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Fig. 5. Best fit of isothermal line retrieval with an added day- to nightside wind in the lower atmosphere without a cos ✓ dependence and a vertical
wind in the upper atmosphere in blue on the dataset in grey. The day- to nightside wind without a cos ✓ dependence throughout the atmosphere
(moderate evidence) is shown for comparison purposes in orange. According to the Jeffrey scale, which is logarithmic, the best-fit model in blue
has a probability higher than an order of magnitude than the moderate evidence model in orange. The data were binned by ten bins in black for
better visualisation. The sodium doublet line centres are indicated by dashed vertical blue lines.

super-rotational wind. While this would be an excellent fit for a
very broad but shallow sodium doublet, it does not work simi-
larly for the deep sodium lines in this dataset. To subsequently
offset the lack of unshifted parts of the atmosphere that would
sit at the centre, the retrieval increases the temperature, which
is the main driver of the line depth. This leads to retrieved tem-
peratures well beyond 4000 K, which are not physically sensible
for an ultra-hot Jupiter with the system parameters of WASP-
76 b (see Table 1 and the posterior distributions in Appendix A)
and are ruled out via the prior. Additional evidence for this line
of thought comes from the combined two-layer models, in which
part of the atmosphere has the sodium lines unshifted, but broad-
ened by vertical wind, and part of the atmosphere is dominated
by either a day- to nightside or a super-rotational wind. In this
scenario, the day- to nightside wind is preferred over the super-
rotational wind, as predicted (| lnB01|= 2.31, moderate evidence
within the uncertainty). With ESPRESSO, the resolution would
be sufficient to show this split into two peaks of the sodium line,
provided that the S/N is sufficient and that super-rotation is the
dominant wind pattern in the atmosphere and not super-imposed
with other wind patterns that leave parts of the atmosphere at
net zero wind speed (e.g. a combination with day- to nightside
winds).

4.4. Two-layer patterns

To approximate a more realistic structure of exoplanet atmo-
spheres, we divided the atmosphere into a lower and higher
atmosphere and allowed for different wind patterns in the two
layers. In the lower layer, we applied a day- to nightside or a
super-rotational wind, and a vertical wind in the higher layer.
The first question was where to set the boundary between the two
layers. As shown by Seidel et al. (2020b), the additional parame-
ter for the switch of layers introduces too many variables so that
proper convergence of the retrieval is not possible. Because of
the log-scale of the pressure, which serves as a proxy for relative
height above the surface, only a few values for the layer switch
are sensible and a restriction beyond an order of magnitude

estimate is not necessary, especially because there will most
likely be a transition zone between the wind patterns. Assuming
a surface pressure at the continuum of 10 bar, as is customary in
the literature (e.g. Lecavelier Des Etangs et al. 2008; Agúndez
et al. 2014; Line et al. 2014; Pino et al. 2018), we explored layer
switches at 10�3 bar, 10�4 bar, and 10�5 bar. 10�3 bar compared
to the continuum pressure because the lowest value corresponds
to the location of the jets found for hot Jupiters in GCM mod-
elling (Showman et al. 2009). We therefore know a priori that
zonal winds dominate the atmosphere below this threshold. As
is evident from the posterior plots for a layer switch at 10�5 bar
(see Figs. A.7 and A.10), this switch is set too high and can-
not properly constrain the upper layer. The preferred switch of
layers, if any, should therefore lie between these two values. A
switch between dynamical regimes at 10�3 bar, as predicted by
GCM results, is preferred with at least | lnB01|= 4.56 (strong evi-
dence within the uncertainty of the results) independently of the
assumed dynamics in the lower layer (dtn, srot, or ver). We thus
fixed the pressure switch at 10�3 bar for the two-layer pattern
models.

Of these models, a uniform day- to nightside wind has the
highest evidence in the lower atmosphere, with moderate evi-
dence over the super-rotational wind and weak evidence over a
cos ✓ latitude dependence of the wind, which are the next-best
two models. Therefore the model with a vertical wind in the
upper and day- to nightside wind in the lower atmosphere is
preferred over any other model. The preference for a uniform
wind in the lower atmosphere over the cos ✓ latitude dependence
implies that if the winds in the lower atmosphere in WASP-76 b
are restricted to a jet-like band at the equator, it has to be rela-
tively broad, spanning at least farther in latitude than a scaling
through solid-body rotation suggests (>30�). The higher evi-
dence for a day- to nightside wind over a super-rotational wind
stems from a visible offset of the sodium doublet to the blue, as
highlighted in Tabernero et al. (2021), where a median offset of
�5.4± 2.6 for all detected lines was found. The posterior distri-
bution of the best-fit model is shown in Fig. 6, and the resulting
retrieved transmission spectrum is overplotted on the data in
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Fig. 6. Posterior distribution of isothermal line retrieval with an added
day- to nightside wind in the lower atmosphere and a vertical wind in
the upper atmosphere. The change of layers was set at p= 10�3 bar, with
the pressure at the surface set to P0 = 10 bar.

Fig. 5. The day- to nightside wind has a speed of 5.5+1.4
�2.0 km s�1,

while the vertical wind shows speeds of 22.7+4.9
�4.1 km s�1. Because

we took planetary rotation into account under the assumption of
tidal locking, these wind speeds are not upper limits, but con-
strain the possible wind speeds in the atmosphere of WASP-76 b
to within 30% for the lower layer and 20% for the upper layer (see
uncertainty of the retrieval). However, as discussed in Sect. 2.3,
because of the necessary exposure time, the lines will be smeared
by one resolution element in each direction, which increases
the error on the wind speed for the radial outwards wind by
roughly 10% (dominated by the width) and also by roughly 10%
for the day- to nightside wind (lower absolute wind speed, but
dominated by the line position). This has no effect on the over-
all conclusions on the wind patterns we present in the studied
system.

5. Discussion

Recently, Ehrenreich et al. (2020) studied WASP-76 b using
ESPRESSO through the atomic iron signature and found a sig-
nificant asymmetry between the first and second half of the
transit, leading to a one-sided shift of the signature. At first, the
iron detection shows no shift during ingress and then moves to
a constant blueshift of 11.0± 0.7 km s�1. Taking planetary rota-
tion into account, they concluded that the lower atmosphere of
WASP-76 b shows a day- to nightside wind of 5.3 km s�1. The
result, a best-fit to the sodium doublet with a day- to nightside
wind of 5.5+1.4

�2.0 km s�1, is compatible with their findings in the
lower atmosphere in which iron is present (at pressures higher
than the micro bar level). This result is driven by the detected
offset of the lines to the blue by ⇠5 km s�1 in Tabernero et al.
(2021), which is confirmed in this work and can either be induced
by a day- to nightside wind over the entire planet or by a super-
rotational wind with condensation of sodium on the nightside.
Because the condensation temperature of sodium (50% conden-
sated with T ⇡ 1000 K; Lodders 2003) is much too low for the
nightside temperature of an ultra-hot Jupiter (Parmentier et al.
2018), we rule out an asymmetrical super-rotational wind. A

similar offset observation was made for WASP-121 b, another
ultra-hot Jupiter (Borsa et al. 2021). In the our analysis, we
neglected the RM effect, which was taken into account by
Ehrenreich et al. (2020). The verification of the wind pattern
from Ehrenreich et al. (2020) thus additionally confirms the
negligible RM effect for this particular system.

None of the studies analysing wind patterns in the lower
atmosphere, however, are capable of probing what occurs in the
intermediate atmosphere between the mass-loss in the exosphere
and the various zonal wind patterns in the lower atmosphere.
We show through atmospheric retrieval that these layers are
connected by a strong vertical wind of 22.7+4.9

�4.1 km s�1 for WASP-
76 b. Seidel et al. (2020b) observed a similar phenomenon for
HD 189733 b that was later confirmed through independent
observations by Keles et al. (2020). This vertical wind can either
be an outward-expanding wind, where the material does not
descend towards lower atmospheric layers, or the vertical parts
of large cell-like structures, where the upper zonal arm of the
cell is in the thermosphere. Assuming this large cell-like struc-
ture, the upper zonal arm would not affect the sodium-line shape
because sodium would be ionised at these altitudes and only
recombine in the downwards vertial arm of the cell. Because
of the nature of transmission observations over the terminator,
these two wind patterns cannot be distinguished. In the case of
HD 189733 b, the interaction of ions in the lower atmosphere
with the surprisingly strong estimated magnetic field (Cauley
et al. 2019) could be a possible explanation of a purely expand-
ing wind (Seidel et al. 2020b), dragging neutral sodium upwards.
For WASP-76 b, no indirect magnetic field strength estimates
are available, but if the same mechanism is at work for this exo-
planet, the magnetic field strength should be comparable to the
magnetic field strengths observed in the sample of Cauley et al.
(2019), orders of magnitude higher than the magnetic field of
Jupiter.

The observed vertical wind, regardless of its origin, feeds
material up to the thermosphere, where it could be further heated
and escape through hydrodynamic escape. This has not been
directly observed for WASP-76 b, but strong planetary winds,
bordering on hydrodynamical escape, are predicted for WASP-
76 b (see Salz et al. 2016, Fig. 3, for log10�G(WASP � 76 b) ⇡
13). This is compatible with the results by Seidel et al. (2019),
who showed that sodium expands far above the surface, but
velocities remain just below the escape velocity for WASP-76 b.
The revised escape velocity with the updated planetary radius
and mass is 41± 1 km s�1, significantly higher than the verti-
cal wind speeds retrieved for sodium. Therefore the vertical
wind is a transport mechanism for material to the thermosphere,
but not the direct driver of atmospheric escape. However, it is
important to note that due to the integration over the entire atmo-
sphere, variations in wind speed within the two atmospheric
regimes are not accounted for, but rather, a mean wind velocity
is derived. Whether the expanding wind gains momentum with
height, driven by processes in the thermosphere, or fuels it itself
is consequently unclear.

While the result provides compelling evidence for the case
of strong vertical winds in the upper atmosphere, there are com-
peting ideas to explain the broad line shape of sodium in hot
Jupiters: for a low sodium abundance, the sodium might form
an optically thin cloud high up in the atmosphere, producing a
very broad feature. However, this is dependent on the line ratio
and has been shown not to apply to WASP-76 b (Gebek & Oza
2020). Additionally, more complex temperature profiles might
apply for WASP-76 b, varying in latitude or longitude, which the
retrieval cannot account for. While the line shape is sensitive to
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the temperature through thermal broadening, it cannot produce
the line shape observed for the sodium doublet in hot Jupiters
(Wyttenbach et al. 2015; Huang et al. 2017; Seidel et al. 2020b).
Another caveat is the assumption of local thermodynamic equi-
librium (LTE), which excludes any non-LTE effects that might
affect the line shape. Recently, Fisher & Heng (2019) quantified
this assumption and highlighted that currently, LTE and non-
LTE atmospheres cannot be distinguished. This strengthens the
case for strong vertical winds.

Zhang (2020) recently reviewed the current knowledge
regarding temperature profiles for ultra-hot Jupiters (defined as
having equilibrium temperatures higher than ⇠2200 K). Temper-
ature inversions were confirmed through emission observations
for KELT-9 b (Pino et al. 2020), WASP-121 b (Evans et al.
2017; Bourrier et al. 2020), a planet similar to WASP-76 b,
for WASP-18 b (Sheppard et al. 2017), for WASP-189 b (Yan
et al. 2020), and WASP-33 b (Haynes et al. 2015; Nugroho et al.
2017). Nonetheless, temperature inversions are not established
as an unequivocal feature of ultra-hot Jupiters because some, for
example, WASP-12 b and WASP-103 b, have spectra consistent
with blackbody radiation, suggesting isothermal atmospheres
(Arcangeli et al. 2018; Parmentier et al. 2018; Kreidberg et al.
2018). As a caveat, these observations stem from WFC3, and the
black-body spectra in the covered band could also be explained
with a temperature inversion, which might attribute these outliers
to observational limitations. TiO and VO have been suggested
as two possible drivers of thermal inversion by heating the
upper atmosphere (Hubeny et al. 2003; Fortney et al. 2008),
although discussions of the mechanisms of thermal inversions
are still ongoing (Mollière et al. 2015; Lothringer & Barman
2019; Gandhi & Madhusudhan 2019), and atomic metals were
suggested as an alternative inversion agent (e.g. ZrO) (Lothringer
& Barman 2019; Tabernero et al. 2021). This additional caveat is
especially important because some of the mentioned works on
temperature inversions are disputed, for example in WASP-33 b,
where the features seen in Nugroho et al. (2017) could not be con-
firmed by Herman et al. (2020), but were again seen tentatively
in Serindag et al. (2021). Nugroho et al. (2020) even found iron
lines in emission, strengthening the case for additional causes
of inversion layers in addition to TiO and VO. Assuming TiO
and VO as the main drivers of inversion layers, Tabernero et al.
(2021) ruled out TiO and VO down to a level of <10 ppm, and
in line with the reasoning from Nugroho et al. (2017), they sug-
gested that TiO and VO might be hidden below stronger features
or be very weak, with another possibility being that both are
transported from the dayside to the nightside by a day- to night-
side wind where they condense out of the atmosphere. While the
retrieval presented here cannot and does not aim to shed light on
the detailed temperature structure of WASP-76 b, an isothermal
temperature profile does not disagree with the current knowl-
edge about ultra-hot Jupiters. The suggestion of day- to nightside
winds from Tabernero et al. (2021) to explain their findings on
TiO and VO is consistent with our results for the winds.

As already mentioned in Sect. 4, the temperature retrieved
here is surprisingly high when compared to the equilibrium tem-
perature and would lead to the ionisation of sodium, which we
estimated with FastChem (Stock et al. 2018). At the equilib-
rium temperature of the planet, sodium remains in its neutral
state at a fairly constant abundance up to 10�5 bar, whereas
at temperatures of 3300 K and beyond, sodium ionises far
lower in the atmosphere, in disagreement with the detected and
confirmed sodium feature. This apparent inconsistency, where
the retrieved temperature implicates an improbably high initial
sodium abundance to compensate for ionisation, merits a more

detailed investigation. Instead of concluding that a non-physical
initial sodium abundance has to be present in ultra-hot Jupiters,
it is more likely that vertical winds, such as found here, which
interact with the sodium in the atmosphere, inevitably alter the
density profile of sodium, away from a hydrostatic description
of the atmosphere. In practice, the modified density profile will
inflate the line depth, which has to then be compensated for
with a higher homogeneous sodium abundance in the hydro-
static model. In conclusion, while a change in density profile has
no significant effect on the line shape and therefore our results,
winds will modify density profiles. Studies hoping to fit sodium
abundances in low or high resolution have to account for the den-
sity profile of sodium generated by mid-latitude winds such as
detected in this work.

6. Conclusions

We have studied winds in the atmosphere of the ultra-hot Jupiter
WASP-76 b through its resolved sodium doublet. The transmis-
sion spectrum in the wavelength range of the sodium doublet
is composed of two nights of ESPRESSO data (Ehrenreich et al.
2020; Tabernero et al. 2021) and the reprocessed HARPS dataset
published by Seidel et al. (2019), which were combined tho-
rugh S/N weighing. We introduced an update to the MERC code
from Seidel et al. (2020b), which now takes planetary rotation
into account and allows latitude-dependent zonal wind patterns.
We found no evidence that a temperature gradient is preferred
over an isothermal atmosphere. We combined the isothermal
temperature profile with a uniform day- to nightside wind, a
latitude-dependent day- to nightside wind, a uniform super-
rotational wind, a latitude-dependent super-rotational wind, a
vertical wind, and a two-layer combination of either day- to
nightside or super-rotational winds in the lower and the vertical
wind in the upper atmosphere.

The best-fit model is a uniform day- to nightside wind in
the lower atmosphere of 5.5+1.4

�2.0 km s�1 with a vertical, most
likely mainly expanding wind in the upper atmosphere of
22.6+4.9

�4.1 km s�1. Assuming a surface pressure of P0 = 10 bar,
the switch between the two layers is set at p= 10�3 bar. For
all models, we retrieved an isothermal temperature between
3300�3400 K and discussed that this overestimate is most likely
a direct result of the effect of winds on the density profile of
sodium in WASP-76 b. This is an important caveat for future
studies regarding the fit of abundances from spectral lines.
Our findings are compatible with the current literature on the
wind dynamics of lower atmospheres and temperature profiles
of hot and ultra-hot Jupiters, especially with previous work on
WASP-76 b. Ehrenreich et al. (2020) used the time-resolved iron
detection with ESPRESSO and reported a day- to nightside wind
of 5.3 km s�1. This result is corroborated by our findings in this
study. Additionally, we demonstrated a need for vertical winds in
the intermediate atmosphere of these highly irradiated gas giants
through their broadened features.

Our work proves the effectiveness of direct retrieval on
resolved spectral lines to constrain possible wind patterns as
input for more in-depth theoretical studies and the crucial role of
high-resolution spectrographs for atmospheric characterisation.
Our findings show a clear need for more detailed climate simu-
lations that take the higher layers of the atmosphere into account
to draw a clear picture of the atmospheres of ultra-hot exoplanets.
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Appendix A: Posterior distributions of the
retrievals

Fig. A.1. Posterior distribution of isothermal line retrieval. This was
used as the base model to which all other scenarios were compared.

Fig. A.2. Posterior distribution of temperature gradient line retrieval.
Tbase is at the surface of the planet, and Ttop at the top of the probed
atmosphere.

Fig. A.3. Posterior distribution of isothermal line retrieval with an
added vertical wind constant throughout the atmosphere.

Fig. A.4. Posterior distribution of isothermal line retrieval with an
added constant day- to nightside wind throughout the atmosphere.
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Fig. A.5. Posterior distribution of isothermal line retrieval with an
added constant super-rotational wind throughout the atmosphere.

Fig. A.6. Posterior distribution of isothermal line retrieval with an
added day- to nightside wind in the lower atmosphere and a vertical
wind in the upper atmosphere. The change in the layers was set at
p = 10�4 bar, with the surface pressure at P0 = 10 bar.

Fig. A.7. Posterior distribution of isothermal line retrieval with an added
day- to nightside wind in the lower atmosphere and a vertical wind in
the upper atmosphere. The change in the layers was set at p = 10�5 bar,
with the surface pressure at P0 = 10 bar.

Fig. A.8. Posterior distribution of isothermal line retrieval with an
added super-rotational side wind in the lower atmosphere and a verti-
cal wind in the upper atmosphere. The change in the layers was set at
p = 10�3 bar, with the surface pressure at P0 = 10 bar.
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Fig. A.9. Posterior distribution of isothermal line retrieval with an
added super-rotational side wind in the lower atmosphere and a verti-
cal wind in the upper atmosphere. The change in the layers was set at
p = 10�4 bar, with the surface pressure at P0 = 10 bar.

Fig. A.10. Posterior distribution of isothermal line retrieval with an
added super-rotational side wind in the lower atmosphere and a verti-
cal wind in the upper atmosphere. The change in the layers was set at
p = 10�5 bar, with the surface pressure at P0 = 10 bar.

Fig. A.11. Posterior distribution of isothermal line retrieval with an
added day- to nightside wind dependent on the latitude through cos ✓.

Fig. A.12. Posterior distribution of isothermal line retrieval with an
added super-rotational wind dependent on the latitude through cos ✓.
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Fig. A.13. Posterior distribution of isothermal line retrieval with an
added cos ✓ dependent day- to nightside wind in the lower atmosphere
and a vertical wind in the upper atmosphere. The change in the layers
was set at p = 10�3 bar, with the surface pressure at P0 = 10 bar.

Appendix B: Discussion of the planetary orbital
velocity

Fig. B.1. Kp-vsys map generated from the two ESPRESSO nights, the
position of the sodium line as calculated in Ehrenreich et al. (2020) is
indicated as dashed white lines. White areas stem from the masking of
the data at the centre of the stellar sodium lines. Lighter colours indicate
a stronger detection signal.

To strengthen our argument that the line shape indeed stems
from the dynamical structure of the exoplanet atmosphere and
not from factors related to the orbital motion, we studied the

effect of the planetary orbital motion (Kp) and its uncertainty
on our results. In our analysis, we used the value of Kp as calcu-
lated from the stellar mass, period, and inclination by Ehrenreich
et al. (2020).

However, to demonstrate the effect of Kp on the sodium dou-
blet line shape, we also derived Kp directly from the signal of the
planetary sodium (see Figure B.1). Figure B.1 shows the Kp - vsys
space, where we combined the ESPRESSO transits and the two
sodium lines to generate the signal. We excluded the HARPS
data from this demonstration to keep re-binning at a minimum
and the signal shape as precise as possible.

The map presented in Figure B.1 confirms the sodium sig-
nal that was already independently established with the HARPS
spectrograph (Seidel et al. 2019) and the ESPRESSO spectro-
graph (Tabernero et al. 2021), and it also confirms its broad
line shape. However, the map also demonstrates the difficulties
encountered when Kp is directly derived from the data of sin-
gle lines instead of hundreds or even thousands of spectral lines
(see e.g. Hoeijmakers et al. 2020). The signal is too broad in Kp
to properly derive a precise value, spanning from roughly 50 to
250 km s�1 due to the low number of available lines.

It also demonstrates that the line shape is independent of
small errors on Kp because we sampled very similarly broad
profiles for values of Kp varying up to 10 km s�1 from the value
derived in Ehrenreich et al. (2020). The value of Kp as calculated
by Ehrenreich et al. (2020) therefore is preferred to our own cal-
culation for two reasons: it is much more precise with a value
of 196.52 ± 0.94 km s�1, which translates into a maximum error
at ingress and egress of ±0.3 km s�1 (less than one ESPRESSO
pixel). Additionally, in their calculation, they do not take the in-
transit data into account and decoupled the calculation of Kp
from any atmospheric dynamics. This makes any retrieval of the
atmospheric dynamics more robust against the effect of orbital
motion.

In conclusion, the derivation of Kp from our dataset has
shown that the sodium signal exists and that its line shape can
only be explained by broadening winds or other atmospheric
dynamics. The effect of the orbital motion on our results is
negligible.
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