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Jupiter’s poles feature striking polygons of cyclones that drift westward over time, a
motion governed by f-drift (vortex motion caused by the latitudinal variation of the
Coriolis force). This study investigates how f-drift and the resulting westward motion
depend on the depth of these cyclones. Counterintuitively, shallower cyclones drift
more slowly, a consequence of stronger vortex stretching. By employing a 2D quasi-
geostrophic model of Jupiter’s polar regions, we constrain the cyclones’ deformation
radius, a key parameter that serves as a proxy for their vertical extent, required to
replicate the observed westward drift. We then explore possible vertical structures and
the static stability of the poles by solving the eigenvalue problem that links the 2D model
to a 3D framework, matching the constrained deformation radius. These findings
provide a foundation for interpreting upcoming Juno microwave measurements of
Jupiter’s north pole, offering insights into the static stability and vertical structure of
the polar cyclones. Thus, by leveraging long-term motion as a constraint on vertical
dynamics, this work sets the stage for advancing our understanding of the formation
and evolution of Jupiter’s enigmatic polar cyclones.

Jupiter | polar vortices | vertical stability | the Juno mission | microwave radiometer

Historically, our understanding of Jupiter’s atmosphere has been limited to observations
of its visible cloud layer, located near the 1-bar pressure level. This limitation arises from
the challenges of probing beneath the optically thick ammonia and water clouds (1, 2).
Unitil recently, the only direct measurements of Jupiter’s subcloud layers were the localized
and costly in-situ data collected by the Galileo Probe (3). However, an indirect method
using gravity measurements (by tracking changes in the Juno spacecraft’s acceleration
during close flybys) has enabled insights into the large-scale flows at depth. This approach
has revealed the 3D structure of zonal flows within Jupiter’s subequatorial jet streams
(4-6) and constrained the depth of the Great Red Spot (GRS) to less than 500 km (7, 8).

Another approach to exploring Jupiter’s subcloud layers involves observations at cloud-
penetrating frequencies. For example, using radio frequencies, the Earth-based Very
Large Array telescopes have probed down to pressures of approximately 8 bars (2).
The Juno Microwave Radiometer (MWR) offers an enhanced use of cloud-penetrating
frequencies, leveraging its orbital proximity to achieve deeper measurements with finer
spatial resolution. Equipped with six channels, the MWR has been providing spatially
resolved observations of brightness temperature down to depths of approximately 240
bars (9, 10). These thermodynamic measurements are influenced both by temperature
variations (11) and the opacity of ammonia clouds (12). Although there is ongoing
debate about the relative contributions of these factors, the observed deep patterns reveal
valuable information about the vertical structure and depth of atmospheric phenomena
seen at the cloud tops. For example, the MWR detected alternating zonal bands of
ammonia depletion and enrichment extending to 240 bars between midlatitude jets.
These patterns correspond to the upwelling and downwelling branches expected in a
Ferrel-cell-like circulation (13, 14).

Another key instrument on Juno, the Jovian Infrared Auroral Mapper (JIRAM), was
designed to study the aurora and atmospheric chemistry at 5 to 7 bar (15). During
Juno’s polar orbits, as JIRAM is insensitive to half the pole being dark and can wholly
observe the pole, it discovered a new phenomenon: a polar “crystal” of massive cyclones
(each ~5,000 km wide) inhabiting each pole, consisting of a polar cyclone (PC) and 8
circumpolar cyclones (CPCs) at the north pole, and 5 at the south (16). The MWR instru-
ment, designed to function optimally at the shorter distances from Jupiter’s cloud-tops
during the around-equatorial skims in its original polar orbit, now enters a phase in Juno’s
extended mission, where the orbit has considerably shifted, allowing MWR measurements
near the north pole of Jupiter (17). This enables multichannel measurements with
sufficient resolution to capture the north polar cyclones, similar to analogous previous
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measurements of vortices in the midlatitudes (18). This study
aims to provide a theoretical framework for interpreting the
upcoming MWR observations of Jupiter’s north pole, offering
predictions about the vertical structure and extent of the polar
cyclones.

Jupiter's Polar Cyclones. The energetic processes sustaining
Jupiter’s polar cyclone configurations, while explored in prior
studies (19-23), remain largely unconstrained. Nevertheless,
substantial progress has been made in understanding the principal
momentum balance that governs these cyclones, explaining both
their stability and long-term motion. This momentum balance
is closely related to the concept of f-drift, a secondary effect that
causes vortices to move due to their interaction with a background
vorticity gradient (24) known to influence the motion of tropical
cyclones on Earth (25). The phenomenon of f-drift has been
explored extensively in idealized settings, including theoretical
studies (26, 27), numerical simulations (28, 29), and laboratory
experiments (30-34).

Traditionally, as suggested by the term “f-drift,” studies have
focused on the interaction of cyclones with f, the meridional
gradient of the planetary vorticity /', causing a poleward-westward
migration through the generation of opposite vorticity anomalies
(usually termed p-gyres) surrounding the core. However, in
addition to f, cyclones on Jupiter’s poles exhibit mutual repulsion
due to the interaction of the vorticity gradient of one cyclone with
the velocity field of another. This mutual interaction allows for
the stable crystal-like configuration of the cyclones (35), provided
that they are surrounded by an anticyclonic annulus, commonly
referred to as shielding (36). This repulsion also explains the
oscillatory motion of the polar cyclones (37), as observed by
Juno (38).

Beyond oscillatory motion, the cyclones exhibit a mean
westward drift, with rates of approximately 3° and 7° per
year at the north and south poles, respectively (39, 40). This
westward drift arises from the f-drift acting collectively on the
group of cyclones. By adopting a “center of mass” perspective,
the mutual interactions between the cyclones are effectively
averaged out, leaving only the cumulative interaction of the group
with f. This dynamic leads to a group oscillation around the
poles accompanied by a westward precession, manifesting as the
observed drift (29).

In this study, we investigate how the vertical structure and
depth of Jupiter’s polar cyclones influence their mean westward
drift. First, we employ an idealized 2D model to explore how
depth, and the associated column stretching, affects f-drift on
a vortex in a f-plane. Next, we perform a parameter scan
using a 2D Quasi-Geostrophic (QG) polar model with Jupiter’s
polar cyclones initialized in the system to constrain the QG
deformation radius (L), a proxy for depth, such that the modeled
westward drift matches observational data. Finally, we solve the
eigenvalue problem posed by comparing 2D and 3D QG systems
to deduce the vertical structures and static stability of the polar
cyclones based on the constrained Z.

The Impact of Vertical Depth on Vortex g-Drift

A standard framework for understanding the motion of vortices
due to f-drift is the barotropic QG equation of a seeded vortex
on a f-plane (24, 27, 41). In this formulation, cyclones undergo
poleward-westward propagation in a planetary #, with the drift

A 2
amplitude scaling with the dimensionless parameter f = %

(29, 42), where R and V are the characteristic size and velocity
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of the cyclone. In this section, we seek to understand how the
vertical extent (through stretching) modifies the classical f-drift
by adding the stretching term to the QG equation, before treating
other important complexities such as vortex—vortex interactions.
Stretching, in this context, refers to the vertical elongation (or
compression) of a fluid column accompanied by horizontal
convergence (or divergence). In QG dynamics, such vertical
motions alter the potential vorticity (PV) by concentrating or
diluting the background vorticity (see SI Appendix, Fig. S1 and
the accompanying text for more intuition).

Following the derivation in ref. 27 but including stretching (see
SI Appendix for scaling, derivation, and other details), we develop
the equations in a reference frame moving with the center of the
cyclone. The scaled resulting QG equation becomes (focusing on
the dominant terms)

d Ve ) ~

— —28) = —fy, —

at <§g Bu p
where £ and y are the vorticity and streamfunction, respectively,

and u = (%, v) is the velocity vector. Subscripts v and g represent,
respectively, a constant background vortex flow and a “generated”

2
field leading to the f-drift. The Burger number, Bu = (%) ,

Je

incorporates the effect of the deformation radius, L; = F

u, - V&, [1]

where ¢ is gravitational acceleration, H is the layer depth, and

fo is the Coriolis parameter. The term —ai (%) captures the

influence of stretching in the single-layer QG model.
The model is solved for vortex profiles of the dimensional form

(43):

14 ) 7\ 1 | 7\ 2]
YR ( (R) )CXP[5< (R) )}

where 7. is the distance from the vortex’s center, and & is a
shape factor that controls the sharpness and shielding of the
vortex profile. For a more detailed analysis of the role of 4, see
ref. 36. The initial-value problem is solved using the Dedalus
PDE solver (44). The results from this model, as a function of
Bu, are shown in Fig. 1. The zonal p-drift velocity, defined as
up = tg| (=0, y=0)» displays an exponential relaxation with time,
which is modeled by Uﬁ(l —e v/ T) (Fig. 14), a parameterization
that provides a good fit for Bu < 5.

We further examine the dependence of the fitted maximum
drift velocity (Up) and timescale (7) on layer depth (Fig. 1C) for
three values of the shape factor 4 within a physically relevant
range. The results indicate that while the drift amplitude is
relatively insensitive to changes in &, it becomes more negative
(more strongly westward) as the Burger number increases (or
equivalently, as / increases).

In Gavriel and Kaspi (29) (their Fig. 2), the layer depth A
is assumed to be infinite, which implies L; — 00 and Bu —
00, effectively removing the stretching term from Eq. 1. This
assumption highlights that for very deep layers, any change in
the fluid upper surface height (65) is negligible compared to the
total depth (%’ & 1), rendering stretching effects unimportant
to the dynamics.

However, when A (and thus Bu) is finite, the PV anomaly
generated by the f-effect (the term —ﬁvv) is divided between
two parts: the formation of f-gyres (through %) and column
stretching (through —%g—i). As stretching has more relative
significance in shallower layers, it claims a larger share of the
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Fig. 1. Impact of stretching on g-drift dynamics in a single-layer QG framework: A single cyclone on a g-plane. (A and B) Evolution of the zonal (us) and
meridional (v) drift velocities over time for four different values of the Burger number and b = 1.2. Dashed curves show exponential fits with amplitude Uz and

timescale z. Here, (up, v4) are nondimensional, scaled by BV. (C) Plots of Up (solid line, Left axis) and = (dashed line, Right axis, in rotation periods) as functions
of Bu for three values of the shape factor b (legend in panel D). The exponential parameterization becomes inadequate for Bu > 5 (S/ Appendix, Fig. S2). (D) Solid
line: Phase angle « (defined in panel £) between uy and vy as a function of Bu. Dashed line: Strength of the g-gyres, quantified as Ayg = max(yg) — min(yg),

with values nondimensionalized by BRV. (E) The vorticity field (&g, in color), stream function (yg, in contours), and velocity field (ug, arrows) after five rotation
periods for Bu = 0.59 and b = 1.2. The p-gyres appear as red and blue lobes surrounding the cyclone core. The color bar represents the scaled (by fV/R)

vorticity field. See Movie S1 for the simulation.

total PV response, thereby weakening the f-gyres. This trend is
reflected in Fig. 1C, where shallower layers correlate with stronger
stretching and hence smaller f-drift velocities. This reduction
is also evident in Fig. 1D, where the difference between the
extreme streamfunction values of the f-gyres, Ay, becomes
smaller. .

Using the Jovian values for the north and south poles of g, R,
and V from ref. 29, we find that matching the observed westward
drift corresponds to Ug = —0.46 for the north pole and
Up = —0.54 for the south pole, marked in Fig. 1C. These values
correspond to Bu = 0.49 for the north pole and Bu = 0.59 for
the south, which is used in Fig. 1E to show the generated fields
after five rotation periods. The influence of Bu extends beyond
the reduction of the f-drift amplitcude. Smaller Bu values also
reduce the time required to reach the peak drift velocity (¢
in Fig. 1C) and lead to a more zonally directed drift overall
(a in Fig. 1D).

From Bu = (0.49,0.59) and R = (811,861)km (29),
the resulting deformation radii are L; = (568, 658) km for
the north and south poles, respectively. These values should
not be interpreted as definitive physical estimates, but rather
as outcomes of an idealized model that omits vortex—vortex
interactions and the polar variation of f. Instead, this simplified
framework is meant to provide insight into the role of stretching
alone in modulating f-drift. In the next section, we consider
these additional complexities to derive more realistic values of L,
needed to match the observed drift rates.

Estimating the Deformation Radius Using a
Single-Layer QG Model of the Jovian Poles

While the previous section focused on how vertical extent
modifies f-drift, the idealized model used there does not provide
a realistic estimate of Ly. To address this limitation, we now
present a single-layer QG model initialized with a polar vortex
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crystal. This model evolves under the full spherical form of the
vertical component of Jupiter’s rotation rate, f = 2 cos (73),

where Q is Jupiter’s rotation rate, Ry is Jupiter’s radius, and
is the distance from the pole. We use Dedalus (44) to solve the
polar QG equation (46):

D (92 1 20cs (2 ) = Ly ) =0
D\ VTN R) T BY) T

(3]

with multiple cyclones prescribed by Eq. 2, with one PC and
eight (five) CPCs placed initially at the observed locations
during Juno’s PJ4 orbit for the north (south) poles (Fig. 2
A and B). For simplicity and because of limited observational
data, we assume identical cyclones. Due to this choice and the
absence of small-scale forcing, the oscillatory motion discussed
by Gavriel and Kaspi (37) is not excited. Hence, we focus
on reproducing the mean westward drift. While zonal jets
could, in principle, influence the drift, no such flows have been
observed in the vicinity of the cyclones (47). Moreover, JunoCam
imagery is consistent with a two-dimensional, isotropic turbulent
regime (48), and thus zonal flows are not included in this
model.

This model involves four unknown parameters: Ly, and the
three cyclone profile parameters (R, V; 4). To explore the phase
space of this model, we use the Ultranest library (45), which
employs a Bayesian nested sampling approach to identify the best-
fitting solutions (49). As a benchmark, we use the 5-y observed
trajectories of the north and south polar cyclones (40) (Fig. 2
A and B) to calculate the average westward drift between the
cyclones. This value is then used to calculate a likelihood function
that evaluates the probability of a parameter set being accurate,
based on the resultant model westward drift (see ST Appendix for
details on the numerical model, likelihood function, and model
sampling).

https://doi.org/10.1073/pnas.2503737122
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Fig. 2. Constraining Ly at Jupiter's poles using observed and simulated cyclone drifts. (A and B) Observed trajectories of the north (A) and south (B) polar
cyclones over five years (40). The symbols © and ® mark the start and end points, respectively. The background is a JIRAM infrared image from PJ4 (Image
from ref. 16), corresponding to the onset of these trajectories. (C and D) Simulated trajectories after five years for a model that reproduces the observed mean
westward drift. See Movie S2 and Movie S3 for animations of panels C and D, respectively. The color scale indicates the magnitude of the velocity vector, while
the streaks represent the flow direction through line integral convolution of the velocity field at t = 0. (E-/) Sample model trajectories from the nested sampling
routine, illustrating diverse outcomes. The numbers above the panels are the mean and SD (between the cyclones) of the westward drift. The parameters used
in each panel are listed below the panels. (K-N) Histogram plots of the posterior parameter distributions produced by Ultranest (45), after sampling 15,000
parameter sets per pole for the north (blue) and south (orange) polar cyclones. The dashed lines denote the median, and the dotted lines mark +1¢ for the
distributions. These values are written above the panels. Markers represent the parameter values of the successful models (C and D). For a corner plot of the
joint posterior distributions, see S/ Appendix, Fig. S4.

We sampled 15,000 parameter sets for each pole, integrating  (where the first 2y act as a spin-up). Illustrative model outputs
each simulation for seven years and calculating the resultant mean [Fig. 2 panels (E-G) for the north pole and panels (H-/) for
westward drift between the cyclones during the last five years  the south] span a variety of outcomes: drifts too fast (£ and H),
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too slow (F and /), eastward (G), and mergers (/). Examples
of parameter sets that successfully recreate the observed drift are
shown in Fig. 2 C and D.

Due to intrinsic parameter degeneracies, the algorithm returns
a posterior distribution rather than a specific set of parameters
that matches the observed westward drift. From this distribution,
we obtain a more realistic estimate for the deformation radius of
Ly = 22558898 km and L, = 363.697/;3% km at the
lo confidence level for the north and south poles (Fig. 2K),
respectively. The resulting posterior distributions for R, V, and
b (Fig. 2 L-N) align well with plausible mean values for Jupiter’s
polar cyclones, as estimated from cloud feature tracking at the

poles (50).

Interpreting the Vertical Structure of Jupiter’s
Polar Atmosphere from the Drift Rate of the
Polar Cyclones

The standard shallow-water (SW) expression for the deformation
radius, L; = \/gH/fp, is not well-suited to Jupiter’s upper
atmosphere. This expression assumes a constant density and
no vertical dependence of the flow, whereas Jupiter’s upper-
atmospheric density increases exponentially with depth (51) over
many scale heights. To account for these vertical variations, we
consider the continuously stratified QG vorticity equation (46):

D 2 ([ p oy
J— Vz 0~ (L 27 =0, 4
Dt( W+f+,58z(N28z 4]
where V is the Brunt-Viisild frequency, indicating the stability
of the atmosphere with respect to vertical motion, and p is the
vertical density profile.
To account for variations in the vertical direction, we assume

the streamfunction can be separated into horizontal and vertical
components:

V(5350 = Y wilsy )®,(2), 51

where @,(z) is the vertical profile for each 7. Substituting this
form into the QG equations requires each ®,, to satisfy the vertical
eigenvalue problem (52):

ﬁfa(iacpn

7& N? 3z

) +T,0, =0, [6]

where I, is an eigenvalue. For each mode #, the corresponding

1

deformation radius is given by L (,,) = T, 2 (see ST Appendix for
the full derivation). Assuming that the cyclones are dominated
by a single vertical mode, the horizontal dynamics derived
from the two-dimensional QG equation (Eq. 3), and the three-
dimensional QG equation (Eq. 4) will yield similar results for the
given L (,); the linearized dynamics are identical (S7 Appendix).
Given our estimates of the L, values required to achieve the
observed westward drift (Fig. 2), we can use the eigenvalue
problem posed by Eq. 6 to investigate which vertical structures
[eigenfunctions @, (z)] satisfy the required Z,.

We solve this eigenvalue problem using the Dedalus library
(44), applying boundary conditions of no vertical velocity at
the tropopause (3,®,|._, = 0) and no flow at the bottom
(®yl,__, = 0). For p(z), we adopt a reference density profile
derived from interior models of Jupiter, constrained by a neural-
network-based parameter sweep (53, 54). We focus here on the

PNAS 2025 Vol. 122 No. 44 e2503737122

two lowest modes (7 = {0, 1}), which are illustrated in Fig. 3 4
and D). The n = 0 mode corresponds to a simple decay profile,
whereas 7 = 1 changes sign along the column. This focus on
the two leading modes aligns with estimates from Earth’s oceans,
where they capture the bulk of the kinetic energy (52, 56); higher
modes require excitations with elaborate vertical profiles.

Since Eq. 6 depends only on / and V (here assumed constant,
see discussion in S/ Appendix), we present Ly, solutions as a
function of these two parameters in Fig. 3 B and E, for both
modes. The constrained range of deformation radii from the
previous section (Fig. 2K) is indicated for the north (blue) and
south (orange) poles, essentially giving an H as a function of
N for each pole. Focusing on the relationship defined by the
blue solid curve in Fig. 3 B and E, we plot the corresponding
®,,(z) profiles as a function of pressure below the cloud level for
different NV values (Fig. 3 C and F).

Interestingly, in agreement with the eigenvalue results, the
H vs. N line in Fig. 3C closely follows a scaling law derived
for the aspect ratio of vortices in stratified fluids, supported by
theory and rotating tank experiments (55, 57, 58). This vertical
scaling, H ~ fyR\/Ro (1 — Ro) / (N2 — N2), can be simplified
in our case to H ~ fyR~/Ro/N. This approximation is valid
under the assumptions that the Rossby number is small (Ro =
U/(foR) < 1) and that the static stability at the vortex center
is small (N2 <« N?). Under these conditions, the simplified
scaling (purple dashed line in Fig. 3C) provides a good match
to the curve derived from the eigenvalue solutions for the North
Pole.

The MWR instrument, expected to probe below Jupiter’s
clouds at the north pole in the near future, measures brightness
temperature at six channels. The maximum sensitivity pressure
levels for each MWR channel are marked by green dotted lines,
with Channel 6 above the 1-bar level. For a plausible range
N =3 —20 x 1073571 (59), consistent with our reanalysis of
Galileo probe data (SI Appendix, Fig. S5), and focusing first on
mode 0 (Fig. 3C), we anticipate that the north polar cyclones’
footprint will be visible in Channels 6 and 5 (and Channel 4 if
N ~ 3 x 107%s71). However, if the real Jovian poles exhibit
turbulence with a vertical phase shift, reminiscent of terrestrial
storms with low-level convergence and upper-level divergence,
then mode 1 may also be excited. In that scenario (Fig. 3F),
signatures could extend into Channel 3 for the same range of Ns.

Fig. 4 illustrates an example of how y extends downward and
intersects with the MWR channels for N = 3 x 1073 57!, the
lower bound estimated in ref. 59. Channel 6, sensitive to pressures
around 0.7 bar, lies slightly above the eigenfunctions’ range
(which starts near 1 bar). We assume that Channel 6 will display
a y field similar to that of Channel 5. The JIRAM background
photograph (16) represents the cloud deck at approximately this
pressure level. The downward extension of y below Channel 4
depends on the excitation of mode 1. It is important to note
that the MWR measures brightness temperature, which is only
indirectly related to y. Predicting MWR observations requires
a layer of translation, involving solutions for vertical velocity
and the subsequent diffusion-advection of ammonia, given the
background ammonia distribution (13).

Discussion

In this study, we examined how the vertical extent of polar
cyclones influences their vorticity-driven motion (Fig. 1). Our
analysis demonstrated that shallower cyclones undergo a weaker
p-drift, which explains the order-of-magnitude discrepancy

https://doi.org/10.1073/pnas.2503737122
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Fig. 3. Interpretation of the cyclones’ vertical structure from the deformation radius. (A) Vertical profile of @, for “mode 0". (B) Eigenvalue solutions for Ly
(green shades) for various combinations of N (Brunt-Vaisalad frequency) and H (depth) for mode 0. The estimated Ly distributions from Fig. 2K are shown by
the blue and orange curves for the north and south poles, respectively. Values of L, exceeding 800 km are not contoured for clarity. (C) Solutions for @, as a
function of pressure below the cloud layer, following the N-H relationship indicated by the blue solid curve in panel (B). Green horizontal dotted lines indicate
the depths at which each MWR channel has maximum sensitivity (10), though each channel is sensitive over a broader range of depths. The numbers on the
right ordinate show the altitude relative to 1 bar. (D-F) The same as (A-C) but for “mode 1". Gray dashed lines in panels (B, C, E, and F) denote the values used to
generate the profiles in panels (A and D), and to produce Fig. 4. The color along the gray dashed line in panels (C and F) corresponds to the ®(z) profiles shown

in panels (A and D). The purple dashed line in panel (C) represents the theoretical scaling H ~ Ro”zRfO/N (adapted from ref. 55), using representative values of

R =800km and U = 90 ms~" from Fig. 2 M and N.

between the observed westward drift of the south-polar cyclones
and the much faster rates anticipated by an idealized, infinitely
deep model [(29), their Fig. 2].

We then employed a 2D polar model initialized with identical
cyclones at their observed locations (during PJ4). This model
provides a dynamical constraint on the deformation radius,
L, (Fig. 2), which encodes information about the cyclones’
vertical structure. We found that both excessively large and
excessively small values of L; produce westward drifts that deviate
strongly from observations. A sampling algorithm estimates
Ly ~ 226 (km) at the north pole and ~ 364 (km) at the south
pole. While the posterior distributions of L at the two poles do
overlap, it remains an open question whether genuine differences
in L exist between the poles, especially given Jupiter’s negligible
obliquity and the resulting expected hemispheric symmetry.
However, the indicated difference in L; between the poles
could have important implications for the characteristics of the
polar cyclones. Since L, controls the spatial scale of vortices in
geostrophic turbulence (60), the possibly smaller L, at the north
pole may explain the greater number of smaller cyclones observed
at the north pole compared to the south.

Using these estimates of Ly, we sought consistency between

the 2D QG framework (Fig. 2) and a 3D QG model that

6 of 8 https://doi.org/10.1073/pnas.2503737122

incorporates density variations with depth (Eq. 4). This re-
quired solving the ecigenvalue problem in Eq. 6, in which
the eigenvalues yield L, for different vertical modes, and the
numerically determined eigenfunctions describe the cyclone’s
vertical structure relative to the cloud deck. In our idealized
approach, we assumed a constant Brunt-Viisili frequency, IV,
and a single dominant vertical mode, both of which can introduce
uncertainty.

We emphasize that the eigenvalue-derived L, represents a
vertically integrated quantity that encapsulates, as accurately
as possible, the effects of vertical stretching on 2D dynamics
when density varies significantly with depth and the atmosphere
is stably stratified. While the linear dynamics at the top layer
(z = 0) of the 3D-QG model (Eq. 4) and the 2D-QG
model (Eq. 3) are identical—for example, in a Rossby wave
solution (46)—nonlinearities and multimodal dynamics intro-
duce deviations between the models (S Appendix). Quantifying
this error is worthwhile but requires full 3D simulations at
the pole with sufficient resolution, which is left for future
work.

The solutions (Fig. 3) suggest that for N ~ 1072571,
cyclone depths of 10 to 75 km at the north pole and 20 to
90 km at the south pole are plausible, depending on the mode.
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Fig. 4. Vertical structure and intersections with instrument sensitivity
depths at the north pole. The y field from Fig. 2C was extended downward
(rather than computed directly in a 3D simulation) using the eigenfunctions
from Fig. 3 A and D, which correspond to N = 3 x 1073 (s~ 1) and H = 50
(133) km for mode 0 (mode 1). Both modes yield Ly = 226 km, with mode 0
terminating (y = 0) at z = —50 km, and mode 1 continuing further to w = 0
atz = —134 km. The planes represent y at the MWR channels that overlap
with the eigenfunction range, while the shaded regions between the planes
depict y values between the channels. The dashed black line indicates the
north pole. The background image on channel 6 is a JIRAM measurement
from PJ4 (16), similar to Fig. 2A.

If N~ 3x 1073571, the estimated cyclone depths increase
substantially, ranging 30 to 220 km at the north pole and
60 to 330 km at the south pole. As a comparison, the GRS
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has been estimated to be approximately 300 £ 100 km deep
based on gravity measurements (8), and its signature has been
observed down to MWR channel 1, corresponding to depths
of O(300km) (18), consistent with both experimental and
numerical modeling results (58). Although the GRS is a distinct
low-latitude anticyclone, these estimates suggest that the lower-N
(~ 3 x 1073 57!) regime considered here may provide a more
realistic representation of Jupiter’s deep vortices.
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In summary, our work presents a framework connect-
ing observed cloud-level motions to the deeper structure of
Jovian polar cyclones. By linking the deformation radius,
derived from p-drift constraints, to vertical modes in a 3D-
QG framework, we gain insights into how these cyclones
extend below the visible cloud layer and how their internal
structure influences their horizontal drift. These constraints on
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