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ABSTRACT: The poleward extent of Earth’s zonal-mean Hadley cells varies across seasons and years, which would be
nice to capture in a simple theory. A plausible, albeit diagnostic, candidate from Hill et al. combines the conventional two-
layer, quasigeostrophic, baroclinic instability-based framework with a less conventional assumption that each cell’s upper-
branch zonal winds are suitably captured by a single, cell-wide Rossby number, with meridional variations in the local
Rossby number neglected. We test this theory against ERAS reanalysis data, finding that it captures both seasonal and in-
terannual variations in the Hadley cell zonal winds and poleward extent fairly well. For the seasonal cycle of the Northern
Hemisphere (NH) cell poleward edge only, this requires empirically lagging the prediction by 1 month, for reasons unclear
to us. In all cases, the bulk Rossby number value that yields the most accurate zonal wind fields is approximately equal to
the actual, diagnosed cell-mean value. Variations in these cell-mean Rossby numbers, in turn, predominantly drive varia-
tions in each cell’s poleward extent. All other terms matter much less—including the subtropical static stability, which, by
increasing under global warming, is generally considered the predominant driver of future Hadley cell expansion. These re-
sults argue for developing a predictive theory for the cell-mean Rossby number and for diagnosing its role in climate model
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projections of future Hadley cell expansion.
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1. Introduction

Descent in the poleward branches of the time-mean, zonal-
mean Hadley cells promotes aridity in the subtropics, fundamen-
tally shaping Earth’s hydrological cycle. How far this descent
spans poleward, and why, motivated foundational studies of
Earth’s general circulation (Halley 1686; Hadley 1735; Ferrel
1856) and remains actively investigated. In both hemispheres, it
contracts equatorward in winter to spring and expands poleward
in summer to autumn; interannually, it tends to contract equa-
torward in the warm, El Nifio phase of El Nifio-Southern Oscil-
lation (ENSO) and to expand poleward in the cool, La Nifia
phase, though more reliably for the Southern Hemisphere (SH)
than the Northern Hemisphere (NH) (Caballero 2007; Lu et al.
2008; Tandon et al. 2013; Zurita-Gotor and AlvareZ-Zapatero
2018; Seo et al. 2023). Here, we show that a simple theory cap-
tures these seasonal and interannual migrations in reanalysis
data fairly well and is likely applicable in other contexts, such as
the cells’ poleward expansion under global warming (e.g., Vallis
et al. 2015; Chemke and Polvani 2019; Staten et al. 2020).

Dynamically, each hemisphere’s poleward Hadley cell edge
demarcates the transition between the extratropics, which are
strongly influenced by large-scale baroclinic eddies, and the
tropics, where those baroclinic eddies are much less prevalent
(Showman et al. 2014)—making it natural to link the edge’s loca-
tion to where baroclinic instability first sets in (Held 2000; Kang
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and Lu 2012; Hill et al. 2022; Peles and Lachmy 2023). In the in-
fluential model introduced by Held (2000), this is determined by
where the upper-layer westerlies of the Hadley cells exceed the
critical speed for baroclinic instability according to a simple, two-
layer, quasigeostrophic model. On a given planet with fixed grav-
itational constant, planetary radius, and planetary rotation rate,
the two terms that can change this critical zonal wind field are
the tropopause height and the static stability, and prior studies
have affirmed the predominance of the subtropical static stability
in warming-induced Hadley cell expansion (e.g., Chemke and
Polvani 2019).

For the given values of these two parameters and thus of
the critical zonal wind field, the onset latitude still depends on
the Hadley cell upper-branch zonal wind field, which Held
(2000) took as the angular momentum conserving zonal winds
with ascent at the equator (Held and Hou 1980). But the same
baroclinic eddies, by propagating equatorward and breaking
within the Hadley cells, decelerate winds well below this limit
(Walker and Schneider 2005, 2006; Schneider 2006; Sobel and
Schneider 2009). So too do migrations of the Hadley cell ascend-
ing edge off the equator, by reducing the planetary angular mo-
mentum value imparted to the free troposphere (Kang and
Lu 2012; Hilgenbrink and Hartmann 2018; Watt-Meyer and
Frierson 2019), as occurs seasonally when the ascending branch
expands into either summer hemisphere (Lindzen and Hou 1988).
The decelerations by either mechanism, in turn, move the baro-
clinic instability onset latitude poleward. These factors—a de-
scending edge determined by baroclinic instability onset and
Hadley cell zonal wind fields that depend on both the
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aggregate extratropical eddy stresses and ascending edge mi-
grations—have been formalized by Hill et al. (2022), drawing
heavily from Kang and Lu (2012).

A central ansatz of the Hill et al. (2022) theory is that the
local Rossby number, a scalar formally defined below that es-
sentially quantifies the strength of the eddy stresses at each
latitude, is uniform within each Hadley cell’s upper branch at
any given time and consequently that each Hadley cell’s
upper-branch zonal winds are suitably approximated by those
required by a uniform Rossby number. Crucially, this cell-
mean Rossby number value can differ between the NH and
SH cells at any particular time and for either cell can vary in
time, such as seasonally or interannually (e.g., Schneider
2006; Bordoni and Schneider 2008; Kang and Lu 2012). Our
purpose here is to test that ansatz and the theory’s broader
fidelity for Earth’s current climate, as represented in reanaly-
sis data. After formally presenting the theory (section 2) and
methodological choices (section 3), we show that, unsurpris-
ingly (e.g., Schneider 2006; Caballero 2007; Singh 2019), the
Rossby number is far from uniform within either Hadley cell
almost always but that, more surprisingly, the uniform Rossby
number zonal wind fields nevertheless capture the actual wind
fields quite well, both for the climatological seasonal cycle
(section 4) and interannual variability (section 5). Moreover,
the theory captures the Hadley cell descending edges fairly
well in both contexts. Several prior studies affirm the central
role in reanalysis data of variations in eddy stresses on varia-
tions of the Hadley cells interannually (Caballero 2007,
Zurita-Gotor and Alvarez-Zapatero 2018; Seo et al. 2023).
More recently, Peles and Lachmy (2023) have done so for the
climatological seasonal cycle, showing for both hemispheres
in JRA-55 data that multiple bulk measures of the equator-
ward extent of baroclinic instability track the climatological
seasonal cycle of the Hadley cell well. In effect, the present
study seeks to further distill these prior results into the simplest
plausible analytical framework and then use that framework to
evaluate the relative importance of each term appearing—the
cell-mean Rossby number, the ascending edge latitude, the
static stability, and the tropopause height—finding the cell-
mean Rossby number to predominantly control the Hadley
cell descending edge migrations both seasonally and inter-
annually. We conclude by discussing some implications of these
results, including for forced Hadley cell expansion under global
warming (section 6).

2. Theory

The theory was originally presented by Hill et al. (2022) and
draws heavily from Kang and Lu (2012). The local Rossby
number is

{
Ro(p) =—2, 1
f
where ¢ is the latitude, { = (acos¢p) ™ d,(ucose) is the zonal-
mean relative vorticity with zonal-mean zonal wind u, and
f = 2Qsing is the planetary vorticity. In what follows, u and
all other fields are taken to be monthly or longer averages.
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If the local Rossby number is meridionally uniform,

Ro(¢) = Ro, then integrating (1) meridionally yields the
uniform Rossby number zonal wind field:

ug,(@; Ro, ¢,) = Rou,, (¢; ¢,) = RoQa

sin?¢ — sinzqoa
cosQ

@

where u,y, is the angular momentum conserving zonal wind
field, given the ascending edge ¢, (Held and Hou 1980; Lindzen
and Hou 1988). As the ascent moves away from the equator, a
smaller planetary vorticity value is advected into the free tropo-
sphere, causing the resulting uniform Ro zonal winds to be less
westerly at all latitudes. The angular momentum conserving so-
lution amounts to the limiting case of Ro = 1.

Meanwhile, the critical upper-level zonal wind for baroclinic
instability in the two-layer quasigeostrophic model is given by

) _ gHA, cosg
uBC[((P9 Ha AV) - ZQH Sinz(p’

®)

where g is the gravity, H is the tropopause height, () is the
planetary rotation rate, a is the planetary radius, and A, is a
dimensionless bulk static stability.! More precisely, this is an
expression for the critical vertical shear in the zonal wind, but
we assume as standard that the lower-layer zonal wind magni-
tude is negligible (Held 2000).

We then solve for the latitude where instability first sets in
by setting ugr, = upcr. Equating the right-hand sides of (2)
and (3), the result in the small-angle limit is

2 [p4  BuA
2 _ 2|%Pa a us,
d cd( 2 4  2Ro

gH
(Qay’

. 4)

where

®)

is the planetary Burger number, and we have also introduced
a near-unity empirical fitting constant, c¢4: Denoting the true
solution as @gcr, We set og = cq@pcr- In (4), the Rossby num-
ber is what encapsulates the deceleration of the Hadley cell
zonal winds by extratropical eddy stresses. We will show that
it can be interpreted as a meridional average of the local
Rossby number within the upper branch of each Hadley cell.
From (4), the descending edge moves poleward as Ro de-
creases or ¢, moves poleward. Only the absolute value of the
ascending edge, |@,| rather than ¢,, influences the descending
edge prediction, a consequence of the symmetry about the
equator of ugre: Uro(®; RO, @,) = uro(|@l; Ro, |@a). In other

! Note that Hill et al. (2022) mistakenly omit the factor of 2 in
the denominator of (3). Fortunately, this does little damage to the
resulting prediction for the descending edge because the missing
2714 <~ 0.84 constant factor that results in the descending edge
prediction can implicitly be subsumed into the empirical fitting
constant ¢4, whose precise value is already not taken seriously.
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FIG. 1. Schematic of the influences of the mean upper-tropospheric Rossby number in each Hadley cell, Ro, as well as the ascent lati-
tude, ¢,, on the latitude of the descending edge, ¢4, according to our theory. In (a) and (b), blue arrows signify the locations of ascent, de-
scent, and the directions of the meridional flow in each cell’s upper branch, and the cell-mean Rossby number is smaller for the SH cell
compared to the NH cell, enabling the SH cell to extend farther poleward before its zonal winds (gray circles with black Xs for westerlies
or dots for easterlies, with larger symbols indicating larger magnitudes) become baroclinically unstable, thereby causing the cell to termi-
nate. In (b), ascent is off the equator, which compared to the corresponding on-equatorial-ascent case in (a) results in less westerly zonal
winds and thus further poleward Hadley cell extents. (c) Uniform Rossby number zonal wind fields, ug,, with either (orange) equatorial
ascent or (red) ascent at 15°N or S, each with either (dashed) Ro = 1 or (solid) Ro = 0.5. The dotted blue line is upcy, the critical zonal
wind for baroclinic instability, using A, = 1/8, H = 10 km, and standard values of all other constants. Stars and vertical lines at the intersec-
tions of the ug, fields with ugy signify the prediction for the descending edge ¢4 for that uge.

words, whether the ascent is in the Northern or Southern Hemi-
sphere does not matter; what matters is how far poleward it is
into either hemisphere. These behaviors are shown schematically
in Fig. 1. Absent from Fig. 1 are the influences of changes in
H and A,. Both move the descending edge prediction poleward
as they increase, all else equal, but as shown below, they play
negligible roles in the seasonal cycle and interannual variability.

Though Hill et al. (2022) combine (4) with a separate the-
ory that predicts the ascending edge latitude based on the ex-
tent of tropical supercriticality (Hill et al. 2021), we find the
abrupt jumps of the ascending edge over the seasonal cycle
predicted therein to be inconsistent with the more nearly sinusoi-
dal seasonality in the ascending edge in reanalysis data shown
below (Dima and Wallace 2003)—which is likely strongly influ-
enced by zonally asymmetric eddies (Walker and Schneider
2005; Schneider and Bordoni 2008; Geen et al. 2019) in addition
to thermal inertia (Wei and Bordoni 2018; Zhou and Xie 2018).
We therefore proceed using (4) and emphasize that this is a diag-
nostic expression, lacking as we do compelling predictive the-
ories for either the ascending edge latitude or the cell-mean
Rossby number.

In the case of on-equatorial ascent, ¢, = 0, (4) simplifies to

1/4
BuA
) , (6)

Pao = (/’d((/’a =0) = Cd( Ro
from which one sees that, once the ¢4 constant is distributed
through, the last term in (4) is equivalent to <p§10. The expres-
sion (6) reduces to the original Held (2000) expression in the
Ro = 1, angular momentum-conserving limit.

As Held (2000) notes, some of the two-layer quasigeo-
strophic assumptions are tenuous when applied to the real at-
mosphere, and more recently, Peles and Lachmy (2023) nicely
summarize and expand upon the class of approaches that in-
corporate more comprehensive physics. In particular, in con-
tinuously stratified atmospheres, no critical shear exists that
determines baroclinic instability onset, and prior studies
(Korty and Schneider 2008; Levine and Schneider 2011, 2015)
have instead framed the eddy influence on the cell edges in
terms of extratropical supercriticality, a measure of the verti-
cal extent of eddy heat fluxes within the troposphere (Held
1978). Also, arguably, the Hadley cell descending edges de-
pend less directly on the location of wave generation, which
the instability criterion nominally corresponds to, than on the
location of wave breaking (Vallis et al. 2015), which in turn is
not even a single latitude, varying as it does with the eddy
phase speed (e.g., Chen and Held 2007). Finally, despite con-
siderable theoretical, modeling, and reanalysis-based evidence
that extratropical eddy processes do fundamentally control
the Hadley cell descending edge latitudes, the causality has re-
cently been questioned, at least in the context of warming-
induced poleward expansion (Davis and Birner 2022). The reader
should keep these important caveats in mind as we proceed in us-
ing the simple metric (4) to predict ¢q.

3. Methods

a. Reanalysis data

We use monthly fields from the European Center for
Medium-Range Weather Forecasts (ECMWF) ERAS reanalysis
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FIG. 2. (a) For the June climatology, meridional mass streamfunction in color shading according to the color bar.
The 500-800-hPa layer is shaded gray, and our diagnosed cell edges are overlaid over that span at their latitudes. Pink
and green stars show the SH and NH cell center locations, respectively. Solid purple and green curves are 5% of the
SH and NH Hadley cell maxima, respectively, and dashed gray curves are the streamfunction zero crossings. The or-
ange curve is the local tropopause. (b) Diagnosed monthly climatological Hadley cell edges. Solid lines use the
streamfunction for each calendar month climatology averaged over 500-800 and using a 5% threshold from the cen-
ter. Dotted lines are the same but applied to each individual month and then averaged across years. Dashed lines are
the conventional 500-hPa zero crossing applied to the monthly climatologies. Shading shows the *1 interannual stan-

dard deviation range for our 500-800-hPa-based metric.

dataset (Hersbach et al. 2020) spanning from January 1979 to
December 2023. These are provided by ECMWEF transformed
from the underlying numerical model’s native coordinate system
to a 025° X 0.25° latitude-longitude horizontal grid and to
37 fixed pressure levels from 1000 to 1 hPa in the vertical. We
compute annual, seasonal, and calendar-month climatologies
over 1979-2023, as well as time series of fields averaged over
each calendar year.

b. Standard Hadley cell diagnostics

As standard, the starting point for our Hadley cell diagnos-
tics is the Eulerian-mean meridional mass overturning stream-
function, V:

dp’

D
V(p, p) =2ma cosrpj v—,
o 8

9

where a is the planetary radius, ¢ is the latitude, p is the pres-
sure, v is the zonal-mean meridional wind, and g is the gravi-
tational acceleration. It is signed such that the SH Hadley cell
is negative and the NH cell is positive. Though not shown in
(7), as standard at each latitude, the column average of v is
subtracted from v at all levels barotropically to enforce van-
ishing column-integrated mass transport and thus that ¥ van-
ishes at the upper and lower boundaries.

Rather than the conventional zero crossing of the 500-hPa
streamfunction (e.g., Adam et al. 2018), the descending edge
latitudes are diagnosed as where the streamfunction vertically
averaged over 500-800 hPa decreases to 5% of its value at the
center, linearly interpolating between the two grid points
bracketing this threshold crossing. The ascending edge is de-
fined in the same way, moving northward from the SH cell
center, and the cell center is defined as the latitude and pres-
sure where the streamfunction takes its maximum magnitude
within a given Hadley cell.

Figure 2a illustrates the factors motivating these choices
using the month of June. An average over the 500-800-hPa

layer (gray shading) is chosen as a compromise between the
conventional 500-hPa level and the fact that, except for the
NH cell in April and May, the cell maximum strengths all oc-
cur at or vertically below 600 hPa (pink and green stars for
June; not shown for other months). The choice of a 5%
threshold rather than a true zero crossing is primarily moti-
vated by the NH cell being very weak during the boreal sum-
mer months (e.g., Watt-Meyer et al. 2019): The SH cell
strength exceeds that of the NH by more than tenfold in each
of the June—-August calendar month climatologies, the JJA
seasonal-mean climatology, and in multiple boreal-summer
months in 36 of the 45 years (not shown). As such, in some in-
dividual boreal summer months, the NH Hadley cell is so
weak and poorly organized that the SH cell, rather than pass-
ing sharply through zero, gradually tails off moving north-
ward, making zero crossing definitions of both the ascending
and NH descending edge unphysical.

As one additional consideration—though admittedly not
one directly relevant to our results—the 5% threshold consti-
tutes a meaningful boundary of each Hadley cell in all direc-
tions, as shown by the overlaid solid purple and green contours
in Fig. 2a, which is not true of the zero crossing shown in dashed
gray contours. In particular, the 5% threshold for the SH cell is
nearly coincident with the tropopause (overlaid orange curve,
defined further below), consistent with the Hadley cells being
confined to the troposphere.

Figure 2b shows the climatological seasonal cycles of all
three edges and illustrates their metric and sampling sensitivi-
ties. Solid curves use our methods computed from the clima-
tological streamfunction for each calendar month. Dotted
curves are the same but computed for each individual month
and then averaged for each calendar month across years. Be-
cause locating the cell center and threshold crossings are not lin-
ear operations, in principle, this choice of order of operations
could matter (Adam et al. 2018), but in practice, it makes little
difference here. More substantive differences, though still mod-
est overall, arise from using the conventional 500-hPa zero
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FI1G. 3. For the ERAS 1979-2023 June climatology, (a) local Rossby number at each latitude and pressure in color
shading according to the color bar and masked within 5°S—5°N, with local zonal wind overlaid in gray contours, with
zero and positive values solid, negative dashed, and a 10 m s~ ! contour interval. A thin horizontal line highlights the
200-hPa level. (b) RMSE of the uniform Rossby number zonal wind field for the June NH cell as a function of the se-
lected Rossby number and ascent latitude, with the red star indicating the minimum, from which the best-fit Rossby
number and ascent latitudes are selected. Meridional profiles at 200 hPa of (c) local Rossby number and (d) zonal
wind in black, with shading showing =1 interannual standard deviation. In (a), (c), and (d), dotted vertical lines show
the three diagnosed Hadley cell edge latitudes. In (c), the thin black shows the values within 5°S-5°N where the
Rossby number becomes ill behaved, and pink and green horizontal lines show the diagnosed (solid) and best-fit
(dashed) cell-mean Rossby numbers, with the meridional span indicating the region over which they are calculated. In
(d), pink and green curves show best-fit uniform Ro zonal wind fields for the SH and NH Hadley cells, respectively.

crossing metric, shown in dashed curves. The ascending edge
defined this way moves southward across the equator more rap-
idly in November-December, and the NH descending edge is
more equatorward by a few degrees in boreal spring through
summer. From Fig. 2a for June at least, we see this stems from
the bounding streamline of the NH cell tilting equatorward
with height in the lower free troposphere. Finally, shading
about the solid curves in Fig. 2b shows the *1 interannual stan-
dard deviation range for our 500-800-hPa-based metric. For
reasons just discussed, it is largest in the NH during boreal sum-
mer, but still for all three edges, it is modest relative to the sea-
sonally forced climatological progression.

¢. Uniform Ro framework diagnostics

Figure 3 uses the results for the June climatology to illus-
trate our methodology for constructing the uniform Rossby
number fields. We start by computing the local Rossby num-
ber Ro(¢) at each latitude and pressure using (1), masking
out values within 5°S-5°N where Ro(¢) « 1/singp becomes ill-
defined (Fig. 3a).

We then compute each Hadley cell’s cell-mean Rossby
number Ro as an area-weighted meridional average of Ro(¢)
at 200 hPa, which is the tropospheric level where it invariably
maximizes (Fig. 3a). These span from that cell’s diagnosed ¢4
to whichever is closer: ¢, or 5° in the same hemisphere as ¢q,
a choice again motivated by Ro(¢) being illdefined near the
equator (Fig. 3c). As such, for cross-equatorial cells, this does
not include the portion in the opposite hemisphere.

We fit ug, to each Hadley cell via a two-dimensional pa-
rameter sweep over Ro and ¢,, selecting the (Ro, ¢,) pair
that minimizes the root-mean-square error (RMSE) of ur,
against the climatological zonal wind at 200 hPa, over the
same meridional span as just described for the cell-mean
Rossby number, except with no masking near the equator
(Fig. 3b for the June NH cell; June SH cell and all others not
shown). For the climatological seasonal cycle, the sweep spans
0.01 = Ro = 0.75in 0.01 increments and 0° = ¢, = 30°in 0.1°
increments. For interannual variability, where variations in
both fields are smaller, the sweep spans 0.2 = Ro = 0.4 in
0.002 increments and 0° = ¢, = 15° in 0.1° increments. The
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RMSE of the ug, fields is generally more sensitive to the
specified Rossby number than to the ascent latitude.

This procedure yields for each cell a best-fit ug, field (Fig. 3d)
and corresponding best-fit values of Ro and ¢,. To interpret the
physical significance of these four best-fit values, we compare
them to their directly diagnosed counterparts: the two diagnosed
cell-mean Ro values and the single diagnosed ¢, value as dis-
cussed further below.

We compute the tropopause height at each latitude, H(¢),
using the standard lapse-rate-based definition as the lowest
point where the local lapse rate drops below 2 K km™!
(WMO 1957), first refining the vertical resolution via cubic in-
terpolation to 0.1-hPa-spaced levels. The resulting H(¢) field
is very flat within the tropics, has a sharp gradient always
poleward of the Hadley cell descending edges by a few de-
grees, and in the extratropics slopes more gradually down
moving poleward. We compute the bulk static stability at
each latitude, Ay(¢), as the difference between the potential
temperature at 500 and 850 hPa, divided by a standard refer-
ence value of 300 K: Ay(¢) = [0500(¢) — 0s50(¢)]/O;er. Clima-
tologically, across all calendar months and nonpolar latitudes,
this ranges over ~0.055-0.085. The specific levels of 500 and
850 hPa follow Lu et al. (2008), motivated by eddy growth be-
ing more sensitive to lower- than upper-tropospheric baroclinic-
ity. As a sensitivity test, using 300 rather than 500 hPa as the
upper level does not strongly influence our results (not shown).

In the two-layer, quasigeostrophic model underlying the bar-
oclinic instability onset criterion, the tropopause height and
bulk static stability are fixed, global constants, and only by treat-
ing them as such can (4) be derived. But in the real atmosphere,
they vary nontrivially in space and time, and for the tropo-
pause, these variations are clearly strongly influenced by the
extent of the Hadley cells, as can be inferred from Fig. 2 for
June. We therefore create bulk midlatitude values for each
by meridionally averaging each over the 20° latitude span of
the extratropics beginning 5° poleward of the Hadley cell de-
scending edge. As shown below, neither term strongly influences
the Hadley cell descending edge predictions anyway, making this
theoretical ambiguity not of practical importance.

We set the empirical fitting constant cq4 to a fixed value for
each hemisphere, in each case chosen subjectively to provide,
by eye, the best overall fit across all months for the climato-
logical seasonal cycle or years for interannual variability. For
the seasonal cycle, these are 1.04 for the NH and 1.09 for the
SH; for interannual variability, they are 1.02 for the NH and
1.09 for the SH. Given sampling and metric uncertainties—
consider, for example, that the reference temperature of 300 K
in the denominator of A, is somewhat arbitrary—and that the
resulting values all end up being near unity, we do not consider
the specific values of ¢4 as being particularly meaningful; see
Hill et al. (2022) for further discussion.

For interannual variability, we compute yearly values of the
Nifno-3.4 index over 1979-2023 using monthly data from the
NOAA Extended Reconstructed sea surface temperature
(ERSST), version 4, dataset (Huang et al. 2015). Nifio-3.4 is
defined as the average SST anomaly spanning 120°-170°W,
5°S-5°N. All correlation coefficients are computed on detrended
fields, with trends computed over 19792023 via linear regression
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FIG. 4. In solid curves in each panel, the Hadley cell ascending
edge in dark red and the descending edges in dark blue. In color
shading, climatological seasonal cycles of (a) meridional mass
overturning streamfunction at 650 hPa and at 200 hPa of
(b) zonal wind and (c) the local Rossby number, with values in
(c) masked out within 5° of the equator where the denominator
approaches zero.

and then subtracted off. Regarding statistical significance, auto-
correlations are small for all fields examined (not shown), justify-
ing approximating each year of the 45-yr record as independent.
The resulting threshold correlation coefficient magnitude for the
p = 0.05 significance level is 0.29.

4. Seasonal cycle

Figure 4a shows the climatological seasonal cycles of both
the descending edge and the ascending edge. The SH descending
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edge ranges from 27.6°S in July to 36.2°S in February, and the
NH descending edge ranges from 27.3°N in April to 40.8°N in
August. The ascending edge varies smoothly between 13.3°S
in January and 17.9°N in August, lagging the insolation by
~1 month owing to the coupled surface-lower atmosphere sys-
tem’s thermal inertia (e.g., Mitchell et al. 2014).

These seasonal migrations in the cell edges occur in concert
with changes in the rate of mass overturned within the cells,
shown as filled contours in Fig. 4a, with either cell’s mass over-
turning strengthening from that hemisphere’s autumn into winter
as it grows meridionally and becomes crossequatorial and subse-
quently contracting and weakening in local spring through sum-
mer. Peak mass overturning rates, exceeding 240 X 10° kg s,
occur at and just south of the equator in austral winter within the
center of the cross-equatorial cell.

Figure 4b shows the climatological monthly zonal-mean
zonal wind at 200 hPa. It is easterly at the equator except in
boreal winter (Zhang and Lutsko 2022). Within the meridio-
nal extent of the Hadley cells, the easterlies peak in meridio-
nal extent and magnitude—respectively, ~10°S-20°N and
~12m s~ '—in boreal summer within the strong, cross-equatorial
cell (Bordoni and Schneider 2008). In every month, winds mono-
tonically become more positive moving poleward from their
deep-tropical minimum, reaching ~40 m s™' at the descending
edge of either winter, cross-equatorial cell. The 200-hPa zonal
wind is small in the vicinity of the ascending edge in all months,
which coheres qualitatively with the assumption of vanishing
zonal wind there in our theory.

Figure 4c shows the climatological monthly mean local
Rossby number at 200 hPa, masked out within 5° latitude of
the equator where it is ill defined. It has a more complicated
meridional structure than the zonal wind itself, though through-
out the year in both hemispheres it is small, ~0-0.2, in the vicin-
ity of the descending edge. It reaches up to ~0.7 within either
winter, cross-equatorial cell, supported by a reinforcing feed-
back: ascent moving poleward increases the extent and magni-
tude of upper-tropospheric easterlies, which in turn prevents
extratropical-origin eddies from breaking over more of the
tropics, enabling the Rossby number to grow and thus further
strengthening the easterlies (Schneider and Bordoni 2008;
Bordoni and Schneider 2008). At the ascending edge, the sea-
sonality is somewhat complicated, though local minima featur-
ing the smallest Rossby number values, ~0.1, coincide with its
poleward-most extents in either summer hemisphere. All to-
gether, the meridional variations in the Rossby number within
the Hadley cells are smallest and nonmonotonic in latitude
within both cells within either summer hemisphere, whereas
they decrease sharply and nearly monotonically moving pole-
ward from the equator within either winter hemisphere.

Despite this meridional structure in the local Rossby num-
ber, treating it as uniform within each cell results in surpris-
ingly accurate zonal wind fields. Figure 3d shows this for June,
and for completeness, Figs. A1 and A2 in the appendix show
results for the annual mean, all four seasons, and all 12 calen-
dar months. In all cases, within the span of each Hadley cell,
the uniform Rossby number zonal wind field corresponds
fairly well with the actual zonal wind field. Two limitations of
the ug, field’s accuracy are not capturing the leveling off of
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FIG. 5. (a) Seasonal cycles of cell-mean Ro. Solid curves are the
climatological values diagnosed directly from ERAS, with the *1
standard deviation range shaded, and dashed curves are the values
for the given month corresponding to the best-fit ug, field against
the ERAS u. (b) Seasonal cycle of |¢,| in solid red, with the =1
standard deviation range shaded. Pink dots and green squares are
the values corresponding to the SH and NH best-fit ug, fields, re-
spectively, and the dashed red is their average.

the zonal wind in the vicinity of the subtropical jets and, for
November-February, being incapable of capturing the
superrotation, i.e., positive equatorial zonal wind (Zhang
and Lutsko 2022), since ug, cannot exceed zero at the equator.

Moreover, for each month, the Rossby number value gen-
erating this best fit to the zonal winds is close to the actual
cell-mean Rossby number, as shown in Fig. 5a. Both best-fit
and actual cell-mean Rossby number values are strongly sea-
sonal, ranging from ~0.1 in either summer cell to ~0.2-0.3 in
the equinoctial cells, and up to ~0.4-0.5 in the cross-equatorial
solsticial cells. The increase in the Rossby number in either hemi-
sphere from summer to winter reflects the transition from a re-
gime in which eddy stresses prevail throughout the cell, reducing
the Rossby number, to one where, as noted above, easterlies in
the cross-equatorial cell shield low latitudes from these eddies,
enabling the local Rossby number to increase (Schneider and
Bordoni 2008; Bordoni and Schneider 2008).

We have also computed the maximum of the local Rossby
number within each Hadley cell, over the same span of lati-
tudes in each case as used to compute the cell-mean value.
The cell-maximum Rossby number reaches up to 0.65 for
the NH in March and 0.79 for the SH in August, and for
both cells, it is very highly correlated with the cell-mean
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FIG. 6. Climatological monthly seasonal cycle of ¢4 in ERAS in the (a) NH and (b) SH. Solid navy is the actual
field, and blue dots are our theoretical prediction using (4), with the values of Ro and ¢, in each month coming from
either the best-fit ug, fields (filled dots) or directly diagnosed (unfilled). In (c) and (d), additional curves use (4) but
with all terms except the specified one held constant to their average value across months. For the NH, a lag of
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1 month has been applied to all theoretical predictions.

value: r = 0.967 for the NH and r = 0.996 for the SH (not
shown).

Figure 5b shows the monthly climatologies of the ascending
edge poleward displacement, the corresponding values for
each of the NH and SH from the best-fit ugr, fields, and the
average of these NH and SH values. The best-fit ascending
edge displacements broadly agree with the corresponding di-
agnosed values, albeit less cleanly than for the best-fit versus
cell-mean Rossby numbers. The actual |¢,| expands poleward
and contracts equatorward twice over the seasonal cycle,
moving as far poleward as ~18° in boreal summer and ~13°
in austral summer. The best-fit values are closest to this in ei-
ther summer hemisphere, and the average of the best-fit val-
ues in either hemisphere in each month is equatorward but
otherwise comparable to the actual. The NH best-fit ascending
edge reaches as far as 25.1°N during boreal summer, which
likely results from the regional monsoons, especially the Indian
summer monsoon, which enables ascent regionally to extend
deeper into the subtropics (e.g., Nie et al. 2010).

We conclude from these diagnostics that a uniform Rossby
number approximation, though poor for the Rossby number
itself, yields useful fields for our purposes: ug, captures the
actual upper-branch zonal winds fairly well, with the corre-
sponding Ro and |¢,| values being consistent with the diag-
nosed ones. We therefore proceed using the ugro-based theory
for the descending edge based on baroclinic instability onset.

Figures 6a and 6b show the seasonal cycles of the NH and
SH descending edges and their predictions using (4). Two

predictions are shown for each hemisphere, one using the
best-fit values and one using the diagnosed values for Ro and
|@.]- For the NH only, these include an empirical 1-month lag
to the predictions, as Hill et al. (2022) also required for both
hemispheres in an idealized aquaplanet. Our theory captures
the seasonal cycle of the descending edge in each hemisphere
well. It performs slightly better using the best-fit rather than di-
agnosed Ro and ¢, values for the SH, but vice versa for the NH.

Given this accuracy, we can evaluate the relative impor-
tance of each term by holding all terms in (4) constant at their
average values across months except one that remains fully
varying, with the results shown in Figs. 6¢ and 6d. These use
the bestfit rather than diagnosed values for the Rossby num-
ber and ascending edge, but this makes little difference (not
shown). The seasonal cycles of the midlatitude tropopause
heights and static stabilities matter very little. This is partly
because their own seasonal cycles are both small, varying by
at most a few percent from their averages across months (not
shown). Fractional variations in the ascending edge displace-
ment are larger, yet its seasonality also plays a mostly modest
role, with a substantial contribution only to the NH descend-
ing edge in late boreal summer through autumn when it helps
to push the descending edge to its most poleward values. It is the
Rossby number seasonality that predominantly controls the sea-
sonal cycles of the descending edges in both hemispheres, with
the predictions weakly modified when the seasonality in all other
terms is removed. For the SH, if anything the fit improves
slightly when the other terms are held fixed.
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In addition to the ascending edge seasonality being unim-
portant, its annual-mean displacement is modest enough that
setting ¢, = 0 only weakly modifies the descending edge pre-
dictions (unfilled squares in Fig. 6). In that case, (4) reduces
to (6), from which it follows that the descending edges should
vary as Ro™ ", The exponents estimated from linear regres-
sion in log-log space between the diagnosed |p4| and
cell-mean Ro are fairly close to this: again with the 1-month
empirical lag applied for the NH only, the values for the NH
and SH are —0.25 and —0.23, respectively, using the best-fit
Ro values or —0.28 and —0.21 using the diagnosed cell-mean
Ro values.

For the NH cell during local summer—autumn, it may seem
curious that, on the one hand, including ¢, variations alone
captures much of the behavior of the descending edge, yet on
the other hand, setting ¢, = 0 makes little difference when
only Ro is allowed to vary. We reconcile these results by ex-
amining the partial derivatives of (4). Ignoring the c4q constant
for simplicity, these are

—-12
% ~ _i)g*o (gﬁ + (P4 )
dRo  2Ro\4 aof >
—-1/2
907 ¢2(¢4 4 )
d |1+ Lafa 4 .
dp,  Ta|" T2 \a T P

If we further treat 2~ 1?|p,| << ¢a,0, Which though imperfect
seems fair enough for these purposes, these reduce to

I3 - _‘P(Z:Lo
dRo 2Ro’
993 _

ag, (2

from which it is clear that ¢4 is considerably more sensitive to
variations in Ro than to variations in ¢,.

5. Interannual variability

We now show that the main results just presented for the
climatological seasonal cycle also hold for interannual vari-
ability of both hemispheres’ annual-mean cells: the Hadley
cell upper-branch zonal wind fields are well captured by ug,,
the descending edge variations are well captured by (4), and
within (4), the cell-mean Rossby number is the most influen-
tial term.

Figure 7 shows the time series of the NH and SH descend-
ing edges, NH and SH cell-mean Rossby numbers, and the
shared ascending edge, each computed from the annual-mean
streamfunction for each calendar year, 1979-2023. Both the
mean and variance of each descending edge is similar between
the hemispheres: means 30.3°N and 31.0°S and interannual
standard deviations 0.49° for the NH and 0.43° for the SH.
The covariation of the two descending edges is modest, with
correlation coefficient r = 0.30. As for the seasonal cycle, the
interannual edge displacements do not strongly depend on
the metric used; comparing our definitions to the 500-hPa
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FIG. 7. Time series spanning 1979-2023 of annual-mean values
of (a) NH and SH Hadley cell descending edges, (b) NH and SH
cell-mean Rossby numbers, and (c) the shared ascending edge.

zero crossing, the correlation coefficients for the NH descend-
ing edge, ascending edge, and SH descending edge are 0.87,
0.95, and 0.96, respectively (not shown).

For each year, we compute best-fit ug, profiles and corre-
sponding best-fit Rossby number and ascending edge values for
each Hadley cell for that year, following the same methodology
as for the climatological seasonal cycle described above. The
uniform Rossby approximations capture the upper-tropospheric
zonal winds within the Hadley cells reasonably well, which
Fig. 8a shows for the year 1999, selected quasi-randomly, as
one example and with the fits comparably accurate in all
other years (not shown). Figure 8b shows the best-fit and ac-
tual cell-mean Rossby numbers for each year plotted against
one another; they are very highly correlated, » = 0.94 and
0.95 for the NH and SH, respectively, and fall close to the
one-to-one line. In contrast and unlike for the seasonal cycle,
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FIG. 8. (a) For the year 1999, actual 200-hPa zonal wind and cor-
responding best-fit ug, field (gray) for the SH (pink) and NH
(green) Hadley cell, with the Hadley cell edges overlaid as vertical
dotted lines. (b) Scatterplot of best-fit vs. diagnosed cell-mean
Rossby number in each year for the SH (pink) and NH (green)
cells. The corresponding Pearson’s correlation coefficient for each
hemisphere is also printed, and the dotted gray diagonal line is the
one-to-one line. (c) As in (b), but for the best-fit vs. diagnosed as-
cending edge displacement rather than the Rossby number.

there is almost no correspondence between the actual and
best-fit values for the ascending edge displacement, as shown
in Fig. 8c. This implies that interannual variations in the
annual-mean zonal wind in the Hadley cell upper branches
depend weakly on interannual variations of the ascending
edge (Fig. 7c). This is consistent in sign with the annual-
mean ¢, itself being small, given that from (2), we have
JURIP, = —2RoQag,, i.e., that the change in ugr, with re-
spect to ¢, is proportional to ¢, itself.
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We then use (4) to predict the descending edge of each cell
in each year using these best-fit values of Ro and |¢,| and di-
agnosed values of the midlatitude tropopause heights and
static stabilities, with as noted cq values of 1.02 for the NH
and 1.09 for the SH. Figure 9a shows the results. Our theory
performs fairly well, » = 0.75 and 0.66 for the NH and SH, re-
spectively, though it clearly leaves more variability unex-
plained than in the seasonal cycle case. Unlike the seasonal
cycle, the theory performs somewhat better overall for the
NH compared to the SH. As expected for annual averages, no
empirical lag is required for either hemisphere. Results are
similar using the diagnosed rather than best-fit Ro and |¢,|
values: » = 0.77 and 0.57 between the prediction and the ac-
tual edge for the NH and SH, respectively.

As for the seasonal cycle, the variations in Ro predominate
over changes in all other fields in setting the descending edge.
This can be seen in Figs. 9b and 9c, which show the pre-
dicted versus actual descending edges in each year when ei-
ther (Fig. 9b) Ro is the only term varying or (Fig. 9c) Ro is
the only term not varying. In fact, the fits are slightly im-
proved when the factors other than the Rossby number are
held constant (r = 0.80 and 0.67 for NH and SH, respec-
tively), as the relationship between the descending edges
and all the other factors combined, though weak, are of the
wrong sign for both hemispheres (» = —0.32 and —0.13 for
NH and SH, respectively). This stems from the tropopause
height: The descending edges are negatively correlated with
the midlatitude tropopause height in the same hemisphere
(not shown). However, this is sensitive to the definition of
the midlatitude band; when fixed boundaries are used in-
stead, e.g., 40°-60°, the correlations become insignificant. In
any case, by any metric, the midlatitude tropopause height
is not an important factor.

The influence of each factor can be understood as follows.
The midlatitude tropopause heights and static stabilities simply
do not change much from year to year: none varies by more
than =3% for any year 19792023 from its climatological value
(not shown). Over the same period, the cell-mean Rossby num-
bers vary by as much as =15%. For the ascending edge dis-
placement, though fractional variations from year to year can
exceed ~50%, in absolute terms, these displacements are
smaller than those during the seasonal cycle—minimum and
maximum values across all years are 2.4° and 6.8° respec-
tively, compared to corresponding seasonal cycle values of
0.1° and 17.7°—in which context also they play a minor role
compared to Rossby number variations.

This predominance of the Rossby number means that, again
as for the seasonal cycle, the full expression (4) can be effec-
tively replaced with the on-equatorial-ascent case (6), yielding
an expected power-law exponent of —1/4 for Ro against each
descending edge. The power-law exponents estimated from the
log-log regression of ¢4 against Ro are somewhat lower than,
but in the ballpark of, this —0.25 value: —0.19 for the NH and
—0.21 for the SH using the best-fit Ro or —0.19 and —0.15 using
the diagnosed cell-mean Ro.

The Rossby numbers for the NH and SH cells (Fig. 7b) are
highly correlated with one another (r = 0.84), indicating that
interannual variations in the eddy stresses tend to be coherent
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FIG. 9. (a) Descending edge predicted by (4) for each year using diagnosed values of all terms for that year and cell vs. the actual de-
scending edge for that year and cell. (b) As in (a), but with all fields except Ro set to their climatological values. (c) As in (a), but with

only Ro set to its climatological value.

across the tropics, evocative of the tropics-wide influence of
ENSO (Lu et al. 2008). Figure 10 provides an interannual cor-
relation heat map of the diagnosed cell-mean Rossby num-
bers, descending edges, ascending edge displacement, and the
standard Nifio-3.4 index, with all correlations computed using
linearly detrended fields. Consistent in sign with our argu-
ments and the existing literature regarding ENSO, El Niflo
conditions (i.e., positive Nifio-3.4) act to contract all three
Hadley cell edges equatorward and increase both cell-mean
Rossby numbers. Conversely, the SH descending edge has
virtually no linear relationship with the ascending edge
(r = 0.06). While prior literature has argued that the ENSO
relationships with the Hadley cells are tighter for the SH than
for the NH (Hasan et al. 2024), with the Arctic Oscillation play-
ing a comparable role to ENSO for the NH (Seo et al. 2023),
the difference between the hemispheres we find in this regard is
modest, with r = —0.47 versus —0.54 between Nifo-3.4 and the
descending edge for the NH and SH, respectively.

¢a NH ‘.
lpa| SH - 30 .
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Ro SH —zﬁ..
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FIG. 10. Heat map of Pearson correlation coefficients among var-
ious metrics of the NH and SH Hadley cells as well as the Nifio-3.4
index, all annual means. From top to bottom and left to right in
each panel, the quantities are NH cell-mean Ro, SH cell-mean Ro,
NH ¢q, |@a, SH — ¢4, and the Nifio-3.4 index. All quantities are
computed over 1979-2023 and linearly detrended over that period
prior to the computation of correlations.

Both cell-mean Rossby numbers decrease as the ascending
edge moves farther off equator (r = —0.41 and —0.42 for the
NH and SH, respectively), whereas for the seasonal cycle,
the poleward migration of |¢,| acts to increase Ro within the
cross-equatorial cell by generating stronger and more exten-
sive easterlies that shield the deep tropics from extratropical
wave breaking (Schneider and Bordoni 2008). In the annual
mean, the SH cell is modestly cross equatorial, and so by this
mechanism alone, the SH cell-mean Rossby number would be
positively rather than negatively correlated with the ascending
edge displacement. Arguably, this mechanism becomes salient
only once the cell becomes even more monsoonal, and a more
compelling explanation lies in ENSO: In El Nifio years, the
anomalous surface warmth in the eastern equatorial Pacific
directly pulls the ascent equatorward (e.g., Adam et al. 2016)
and also, through mechanisms we are less certain of, enables
the Rossby number within the tropics to grow.

6. Conclusions

We conclude that both the climatological seasonal cycle and
interannual variations of Earth’s poleward, descending Hadley
cell edges can be usefully interpreted via the simple two-layer,
quasigeostrophic baroclinic instability expression (4), in which
crucially the upper-branch zonal wind profile used within ei-
ther cell is the uniform Rossby number solution (2). The value
of this uniform Rossby number amounts to a cell-mean value
of the local Rossby number across each cell’s upper branch.
And of the terms appearing in (4), this cell-mean Rossby num-
ber predominantly controls seasonal and interannual variations
of both hemispheres’ descending edges.

With these results from ERAS, the uniform Ro framework
for the descending edges encapsulated into (4) has now proven
successful for two distinct regimes of Hadley cell seasonality.
Hill et al. (2022) originally test the theory using a seasonally
forced aquaplanet simulation with a rather shallow, 10-m ocean
mixed layer depth. As a result, the Hadley cells—though Earth-
like in their overall meridional extent—are Mars-like in their
seasonality (Zalucha et al. 2010): ¢, migrates abruptly and
deeply into either summer hemisphere just after either equi-
nox, so much so that ¢, rather than Ro predominantly con-
trols the descending edge migrations. The theory’s dexterity
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across these regimes suggests it could be useful for the Hadley
cells of terrestrial atmospheres broadly.

At the same time, in addition to lacking a predictive theory
for Ro—which, for Earth at least, is the central parameter—we
do not understand why the theory’s predictions lead the actual
descending edge by 1 month in the NH only. It can be inferred
from Peles and Lachmy (2023, cf. their Fig. 6) that multiple
other metrics of the lowest latitude of baroclinic growth also
lead the Hadley cell descending edge by roughly one month in
the NH but not the SH. This suggests roots in something other
than the precise physical assumptions we have made. The same
lag is required in the Hill et al. (2022) aquaplanet case just de-
scribed—meaning, somewhat curiously, it is the case with the
largest heat capacity—Earth’s SH, in which the descending
edge is more in phase with these environmental influences. Hill
et al. (2022) also speculate about the finite time scale of Rossby
wave generation in the extratropics followed by equatorward
propagation and breaking; for that mechanism to be relevant
here, wave generation and propagation would need to occur
more slowly in the NH than SH. Analysis of idealized simula-
tions with differing mixed layer depths between the two hemi-
spheres or idealized continents (e.g., Maroon et al. 2016; Voigt
et al. 2016; Hui and Bordoni 2021) would help shed light on
all this.

Notably uninfluential both seasonally and interannually is
the midlatitude static stability, which under global warming is
projected to increase and, through appeal to (6), thereby pre-
dominantly drive the poleward expansion of the descending
edges (e.g., Kang and Lu 2012; Chemke and Polvani 2019).
To our knowledge, no study has yet investigated the role of
the cell-mean Rossby numbers in warming-driven Hadley cell
expansion; Kang and Lu (2012) find large seasonal differences
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in the climatological value of a bulk Rossby number for each
Hadley cell, but they neglect any changes to these bulk Rossby
numbers as the planet warms. All else equal, an increase in the
Rossby number would retract the descending edge, while a de-
crease would expand the descending edge poleward. The influ-
ence of the Rossby number on Hadley cell expansion with
global warming could also come from the Rossby number’s cli-
matological value rather than its own response to warming: by
(6), an atmosphere with larger climatological cell-mean Rossby
numbers would migrate less for a given change in any of the
other terms, compared to a model with smaller climatological
cell-mean Rossby numbers. Given that multimodel-mean pro-
jections under high-CO, forcing are robustly of expansion of
the descending edges (e.g., Grise and Davis 2020), possibilities
include that the cell-mean Rossby numbers are increasing, that
they are decreasing but not enough to counter the increased
subtropical static stability, or that the framework simply does
not work in this context.
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APPENDIX

Uniform Rossby Number Zonal Wind Fields Compared
to Actual Fields

For completeness, Fig. Al shows the diagnosed ERAS
200-hPa zonal wind and corresponding best-fit ug, fields com-
puted for the climatological annual mean and for each meteo-
rological season, and Fig. A2 shows the same for each calendar

month.
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FIG. Al. For the (a) annual and (b)—(e) seasonal climatologies, 200-hPa zonal wind and best-fit uniform Ro zonal
wind fields (gray) for the SH (pink) and NH (green) Hadley cell, restricting to that hemisphere. Overlaid red and blue
dotted vertical lines are the diagnosed ascending and descending edges, respectively.
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