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7Centro de Astrobiologı́a, CSIC-INTA, Madrid, Spain
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Ultra-hot Jupiters, an extreme class of planets not found in our solar system, provide a unique
window into atmospheric processes. The extreme temperature contrasts between their day- and
night-sides pose a fundamental climate puzzle: how is energy distributed? To address this, we
must observe the 3D structure of these atmospheres, particularly their vertical circulation patterns,
which can serve as a testbed for advanced Global Circulation Models (GCM) e.g.1. Here we show a
dramatic shift in atmospheric circulation in an ultra-hot Jupiter: a unilateral flow from the hot star-
facing side to the cooler space-facing side of the planet sits below an equatorial super-rotational jet
stream. By resolving the vertical structure of atmospheric dynamics, we move beyond integrated
global snapshots of the atmosphere, enabling more accurate identification of flow patterns and
allowing for a more nuanced comparison to models. Global circulation models based on first prin-
ciples struggle to replicate the observed circulation pattern3 underscoring a critical gap between
theoretical understanding of atmospheric flows and observational evidence. This work serves as a
testbed to develop more comprehensive models applicable beyond our Solar System as we prepare
for the next generation of giant telescopes.
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WASP-121 b observations
We present the first full transit dataset of an exoplanet observed with the four Unit Telescope
(4-UT) mode of the Echelle Spectrograph for Rocky Exoplanets and Stable Spectroscopic Obser-
vations (ESPRESSO4) at ESO’s VLT (European Southern Observatory’s Very Large Telescope)
located on Cerro Paranal, Chile. ESPRESSO is an ultra-stabilised, fibre-fed, high resolution
spectrograph which can receive light from any or all of the four VLT 8-metre UTs. The 4-UT mode
combines all four UTs to supply the spectrograph with the equivalent photon collecting power of a
16-metre class telescope. The 4-UT mode provides mid-resolution data (λ/∆λ = 70,000) in 4×2
binning. We combine archival data from the commissioning of the mode taken by the ESPRESSO
Consortium covering the second half of the transit of the ultra-hot Jupiter WASP-121 b (taken on
30 November 2018, from here on called the egress epoch, Borsa et al. 5 , Seidel et al. 6) with newly
obtained data to complete the full transit (PI: Seidel, 23 September 2023, from here on called the
ingress epoch). For the observation log for both epochs see Extended Data Fig. 1. WASP-121 b
is a canonical ultra-hot Jupiter orbiting its F6-type host star WASP-121 (Vmag = 10.4) and is
16% more massive than Jupiter while being 75% larger in size (1.74RJ, 1.157MJ, see Extended
Data Table 2), making the planet highly inflated and about 2.5 times less dense than Saturn.
From the extremely high signal-to-noise ratio data of WASP-121 b, we present the first vertical
characterization of a high-altitude, super-rotational atmospheric jet stream. We also highlight its
phase-resolved properties, showcasing changes in temperature and velocity as the jet transitions
from the cold night-side to the day-side and later crosses back from the hot day-side to the
night-side at the end of the transit.

Dynamics explored across vertical layers
We study three elements probing differing altitude levels to obtain the vertical wind structure of the
atmosphere: Fe I (deeper atmosphere), the Na I doublet (mid-to-shallow atmosphere), and the Hα-
line of the Hydrogen Balmer-series (shallow atmosphere). We have opted for these three tracers
due to their accessibility in ultra-hot Jupiter atmospheres and their complementary probing depth
in pressure. Atmospheric dynamics in exoplanets are traced by the Doppler-shift induced on the
spectral lines by the combination of atmospheric winds and planetary rotation in the planetary rest
frame. With high S/N data such as in this work, this Doppler-shift can be measured as a function
of orbital phase and thus give an evolution in time - the so called Doppler-trace (but see also work
on smaller telescope on resolving the iron trace, e.g. Ehrenreich et al. 7 , Kesseli & Snellen 8 and
most recently the usage of iron lines to create a relative pressure profile from this species in Kesseli
et al. 9).

While we cannot provide true absolute pressure values due to the relative nature of echelle
spectrograph observations, we can provide relative altitudes between the tracers for the cloud-free
parts of the atmosphere assuming solar abundances and proper treatment of the largest scattering
contributors to the continuum24.
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Deep atmosphere To access the circulation in the deepest layers of the atmosphere at the highest
pressures, we use the cross-correlation method for Fe I, which combines the plethora of shallow
iron absorption lines in the visible wavelength range to produce an atmospheric Doppler trace of
the atmosphere at relatively deep pressures (see left panel of Figure 1)7,8. However, until now, the
trace was created from stellar spectral line masks taking into account all species in the stellar atmo-
sphere which is inaccurate for spectra not dominated by iron (see Methods 5 for an in-depth dis-
cussion and further detail on the creation of Doppler-shift traces from cross-correlation). Here, we
provide the atmospheric trace with a line list generated solely from Fe I probing deeper pressures
(lower altitudes) in the atmosphere from10. The contribution function which shows the impact of
each pressure layer on the cross-correlation result was generated using the radiative transfer code
shone taking into account scattering (H− and Rayleigh) to generate an absolute pressure range.

Mid atmosphere Complementary, resolved planetary spectral lines probe larger pressure ranges
at shallower absolute pressures at the order of magnitude level (higher in altitude). The resolved
Na I Fraunhofer doublet probes roughly below the temperature inversions which canonically in-
dicate the thermosphere11,12. From the contribution function of our Na I model (calculated with
MERC, see methods 8) we find that the bulk of the features are generated above the probing range
of Fe I (see middle panel of Figure 1). We cross-validated between our tracers by also generating
the cross-correlation for Na I lines, arriving at the same continuum as with the resolved spectral
line model. MERC creates a quasi-3D atmospheric grid from an isothermal temperature profile
and overlays planetary rotation with common atmospheric wind patterns in a lower and upper
layer, such as sub-to-anti-stellar-point flow (a unilateral flow across the planet from the hot to cold
side), super-rotational, and radial winds mimicking atmospheric mass loss. These patterns are
then translated into the combined impact of their line-of-sight components on the spectral lines
and compared to the obtained data via a Bayesian retrieval framework which also retrieves the
continuum level and the temperature profile (for more details see Methods 6).

Shallow atmosphere To supplement the vertical probing range of Na I, we employ the Hα-line
of the Balmer-series. The contribution of the atmosphere for deeper pressures than the µbar level to
the Hα-line is negligible13 and thus provides a complimentary probe to Na I for shallower pressures
(higher altitudes). The contribution function (right panel Figure 1, generated with p-winds, see
Methods 7) confirms this finding and highlights that, assuming the same system parameters and
proper treatment of scattering processes, the Hα-line has a non-negligible overlap with the deeper
pressure ranges of the Na I doublet. The p-winds implementation of Parker-wind outflow for the
Balmer-series as well as priors implemented for WASP-121 b are described in Methods 7.

Dynamics explored horizontally
The exceptional S/N in a single transit with ESPRESSO’s 4-UT mode allows to phase-resolve
all chosen atmospheric tracers. Phase-resolving tracers subsequently permits to draw conclusions
from the changing viewing geometry, e.g. at the beginning of the transit, the probed atmosphere
is dominated by the leading limb (planetary morning) and a portion of the hot day-side of the
planet while the trailing limb (planetary evening) is dominated by the cooler night side. This
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geometry then reverses at the end of the transit (see Figure 2a for a reference). For the target
WASP-121 b, the angle of the planet’s terminator compared to the line of sight (located at 0◦ at
mid-transit, or orthogonal to the line of sight and marked in Figure 2a with θ) changes by nearly
20◦ between transit start and mid-transit, with ingress, where the planet is only partially in front of
the star (phases −0.0475 to −0.0372) spanning viewing angles from −17◦ to −13.5◦ and egress
vice versa. Phase-resolving more prominently highlights the effects related to the dependence of
the spectrum on the position on the stellar limb as they are not averaged out across the transit cord.
For the specific case of WASP-121 b, the largest residual impact of the RM-effect occurs during
mid-transit (see Extended Data Figure 2 for a view of the overlap between the stellar and planetary
signal). We have in consequence opted to discard the affected phases conservatively between
−0.017 and 0.017 and only draw conclusions for the phases before and after the exclusion zone
where any stellar impact is far removed in velocity space from the planetary atmospheric features
due to the relative motion of the planet.

Probing the perpetual planetary morning and evening This leaves us with two sets of data
with ten exposures each, one from the ingress epoch observations taken in 2023, covering a
viewing angle from −17◦ to −7◦ (from here called the morning segment, due to its dominant
coverage of the perpetual planetary morning on the leading limb of the planet) and one from the
archival egress epoch published in Borsa et al. 5 covering a viewing angle from 7◦ to 17◦ (from
here called the evening segment, due to its dominant coverage of the planetary evening on the
trailing limb of the planet). The mean geometry and terminology is shown in Figure 2a. For
each segment we binned the corresponding data to achieve the necessary signal to noise ratio to
resolve the spectral lines. For Na I we combined all ten exposures of each segment (following the
approach in Seidel et al. 6 for the previous analysis of the evening segment), for the Hα-line we
continuously combined four exposures for the entire transit (see Figure 5) but excluded data with
RM-effect overlap from our conclusions (see also Extended Data Table 5). Lastly, no binning was
necessary for the cross-correlation analysis.

Observed atmospheric dynamics
Probing deepest in the atmosphere is the atmospheric Fe I trace (shown in green in Figure 2a and
in Figure 3). For the Fe I trace, we find line-of-sight blueshifts both for the morning and evening
segment (−4.12 and −6.90 km s−1 respectively), indicating a sub-to-anti-stellar-point flow ranging
from approximately −6 to −10 km s−1 (this de-projection transformation is based on the wind
implementation and geometry of MERC14,15).
The combined lines of the Na I doublet probe ranges above the Fe I trace and are unaffected by
the sub-to-anti-stellar-point wind probed by Fe I (see Figure 1, for a comparison of their pressure
profiles).

Na I probing the super-rotational jet stream For the evening segment, where iron moves to-
wards the observer in the deeper atmosphere, Seidel et al. 6 detected a highly blue-shifted sec-
ondary Na I peak offset from the line centre at zero velocity (see right panel of Figure 2b and
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Figure 3) and employed the MERC code to deduce the atmospheric wind patterns at the root of
the secondary peak. They hypothesized that the separated Na I feature could be due to either a
super-rotational jet stream or a sub-to-anti-stellar-point wind, as seen for iron, both constrained
to latitudes away from the poles (∼ 30◦ from the equator for a jet opening angle of ∼ 60◦ as an
order of magnitude estimation - less than half the latitude range). Due to the lack of data during
the first third of the transit which provides information on the planet’s morning, they were unable
to discriminate between the two scenarios. We repeat their results in Extended Data Table 1 and
complete their preliminary analysis with the morning segment.

We find another secondary atmospheric Na I feature for the morning segment, however, con-
trary to the evening segment or the iron trace the feature is red-shifted compared to the central
Na I wavelength indicating movement away from the observer which is fundamentally incompat-
ible with the imprinted movement towards the observer from a sub-to-anti-stellar-point flow (see
Figure 2a). The forward models retrieved on the morning segment with a super-rotational atmo-
sphere are preferred over the dynamically quiet model with odds of 13:1, while constraining the
jet to less than half the latitude range latitude of the equator as in Seidel et al. 6 leads to odds of
56:1 over the quiet model, odds of 42:1 over the wind models without super-rotation, and 4:1 over
the super-rotational model with no latitude constraint. The Bayesian evidence comparison for this
analysis of the morning segment is discussed in Methods 6, and shown in Extended Data Table 4.

In conclusion, the most likely scenario combining the knowledge from the planetary evening
and morning segments is a sub-to-anti-stellar-point flow traced by iron in the deep atmosphere
sitting below a super-rotational movement crossing from the morning terminator to the evening
terminator across the day-side at higher altitudes, likely constrained to less than half the latitude
range from the equator. This leads to a red-shifted feature during the morning segment probing
the leading limb pointing away from the observer and a blue-shifted feature during the evening
segment probing the trailing limb (see Figure 2a for a visual of the geometry and the observed
atmospheric dynamics). We find a significant temperature increase of 950 ± 560 K between the
morning segment and the evening segment indicating that the material in the jet stream is heated
as it crosses the day-side of the planet, however, the location of a potential hotspot cannot be
constrained and is likely variable18. Additionally, the wind speed of the observed jet-stream
increases from 13.7 ± 6.1km s−1 in the morning segment to 26.8 ± 7.13km s−1 in the evening
segment as retrieved with MERC, see Methods 6 indicating a thus far never observed acceleration
as the jet traverses the day-side. Curiously, while the jet-stream fit is clearly accompanied by a
vertically outwards pointing wind above the jet-stream boundary in the evening segment probing
planetary evening6, the wind speed of this vertical wind was only tentatively constrained for the
morning segment probing planetary morning. Combined with the temperature increase from the
morning segment to the evening segment, it is likely that Na I probes mostly the super-rotational
jet stream and less the material outflow at higher altitudes during the morning segment. When we
reach the evening terminator probed mostly during the evening segment, the higher temperatures
translate to an increased scale height and in consequence Na I additionally probes the beginning
of material outflow, overlapping with the probing range of Hα (see Figure 2a where Na I is
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indicated in yellow for a visual). While the viewing geometry only allows us to probe the jet at
its very start and end, tentative detections of strong velocity offsets for Na I were reported for
WASP-121 b via emission spectroscopy probing the central day-side which were not seen for
lower probing species19 providing further evidence for the high altitude, super-rotational jet stream.

Vertical extension to the shallow atmosphere To validate the jet stream observation, we
employ the Hα-line which starts probing the atmosphere at pressure ranges which should in theory
still be impacted by the upper portion of the super-rotational jet stream (see Figure 1). The spectra
stacked as a function of phase are shown in Figure 5 and highlighted in blue together with the
traces of Na I and Fe I in Figure 3. Taking into account planetary rotation, we retrieve an overall
red-shift for Hα translating to zonal winds speeds of 5.2± 1.4km s−1 for planetary morning which
then slowly turns to a blue-shift (−19.2 ± 1.4km s−1) as planetary evening becomes dominant.
This indicates the same super-rotational movement observed in the jet stream for Na I imprints on
the outwards flow of hydrogen which is usually a solely vertical Parker-wind motion. Combined
with the tentative detection of a vertical outflow above the jet stream for Na I this shows that the
probing ranges of Na I and Hα are not mutually exclusive but validate each others findings (see
also Figure 1 for a quantitative assessment). Summarising the observed atmospheric dynamics,
we find a day-to-night side movement traced by Fe I below an equatorial jet stream, a vertical
profile thus far never observed in an exoplanet atmosphere. This shift from day-to-night winds to
the jet steam might first be seen with the full atmospheric trace, while the bulk of the jet stream
is probed via the Na I doublet. Due to the overlap in pressure ranges between the Na I and the
Hα-line both wind patterns likely impact Hα - the radial, vertical flow via Parker-winds which
adds symmetrical broadening as well as the jet stream which induces line centre Doppler-shifts on
the Hα-line. The vertical winds associated with Parker-winds additionally also tentatively imprint
on the Na I doublet in the hottest probed parts of the atmosphere providing two-way evidence of
the shift in the vertical profile.

Comparison with theoretical models
Comparing our observational results with theoretical predictions from Lee et al. 1 , global circula-
tion models (GCMs) conducted at the µbar pressure level for WASP-121 b predict a jet-stream
constrained to ∼ 30 − 40◦ in latitude ranging from the deeper atmosphere to at least the end of
their pressure grid at 0.1µbar. In said work, they additionally predict a temperature gradient at
these altitudes with a temperature increase from the morning terminator to the evening termina-
tor by ∼ 1000 K. While this prediction is confirmed by our observations (under the caveat that
the pressure scales between these works align sufficiently and the GCM results at the end of their
pressure grid can be extrapolated upwards), our observed jet-stream velocities lie above of the
predictions in Lee et al. 1 . One additional factor which might lead to the stronger velocity profile
could be the impact of magnetic fields as described in Beltz et al. 20 and the impact of H2 disso-
ciation/recombination which is not included in the GCM from Lee et al. 1 . A comparison of the
atmospheric Fe I trail with GCMs from Wardenier et al. 21 in Figure 4a suggest that the observa-
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tions are consistent with (at most) relatively weak uniform drag and additional heat transport due to
hydrogen dissociation/recombination16,17,22. Reducing the drag timescale or switching off hydro-
gen dissociation/recombination results in the model trails being significantly more redshifted than
our data. However, as already discussed in Wardenier et al. 21 , none of the four presented GCM
trails provide a perfect match to the Fe I trail (neither for the iron trace as derived from the stellar
spectrum, closest represented by the atmospheric trace generated from all spectral lines as used in
Wardenier et al. 21 , nor for the more accurate Fe I trail from an iron-only line list, see Figure 4b).
That is, in the evening segment, all models accounting for hydrogen dissociation/recombination
overestimate the blueshift of the iron lines by a few km/s. While the exact cause for this discrep-
ancy is unknown, it is important to stress that Wardenier et al. 21 only tested four models, which
is by no means a full exploration of the parameter space. Moreover, all models assume a uniform
drag timescale across the atmosphere, which is a simplifying assumption made in the GCM. In
reality, the drag timescale can vary by orders of magnitude between the day-side and the night-side
of the planet20, leading to a different circulation profile. Follow-up studies will need to shed light
on the additional physics, such as possible additional XUV energy deposit from the host star on
the day-side, that needs to be included in GCMs to provide a better match to the extreme cases of
ultra-hot Jupiters.

The discrepancy between GCMs and the provided observations highlight the impact of high
signal-to-noise ratio data of extreme worlds such as ultra-hot Jupiters in benchmarking our current
understanding of atmospheric dynamics. This study marks a shift in our observational under-
standing of planetary atmospheres beyond our solar system. By probing the atmospheric winds in
unprecedented precision, we unveil the 3D structure of atmospheric flows, most importantly the
vertical transitions between layers from the deep sub-to-anti-stellar-point winds to a surprisingly
pronounced equatorial jet stream. These benchmark observations made possible by ESPRESSO’s
4-UT mode serve as a catalyst for the advancement of global circulation models across wider
vertical pressure ranges thus significantly advancing our knowledge on atmospheric dynamics.
As we ramp up for the future of exoplanet observations with Extremely Large Telescopes (like
ESO’s ELT), extremely high signal-to-noise ratio observations will become the gold standard to
test whether our models capture sufficient physical detail to explain the atmospheres of far-away
worlds.

7



40 20 0 20 40

10 13

10 11

10 9

10 7

10 5

10 3

10 1

Pr
es

su
re

 [b
ar

]

lower atmospheric tracer: Fe I

40 20 0 20 40
Velocity [km

s ]

main jet tracer: Na I

40 20 0 20 40

upper atmospheric tracer: H-alpha

Figure 1: Probed pressure ranges per tracer. From left to right the panels show the contribution
function in for iron, sodium, and hydrogen (Hα) (with lower pressures corresponding to higher
altitudes) highlighting the overlapping altitude ranges. The base radius was set to the white light
radius and the corresponding pressure retrieved accordingly. Left: Iron contribution function in
cross-correlation with a large continuum contribution with little impact from the stronger lines.
Middle: Contribution function for the morning segment from the Na I MERC retrieval in velocity
space showing the clear impact of the jet with a secondary feature at 20 km s−1. Right: Contribu-
tion function calculated from p-winds for the first exposure in Hα. The colour contours indicate
the strength of the contribution, with black as maximum contribution and white as no contribution.

8



𝜃𝜃

Morning segment Evening segment
Trailing 

WASP-121

Leading

m

e

e

m

Trailing Leading a

60 40 20 0 20 40 60
0.0275

0.0250

0.0225

0.0200

0.0175

0.0150

0.0125

0.0100

I
1

60 40 20 0 20 40 60v [km
s ]

b

Figure 2: The jet stream probed by sodium. (a) Diagram of the viewing geometry of WASP-121 b during
the morning and evening segment (left and right) (not to scale) highlighting the three probing species and
their movement direction over the planet’s surface. The polar view is shown with the observer on the bottom
and the host star on the top. The parts of the line of sight obscured by the planetary disk are shaded in grey,
the night side of the planet is line-hatched. Dark grey indicates likely night-side cloud cover as modelled for
WASP-121 b in40, see Methods 6 for details. The direction of planetary rotation (assumed from synchronous
rotation with the star) is shown as a black arrow around the pole, planetary winds are shown as arrows with
the colour indicating the probing element (light green: Fe I, yellow: Na I, dark blue: Hα). The rough shape
of the atmosphere as derived from Wardenier et al. 34 is shown as black dashed outlines. The trailing and
leading limb are marked as well as the evening terminator (e) and the morning terminator (m) where the
transition from permanent day- to night-side occurs and vice versa. The angle indicates the angle of the
viewing geometry as described in the manuscript.

(b) Evolution of the jet-induced secondary sodium feature from red-shifted to blue-shifted from the morning
to the evening segment. The Na I doublet is combined in velocity space for the morning segment (left)
and evening segment (right). The data is shown in grey, and binned by 5 for visibility. The continuum
is adjusted for the white light radius contribution of the planetary disk. The 1σ uncertainties have been
propagated accordingly from the errors calculated by the ESPRESSO pipeline. In golden the best fit model
from the MERC retrieval is shown with its 1σ uncertainty envelope (generated from the best fit values and
uncertainties in Seidel et al. 4 for the evening segment).
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Figure 3: Distinct movements for the three tracers. The atmospheric tracer shifts highlight the dif-
ferent movement pattern of the sub-to-anti-stellar-point wind and the super-rotational jet stream.
The difference in movement patterns highlights the different regimes, with iron as green dots show-
ing sub- to anti-stellar flow and sodium (yellow squares) as well as Hα (blue triangles) probing the
jet with its emblematic red- to blue-shifted signature in time. The zero velocity, indicating a sta-
tionary atmosphere is highlighted as a dark vertical line. The morning and evening segment are
highlighted with yellow and red shading, with the spectra taken with partial visibility of the at-
mosphere in ingress and egress separated by dotted lines. The data impacted by the RM-effect is
omitted. The 1σ uncertainties have been propagated accordingly from the errors calculated by the
ESPRESSO pipeline.

10



−15 −10 −5 0 5
Δv [km/s]

−0.04

−0.02

0.00

0.02

0.04

ph
as

e

Ingress

Egress

strong drag
weak drag
no drag
no H diss/recomp

a

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Contribution [%]

10 11

10 9

10 7

10 5

10 3

10 1

Pr
es

su
re

 [b
ar

]

CCF

Fe I
Allb

Drag as an insufficient explanation for the observed traces. Figure 4: (a) Favouring of no or weak drag mod-
els from Wardenier et al. 21 for lower atmospheric tracers. We show two datasets: the Fe I trace generated
from a template containing solely iron lines and the all trace which includes all atmospheric species (All),
mimicking that data as prepared for Wardenier et al. 21 for better comparison. The centre of the in-transit
Fe I and All CCFs Gaussian fits are shown as a function of the orbital phase which corresponds to the line
of sight velocity. The 1σ uncertainties have been propagated accordingly from the errors calculated by the
ESPRESSO pipeline. Horizontal lines show the transit duration, dashed lines show the full-transit limits.
All exposures impacted by the RM-effect were masked. The overplotted models are taken from Wardenier
et al. 21 .

Figure 4: (b) Inconsistency between low atmospheric tracers generated from an Fe I template and from the
all lines stellar template as employed in Borsa et al. 5 , Wardenier et al. 21 . The figure shows a comparison
between Fe I and All CCFs Gaussian fits with the contribution histogram as a function of pressure. It shows
that the data used in Wardenier et al. 21 , while dominated by iron, likely contains components probing at
lower pressures, and higher altitudes, than a pure iron analysis.
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Figure 5: Jet stream impacts high altitudes. Increasing blueshift of the Hα line indicating the
impact of the jet steam even at high altitudes. The line centre shows a clear shift from redder
wavelength towards a strong blueshift at the end of the evening segment. The data was binned by
4 exposures and 5x in wavelength. The 1σ uncertainties have been propagated accordingly from
the errors calculated by the ESPRESSO pipeline. The flux values are scaled to the approximate
phase values of the central exposure to highlight the evolution in time and the two datasets con-
taining only ingress and egress marked. The vertical, dotted line indicates the central wavelength
of Hα. The dashed models for each phase correspond to the retrieved best fit model spectra from
p-winds with the mass loss rate taken from literature. While shown with reduced opacity, phases
from 0.017 to −0.017 are affected by the RM-effect and were excluded from the conclusions.
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Methods

1 Resolved Na I doublet and Hα-line

In this work, we explore the phase-resolved Na I doublet and Hαline via transmission spectroscopy.
To dissentangle the planetary signal from the stellar spectral lines, we follow the established pro-
cedure to extract the planetary signal through its offset in velocity space due to the relative radial
velocity between the star and the planet. For more details, see e.g. Seidel et al. 4 . In Seidel et al. 4 ,
the egress epoch presented in Borsa et al. 6 was used to detect the high-velocity Na I feature. Sub-
sequently, to pinpoint the location of said feature in phase (and thus location in longitude) the data
was separated into subsets, one centred around mid-transit from orbital phases −0.017 (start of
observations) to 0.017, and one starting at 0.017 until the end of egress at phase 0.048. In this
work, for consistency with Seidel et al. 4 , we separate the ingress epoch 4-UT data in two subsets,
the morning segment ranging from ingress at −0.048 to phase −0.017 (a total of 10 exposures)
and the centre segment from −0.017 until 0.009 (end of observations, total of 9 exposures). The
ESPRESSO ADC (atmospheric dispersion corrector) is unable to properly correct for atmospheric
dispersion for airmasses above 2.2. As a consequence we have discarded the first two exposures of
the ingress epoch. We do not re-analyse the egress epoch analysis of the Na I doublet, but provide
the results from Seidel et al. 4 for context. The analysis steps provided below are applied to the
ingress epoch.
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In transmission spectroscopy, the various spectral lines, telluric, stellar, planetary, and inter-
stellar medium in some cases, will be Doppler-shifted by their respective velocities. As a conse-
quence, different contamination sources, such as telluric spectral lines or the Rossiter-McLaughlin
effect (RM), only impact the planetary signal during specific times of the orbit where they overlap.
For the data analysed in this work, the impact of the different contamination sources with respect
to the planetary trace are shown in velocity space in Figure 2 for both observing epochs. For both
epochs, the centre segment is impacted by the residuals from stellar lines and the RM-effect. The
morning segment, which is instrumental in our jet-stream detection (location marked in light blue
for both epochs in Figure 2) shows overlap with the telluric contaminants which could possibly
provide a false-positive detection if not properly corrected for.

2 Impact on the line shapes

Telluric correction We correct for telluric spectral lines generated in Earth’s atmosphere via
molecfit (version 4.3.1 run on the ESOReflex environment, version 2.11.5)7,8. We applied
molecfit to correct for H2O and O2 primarily with the parameters set as in Allart et al. 9 and re-
fer to this work for further information. We find no remnants of tellurics or over-correction on any
order of exposure three, which is the spectrum with the highest airmass. It should in theory be the
most affected by telluric absorption features and its correction is shown in in the Supplementary
Material. A visual inspection both of the individual spectra and the combined master spectrum
showed no residuals from the telluric correction.

Telluric emission While telluric spectral lines can be corrected for by modelling atmospheric
conditions during the time of observation, other atmospheric effects are less predictable. Telluric
emission plays an important role in the wavelength range of the Na I doublet. The telluric Na I

layer in Earth’s mesosphere can be excited and produces nightglow with seasonal variation
strongest in winter10. This emission feature is visible in the spectra as emission peaks at the
location of the Na I doublet in the observer’s rest frame. While our observations were taken close
to the equinox where the telluric Na I layer plateaus, the layer can also be excited by external
stimulus from meteor showers11. For transits, the emission background is routinely measured in
parallel with a second fibre (fibre B) set on sky. For the ingress epoch, fibre B showed an emission
Na I doublet at near constant strength throughout the observations (see Extended Data Fig. 3). A
possible source of the observed excitation of the atmospheric Na I layer during our observations
is the Daytime Sextantid meteor shower (221 DSX) in the Southern Hemisphere with its peak on
27-Sept-2023.

In theory, the sky-subtracted data as provided by the ESPRESSO pipeline should remove any sky
features. However, as a consequence the overall noise is also increased and the quality of the
subtraction cannot be verified. We have, therefore, opted to use the blaze corrected data products
and have corrected manually for the emission feature. In Extended Data Figure 3 a Gaussian fit
to the doublet is shown. Given how narrow the emission feature is ESPRESSO’s resolution is
not sufficient to properly resolve the line peak and the fit does not capture the line shape at line
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centre. The Na I emission crosses directly over the wavelength range of the jet feature (see Figure
2) and any residual from a partial correction could alter the line shape. In consequence, we have
opted to conservatively mask the affected wavelength region in the observer’s rest frame. The
masked windows are shown in Extended Data Figure 3 as yellow background boxes and span the
wavelength ranges from 5890.05 to 5890.35 Å and from 5896.03 to 5896.33 Å in the observer’s
rest frame, the maximum span of the emission feature in all exposures of the ingress epoch.
For the egress epoch, telluric contamination is discussed in Seidel et al. 4 . While fibre B was not
set to sky during the egress epoch, the relative velocity offset between tellurics and the jet-feature
is large enough to rule out contamination. Additionally, Seidel et al. 4 concluded that no meteor
showers occured during the time period which would excite the sodium layer.

Doppler-smearing While the various shifts from the observer’s rest frame to the planetary rest
frame can be corrected for, Doppler-smearing is intrinsic to the observing setup. It stems from
the planetary movement along its orbit during an exposure and produces additional broadening
of all spectral features3,12,13. The exposure time is mainly driven by the need for high S/N and
Doppler-smearing cannot be avoided for fast moving planets such as ultra-hot Jupiters, however
the trade-off should be considered carefully see e.g.14 for an in-depth discussion of this issue.
For the selected exposure time of 300s (to match the existing egress epoch) the maximum smear
for each exposure of WASP-121 b is 1.1 km s−1 corresponding to one resolution element in 4-UT
MR mode. Because this smearing is smaller than the uncertainty on the data (∼ 2km s−1), the
impact on our conclusion is negligible. Nonetheless we have adjusted all retrieval results with the
additional broadening stemming from the observational setup.

Correction of stellar disk crossing effects During transit the planet obscures different regions
of the stellar disk, which can introduce varying residual spectral lines at different phases. This
contamination, due to the Rossiter-McLaughlin (RM) effect and limb-darkening, can be seen in
2D maps of the spectra as a so-called Doppler-shadow. Due to the geometry of the system and the
planet velocity the RM-effect primarily impacts the phases around mid-transit for WASP-121 b and
cannot impact the jet feature (see Figure 2, where the sodium RM track has no overlap with the jet
feature for the morning segment). We correct for this contamination in each individual in-transit
epoch by modelling the stellar residual lines using StarRotator. StarRotator uses the
rotational velocity v sin i to calculate the stellar spectrum locally obscured by the transiting planet
as a function of orbital phase based on Cegla et al. 15 . The needed stellar spectrum is generated
via a pySME model2,16 based on the VALD line list17,18 with the stellar parameters from Bourrier
et al. 19 . To compute the components of the spectra, the stellar surface is divided into 300 x 300 grid
cells of different rotational velocities based on solid body rotation without differential rotation. We
account for limb-darkening using the quadratic law20. For more information on the geometry and
functionality of StarRotator, see Prinoth et al. 21 .

We have verified that no residuals beyond the noise-level from the RM-correction remain for
our datasets by visually inspecting the transmission spectrum in the stellar rest frame (SRF) where
any residual from the RM-correction would be most visible (see Figure 5). No such residual above
the noise level was found in any of the master spectra around affected planetary lines.
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3 Parallel photometry

In parallel to the ingress epoch ESPRESSO observations, we observed the target with EulerCam22

at the 1.2 meter Swiss Euler telescope at ESO’s La Silla site. The images were taken in the Gunn-
r
′ filter and the exposure time was set to 30 seconds. The raw full frame images were corrected

for bias, over-scan and flat field, using the standard EulerCam reduction pipeline. We selected
the optimal reference star and aperture combination via photometric scatter minimisation. The
obtained light curve is shown in Extended Data Figure 4. To constrain system parameters, we
fitted the observed light curve with transit models using the code for transiting exoplanet analysis
(CONAN,23). The jump parameters for the MCMC fit include mid-transit time, transit depth,
impact parameter and (quadratic) limb-darkening coefficients. In addition, we account for the
correlated noise by iteratively fitting different baseline models involving time, air mass, FWHM
and shifts of the stellar point spread function. The lowest Bayesian Information Criterion (BIC) is
obtained for a baseline model involving a first order polynomial on FWHM of stellar point spread
function. The constrained system parameters are reported in Table 2. In addition, we searched for
any occultation of active regions in the transit light curve by fitting a transit + spot model using
PyTranSpot24,25. The jump parameters include mid-transit time, transit depth, latitude, longitude,
temperature and size of active regions. The rest of the parameters were fixed to the values obtained
from pure transit fitting. We found that a pure transit model has a significantly lower BIC than a
transit + spot model. Thus, we conclude that our observations are not contaminated by any active
region crossings.

4 Determination of systemic velocity

We determined the systemic velocity by cross-correlating the out-of-transit exposures with a
PHOENIX template of the star26, following the methodology described in Zhang et al. 27 . The
systemic velocity is then determined by fitting a rotationally broadened model28 including a poly-
nomial of degree 4 for the continuum to the averaged out-of-transit cross-correlation function. The
systemic velocity is 38.639 ± 0.063 km s−1 and 38.642 ± 0.058 km s−1 for ingress and egress re-
spectively. The derivation of systemic velocities from spectroscopic data only includes the internal
fitting errors and does not include systematic errors, e.g. from the lack of absolute wavelength
calibrations due to the use of Fibre B for sky monitoring. However, the systemic velocity is a
constant shift throughout the data and the difference between the two values measured on our data
is below the resolution of one wavelength bin of ESPRESSO. The same is true for a comparison
with previously recorded values in the literature on varying datasets 38.350± 0.021 km s−1 29 and
38.36± 0.43 km s−1 30 where again only the internal fitting error is accounted for leading to small
uncertainties despite unknown accuracy.

5 Atmospheric cross-correlation Doppler-trace

Based on the archival data of the egress epoch analysed in4,6, and the described analysis of the
newly obtained ingress epoch, we provide the phase-resolved spectra for four tracers in descending
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order: Hα, Na I, the full atmospheric cross-correlation, the Fe I atmospheric cross-correlation. In
the following we describe how the atmospheric cross-correlation traces are computed and compare
our analysis to the literature results from Borsa et al. 6 .
The planetary atmospheric track should follow along the prediction calculated from the planet’s
orbital parameters if no atmospheric movement is present. However, as observed e.g. in
Ehrenreich et al. 31 , the measured atmospheric track can deviate from the theoretical path thus
tracking the phase-resolved line-of-sight velocity. The result of this analysis heavily depends on
which spectral lines are compared to their theoretical position and the accuracy of said line lists.
For example, this technique has successfully detected offsets in the planetary track for elements
probing the deeper atmosphere in WASP-76 b31,32 by employing a G2 stellar mask, thus mainly
probing iron lines, and WASP-121 b6, using an F6 stellar mask under the assumption that stellar
and planetary composition are comparable. Both planets have in consequence been the subject
of various follow-up studies to fit global circulation models (GCMs) to said traces e.g. 33,34.
However, stellar masks, while accurate in line position, cannot give an indication of the altitude of
the probed elements in the planetary atmosphere. We have therefore opted to use an optimised line
list for planetary spectra at 2500 K from Kitzmann et al. 35 with over 140 species, including atomic
species, individual ions, and H2O, TiO, and CO for the full atmospheric trace. Additionally, from
the same work, we have employed the pure Fe I line list for an accurate iron trace compared to the
approximation of stellar spectral masks. We create our cross-correlation analysis (comparison of
the line list with the obtained spectra) of the here obtained dataset with tayph36 and follow the
atmospheric trace calculation from Ehrenreich et al. 31 . An inspection of each exposure shows that
nearly no planetary signal is present in the last in-transit exposure, indicating that a large fraction
of the planet is already out of transit. This difference is most likely due to a small offset in transit
timing compared to the earlier analysis in6. As a consequence, we have discarded the first and last
in-transit exposures from our fits.
Visual comparison between our full atmospheric trace (reanalysing the existing egress epoch and
combining with the new ingress epoch) and the full atmospheric trace from Figure 6. in6 taken
with ESPRESSO in 1-UT mode shows good agreement. We provide the average shift and FWHM
for comparison purposes in Table 3, where we have excluded true ingress and egress. Considering
the five year gap between the observation of the two epochs, the 4-UT full atmospheric trace
and the 1-UT full atmospheric trace, generated from an F6 mask, are in reasonable agreement,
indicating a temporally stable atmosphere.

We provide the line-of-sight Doppler-shift for both the full atmospheric trace and the Fe I trace in
Figure 4a. As many species are affected by the RM-effect, we have masked all phases between
−0.017 and 0.017. Considering our analysis of the Doppler-smearing, which adds an uncertainty
of 1.1 km s−1 due to the movement of the planet during the exposure, the small Doppler-shift for
the full trace leads to a nearly stationary deeper atmosphere for the morning segment. On the other
hand, during the evening segment we observe a clear blue-shift indicating movement towards the
observer. We highlight that the shifts provided in Table 3 are the line of sight velocity shifts as
directly measured on the spectra and not the true velocity of the atmospheric dynamics. Taking
into account the 3D nature of the planet and the viewing geometry, the measured line of sight
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velocity in the evening segment translates to an actual wind speed of 9.8± 1.6km s−1. Separating
the Fe I trace shows a differing behaviour with overall lower velocities but a distinct blue-shift
over both limbs, indicating a day-to-night side wind.

6 Na I doublet retrieval

During transit observations, we can trace the movement of the atmosphere via the Doppler-shifts
induced in the spectral lines as described for the atmospheric CCF trace. By focussing on single
spectral lines instead of combining all lines from a species we gain the altitude information of
these Doppler-shifts encoded in the line distortion. In the line distortion we additionally retain
the information of asymmetrical winds (mostly via the line centre shift) and of symmetrical winds
harder to track in cross-correlation via the additional broadening of the line. Combining this infor-
mation as a function of altitude with a Bayesian retrieval framework can then discriminate between
different atmospheric wind patterns at the origin of the line shape distortion. In short, instead of
providing an estimate of the line-of-sight component of the global wind pattern, we obtain the
dominant wind pattern with the true wind velocity. This resolved line wind retrieval algorithm is
thoroughly documented in Seidel et al. 37,38 . It applies pseudo-3D wind structures with planetary
rotation and allows for two atmospheric layers (lower and upper) with distinct movement patterns
for computational efficiency. The different atmospheric wind patterns are discriminated through a
nested-sampling retrieval and the subsequent comparison of Bayesian evidence.

For the archival egress epoch, this analysis was performed in Seidel et al. 4 . In this work,
they explored the difference between the evening segment and the centre segment and found
that a secondary blue-shifted feature only visible during the evening segment belongs to either
an equatorially constrained day-to-night side flow or super-rotational jet. However, without the
missing first transit third, these two scenarios are degenerate. They focussed their retrieval on the
basic atmospheric wind patterns known from Solar System planets as well as the baseline case
of no atmospheric dynamics: planetary rotation only with an isothermal temperature structure
(iso), with additional super-rotational wind throughout the atmosphere (srotcos θ), with additional
day-to-night side wind throughout the atmosphere (dtncos θ). In the two cases of zonal winds the
cos θ dependence of solid body rotation is adopted to reduce the wind speed at the poles to zero.
Additionally, they considered the onset of atmospheric mass loss with a symmetrical upwards,
vertical wind (ver) as well as a basic combination of lower zonal winds and an upper atmospheric
loss profile (two layer solutions). The best fit result to both obtain the broadening of the main Na I

feature, as well as the secondary, separated in wavelength space, blue-shifted peak was obtained
by applying a zonal particle flow from the hot day-side to the cold-night side in the lower layer of
the two layer model as well as a vertically outwards bound wind in the upper layer with a switch
between layers roughly after one third of the probed pressure ranges. Additionally, Bayesian
evidence revealed that the zonal flow had to be constrained to less than half the latitude range
along the equator resulting in a localised jet stream across one limb. From the viewing geometry
of the planet during the evening segment, this motion was only visible over the trailing limb and
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thus probed the evening terminator. Given the lack of data probing the other limb, they could thus
not discriminate between a day-to-night side wind or a super-rotational jet stream.

For consistency with the detailed analysis of the evening segment as shown in Seidel et al. 4 ,
in this work we explore the same atmospheric wind profiles and adopt the latitude constraint of
the jet stream profile of ∼ 20 − 40◦ along the equator for the analysis of the morning segment
and its prominent secondary Na I feature - albeit now red-shifted compared to the blue shift for
the evening segment. As customary in the Bayesian framework, we provide prior ranges informed
by physics for all parameters. The prior ranges were selected as uniform priors with large ranges
to capture potential degeneracies. The isothermal temperature ranges from 1500 − 5000 K,
the continuum degeneracy parameter NaX from −4 to −1. NaX encompases the degeneracy
between the base pressure, the white light radius, and the abundance of sodium. We have opted
throughout the manuscript to assume solar abundances for consistency. Given that a change in
white light radius has an insignificant impact on the base pressure24, NaX directly adjust the
pressure scale. All velocity ranges run from 0.1 km s−1 to 40 km s−1, which we apply as a
generous upper limit for physically sensible velocities for atmospheres. The parameter space
opened by these priors is then explored via Bayesian statistics and for each model the Bayesian
evidence | lnZ| is calculated together with a best fit and explored via a nested-sampling retrieval
in the pymultinest implementation2,44 and 6000 live points each. The best-fit parameters
are the median of the marginalised posterior distributions. The advantage of this approach is the
comparability of models via the difference in their Bayesian evidence | lnB01| when retrieved on
the same dataset. The significance of this difference is judged via the Jeffrey’s scale which can be
found in Trotta 39 .

For our retrieval on the morning segment, we show the Bayesian evidence for each model in Ex-
tended Data Table 4. The corresponding posterior corner plots are presented in the Supplementary
Material. We find a clear preference for a two layer model with a jet stream in the lower layer
and outwards, vertical winds in the upper layer (see Extended Data Table 4). Additionally, we
investigated whether the constraint of a jet is necessary to fit the data and find that, while the
model with a fully super-rotational atmosphere in the lower layer provides a better fit than any of
the single pattern models, the constrain to less than half the latitude range along the equator in-
creases the Bayesian evidence by 1.5 orders of magnitude, in line with the findings on the evening
segment in Seidel et al. 4 . An additional indicator for the continued presence of the jet-stream is
the posterior distribution of both the model with a super-rotational wind in the entire atmosphere
(see Supplementary Material). While the best fit with the highest probability for the fully super-
rotational atmosphere is compatible with no wind, a secondary peak exists in the parameters space
at the velocity of the jet-feature. For the two layer solution, while smeared significantly due to
the unconstrained latitude of the lower layer winds, the velocity of the super-rotational wind also
converges to the velocity of the jet-feature. On the other hand, the two layer model only converges
tenuously on the velocity of the vertical particle movement in the upper layer. Most likely this is
due to the low Na I population at higher altitudes due to the relatively low retrieved temperature of
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2000− 2500 K.

Putting the result into context with the analysis of the evening segment in Seidel et al. 4 ,
they found a jet-stream constrained to the same latitudes, however, at higher velocities than we
find here during the morning segment (see Extended Data Table 1). Additionally, the evening
segment exhibits a temperature roughly 1000 K above the morning segment. Due to this increased
temperature, Na I is found at higher altitudes and the vertical wind speed in the upper layer was
better constrained for the evening segment. While we exclude the mid-transit exposures due to
their possible contamination from stellar spectral line overlap (see Section 2), the centre segment
was analysed in Seidel et al. 4 where they hypothesized that the zonal wind is obscured by night-
side clouds during mid-transit as a consequence of the viewing geometry. Thus, only the upper-
most layer of the atmosphere is probed by Na I, which is corroborated by the increased temperature
found for the centre third of the transit data. In support of this hypothesis and the lack of secondary
Na I features for the centre segment, models performed in40 for WASP-121 b suggest that the cloud
cover at the anti-stellar point (night side) ranges from full coverage at 0.1 bar with high temperature
condensates to approximately 40% at 10−5 bar and beyond from metal oxide condensates. As
a caveat, this analysis only extends to pressures of 10−5.5 bar and cloud coverage beyond this
altitude remains speculative. Considering the probing ranges of the Na I-traced jet stream beyond
the modelled range, the night-side cloud hypothesis for the mid-transit phases remains plausible
but unconfirmed. Considering the additional uncertainty from the impact of stellar lines on the line
shape at these phases, we have opted to not include a discussion of the mid-transit data in the main
body of the paper.

7 Hα retrieval

The Balmer-series lines of hydrogen probe the upper atmospheric layers governed by the solar
wind. The atmospheric structure at these altitudes is commonly described via Parker winds as
first introduced in Parker 41 . This atmospheric structure is implemented for Helium in the open-
access p-winds code42. We have implemented the Balmer-series in p-winds by adopting the
Boltzmann-Saha distribution and opacity calculations as described in Wyttenbach et al. 12 . Most
notably, we implement the Boltzmann equation for hydrogen for Hα following equation 7 in Wyt-
tenbach et al. 12 in local thermal equilibrium (LTE) as well as the non-LTE adjustment as described
in equation 8 of the same work. The adjustment for non-LTE is specific to hydrogen in the ther-
mosphere as probed by the Balmer-series lines, where the adjustment factor can be assumed con-
stant1. We additionally implement the canonical adjustment of the number of hydrogen atoms in
a specific state from the Boltzmann equation via the Saha-equation for the hydrogen atom. The
opacity is then calculated with the adjusted distribution of electron states via equation 9 of Wytten-
bach et al. 12 . Given that our analysis of the iron trace combined with the results from Wardenier
et al. 34 favour an atmosphere dominated by hydrogen dissociation and recombination, we have
opted to forgo the internal calculation of free electrons in p-winds and have instead used the
pre-computed electron density from model D of the fully hydrodynamical calculation of the atmo-
sphere in Huang et al. 43 which takes into account photoionsation, recombination and dissociation,
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but also charge exchange, collisional ionisation, radiative cooling, and the associated heating and
ionisation from Lyman-α radiative transfer.
Due to the large absorption depth of the Hα-line, we adopted a finer time-sampling than for the Na I

analysis. Supplementing the ingress epoch with the archival egress epoch, we bin the data by four
exposures each, corresponding to the duration of ingress/egress. We retrieve the temperature (T0),
the mass loss rate (ṁ), and the central wavelength offset (δλ) via a pymultinest implementa-
tion2,44 and 6000 live points each. From the retrieved values we calculate the horizontal movement
from the central wavelength offset and the strength of the radial, outwards pointing Parker-winds.
All results are provided in Extended Data Table 5 except for the mass loss rate, which could not be
constrained, see Supplemental Material. Overall, the retrieval was unable to constrain the mass-
loss rate ṁ more than to the order of magnitude level from a prior spanning from 11−11 to 11−15.
Considering that the hydrogen Balmer-series strength depends on the XUV flux of the star and is
thus an ambiguous tracer for the outflow of the atmosphere, this result is unsurprising. Within this
limitation, our retrieval provides mass-loss rates compatible with the literature. To calculate the
best fit model shown in Figure 5 we have opted to use the average escape value (7 · 1013 g

s
) from

the literature43,45.

8 Contribution in altitude

We computed the contribution function of the CCF for Fe, similar to the approach of Mollière
et al. 46 , using cross-correlation templates. Each atmospheric layer i in the template was iteratively
set to zero opacity (Tref,i) and then compared to the nominal model, where opacity was retained
in all layers (Tnom), by calculating the contribution function as fcont,i = 1 − Tref,i

Tnom
. These models

were computed using shone, a radiative transfer code accounting for Rayleigh scattering and
the H− opacity, assuming the same atmospheric structure and planetary parameters as Kitzmann
et al. 35 with solar abundance. To map this into velocity space, we computed the cross-correlation
coefficients Ci(v) = fcont,iTref,i(v) between the nominal template and the contribution function
fcont and normalised each layer afterwards5. Generally, cross-correlation templates are normalized
to one, ensuring that

∑N
k=0 Tk(v) = 1, where k is the number of wavelength points/spectral pixel.

However, we opted to turn off normalisation here to preserve the integrity of the contribution
function to reflect the actual contribution of the layer. The resulting coefficients as a function of
velocity v are shown in Fig. 1. We additionally cross-validated the MERC contribution function
via sodium.

We calculated the contribution function for transmission spectroscopy as described in
Mollière et al. 46 for Na I and Hα. Each atmospheric layer in MERC and p-winds has con-
secutively set its opacity to zero and the difference to the overall best-fit model is generated as
described above for cross-correlation. This normalised difference then provides the contribution
of each layer as a function of altitude to the model. The pressure scale is dynamically set taking
into account scattering processes with constant solar abundance across all models24. Note that
p-winds provides a hydrodynamical calculation of the atmosphere as a function of radius, which
can only be calculated for numerical reasons from 1.1 planetary radii. We then translated the ra-
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dius profile to pressure via the ideal gas law as an approximation. To validate the altitude profile,
we compared with the maximum probing depth estimation from Borsa et al. 6 which arrived at the
same maximum planetary radius for Hα. We provide the altitude contribution profiles in Figure 1,
with the best-fit model for Na I of the morning segment, and the best-fit model from p-winds for
the first in transit exposure.
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Data Availability Based on observations collected at the European Southern Observatory under
ESO programmes 111.24J8 (PI: Seidel) and 1102.C-0744 (PI: Pepe, ESPRESSO GTO) at the
European Southern Observatory. The data is publicly available on the ESO archive. All data prod-
ucts from the figures are available here: https://github.com/jseideleso/vertical_
jet_data.
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Extended Data Table 1: Summary of the movement change between morning and evening segment
for Na I, highlighting the impact of the crossing of the hot day-side of the planet. For the jet, the
positive sign indicated the net blueshift and the negative sign the net redshift. The 1σ uncertainties
of the posterior distribution is shown. For the evening segment as analysed in Seidel et al. 4: While
the uncertainty stemming from Doppler-smearing was accounted for in Seidel et al. 4 , the vertical
wind profile was not adjusted for this additional factor. This leads to a small overestimate of vver

(within the uncertainty). We have therefore corrected the values of vver presented in Seidel et al. 4 by
1.1 km s−1 in this work.

Data Tiso [K] NaX vjetcos θ [km s−1] vver [km s−1]
morning segment 2404± 662 −2.41± 0.40 13.7± 6.1 16.6± 10.1 this work
evening segment 3350± 470 −3.1± 0.20 −26.8± 7.3 26.7± 9.3 Seidel et al. 4
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Extended Data Fig. 1: Good conditions for both observations. The conditions are shown for
the two partial transits, showing airmass, seeing, and signal to noise ratio as a function of phase.
Ingress and egress are shown as vertical, blue, dashed-dotted lines, the ADC limit above which the
data is not properly corrected for atmospheric dispersion is shown as a horizontal, red, dashed line
in airmass. The two discarded exposures are marked in red above the ADC limit.
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Extended Data Fig. 2: Impact of contamination sources. The planetary trace for the observed
phases (blue) and the trace of the jet (light blue) is shown for both epochs with the most important
contamination source (RM, green dashed, stellar lines, golden solid, and tellurics, red dotted) in
the planetary rest frame. The thick black lines mark the start and end of the transit, while the
dotted horizontal lines mark the split of the data in morning, centre, and evening segment. It is
immediately clear from this overview of the velocities that the RM-effect contaminates the centre
third, which we have subsequently not taken into account. Additionally, telluric contamination has
to be accounted for during the ingress third to claim the jet detection.
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Extended Data Fig. 3: Sky contamination from meteor showers. Fibre B spectrum (exposure 11)
is shown in the observer’s rest frame with a double Guassian fit to the Na I emission peaks (in
blue). The masked wavelength regions are shown as a yellow box. The 1σ uncertainties have been
propagated accordingly from the errors calculated by the ESPRESSO pipeline. Given that the bias
is substracted from the sky fibre with no additional background, some continuum values would
be negative. These values are automatically removed by the pipeline leading to gaps in the data
coverage.
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Extended Data Fig. 4: Low stellar activity estimate from photometry observations. Left: PySpot
simulation of WASP-121 with the transit cord shown with two horizontal lines. Note that this plot
only displays the lack of spots, the real orbit of WASP-121 b is close to polar. This geometry feature
is unfortunately not available in PySpot. Right: EulerCam lightcurve observations (binned by 5
in black) with the best fit conan model as a black, solid line with the residuals of the fit below.
The 1σ uncertainties have been propagated accordingly from the errors calculated by the EulerCam
pipeline.
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Extended Data Fig. 5: Assessment of the negligible impact of the RM-effect. The RM-effect cor-
rection around the Na I D1 Fraunhofer line in the stellar rest frame (SRF) is shown for the in-transit
master spectrum divided by the out-of-transit master spectrum, the so called SRF transmission
spectrum. In golden the RM-uncorrected data is shown, with the mean of all RM-models for all
in-transit spectra in fuchsia as an overlay. The corrected SRF transmission spectrum is shown
in purple. The data discontinuity arises from the masking of the telluric emission feature in the
observer’s rest frame. The 1σ uncertainties have been propagated accordingly from the errors cal-
culated by the ESPRESSO pipeline.
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Extended Data Table 2: Summary of the stellar and planetary parameters of the WASP-121
system adopted in this study. References: [1]29, [2]6, [3]19, [*] this work

WASP-121 system parameters

RA2000 07:10:24.06 [1]

DEC2000 -39:05:50.55 [1]

Distance [pc] 270± 90 [1]

Magnitude [Vmag] 10.4 [1]

Sys. velocity (vsys) [km s−1] 38.198± 0.002 [2]

Stellar parameters

Star radius (R∗) [R⊙] 1.44± 0.03 [2]

Star mass (M∗) [M⊙] 1.38± 0.02 [2]

Proj. rot. velocity (v sin i) [km s−1] 11.8± 0.2 [2]

Age [Gyr] 1.03± 0.43 [2]

Metallicity [Fe/H] 0.13± 0.04 [2]

Planetary parameters

Planet radius (Rp) [RJup] 1.7402± 0.0393 [*]

Planet mass (Mp) [MJup] 1.157± 0.070 [3]

Eq. temperature (Teq) [K] 2 358± 52 [1]

limb darkening u1 0.300± 0.088 [*]

limb darkening u2 0.065± 0.191 [*]

Orbital and transit parameters

T0 [HJD (UTC)] 2 460 211.8724± 0.0004 [*]

Semi-major axis (a) [au] 0.02582± 0.00055 [*]

Scaled a (a/R∗) 3.81± 0.02 [*]

Orbital incl. (i) [◦] 87.7± 0.6 [*]

Proj. orbital obliquity (λ) [◦] −87.08± 0.28 [2]

Eclipse duration (T14) [h] 2.9053± 0.0060 [3]

Radius ratio (Rp/R∗) 0.1227± 0.0011 [*]

RV semi-amp. (K) [km s−1] 177.0± 8.5 [3]

Period (P ) [d] 1.27492504± 1.5E − 7 [3]

Eccentricity 0 [1]

Impact param. (b) 0.10± 0.01 [3]

vorb [km s−1] 137.8± 2.2 [*]
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Extended Data Table 3: Line-of-sight fitting values of the atmospheric tracks. The 1σ uncertain-
ties have been propagated accordingly from the errors calculated by the ESPRESSO pipeline. The
planet template (planet) where we generate the mask for all likely species present in the planet
from35, including iron.6 applies an F6 stellar type template as an approximation of the likely plan-
etary composition (F6 stellar).

shift morning shift evening width morning width evening (all in km s−1)
Fe I 4-UT −4.12± 0.15 −6.90± 0.11 15.0± 0.4 13.1± 0.3 this work
full 4-UT (planet) −2.68± 0.14 −7.51± 0.16 11.9± 0.3 10.7± 0.3 this work
full 1-UT (F6 stellar) −2.80± 0.28 −7.66± 0.16 7.3± 0.7 10.2± 0.4 Borsa et al. 6

Extended Data Table 4: Comparison of the different models for the morning
segment. The 1σ uncertainties of the posterior distribution are shown. The base
model to calculate | lnB01| is the isothermal model with no added wind patterns
(none). The model with the highest Bayesian evidence is highlighted in bold.

Model | lnZ| | lnB01| Odds Probability (σ) p-value
none 384.60± 0.20 - - - -
srotcos θ 382.75± 0.14 −1.85 0.2 : 1 13.6%(−1.1) 0.864
dtncos θ 383.74± 0.15 −0.86 0.4 : 1 29.6%(−0.5) 0.704
ver 384.87± 0.25 0.27 1.3 : 1 56.5%(1.0) 0.053
srotcos θ, ver 387.11± 0.10 2.51 13 : 1 92.6%(2.7) 0.006
jetcos θ,ver 388.62± 0.26 4.02 56 : 1 98.2%(3.3) 0.001

Extended Data Table 5: Fitting values of the Hα line. The 1σ uncertainties
of the posterior distribution is shown. The velocity offset of the line centre
(δv) adjusted for the line of sight component of the planetary rotation for
the first and last set which is true ingress and egress. The planetary rotation
is calculated under the assumption of synchronous rotation with the star.
Additionally, all velocities translated from the line of sight velocity to the
actual wind speed taking into account the 3D nature of the planet and the
viewing geometry.

phase T [K] δλ δvadj[
km
s
]a

−0.041 9360± 280 0.12± 0.03 5.2± 1.4
Ingress end
−0.029 8700± 260 0.03± 0.02 2.3± 0.9
−0.017 8500± 260 −0.04± 0.02 −2.9± 0.9

Overlap with the RM-effect
0.021 8850± 270 −0.12± 0.02 −8.9± 0.9
0.034 8950± 270 −0.14± 0.02 −10.3± 0.9

Egress start
0.044 9800± 340 −0.31± 0.05 −19.2± 1.4
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