u′v′] term predominantly takes the role of facilitating the growth of [v] in the upper troposphere via the
temporal and zonal mean momentum equation (Singh & Kuang, 2016).

Figure 2b shows MDR minus CTR derivatives of horizontal eddy momentum flux difference Δ ∂y[u′v′] (shaded).

Within the tropical belt, solid (dashed) gray lines overlying the blue (red) colors indicate that ∂y[u′v′] in MDR is

smaller than that in CTR. Hence, a weaker positive effect of the ∂y[u′v′] on [v] is found in the upper tropospheric
HC in MDR, implying that a lower numerical value of [v] limits the growth of [v], or constrains the HC poleward
extension. Therefore, from the perspective of the temporal and zonal‐mean momentum dynamic equation, the
derivative of horizontal eddy momentum flux ∂y[u′v′] mainly explains the major drivers governing the shift of
the HC subsiding edges. Despite this, we may further proceed to ask a question: What controls the change of
∂y[u′v′] in MDR compared to CTR?

Since the variable ∂y[u′v′] is strongly correlated with [u] and [v], it is reasonable to speculate on the important

role of changes in [u], which may affect ∂y[u′v′] to some extent, and thus alter the position of the HC edge. While
[u] is maintained by the vertical zonal wind shear [u]vs, or equivalently, the meridional (equator‐to‐pole) tem-
perature gradient [Tair]grad through the thermal wind theory (f [u]vs = p−1R[Tair]grad, where R is the gas constant
for air; Vallis, 2017). This reflects the critical role of [Tair]grad in driving atmospheric circulation, as noted in
previous studies (e.g., Korty & Schneider, 2008; Levine & Schneider, 2015), and any perturbations in [Tair]grad

are expected to trigger relevant dynamic responses.

Early studies have shown that tropical expansion can occur under both increased (Butler et al., 2011; Frierson
et al., 2007) and decreased (Adam et al., 2014) [Tair]grad, a seemingly paradoxical finding. However, Yang
et al. (2020), through the analysis of observational data and climate model simulations, identified that the
poleward shift in the distribution (or position) of the [Tair]grad, especially around the mid‐latitudes, originating
from the responses to nonuniform SST warming, serves as the crucial factor in driving tropical expansion. In a
more recent study, Yang et al. (2023) demonstrated that both uniform and nonuniform SST warmings, as well as
an idealized global cooling experiment, simulated tropical expansion accompanied by the poleward shift of the
[Tair]grad, further reinforcing the critical role of the poleward migration of the [Tair]grad in setting the tropical
widening. Despite these new insights, a detailed explanation of the atmospheric dynamical processes through
which the migration of the of [Tair]grad affects the HC edge remains elusive. We therefore attempt, in view of these
findings, to provide a more in‐depth discussion of the relevant atmospheric dynamical processes in the following
subsection.

As discussed in Section 3.1, MDR simulates a warmer climate than CTR because more radiant energy is stored in
the ocean, increasing SST but with an uneven spatial distribution. Correspondingly, a chain of air‐sea interactions
is involved in the MDR minus CTR difference, which gives rise to heterogeneous warming of the air, and alters
the pattern of [Tair]grad. Since our MDR experiment simulated a HC contraction (Table 1), we hypothesize that the
[Tair]grad in the MDR would exhibit an equatorward displacement compared to the CTR. The left panel in Figure 3
shows equatorward migration of the mid‐latitude [Tair]grad in the MDR (green solid contours) with respect to the
CTR (gray solid contours) in both hemispheres at the pressure levels greater than 200 hPa, supporting our hy-
pothesis and reinforcing the critical role of the [Tair]grad migration in driving the HC edge, as suggested by Yang
et al. (2020, 2023). Additionally, we also found the upward shift of the mid‐latitude [Tair]grad in MDR (green
dashed contours) at the pressure levels below 200 hPa. These [Tair]grad displacements in MDR shape the pattern of
[Tair]grad differences (shaded) between MDR and CTR. In accordance with the [Tair]grad changes in MDR, the
zonal wind shear anomaly Δ [u]vs (Figure 3b) increases according to the thermal wind relation (however, this
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relation fails to explain increased zonal winds at the lower boundary because of additional boundary friction;
Vallis, 2017). The zonal wind [u] in the MDR is hence intensified as a consequence of the amplification of [u]vs,
manifesting features of stronger westerly winds in the upper section of the troposphere (shading in Figure 4a).
Similarly, Figure 4a displays an equatorward shift of [u] in the MDR (green solid contours) in both hemispheres,
with a notable intensification along their equatorial flanks (bolder shading). This feature is consistent with
findings from previous studies (e.g., Lu et al., 2008; Rind et al., 2001; Seager et al., 2003), which have shown that
during El Niño (or El Niño‐like) events, both observational data and model simulations reveal warming of the

Figure 3. (a) DJF time and zonal mean meridional temperature gradients (gray and green contours represent CTR and MDR,
respectively; solid contours indicate positive values, whereas dashed contours indicate negative values. The contours range
from −2.3 to 2.3 K per latitudinal grid interval) and MDR minus CTR meridional temperature gradient difference across
latitudes (shaded). (b) DJF time and zonal mean vertical zonal wind shear in CTR (contours range from −10.0 to 10.0 m s−1

per pressure level interval, with solid lines representing positive values and dashed lines indicating negative values) and
MDR minus CTR vertical zonal wind shear difference (shaded). (c) DJF time and zonal mean MDR minus CTR Eady growth
rate difference (shaded) and mean Eady growth rate in CTR (contours range from −1.2 days−1 to 2.2 days−1, with solid lines
representing positive values and dashed lines indicating negative values). In each subplot, differences significant at the 95%
level are stippled. The solid purple line shows the CTR mean tropopause pressure He.

Figure 4. (a) DJF time and zonal mean MDR minus CTR zonal wind difference (shaded) and the mean climatological zonal
wind (gray and green contours represent CTR and MDR, respectively. The contours range from 0.0 to 40.0 m s−1, dashed
indicate negative values and zero line omitted). (b) DJF time and zonal mean MDR minus CTR meridional E‐P flux (shade;
equivalently, the reversed horizontal eddy momentum flux) and the meridional climatological E‐P flux (solid and dashed
contours indicate positive and negative values) in CTR, with a contour interval of 4.0 m2 s−2 from −60.0 to 60.0 m2 s−2.
(c) DJF time and wave zonal phase speed equaling zonal wind at the selected pressure levels across latitudes from both CTR
(solid lines) and MDR (dashed lines). In the left and middle subplots, differences that are significant at the 95% level are
stippled and the solid purple line shows the mean tropopause pressure He in CTR.
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tropical atmosphere across latitudes, accompanied by a strengthening of the subtropical jets along their equatorial
flanks and a shift toward the equator in both hemispheres.

It is found that the sharpened Δ[u]vs represent a difference due to larger amplitudes of the Δ[Tair]grad. In these
regions, strong velocity shears occur and may be unstable regarding small perturbations (Holton & Greg-
ory, 2013). Mid‐latitude planetary waves, or Rossby waves, appear to extract energy and grow as the result of an
instability of the mean flow around the jet (Vallis, 2017). This instability is referred to as baroclinic instability (or
baroclinicity) and has been extensively characterized in climate systems by the Eady growth rate (e.g., Hoskins &
Valdes, 1990; Yin, 2005; Yuval & Kaspi, 2016). The Eady growth rate is proportional to the meridional tem-

perature gradient ([σ]D = 0.31 gN−1[Tair]
−1⃒

⃒[Tair]grad
⃒
⃒, N is the Brunt‐Väisälä frequency) or the vertical wind

shear via the thermal wind relationship. As noted by Lu et al. (2008), Rossby waves can be thought of as orig-
inating from subtropical baroclinic instability, and then propagating away from the source region both equa-
torward and poleward (as illustrated in Figure 14.13 of Vallis, 2017). During wave propagation, as the zonal wind
speed approaches the wave zonal phase speed, [u] − cx

p → 0 in Equation S3 in Supporting Information S1, the

term β
k2 + l2 approaches zero. In this case, according to Equation S6 in Supporting Information S1, the meridional

wave group velocity c y
g slows down and wave activity hence gradually dissipates. At critical latitudes where the

wave zonal phase speed equals the zonal flow ([u] = cx
p; such as yN

c and yS
c shown in Figure 6.5 of Singh, 2022),

the meridional wave group velocity c y
g equals zero, where meridional Rossby waves break and cannot propagate

any further, either poleward or equatorward.

Therefore, increased baroclinic instability in the MDR results from the [Tair]grad (see positive values of Δ[σ]D in
the subtropics in Figure 4c), which favors Rossby wave generation and propagation (Vallis, 2017). The poleward
(equatorward) eddy momentum flux is the consequence of equatorward (poleward) Rossby wave propagation. It
is worth noting that the horizontal eddy momentum flux, [u′v′], is equal to the negative value of the meridional

component of the Eliassen‐Palm (E‐P) flux (−[u′v′]), as shown in Equation S10 in Supporting Information S1
(Edmon et al., 1980; Vallis, 2017). Figure 4b presents meridional MDR minus CTR E‐P flux differences. At upper
pressure levels (<200 hPa), solid (dashed) gray lines overlying red (blue) colors mean that the −[u′v′] in MDR is
larger than in CTR, which implies that more E‐P flux exists in the upper troposphere, indicating more Rossby
wave activity propagates toward the equatorial region in MDR. Figure 4c shows examples of upper‐level wave
zonal phase speed cx

p equaling zonal wind [u] from both CTR (solid lines) and MDR (dashed lines) in the latitude‐
phase speed plane. The curve shapes indicate that Rossby waves with slower phase speeds can propagate further
into the tropics, while waves with faster phase speeds are restricted to higher latitudes (Lu et al., 2008). The
enhanced [u] on the equatorial flanks of the subtropical jets (Figure 4a) in the MDR, compared to CTR, draws the
critical latitudes (where [u] = cx

p) closer to the equator for Rossby waves across all phase speeds. This is reflected
by the dashed lines lying above the solid ones (see Figure 4c), aligning with the findings of Lu et al. (2008), where
a similar phase speed pattern (the El Niño case above the La Niña case) was simulated in their Figure 9. As a
consequence, Rossby wave activities can penetrate deeper into the tropics in MDR compared to CTR. This is
consistent with the analysis of the meridional E‐P flux variations in Figure 4b. Thus, Rossby wave activity
anomalies in the upper troposphere regulate the meridional component of the E‐P flux −[u′v′] (equivalently,

modulate the horizontal eddy momentum flux [u′v′]), reshaping the pattern of the derivatives of horizontal eddy

momentum flux ∂y[u′v′]. The changes of ∂y[u′v′] hence adjust [v] (as discussed in Figure 2), reducing the width
of the HC in MDR.

Several studies have identified positive correlations among zonal winds, Rossby waves, and horizontal eddy
momentum flux, with particular focus on the equatorial region. For instance, Dima et al. (2005) utilized reanalysis
data to examine the tropical zonal momentum balance, finding that equatorward‐propagating Rossby waves
correlate with an increase in eddy momentum flux, thereby reinforcing zonal wind patterns, especially in the
upper tropical atmosphere. Kraucunas and Hartmann (2005), utilizing both climate modeling and reanalysis,
demonstrated that equatorial zonal winds are intricately associated with the Rossby wave‐induced enhancement
of eddy momentum flow in the upper troposphere. Zurita‐Gotor and Held (2018) utilized an idealized GCM to
investigate the central role of mixed Kelvin‐Rossby wave instabilities in the intensification of equatorial zonal
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winds. Enhanced Rossby wave activity, along with greater eddy momentum transport, is closely associated with
the acceleration of westerlies in the upper troposphere. Although these references did not explicitly discuss the
HC edge response, the significant interactions among Rossby waves, eddy momentum transport, and zonal wind
patterns in equatorial regions provide essential context and substantiate our comprehensive analysis of meridional
wind through these interactions in this subsection.

3.3.2. The Scaling Theory Perspective

Following the previous analysis of HC contraction from the zonal mean momentum perspective, we now explore
the movement of the HC edge through a scaling theory to provide a complementary perspective and further
confirm the contraction. A widely used analytical scaling, introduced by Held (2000), described the HC boundary
as the poleward limit where the angular momentum‐conserving (AMC) regime reaches the onset of baroclinic
instability (baroclinicity). This scaling has been extensively applied to examine the annual mean state of the HC
edge across both idealized and comprehensive climate models (e.g., Chemke et al., 2019; Lu et al., 2007). To
further investigate the seasonal variability of the HC edge, Kang and Lu (2012) proposed a revised version of
Held's scaling (Held, 2000). Their modification incorporates the location of the ITCZ (ϕITCZ), emphasizing the
role of convection transferring momentum between the surface and the upper circulation levels. Additionally,
they introduced a constant local Rossby number (Ro) to quantify the proximity of the tropical circulation to the
inviscid AMC limit, extending the scaling's applicability to the seasonal mean state. Kang and Lu's (2012) scaling
has been applied to quantify the influence of the ITCZ on the extent of the HC in response to ocean heat poleward
transport in an idealized Aquaplanet GCM (Hilgenbrink & Hartmann, 2018). In this study, we only focus on
analyzing the winter HC scaling as formulated by Kang and Lu (2012), which is expressed as:

[ϕKL] =

⎛

⎜
⎜
⎝

1
2Ro

⎛

⎜
⎜
⎝[ϕ2

ITCZ] +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

[ϕ4
ITCZ] + Ro ·

2g · [θgds] · [H0]

Ω2 · a2

√ ⎞

⎟
⎟
⎠

⎞

⎟
⎟
⎠

1/2

, (4)

where ϕITCZ is the latitude of the ITCZ (unit: degree), defined as the upward velocity‐weighted average latitude
equatorward of 30°, following Hilgenbrink and Hartmann (2018); θgds is the gross dry stability (unitless); H0 is
height of the circulation (unit: m); the Earth's angular velocity, Ω, is in unit of rad s−1. In line with the approaches
of Kang and Lu (2012) and Hilgenbrink and Hartmann (2018), the θgds is defined as θgds = (θ2 − θ1)/2Θ, where
θ2 (unit: K) is the potential temperature at the tropopause pressure, the θ1 (unit: K) is the potential temperature at
850 hPa, and the Θ (unit: K) is the mean tropospheric potential temperature. The H0 is given by H0 = z2 − z1,
where z2 (unit: m) and z1 (unit: m) are at the height of the tropopause and the 850 hPa level, respectively. Overbars
and brackets represent zonal and time averaging. For scaling, the term [θgds] · [H0] is averaged over latitude range
of 20° N/S ∼ 40° N/S for the SH and NH, separately. According to Kang and Lu (2012), the Ro varies depending
on the season and hemisphere, but it was determined to be constant across different years, scenarios, and models.
Specifically, values of 0.45 for the SH and 1.0 for the NH during DJF were found to provide the best alignment
between the scaled [ϕKL] and the simulated [ϕ500] in the ensemble‐mean climatology. This conclusion was drawn
from an analysis of 20 climate models from the Intergovernmental Panel on Climate Change (IPCC) Fourth
Assessment Report (AR4), as reported by Kang and Lu (2012).

As suggested by Kang and Lu (2012), the scaling expression indicates that the dependent variables, including the
[ϕITCZ], [θgds] and [H0], exhibit a strong positive correlation with the [ϕKL]. Since Ω2 · a2 ≫ 2g · [θgds] · [H0],

the contribution of the term 2g · [θgds] · [H0]

Ω2 · a2 to the scaling is tiny. This highlights the dominating role of [ϕITCZ] in the

scaling, decreases (increases) in [ϕITCZ] are associated with reductions (growths) in [ϕKL]. In other words, the
[ϕITCZ] is closer (further) to the equator, implying the HC contraction (expansion). To quantify the contribution
of the ITCZ shift to the movement of the HC edge, we follow the approach outlined by Hilgenbrink and Hart-
mann (2018). The estimated change in the [ϕKL], driven solely by the ITCZ shift, can be calculated as:
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(∆[ϕKl])
ITCZ−driven

≈

⎛

⎜
⎜
⎝

1
2

⎛

⎜
⎜
⎝([ϕ2

ITCZ])
MDR

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

([ϕ4
ITCZ])

MDR
+

2g · ([θgds])CTR · ([H0])CTR

Ω2 · a2

√ ⎞

⎟
⎟
⎠

⎞

⎟
⎟
⎠

1/2

−

⎛

⎜
⎜
⎝

1
2

⎛

⎜
⎜
⎝([ϕ2

ITCZ])
CTR

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

([ϕ4
ITCZ])

CTR
+

2g · ([θgds])CTR · ([H0])CTR

Ω2 · a2

√ ⎞

⎟
⎟
⎠

⎞

⎟
⎟
⎠

1/2

. (5)

As we simulated HC contraction in the MDR compared to the CTR (Table 1), according to the scaling, we assume
to have an equatorward displacement of the [ϕITCZ] in the MDR. Table 2 confirms our assumption by showing a

more equatorward latitudinal position of the [ϕITCZ] in the MDR. The [ϕITCZ] being closer to the equator in the

MDR compared to the CTR corresponds to a contraction of the HC, as indicated by the reduction in ∆[ϕKL]

through the scaling relation (Table 2). Here, we do not explore the reasons behind the changes in [ϕITCZ] between
the MDR and CTR, as that is beyond the scope of this study, but it should be emphasized that the shift of the
[ϕITCZ] originates from a series of feedbacks in the fully coupled model (more detailed mechanisms related the

shift of [ϕITCZ] may refer to the literature such as Adam et al., 2016a, 2016b; Hwang et al., 2021; Kang
et al., 2018, 2009; Kim et al., 2022; Schneider et al., 2014; Shin et al., 2021; Voigt et al., 2017; Xie et al., 2010).
Our focus in this work is solely on analyzing the role of [ϕITCZ] in the scaling relation. Although there are slight

increases in both [θgds] and [H0] in the MDR (Table S2 in Supporting Information S1), the (∆[ϕKl])
ITCZ − driven

accounts for nearly the entire simulated change in ∆[ϕKL]. The ITCZ response of the MDR with respect to the
CTR in the scaling can be described as follows: this equatorward movement of the ITCZ location causes the
rotation axis, acos(ϕ), to increase, while the intensified [u] on the equatorial flanks of the subtropical jets in the
subtropical regions (as shown in Figure 4a), simultaneously enhances the atmospheric angular momentum,
m = (u + Ω acos(ϕ)) acos(ϕ) . The rise in angular momentum then leads to the AMC zonal wind profile to
become baroclinically unstable faster, constraining the extension of the HC edge resulting in a contraction
compared to the CTR simulations (Kang & Lu, 2012). This can be also interpreted from another perspective: the
equatorward migration of the [u] in the MDR results from the equatorward shift of the [Tair]grad (as discussed in
Section 3.3.1), and the corresponding shift of the [σ]D in the MDR (as the [σ]D is a function of [Tair]grad).
Therefore, for the same values of [σ]D in CTR and MDR, the location of baroclinicity in the MDR is closer to the
equator, leading to a faster onset of baroclinic instability in the AMC zonal wind profile.

To put it briefly, we investigate the intricate relationships between the meridional temperature gradient, zonal
winds, Rossby waves, eddy activity (including eddy momentum flux and its derivative), and meridional winds in
the equatorial area in order to explore the potential causes of the HC contraction. The scaling theory validates the
HC contraction investigation and supports our conclusions.

Table 2
Long‐Term (1985–2014) Mean of the Intertropical Convergence Zone (ITCZ) Location, Difference in the Scaling Relation
and Difference in the Scaling Relation Driven by the ITCZ Along With Their 95% Confidence Levels (Montgomery &
Runger, 2018) in Each Hemisphere in DJF

[ϕITCZ] MDR—CTR

Location CTR MDR ∆[ϕKL] (∆[ϕKl])
ITCZ − driven

NH — — −0.810 ± 0.507 −0.811 ± 0.507

SH −4.43 ± 0.48 −3.71 ± 0.41 −1.211 ± 0.758 −1.212 ± 0.757

Note. Negative [ϕITCZ] means the ITCZ is in the SH. while “—” in the NH indicates that the ITCZ is absent in the NH. Unit:
latitude degrees. The values in the right two columns are floored to three decimal places to clearly illustrate the differences.
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4. Summary and Discussion
We explored the change of the boreal winter HC subsiding edges (or latitudinal width of the tropical belt) within a
fully coupled climate model (CESM2) due to implementing a comprehensive OSA module as an alternative to the
existing oversimplified OSA in CESM2. The modified model run (MDR, using the comprehensive OSA),
compared to the existing standard OSA module run (CTR) with the same historical forcing scenario and initial
conditions simulates warmer boreal winter climatological mean SST with an El Niño‐like tropical Pacific SST
pattern, and an equatorward move of the HC boundaries. From the temporal and zonal mean momentum dynamic
perspective, ∂y[u′v′] in the upper troposphere plays a crucial role in adjusting [v], and subsequently affecting the
latitudinal positions of the HC subsiding edges, or the width of the tropics. We found equatorward movement of
the HC subsiding edges in MDR compared to CTR (equivalent to contraction of the tropics), which is closely
correlated with an equatorward migration of [Tair]grad and increases on the equatorial flanks of the subtropical jets,
resembling recent findings (Yang et al., 2020, 2023, who highlighted the critical role of the [Tair]grad poleward
migration in setting the HC widening, while the present work links HC contraction to an equatorward movement
of the [Tair]grad). The enhanced [Tair]grad intensifies subtropical [u] and elevates baroclinic instability, which
pushes the critical latitudes of Rossby waves toward the equator influencing equatorward Rossby wave propa-
gation and then reshaping the horizontal E‐P flux −[u′v′] (or equivalently, the horizontal eddy momentum flux

[u′v′] ). The pattern of ∂y[u′v′] hence changes as a consequence of the Rossby wave anomaly, which constrains
[v] via the zonal mean momentum equation regulating the equatorward displacement of the HC outer edge (see
the schematic diagram in Figure S4 in Supporting Information S1). In addition, through an analysis of a scaling
theory, it shows that the equatorward shift of the ITCZ location in MDR along with the intensified subtropical [u],
leads to an increase in angular momentum. This increase accelerates the onset of baroclinic instability in the AMC
zonal wind profile, thereby constraining the expansion of the HC edge and resulting in a contraction compared to
the CTR simulations.

The present results further reinforce the key role of the [Tair]grad migration in setting the HC edge. This work is a
limited preliminary study that exclusively examines two dynamic metrics derived from zonally and vertically
averaged MMS based on 30‐year historical simulations. The analysis focuses solely on the primary zonal mean
state components of the simplified momentum equation in the upper troposphere in conjunction with a scaling
relation derived from the assumption of angular momentum conservation, which influences the extent of the HC
subsiding edge. We focus on the primary factors in the simplified averaged momentum equation in the upper
troposphere that influence the meridional HC velocity and affect the HC extent. However, realistic HC edge
changes are more complicated, exhibiting strong regional geographical variability (e.g., Grise et al., 2019; Staten
et al., 2018; Yang et al., 2020). Although Yang et al. (2020) found that the regional characteristics of the HC width
are primarily determined by the regional variations of the [Tair]grad displacement, further investigations are
required to better understand tropical belt movements in response to both regional and global climate variabilities,
particularly in relation to large‐scale teleconnections such as El Niño‐Southern Oscillation, Pacific Decadal
Oscillation and North Atlantic Oscillation. Different metrics reflect distinct perspectives on the HC, which can
lead to discrepancies in identifying its boundaries. The discrepancy among different metrics may be mainly
attributed to the different heights of troposphere defining by metrics (Davis & Birner, 2017). To gain deeper
insights into climate dynamics, particularly in long‐term simulations under varying climate forcing scenarios,
further research is needed to thoroughly compare these metrics and their implications for detecting HC edges. In
addition, continued research, model evaluations, and analyses are necessary to thoroughly investigate the El
Niño‐like warming response and its associated atmospheric and oceanic climate feedbacks in greater detail.
Evaluating model‐simulated HC against reanalysis data and observational records is equally important to ensure
the accuracy and reliability of the simulations.

We underline that the present study focuses solely on the assessment of the fully coupled CESM2. Conducting
similar experiments with other climate models could further elevate the level of knowledge about the role of
climate feedbacks in HC dynamics resulting from the implementation of the comprehensive OSA treatment in
CESM2. Although our work did not involve the assessment of model accuracy, our simulated results still can be
viewed as a further step in exploring the important role of OSA in climate dynamics. Previous findings have
highlighted that oversimplified SW radiative fluxes at the ocean surface, resulting from neglecting upper ocean
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light attenuation processes, are a significant source of error in climate models and need correction (Lengaigne
et al., 2009; Patara et al., 2012). In addition to the necessity of incorporating comprehensive physical processes in
the calculation of OSA, other important climate processes may also need to be evaluated for similar compre-
hensive treatments. We recognize that ensemble approaches, such as conducting dozens of OSA modification
experiments and analyzing simulations based on the ensemble mean, can be valuable for conducting comparisons
with the CESM2 Large Ensemble project (Danabasoglu et al., 2020; Kay et al., 2015). However, the complex
treatment of oceanic optical properties required to compute OSA in the fully coupled CESM2 (Wei et al., 2021) is
highly computationally demanding. This constraint has limited our ability to conduct ensemble simulations in the
fully coupled mode of CESM2. As highlighted in Section 2.1, this study is a preliminary exploration aimed at
investigating the differences in the time‐averaged climate state arising from the use of different OSA methods
under two distinct experimental setups, both of which apply the same historical forcing and initial conditions. As
computational capabilities continue to advance, a continuing future research priority will be the development of
simplified, yet sophisticated OSA parameterizations that integrate comprehensive physical mechanisms within
climate models. This will facilitate more efficient and robust simulations related to OSA, allowing us to conduct
more convincing evaluations.

Data Availability Statement
The Community Earth System Model (CESM) version 2, developed and released by National Center for At-
mospheric Research (NCAR; Danabasoglu et al., 2020), is freely accessible to the public. The CESM2 simulated
data outputs can be found on Zenodo (Wei et al., 2024).
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