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The spectra of exoplanet atmospheres are affected by
aerosols (clouds and hazes) of uncertain origin. Proposed
aerosol formation mechanisms include gas condensation or
photochemical reactions. We measured the transmission
spectrum of the tidally locked gas giant exoplanet WASP-94A b
and identified asymmetry in its atmosphere. The morning limb
is cooler and cloudy, whereas the evening limb is hotter and
exhibits gaseous water absorption features. We interpret this
difference as being due to the formation of cloud droplets near
the morning limb, which evaporate during circulation to the
evening limb. The dominant aerosols are clouds cycling
between the day and night sides of the atmosphere, not
photochemical hazes. The resulting asymmetry can severely
bias chemical abundance measurements, unless limb-resolved
spectroscopy is available.

Aerosols are ubiquitous in the atmospheres of planets in the Solar
System (Z) and have been observed in exoplanet atmospheres (2-4).
Aerosols affect the observed spectra of exoplanet atmospheres by mut-
ing gaseous absorption features, introducing additional spectral fea-
tures, and changing the continuum slope (3, 5-7). Physically, aerosols
can cause atmospheric heating or cooling and alter atmospheric chem-
istry. There is limited information about the nature of these aerosols,
their three-dimensional (3D) atmospheric distribution, or the physical
processes that determine their properties. It is debated whether aero-
sols in the atmospheres of highly irradiated gas giant exoplanets
(known as hot Jupiters) are predominantly clouds formed through
condensation of minerals from atmospheric gases (7, 8) or hazes pro-
duced by photochemical reactions driven by ultraviolet (UV) radiation
from the host star (9-11).

The physical processes that govern aerosols in hot Jupiters—3D atmo-
spheric circulation, aerosol response to temperature, and UV irradiation—
are uncertain inputs to atmospheric models of these planets (12-15).
Simulations predict that atmospheric circulation can transport aerosols
across large fractions of the planet's circumference or the depth of its
atmosphere (12, 13, 14) and that aerosols respond to 3D temperature
gradients through evaporation, condensation, and chemical reactions
(16-18). Theoretical estimates of the circulation timescales and aerosol
particle sizes are uncertain by orders of magnitude (19, 20).

'.) Check for updates

Several observational techniques have been used to investigate aero-
sols, including phase-curve observations, which probe the emission from
an exoplanet at different orbital phases (5, 21). Infrared phase-curves
constrain the 3D structure of exoplanet atmospheres, but if the atmo-
sphere contains abundant aerosols, then this technique leads to degenera-
cies between the inferred thermal and cloud properties (22, 23).
Observations at high spectral resolution (known as limb-resolved
spectroscopy) have spatially separated the limbs (the leading and trail-
ing terminators) of exoplanet atmospheres. Those studies have shown
chemical asymmetry between the limbs of some hot Jupiters (4, 24),
which might be due to condensation of gases in the colder night side
of the planet. However, that technique does not directly probe aerosols,
so alternative physical mechanisms have been proposed to explain
these asymmetries (25, 26).

Limb-resolved transmission spectroscopy at low spectral resolution
(27-29) uses transit light curves (the stellar flux as a function of time
as the exoplanet passes between the star and the observer) to sepa-
rately measure the transit depths for the leading morning limb and
the trailing evening limb of the planet (30, 3I). This technique has
shown limb asymmetry in two gas giant exoplanets, driven by tem-
perature difference between the limbs (27, 28). Those studies did not
find signatures of scattering driven by aerosols in either limb.

Uncertainties in aerosol physics limit our understanding of the for-
mation and evolution of a wide variety of exoplanetary systems. The
chemical compositions of exoplanets are typically inferred from mea-
surements of their atmospheres (32, 33), but key uncertainties in the
aerosol physics can bias these measurements (34-36).

Observations of WASP-94A b

The hot Jupiter exoplanet WASP-94A b (also cataloged as CD-34:14724: Ab)
has a mass of 0.456 Jupiter masses (My,i,) and a radius of 1.72 Jupiter
radii (Rypire,) (37)- We observed a single transit of WASP-94A b with the
Near Infrared Imager and Slitless Spectrograph (NIRISS) instrument
on the James Webb Space Telescope (JWST) to obtain low-resolution
time-resolved spectra covering 0.8 to 2.8 pm (38). We constructed white
light curves of the transit in two broadband wavelength ranges—0.9
to 1.2 and 1.35 to 1.5 pm, which both cover strong H,O absorption
features—using the Fast InfraRed Exoplanet Fitting Lyghtcurve Suite
(FIREFLy) analysis pipeline (38, 39). We then fitted the data using two
models with different assumed planet shapes: a spherically symmetric
model and a model with limb-to-limb asymmetry (30, 31, 38). We ini-
tially fitted only the 0.9- to 1.2-um band to constrain the planetary
system parameters, including the mid-transit time (7y) in each model.
We then used the best-fitting 7} values from the 0.9- to 1.2-pm light
curve as fixed parameters in the model fitting of the 1.35- to 1.5-pm
band in both models.

Figure 1A shows the observed light curve and both best-fitting
models for the 1.35- to 1.5-pm band. The residuals for the asymmetric
limb model (Fig. 1B) were consistent with zero, whereas those of the
spherical planet model (Fig. 1C) showed substantial deviations dur-
ing ingress and egress. We calculated that the data prefer the asym-
metric limb model over the spherical limb model with a statistical
significance of 66 (38), indicating asymmetric transit depths for the
two limbs.

The NIRISS spectroscopic light curves were binned to a spectral
resolving power R ~ 50, and then we fitted the light curve at each wave-
length using the asymmetric limb transit model (38). The light curve
models at each wavelength were then used to derive a transmission
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Fig. 1. Transit light curves of WASP-94A b and fitted models. (A) Black points
are the observed broadband 1.35- to 1.5-um light curve, plotted twice with a
constant vertical offset. These light curves are overlain with the fitted models
assuming a spherical planet (red line) or allowing for asymmetric limbs (blue line).
Time is in Barycentric Julian Date (BJD), and the gray shaded regions are the
ingress and egress. (B) Small blue data points represent the residuals between the
asymmetric limb model and the data. Large blue data points are the residuals
binned in time, with error bars showing their 16 uncertainty. The residuals are
consistent with zero (blue line). (C) Same as (B), but for the spherical planet model.
This model is inconsistent with zero during the ingress and egress. The red line
shows the difference between the asymmetric limb and spherical models. ppm,
parts per million.

spectrum for each limb separately. Because hot Jupiters, such as
WASP-94A b, are expected to be tidally locked to their host stars (40),
we identified the leading morning limb and the trailing evening limb
during the ingress and egress (Fig. 2A). The resulting transmission
spectra of the two limbs are shown in Fig. 2, C and D. To check the
results from FIREFLy, we also used two independent data analysis
pipelines (Eureka! and Fu) to extract the morning and evening limb
transmission spectra (38). The spectra from all three pipelines were
consistent with each other (fig. S8).

The transmission depth offset between the morning and evening
limb spectra depends on the precision of the 7, measurement (41).
We used archival observations of another transit of WASP-94A b us-
ing JWST's Near Infrared Spectrograph (NIRSpec) (42) to improve
the precision of our 7, measurement (38). We measured the extent
by which the offset between the morning and evening limb spectra
might change owing to our measured 7, and accounted for this un-
certainty within our modeling analysis (38). Star spots or faculae can
also contaminate the transmission spectra of exoplanets (43). We
investigated this effect using archival observations of the host star
WASP-94A by the Transiting Exoplanet Survey Satellite (TESS), find-
ing negligible contamination of our observed transmission spectra
by spots or faculae (38).
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Asymmetry caused by clouds, not hazes

The morning limb spectrum has no prominent gas absorption features
and a sloped continuum, rising at shorter wavelengths, which is a sig-
nature of high-altitude aerosols (44). The evening limb spectrum does
exhibit absorption features, consistent with gaseous H,O (38), but has
no substantial evidence of aerosols. This difference implies that the
dominant aerosols on WASP-94A b are clouds, not hazes.

Hazes are theoretically expected to be preferentially produced on
the UV-irradiated permanent day side (because WASP-94A b is tidally
locked) and then transported to other parts of the atmosphere by planet-
wide atmospheric circulation (71, 12). Large haze particles (particle
radius 7 > 30 nm) would therefore be more abundant on the evening
limb than the morning limb (19), opposite to what we observed. Small
haze particles (7 < 30 nm) can be concentrated more on the morning
limb (19, 45). However, theoretical modeling of several hot Jupiters
shows that this overconcentration in the morning limb is insufficient
to completely suppress gas absorption features in the morning limb
while maintaining prominent absorption features on the evening limb
at the wavelengths of our observations (45).

Clouds are predicted to form in the cooler night side of the planet
and then circulate downwind to the morning limb (74, 16). Further trans-
port to the much hotter day side is predicted to cause a large fraction
of the cloud droplets to evaporate (14). This would cause the evening
limb to be clearer than the morning limb, as we observed. We used a
3D general circulation model (GCM) to theoretically predict the atmo-
spheric structure of WASP-94A b (38) without fitting the observed
spectra. The GCM predicted cloud formation on the night side, with
a clear evening and a cloudy morning limb (Fig. 2B). By fitting the
morning limb spectrum with atmosphere models that include various
types of aerosols, we found that clouds provide a better fit to the morn-
ing limb spectrum than do several potential haze species (38).

Temperature variations and diurnal cycles

We constructed an atmospheric model consisting of two separate at-
mospheric columns with distinct temperature and cloud structures,
representing the morning and evening limbs (38). The temperature
profiles of the two columns are required to converge in the deep at-
mosphere, based on theoretical predictions (13, 14). We used this at-
mospheric model to fit the transmission spectrum of both limbs using
a Bayesian atmospheric retrieval framework (38). The best-fitting
retrieved theoretical model is compared to the observed spectra
in Fig. 2, C and D. We found that the evening spectrum was dominated
by H,0 absorption, which was detected with a significance of 106 (38).
The morning limb spectrum was dominated by cloud absorption,
which was detected with 9c significance (38).

Figure 3A shows the retrieved temperature-pressure [7(P)] profiles
of each limb compared with theoretically calculated condensation
curves (8) of three potential cloud species at the temperatures of
WASP-94A b: Fe, MgSiO3, and MnS. The 7(P) profile of the evening
limb is hotter than that of the morning limb, with a temperature dif-
ference of 449 + 83 K, which crosses the condensation curves at low
pressure (corresponding to high altitude ). We therefore expected that
any cloud droplets present at high altitudes on the morning limb
would be evaporated at the same altitudes on the evening limb. We
calculated the pressure ranges that contribute to the morning and
evening limb spectrum (38) using contribution functions derived for
transmission spectroscopy (46). Figure 3B shows that the morning
limb spectrum probes pressures <0.01 mbar, whereas the evening limb
spectrum probes 0.01 to 4 mbar. Figure 3B also shows the predicted
T(P) profiles from the 3D GCM, which match the measured tempera-
ture difference between the limbs (38).

Figure 3 also shows the retrieved cloud properties of each limb.
Figure 3, C and D, shows the cloud optical depth profiles, which indicate
that the evening limb becomes transparent at pressures <1 mbar, but
the morning limb remains optically thick until ~0.01 mbar (corresponding
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Fig. 2. Observing geometry, model predictions, and transmission spectra of the morning and evening limbs. (A) Diagram of the geometry of WASP-94A b and its host star
(to scale) during the NIRISS observations. The red and blue regions represent the evening and morning limbs of the planet, respectively. The radii of the evening limb (Re),
morning limb (Ru), and the star (Rs) are indicated with white and black arrows. The dotted cyan arrow shows the direction of the equatorial jet predicted by theoretical models.
(B) The night side cloud map of WASP-94A b predicted by the GCM. Grayscale shading represents the predicted optical depth of clouds; colored regions are the same as in (A).
(C) Data points show the observed transmission spectrum of the evening limb, with 1o error bars, on a nonlinear wavelength scale. The red line shows the best-fitting model from
our atmospheric retrieval analysis. The shaded regions represent the model contributions from H,0 (pink), CO (light blue), CO, (dark indigo), and clouds (gray hatched).

(D) Same as (C) but for the morning limb.

to a higher altitude). The retrieved temperature difference between
the planet's limbs is sufficient to drive cloud cycling between the day
and night sides (38), producing the difference in the cloud optical
depth between the limbs and hence the observed H;O absorption fea-
tures. Figure 3, E and F, shows the mean cloud droplet sizes for the
three cloud species at each limb; we found that the morning limb
has droplets with a mean radius of 0.1to 1 pm in the 0.01 to 1 mbar
pressure range.

The distribution of cloud droplets is thought to be connected to
atmospheric circulation timescales, including the vertical mixing and
horizontal advection timescales (47, 48). To constrain the strength of
vertical mixing, we considered the balance between vertical lifting of
cloud droplets and their gravitational settling, assuming steady state
(88). Vertical mixing is quantified by the 1D vertical eddy diffusion
parameter K,;; we derived log,,(K,,/cm?s™) = 1173 + 0.87. This was
consistent with the average altitude-dependent K, profile predicted
by the GCM (38). The resulting vertical mixing timescale was ~0.06 to
4 days. If the horizontal advection timescale at 0.01 mbar was much
slower than the vertical mixing timescale, then cloud droplets were
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stable at these high altitudes. However, if the horizontal advection
timescale was faster, then cloud droplets were not replenished quickly
enough to be maintained at high altitude in the morning limb.

The GCM predicts an equatorial jet that extends across the day and
night sides of WASP-94A b (38). The fastest advection timescale (which
governs horizontal transport of the cloud droplets from the morning
to the evening limb) is within this equatorial jet, typically ~1.15 to
2.2 days. The jet in the GCM spans latitudes +40° for pressures <1 bar.
If the cloud droplets trace the wind velocities of the jet at higher alti-
tudes in the GCM, then the vertical mixing timescale must be closer to
0.06 days than to 4 days.

Compositional measurement effects

To approximate the spectrum that would have been observed if we
had not resolved the two limbs, we derived a planet-wide spectrum
using the spherically symmetric model (38), which is shown in Fig. 4A.
This unbinned spherical spectrum has absorption features owing
to H50 and an additional absorption feature that is not reproduced
by our atmospheric model. We identified the latter as outflowing
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Fig. 3. Retrieved temperature and cloud structure of the morning and evening
limbs. (A) Retrieved T(P) profiles for the morning (blue) and evening (red) limbs; lines
represent the median values, and shading represents the 1o uncertainty. Lines represent
theoretical condensation curves for MgSiOs (dashed cyan), Fe (dot-dashed orange), and
MnS (dotted purple) clouds. (B) The same retrieved T(P) profiles as in (A) but compared
with the predictions from the GCM (dashed lines). The vertical red and blue bars show
the range of pressures probed by the evening and morning limb spectra, respectively,
calculated from the contribution function of the best-fitting retrieved model (38).

(C and D) The retrieved cloud optical depth profiles at 1.5-um wavelength for the
evening and morning limbs. (E and F) The retrieved mean droplet radius profiles for the
evening and morning limbs. Lines represent the median profiles, with shaded regions
showing 1o uncertainty, for MgSiOs (cyan), Fe (orange), and MnS (purple) clouds.
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metastable helium, which has an absorption line at 1.083 pm (38). The
presence of this species indicates rapid atmospheric mass loss from
WASP-94A b (38).

We binned the spherical spectrum to the same resolving power as
the asymmetric limb spectra for further analysis. The absorption fea-
tures in the binned spherical spectrum are muted by a factor of ~2,
compared with that of the evening limb spectrum. We then applied a
retrieval method that models the spectrum with only one atmospheric
column compared with the two atmospheric columns used for the
limb-resolved spectra; the two modeling frameworks are otherwise
identical. Figure 4, C to E, shows the resulting constraints on the
chemical composition and cloud properties from the limb-resolved
and spherical spectra.

The constraints on metallicity [M/H] [the logarithmic abundance
of elements heavier than helium (M) relative to the abundance of
hydrogen (H)] for WASP-94A b are [M/H] = +0.46 + 0.36 from the
limb-resolved observations and [M/H] = +1.937 + 0.073 from the
spherical spectrum. These values are inconsistent at statistical signifi-
cance >4c. We found that not accounting for the limb asymmetry
biases the inferred metallicity. This bias was theoretically predicted
(34); it arises from the dilution of gas absorption features in the spheri-
cal spectrum. The inferred carbon-to-oxygen (C/O) ratios (Fig. 4D)
remain consistent but have different probability distributions for the
same reasons. Figure 4E shows that K, is also affected by this bias,
with the inferred values differing by 3c. We also applied another re-
trieval method to the spherical spectrum, which linearly combines
spectra from fully cloudy and fully clear atmospheric columns using
a cloud-coverage fraction parameter (38). We found that this approach
doesn't alleviate these biases (38).

‘We caution that this bias is unlikely to be limited to this planet or
to similar hot Jupiters. Figure 4B shows the amplitude of the 1.4-pm
H,0 absorption features measured by previous observational studies
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and K, respectively. All error bars in this figure represent 1o uncertainties.
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of transiting exoplanets with a variety of sizes, masses, and tempera-
tures (49). These H,O amplitudes were all measured from the 1D
spherical spectra without accounting for limb asymmetry. The H,O
amplitude we measure from the spherical spectrum of WASP-94A b
follows the same trend as other hot Jupiters (temperatures of 1000 to
2000 K). However, our separate measurements for the two limbs of
WASP-94A b are at the extremes of the range observed in other hot
Jupiters. We calculated the spherical planet H,O feature amplitude
from a grid of fully clear and very cloudy 1D atmospheric models and
a grid of models with one clear and one very cloudy limb (as we in-
ferred for WASP-94A b) (38). If other hot Jupiters also have asymmetric
limbs due to day-night cloud cycling, then these models imply that
their H,O feature would be diluted to varying levels, potentially bias-
ing the inferred composition and cloud properties. We expect similar
issues to apply to smaller exoplanets, such as sub-Neptunes, which are
theoretically predicted to have substantial aerosol cover (5, 21).
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Editor’'s summary

When an exoplanet transits (passes in front of its host star, as seen from Earth), some of the background starlight
passes through its atmosphere, where it can be absorbed or scattered. Transit observations can therefore determine
the exoplanet's atmospheric spectrum averaged over the morning and evening sides. Mukherjee et al. have observed
a transit of a gas giant exoplanet orbiting a bright star with sufficient signal-to-noise to extract separate spectra for the
morning and evening. They found that the morning atmosphere is cloudy, but the evening atmosphere is clear and
has water absorption features. This asymmetry can bias atmospheric composition measurements that use averaged
spectra. —Keith T. Smith
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