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Carbondioxide (CO,) is akey chemical species that is found in awide range of
planetary atmospheres. In the context of exoplanets, CO, is anindicator of the metal
enrichment (that is, elements heavier than helium, also called ‘metallicity’)' 3, and
thus the formation processes of the primary atmospheres of hot gas giants*°. It is
also one of the most promising species to detect in the secondary atmospheres of

terrestrial exoplanets’”. Previous photometric measurements of transiting planets
with the Spitzer Space Telescope have given hints of the presence of CO,, but have
notyielded definitive detections owing to the lack of unambiguous spectroscopic
identification'®2, Here we present the detection of CO, in the atmosphere of the gas
giant exoplanet WASP-39b from transmission spectroscopy observations obtained
withJWST as part of the Early Release Science programme™*. The data used in this
study span 3.0-5.5 micrometres in wavelength and show a prominent CO, absorption
feature at4.3 micrometres (26-sigma significance). The overall spectrum s well
matched by one-dimensional, ten-times solar metallicity models that assume
radiative-convective-thermochemical equilibrium and have moderate cloud
opacity. These models predict that the atmosphere should have water, carbon
monoxide and hydrogen sulfide in addition to CO,, but little methane. Furthermore,
we also tentatively detect a small absorption feature near 4.0 micrometres that is
notreproduced by these models.

WASP-39bisahot (planetary equilibrium temperature of 1,170 K assum-
ing zero albedo and full heat redistribution), transiting exoplanet
that orbits a G7-type star with a period of 4.055 days®. The planet has
approximately the same mass as Saturn (M = 0.28 M,, where M, is the
mass of Jupiter) but is about 50% larger (radius R=1.28 R, where R,
is the radius of Jupiter), probably owing to the high level of irradia-
tion thatit receives from its host star'*'®, We chose this planet for the
JWST Early Release Science (ERS) transmission spectroscopy obser-
vations because analyses of existing space- and ground-based data
detected large spectral features and showed that there was minimal
contamination of the planetary signal from stellar activity'***2,
The main spectral features previously detected were confidently
attributed to sodium, potassium and water vapour absorption'®%,
whereas carbon dioxide (CO,) was suggested to explain the deep transit
at4.5 pmseen with Spitzer™.

Atmospheric metallicity haslong been thought to be adiagnostic of
therelative accretion of solids and gas during the formation of gas giant
planets, both of which bring heavy elements to the hydrogen-dominated
envelope and visible atmosphere*°, The metallicity of WASP-39b’s host
star, which is a proxy for the metal enrichment of the protoplanetary
disk that the planet formed in, is approximately solar’>*2*, There-
fore, the planet mass—-atmospheric metallicity trend observed in the
Solar System giants®?® predicts that it has an enhancement of about
ten-times solar (like that of Saturn; ref.¥).Inaddition, interior structure
models that match WASP-39b’s low density predict a 95th percentile
upper limit for the atmospheric metallicity of 55-times solar, under

the limiting assumption that the planet has no heavy-element core and
that all the metals are evenly distributed throughout the envelope?®.

Despite having some of the highest signal-to-noise detections of
spectral features inits transmission spectrum, modelling of the exist-
ing data for WASP-39b has resulted in metallicity estimates ranging
across five orders of magnitude, from 0.003-times solar to 300-times
solar'®?-3 The wide range of values stems from the data being of insuf-
ficient quality to break the degeneracy between clouds and metallic-
ity in transmission spectra models®, as well as uncertainty over the
interpretation of the photometric measurements by the Spitzer Space
Telescope at3.6 pmand 4.5 pm. Thus, spectroscopic data with greater
precision, finer spectral channels and wider wavelength coverage were
needed to better constrain the metallicity of this (and other) giant exo-
planet atmospheres.

The firstJWST ERS observation of WASP-39b was obtained using the
Near Infrared Spectrograph (NIRSpec)*?¢ on 10 July 2022, between
15:24 and 23:37 uTc. We used the Bright Object Time Series (BOTS)
mode with the 1.6” x 1.6” fixed-slit aperture and the PRISM disperser
to capture spectrabetween 0.5 umand 5.5 um. The datawererecorded
using the SUB512 subarray with five groups per integration and the
NRSRAPID readout pattern, which gave integration times of 1.38 s.
NIRSpec obtained atotal of 21,500 integrations over 8.23 h of observa-
tions centred on the 2.8-h transit duration of WASP-39b.

The count rate in the PRISM mode varies significantly over the
bandpass owing to the spectral energy distribution of the star and
the wavelength dependency of the spectrograph dispersion. Therefore,
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Fig.1|JWSTNIRSpec time-series datafor
WASP-39b. a, Spectroscopic light curves for
WASP-39b’s transit with aspectral resolving power
of 20 and atime cadence of 1 min (dataare binned
and offset vertically for display purposes only).
Anexoplanet light-curve model was fitted to the
datausingaquadraticlimb-darkening law with an
exponential ramp and a quadratic function of time
removed.b, Residuals of the binned light curve
after subtracting the transitmodel scaledupbya
factor of five toshow the structure. Ther.m.s. of the
residuals are giveninunits of ppm. The numbersin
brackets aretheratio of ther.m.s. to the predicted

photon-limited noise.
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the observations were designed to saturate at shorter wavelengths in
orderto obtainsufficient signal-to-noise ratio at the longer wavelengths
in the bandpass that have not previously been studied spectroscopi-
cally. Wavelengths between 0.71 um and 2.09 pm have at least one
group saturated in the pixel at the centre of the spectral trace. We con-
centrate here on the analysis of the datalongwards of 3.0 pm that are
not impacted by saturation to investigate the spectrum overlapping
with the previous 3.6 pm and 4.5 pm Spitzer photometric measure-
ments. The subset of the PRISM data described herein has a native spec-
tral resolving power (R =A/AA, where Ais wavelength) of 100-350. For
thisstudy, we binned the data to lower resolving powers (values range
from 60t0200 depending on wavelengthand reduction). The binning
is done at the light-curve level before the fitting of the transit depths
that constitute the transmission spectrum. Analyses of JWST/NIRSpec
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Fig.2|Independentreductions of the WASP-39b transmission spectrum.
TheJWST data (small coloured points) are compared with Spitzer’s two
Infrared Array Camera (IRAC) broadband photometric measurements (grey
circlesand corresponding sensitivity curves labelled IRAC1and IRAC2). The
axisontherightshows equivalent scale heights (750-1,000 km) in WASP-39b’s
atmosphere; for plotting purposes, we assume that one scale height
corresponds to 800 km. The JWST dataare consistent with the Spitzer points
(within20) whenintegrated over the broad bandpasses (indicated by the
horizontallines). The relative transit depths between the 3.6-pm and 4.5-um
channels arealso consistent within2obetweenindependent reductions of the
JWST data, with most of the deviation coming from the 3.6-um bandpass.
Vertical error barsindicate louncertainties.
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transit observations obtained during commissioning have shown that
similarlevels of binning as we use here results in minimal systematics™.
Ananalysis of the complete PRISM dataset at full resolution, including
recovery of the saturated part of the spectrum, is ongoing.

We reduced the NIRSpec PRISM data for WASP-39b using the JWST
Science Calibration Pipeline along with customized routines to mini-
mize noise in the time-series spectra (Methods). We performed four
different reductions of the transmission spectrum starting from the
uncalibrated data®***°, Figure 1 shows derived spectroscopic transit
light curves from one of the reductions. We confirm with our analysis
of the WASP-39b datathat NIRSpec transit observations at aresolving
power of 60-200 are nearly free of systematics. We achieved close to
photon-noise-limited measurements in the spectroscopiclight curves
after trimming the first 10 min of data and removing a linear trend in
time with an average rate of about 190 ppm h™ across the bandpass.
We also obtained similar results by fitting the full time series with a
downwards trending exponential ramp (timescale about 100 min)
combined with a quadratic function of time. The lack of large system-
aticsinthese datastandsin contrast to previous transit spectroscopy
observations with space- or ground-based telescopes*..

The transmission spectra derived from the different reductions,
showninFig.2, have excellent agreement. They allshow alarge feature
at 4.3 um, as well as a smaller feature near 4.0 pm (discussed below).
Detailed modelling of the Fast InfraRed Exoplanet Fitting Lyghtcurve
(FIREFLy)-reduced data yields a statistical significance of 26c for the
large feature (Methods). We attribute this feature to CO, absorption
based on a comparison of the resolved band shape with theoretical
models and the spectra of brown dwarfs*?, Figure 2 also includes
Spitzer’s two broadband photometric measurements'®, which are
consistent with the JWST data to better than 20 after integrating the
transmission spectrum over the Spitzer bandpasses. We also see good
agreement (better than 2o for all reductions) in the relative transit
depths between the 3.6-pm and 4.5-pm channels. The comparison
showninFig.2 demonstrates both the consistency in the derived spec-
trafrommultiple,independent analyses and the reliability of the previ-
ous Spitzer measurements.

We compared the data with asuite of one-dimensional atmospheric
structure and transmission spectrum models to constrain the compo-
sition of WASP-39b’s atmosphere. These models assume radiative—
convective-thermochemical equilibrium, and they adopt a scaled
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Fig.3|Interpretation of WASP-39b’s transmissionspectrum. Top: acomparison
ofthe FIREFLy reductionandits louncertainties (labelled ‘Data’) to the best-fit
ScCHIMERA theoreticalmodel binned to theresolution of the data (blue curve;
Methods). The key parameters of the model are 10-times solar metallicity,
acarbon-to-oxygenratio of 0.35and cloud opacity of 7 x 10 cm?g ™. Theimpact
ofthe opacity sources expected from thermochemical equilibrium over the full
bandpassareindicated by removing the opacity contribution fromindividual
gasesoneatatime.AsinFig.2, theaxisontheright showsequivalentscale heights
inWASP-39b’s atmosphere. Bottom: the molecular absorption cross-sections for
eachgasinthebest-fitmodel. The model is well matched to the data (X*/N,, =1.3),
suggesting that our assumptions broadly capture theimportant physicsand
chemistryin WASP-39b’s atmosphere. However, there is afeature near 4.0 pm
that cannot be reproduced by the models used here. The strong CO, absorption
(4.1-4.6 pm) and the apparent lack of methane (3.0-3.5 um) iswhat drives the
solutiontoanelevated atmospheric metal enrichment, ruling out previous low-
metallicity estimates? . The other reductions and models give similar results.

solar abundance pattern. We calculated planet-specific grids of these
models over arange of atmospheric metallicities, carbon-to-oxygen
ratios and cloud properties using four different codes. These grids
of self-consistent model transmission spectra were then fitted to the
FIREFLy-reduced data (the fitresults are independent of which dataset
we use) while also adjusting for areference radius at 1 bar. The results
areillustrated in Fig. 3; see Methods for further details.

Under similar assumptions, all four model grids are able to match
the dominant spectral morphologies—namely the strong CO, feature
between 4.1 um and 4.6 pm and the rise in transit depth bluewards of
3.6 umowing to water (H,0) vapour (aspeciesthat had been detected
previously at shorter wavelengths'®). More subtle modulations over the
whole bandpass are potentially owing to contributions from clouds,
carbon monoxide (CO) and hydrogen sulfide (H,S), although the degree
to which the two gas species contribute is unknown pending further
study.

Several models for warm gas giant atmospheres predict that the CO,
abundance scales quadratically withatmospheric metallicity, becom-
ing detectable at 4.3 pm for metallicities above that of the Sun'>. The
representative best-fit model shown in Fig. 3 is consistent with this
scenario. It has a10-times-solar metal enrichment and a slightly sub-
solar carbon-to-oxygen ratio (0.35, compared with the solar value of
0.55; ref. ¥¥). The moderate contribution of cloud opacity predicted
by the best-fit model is consistent with interpretations of previous
population-level studies of planets that have similar temperatures
and gravities to WASP-39b***, It is also consistent with the predic-
tions of aerosol microphysics and global circulation models of hot
giant planets*®™5,

Inaddition to the large CO, feature, we also identify a smaller spec-
tral feature near 4.0 um that is not matched by our thermochemical
equilibrium models (Fig. 3). This feature is present in all four inde-
pendent reductions and has a significance of 2o (Methods). Further
dataanalysis and modelling including non-equilibrium chemistry are
needed to fully assess the robustness of this feature and to identify the
chemical species that givesrisetoit. Additional JWST ERS observations

of WASP-39b that will use the G395H grating on NIRSpec also have the
potential to confirmthe 4.0-pm feature and resolve it in greater detail.

The grid fits explored here favour lower metallicities than refs. %,
and higher metallicities than ref.*, even though the Spitzer data that
their studies included are consistent with our JWST data. The higher
precision and more resolved measurement of the CO, feature ena-
bled by JWST pulls the models of refs. 1 to lower metallicity and
increased cloudiness. Nevertheless, it isnot possible to obtain arobust
confidenceinterval onthisinference without more rigorous Bayesian
analyses, which is left to future work (Methods). Continued model-
ling of WASP-39b will also be aided by the future measurements of
the planet’s transmission spectrum from 0.5 pum to 5.5 pm that are
also being obtained by this ERS programme. The final transmission
spectrum will ultimately have higher spectral resolution than the data
presented here (more than four times over most of the bandpass), and
will be validated using multipleJWST instruments.
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Methods

Datareduction

We reduced the JWST NIRSpec PRISM data for WASP-39b using four
separate pipelines to confirm that the results did not depend on the
specifics of the analyses, as was sometimes the case for results from
the Spitzer Space Telescope (for example, ref. *°). The descriptions
below refer to calibration pipelines and other software whose code
and citations appear in ‘Code availability’.

tshirt pipeline

We used the Time Series Helper and Integration Reduction Too
(tshirt) to extract light curves of the spectrum. This pipeline modi-
fies theJWST Calibration pipeline steps toimprove the precision of the
reduction. tshirt hasbeen used to successfully analyse the JWST transit
observations of HAT-P-14b that were obtained during commissioning
with the Near Infrared Camera (NIRCam)?. First, we used an updated
bias frame from commissioning programme 1130 observation 29 and
ran the JWST Calibration pipeline until the reference pixels step. We
thenapplied acorrection for 1/fnoise (so named since the noise power
isinversely proportional to the signal frequency, f), which varies for
odd and even rows and for each column. We use background pixels
for the calibration as reference pixels are not available in this subar-
ray. We skipped the jump and dark subtraction steps because they
were seen to add noise to the light curves. tshirt fits the profile of the
spectrum with splines and rejects outlier pixels that are more than
500 from the spline fits. We used covariance-weighted extraction®®
with an assumed pixel correlation of 0.08. For spectral extraction, we
used a background region no closer than 7 pixels on either side of the
source and an extraction region width of 16 pixels. The scatter in the
light curve was consistent with the theoretical limit of photon and read
noise over short timescales.

We fit the light curves with a second-order (quadratic) polynomial
baseline, uninformative quadratic limb-darkening priors and anexpo-
nential start-up ramp with 100 clipping of outliers. To begin, we fit
the white-light curve with priors on the transit centre, inclination and
period fromref. . We also used the ratio a/R. (Where ais the semi-major
axisand R.is the stellar radius) fromref. 2 but widened the uncertainty
on this parameter because the enforced prior resulted in significant
residuals. Next, we fit each spectroscopiclight curve individually with
the orbital parameters fixed at the value from the white-light posterior
medians. We modelled the light curves using the ‘exoplanet’ code™ and
the pymc3*? sampler. We evaluated the wavelengths using the JWST
Calibration pipeline at pixel row 16 (Y =16) from the world coordinate
solution. This uses aninstrument model and could not be verified owing
to alack of strong stellar absorption features at the NIRSpec resolu-
tion. All the other reductions adopted this wavelength calibration. As
showninFig.1, thestandard deviationin the out-of-transit light curve
approaches the theoretical limit of photon and read noise at short
wavelengths, but is 20% to 40% higher at longer wavelengths, which
may be related to uncorrected 1/fnoise.
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Eureka! pipeline

Eureka!” is a data reduction and analysis pipeline for time-series
observations with the JWST or the Hubble Space Telescope Its modu-
lar, multi-stage design provides flexibility and ease of comparison at
any step, starting from uncalibrated FITS files and resulting in precise
transmission or emission spectra. Eureka! has been used to successfully
analyse theJWST transit observations of HAT-P-14b that were obtained
during commissioning with NIRCam?¥.

We began the data reduction process using the uncalibrated raw
datafiles with the “uncal” suffix available from the Mikulski Archive
for Space Telescopes (MAST) archive. The first stage of the Eureka!
pipelineis primarily awrapper for Stage 1 of the JWST Calibration pipe-
line, which converts groups to slopes. For this dataset, we skipped

the jump detection step as it led to a large fraction of detector pixels
beingincorrectly flagged as outliers. We did, however, search for and
flag outliers at multiple points in subsequent stages. We also manu-
ally updated the bad-pixel map to include identified hot pixels on the
detector that were not provided in the current (July 2022) full-detector
STScl data-quality map. As part of Eureka!, we performed a custom
background subtraction at the group level before Stage 1ramp fitting
toaccount for1/fnoiseintroduced during detector readout. We set the
top and bottom six rows of the detector as our background region and
flagged pixels deemed outliers at >30. We then subtracted the mean
flux per pixel column and repeated this for each group and integration
inthe observation. Similarly to Stage 1, the second stage of the Eureka!
pipelineisawrapper for Stage 2 of the JWST Calibration pipeline, which
calibrates the two-dimensional time series of fitted slopes. Here, we
skipped the flux calibration step, thus leaving the data in units of digital
number (DN) per second (DN's™).

For Stage 3, we performed background subtraction and optimal
extraction of the stellar spectrum for eachintegration with Eurekal. We
used only pixels 14 to 495 in the dispersion direction of the 512 x 32-pixel
subarray, as NIRSpec’s throughput is negligible beyond this range.
We also masked pixels that have a non-zero data-quality flag to avoid
any impact of outlier pixels on the extracted spectra or background
subtraction. The position of the source on the detector along the
cross-dispersion dimensionis located by fitting a Gaussian to the pixel
values summed over all detector columns. For each pixel, we examined
its flux variationin time and performed a double-iteration, 100-outlier
rejection test. We then executed a second column-by-column back-
ground subtraction, this time at the integration level, using pixels
located atleast 8 pixels away from the source position to compute the
mean background per column. Performing this additional background
subtractionreduced the number of outliersin the measured light curves
and accounted for the residual background and/or noise introduced
during the ramp fitting procedure. As with Stage 1, we exclude 3o outli-
ers from our background region. We adopted an aperture half-width
of 7 pixels for our optimal spectral extraction step, constructing the
profile from the median frame. At the end of this stage, we obtained a
time series of one-dimensional spectra.

For the remaining stages, we used multiple pipelines (Eureka!*® and
ExoTEP*™) to generate and fit the light curves. We first generated
median-normalized light curves at the instrument’s native resolution
(thatis, fromeach detector column) using our Stage 3 outputs. We then
clipped additional outliers in time for the white and spectroscopic
light curves. For this step, we first rejected integrations that were
more than 3o outliers for the source position in the cross-dispersion
direction, the width of the fitted Gaussian to the spatial profile or the
driftinthe dispersion direction. Next, we produced a median-filtered
version of the light curve and clipped out 3o outliersin flux. We jointly
fit astrophysical and systematics model parameters to the white and
individual spectroscopic light curves. Our astrophysical transit model
used the batman package’® with uniform priors, fitting for the following
astrophysical parameters: the two coefficients of a stellar quadratic
limb-darkening law, impact parameter, semi-major axis, transit time
and the planet-to-star radius ratio (R,/R.) in each of the wavelength
channels. Although the limb-darkening coefficients and planet-to-star
radius ratio were fitindependently in each spectroscopic channel, we
used thebest-fitting value of the planet’simpact parameter, semi-major
axis and transit time from a white-light curve fit as a fixed valuein the
wavelength-dependent fits. For the systematics model, we assumed
alinear trend in time for each wavelength channel, fitting for both the
slope and y intercept. Last, we fit a single-point scatter to each light
curve, whichillustrates the level of additional noise required for our
jointmodel to reach areduced chi-squared (X?) of unity. The white-light
curve residuals have a root mean square (r.m.s.) of 3,013 ppm, and
the spectroscopic light curves above 3 pm have a median r.m.s. of
5,779 ppm. Similar to the reduction shown in Fig. 1, both pipelines
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reach near photon noise. The Eureka! and ExoTEP transmission spectra
appear nearly identical; therefore, only one (Eureka!) isshownin Fig. 2.

Tiberius pipeline

Webuilt on the pipeline developed for the analysis of the Low Resolu-
tion Ground-Based Exoplanet Survey using Transmission Spectros-
copy (LRG-BEASTS) data®*"*® to provide an independent reduction
ofthe data. We began with the outputs of the JWST Calibration Stage 1
pipelinewith the jump step correction turned off. We created bad-pixel
and cosmic-ray masks by identifying 5o outliers in running medians
operating along pixel rows and along individual pixelsin time. Before
tracing the spectra, we interpolated each column of the detector
onto a finer grid, ten times the initial spatial resolution, to improve
the extraction of flux at the subpixel level. We used a fourth-order
polynomial to trace the spectra and a four-pixel-wide aperture. To
remove thel/fnoise, wefitalinear polynomial to 21 background pixels
along each columninthe cross-dispersion direction. Next, to correct
for shifts in the dispersion direction, we cross-correlated each stel-
lar spectrum with the first spectrum of the observation to account
for very small (0.003-0.005) subpixel shifts. Our white-light curve
spansawavelength range of 0.518-5.348 pm after masking saturated
pixels, and our 147 spectroscopic light curves used 3-pixel-wide bins
across this same wavelength range. We masked frames 20751-20765
owingtoa high-gain-antenna move that led to increased noise in the
light curves.

We fit our light curves with a combination of a quadratically
limb-darkened transit model (through batman®®) with alinear-in-time
polynomial. We began by fitting the white-light curve to derive the sys-
tem parameters: inclination, i, time of mid-transit, 7, the semi-major
axis scaled to the stellar radius, a/R., and the linear limb-darkening
coefficient, u;. We placed wide boundaries on the parameter values
only to prevent unphysical values. In practice, the parameter values did
notget close tothe boundaries. We fixed the planet’s orbital period to
4.0552941 d and the eccentricity to O fromref. 2. We fixed the quadratic
coefficient, u,, to theoretical values determined by ExoTiC-LD***° with
three-dimensional stellar models®, and fit for u,. We used a Levenberg-
Marquardtalgorithmtofit our light curves, rescaled our photometric
uncertainties to give a reduced X2 =1 for our best-fit model and then
re-ran the fits. For the spectroscopic light curves, the system param-
eters (i, Tc and a/R.) were held fixed to the best-fit values found from
the white-light curve. The white-light curve residuals had an r.m.s. of
2,761 ppm and the spectroscopic light curve residuals had a median
r.m.s. of 6,731 ppm. In both cases, the variance of the residuals scales
upon binning as expected for Poisson noise.

FIREFLy pipeline

Wealso reduced the data using the FIREFLy reduction routines®, These
routines utilize the JWST Calibration pipeline with custom modifica-
tions. This pipeline has been used to successfully analyse the JWST
transit observations of HAT-P-14b that were obtained during com-
missioning with NIRSpec G395%. We removed 1/f noise (see ref. *) at
the group level, as the 1/f noise changes from group to group. We also
skipped the jump step and instead flagged and removed cosmic rays,
bad pixels, hot pixels and other outliers using median filtering of the
databoth spatially and in time, flagging pixels using a 5g-outlier thresh-
oldalgorithm. The time series of two-dimensional spectrawere aligned
using cross-correlationand interpolation, with the time-series spectra
exhibiting an r.m.s. jitter of 0.005 pixels in the x-axis direction and
0.0026 pixelsinthe y-axis direction. We found asmallinverse rampin
the light curves, which settled down after the first 2,000 exposures,
which we discarded. We fit the light curves with the batman®® transit
model along with alinear baseline and asecond-orderjitter detrending
polynomial of xandy detector position as described by ref.*®, whichare
presentinthe spectrophotometry at the 53 + 2-ppmlevelin the x direc-
tion and at the 140 + 3-ppm level in the y direction. We applied a fixed

quadratic limb-darkening law using the three-dimensional models®
computed using the methods of ref. ®* from ExoTiC-LD**°, In fitting
the 3 umto 5.5 pm white-light curve, we allowed the semi-major axis
in units of stellar radii a/R., inclination i and central transit time 7, to
freely vary along with the transit depth and systematics model. We
used the Markov chain Monte Carlo sampling routine emcee® to find
the best-fit parameters and measure the posterior distribution. We find
the3-5.5 umwhite-light curve has atransit depth 0of2.1368 + 0.0014%
and achieves 808-ppm scatterin the residuals. Thisis within 6% of the
expected noise limit of 758 ppm as calculated by the JWST Calibration
pipeline, with the scatter of the residuals decreasing to below 40 ppm
upon binning with no detectable red noise. We fit each spectroscopic
light curve shownin Fig.1with the same astrophysical and systematic
models as the white-light curve, except fixing the system parameters
(a/R.,iand T,). The transmission spectral light-curve residuals for
each bin are typically within 5% of pipeline error or better, also with
no detectable red noise.

Data-model comparison

We compared the extracted transmission spectral data to a suite of
one-dimensional self-consistent radiative-convective-thermochemi-
calequilibrium modelatmospheres (see, for example, refs. %% for agen-
eral description of such models) described below. In short, all models
areableto fitthe 3-5.5 pm spectra consistently (with X2/Ng,., < 1.4, where
N4 is the number of spectral data points) with a 10-times-solar metal
enrichment and varying grey cloud opacity for their single best esti-
mate. Comparisons of the model fits from each grid are shown in
Extended Data Fig. 1. For additional parameters within the grid (for
example, carbon-to-oxygenratio (C/O) and heat redistribution), there
is some discrepancy between each model grid’s single best estimate
values. Additional Bayesian analyses are needed to rigorously quantify
confidence intervals on atmospheric properties of interest, which is
beyond the scope of this work. Future works will focus on modelling that
includes the effects of disequilibrium chemistry, aerosol microphysics
and three-dimensional circulation effects. We assumed the following
parametersinthe modelling: stellar effective temperature, 7= 5,512 K,
stellar radius = 0.932 R, planet mass = 0.281 M, planetradius =1.279 R,
and planet orbital semi-major axis = 0.04828 Au.

ScCHIMERA

This framework was first described in refs. °*¢7, with the most recent
updates, methods and opacity sources described inref. %8, We compute
the converged atmospheric structure (temperature-pressure and
thermochemical equilibrium gas mixing ratio profiles) over a grid
of atmospheric metallicity ((M/H], where the square brackets indi-
cate log,, enrichment relative to solar*®) spaced at 0.25-dex intervals
between 0 and 2.25 (1- to 175-times solar) and C/O at values of 0.20,
0.35,0.55,0.70,0.75 and 0.80. We assume full day-to-night temperature
redistribution® as planets in this temperature regime are unlikely to
possess strong day-to-night temperature contrast’®”, We then compute
transmission spectra’>”® from these converged atmosphericstructures.
To match the models to the data, the DYNESTY”fitting routine is used
tosearch for the optimal [M/H]and C/O (via nearest neighbour) while
simultaneously adjusting the 1-bar planetary radius (which controls
the absolute transit depth) and an opaque, grey, uniformly vertically
distributed, cloud opacity (k.,4). The optimal model resulting from
this processis [M/H] =+1.0,C/O = 0.35and log,ok = —-2.15cm?g ™. The
metallicity and cloud opacity are primarily driven by the strength of the
4.3-um CO, feature and lack of methane (CH,) absorption near 3.3 um.
This resultis what is shown in the main text (Fig. 3), whichalsoillustrates
the relative contribution of the key opacity sources (H,O (refs. "),
CO (refs.””7®), CO, (refs. 7°%%), H,S (refs. 7®%") and CH, (refs. ®%?)) to the
overall spectral shape. Extended Data Fig. 2 shows the atmospheric
structure (temperature profile and gas mixing ratio profiles) for this
best-fit model.



PICASO

The core one-dimensional radiative-convective model is based onthe
legacy ‘Extrasolar Giant Planet’ code described inrefs. 808 and since
updated and modernized within the PICASO® framework described
in ref. % (PICASO 3.0). The PICASO 3.0 model uses gaseous opacities
created fromthe referenceslisted in ref.*°. The grid of PICASO models
contains metallicity points at 0.1-,0.3-,1-, 3-,10-,30-,50-and 100-times
solar; C/0at 0.23,0.46,0.69 and 0.92; and also assumes full day—night
heat redistribution. The clouds are modelled using the Virga®® imple-
mentation of the Eddysed® framework, which requires a vertical mix-
ing coefficient, K, (constant with altitude; log,(K,,=5,7,9 and 11 (cgs
units)) and a vertically constant sedimentation parameter (f,., = 0.6,
1,3, 6 and 10), with optical/material properties for clouds thought
to exist at WASP-39b’s pressures and temperatures (Na,S, MnS and
MgSiO,). The f,., parameter controls the vertical extent of the cloud,
and K, and f,.4 together control the mean droplet sizes with altitude
inthe atmosphere. A X?grid search along the described dimensionsis
performed to identify the best fit. Within this grid, the nominal best
fit (X*/Nyaa = 1.34) is 10-times-solar metallicity, a subsolar C/O (0.23),
with an extended large droplet cloud (f,. = 0.6, log;(K,, = 9) that pro-
duces a grey continuum over these wavelengths, consistent with the
ScCHIMERA results above.

ATMO

The ATMO radiative-convective-thermochemical equilibrium solver is
described inrefs. %!, This grid consists of model transmission spectra
for four different day-night energy redistribution factors (0.25, 0.5,
0.75and 1.0, where 0.5is ‘full’and 1.0 is ‘dayside only’), six metallicities
(0.1-,1-,10-, 50-,100- and 200-times solar), six C/O ratios (0.35, 0.55,
0.70,0.75,1.0 and 1.5), two haze factors (no haze and 10-times multi-gas
Rayleigh scattering) and four grey cloud factors (nocloud, 0.5-,1-and
5-timesthe strength of H,Rayleigh scattering at 350 nmbetween 1-mbar
and 50-mbar pressure levels). Eachmodel transmission spectrum from
the gridis binned to the same resolution as that of the observations to
compute X?, witha (wavelengthindependent) transit depth offset as the
free parameter. Within this grid, we find abest-fit model (X*/Ny,, = 1.39)
spectrum arising from a redistribution factor of 0.75 (slightly hotter
than a full day-night redistribution would produce), a metallicity of
10-times solar, a super-solar C/O ratio of 0.7, a haze factor of 10 and a
cloud factor of 5.

PHOENIX

This model originates from the PHOENIX stellar atmosphere code®
adapted for exoplanets® with additional modelling and opacity updates
described inrefs. °*%, The model grid is computed for an array of irra-
diation temperatures (920K, 1,020 K, 1,120 K and 1,220 K), metallici-
ties (0.1-,1-,10- and 100-times solar) and C/O (0.3, 0.54, 0.7 and 1.0),
andincludes asampling of opaque, grey clouds at specified cloud-top
pressures. The nominal best-fit model (X*/N,, = 1.32) from this grid
set-up results in a 10-times-solar metallicity and subsolar C/O (0.3)
atmosphere with a cloud-top pressure of 0.3 mbar.

Quantifying feature detection significance

We quantified the detection significance® of CO, with the following
steps. The best-fit grid model without CO, (that is, the ‘no CO, black
curveshowninFig. 3) is first subtracted from the data, leaving behind
astrong residual feature due to CO, (Extended Data Fig. 3). The peak
per-spectral-bin mean signal-to-noise ratio of this residual feature is
about 100. To utilize the full line/band shape we then fit the residual
peak with (1) afour-parameter Gaussian model (centroid, amplitude,
width and vertical offset), shown asred curvesin Extended Data Fig. 3,
and (2) a‘no feature’ constant using a nested sampling routine™. The
Bayesian evidence between the Gaussian model and constant model
were then used to compute a Bayes factor, B, and corresponding

detection significance”. For the CO, residual feature, In(B) is 340.5,
which equates to a 26.2¢0 detection. From this analysis, we conclude
that the CO, feature is robustly detected.

On inspecting Figs. 2 and 3, there appears to be a feature near
4.0 pm (just short of the major CO, feature). We repeated the same
analysis as above, but instead compared the Bayesian evidence from
atwo-component Gaussian model fit (to accommodate for both the
CO, feature and the unknown absorber) to that of the single compo-
nent Gaussian model fit above. On doing so, we find In(B) = 0.98, which
equates toa2osignificance. Restricting the prior range for the second
Gaussianto belocalized near the 4-um feature boosts the significance
to2.30.Future analyses will focus on the nature of this feature and more
rigorous quantification vianested Bayesian model comparison within
atmospheric retrieval frameworks (for example, ref. >*).

Data availability

The data used in this paper are associated with JWST programme ERS
1366 (observation #4) and are available from the Mikulski Archive for
Space Telescopes (https://mast.stsci.edu). Science data processing
version (SDP_VER) 2022 _2a generated the uncalibrated data that we
downloaded from MAST. We used JWST calibration software version
(CAL_VER)1.5.3withmodifications described in the text. We used cali-
bration reference data from context (CRDS_CTX) 0916, except as noted
in the text. All the data and models presented in this publication can
be found at https://doi.org/10.5281/zenodo.6959427. Source data are
provided with this paper.

Code availability

The codes used in this publication to extract, reduce and analyse the
data are as follows: STScIJWST Calibration pipeline® (https://github.
com/spacetelescope/jwst), tshirt*?, Eureka!® (https://eurekadocs.
readthedocs.io/en/latest/), Tiberius**** and FIREFLy*. In addition,
these made use of Exoplanet™ (https://docs.exoplanet.codes/en/lat-
est/), Pymc3* (https://docs.pymc.io/en/v3/index.html), EXoTEP*5,
Batman®® (http://Ikreidberg.github.io/batman/docs/html/index.html),
ExoTiC-ISM* (https://github.com/Exo-TiC/ExoTiC-ISM), ExoTiC-LD®°
(https://exotic-Id.readthedocs.io/en/latest/), Emcee® (https://emcee.
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Extended DataFig.1|Comparison of transmissionspectrum modelling spacing and grid-fitting approaches, all four grids arrive at the same 10-times
results from different codes for WASP-39b. Despite different radiative- solar metallicity point solution. Additionally, all four provide an acceptable fit
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