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ABSTRACT

Ultra-hot Jupiters are among the best targets for atmospheric characterization at high spectral res-

olution. Resolving their transmission spectra as a function of orbital phase offers a unique window

into the 3D nature of these objects. In this work, we present three transits of the ultra-hot Jupiter

WASP-121b observed with Gemini-S/IGRINS. For the first time, we measure the phase-dependent

absorption signals of CO and H2O in the atmosphere of an exoplanet, and we find that they are differ-

ent. While the blueshift of CO increases during the transit, the absorption lines of H2O become less

blueshifted with phase, and even show a redshift in the second half of the transit. These measurements

reveal the distinct spatial distributions of both molecules across the atmospheres of ultra-hot Jupiters.

Also, we find that the H2O signal is absent in the first quarter of the transit, potentially hinting at

cloud formation on the evening terminator of WASP-121b. To further interpret the absorption trails

of CO and H2O, as well as the Doppler shifts of Fe previously measured with VLT/ESPRESSO, we

compare the data to simulated transits of WASP-121b. To this end, we post-processes the outputs of

global circulation models with a 3D Monte-Carlo radiative transfer code. Our analysis shows that the

atmosphere of WASP-121b is subject to atmospheric drag, as previously suggested by small hotspot

offsets inferred from phase-curve observations. Our study highlights the importance of phase-resolved

spectroscopy in unravelling the complex atmospheric structure of ultra-hot Jupiters and sets the stage

for further investigations into their chemistry and dynamics.

Keywords: Exoplanet Atmospheres (487) — Hot Jupiters (753) — Transmission spectroscopy (2133)

— High resolution spectroscopy (2096) — Doppler shift (401)
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1. INTRODUCTION

With an orbital period of 1.27 days, a bloated atmo-

sphere, and an equilibrium temperature of ∼2400 K,

WASP-121b (Delrez et al. 2016) is one of the best-

studied ultra-hot Jupiters (UHJs) to date. A large num-

ber of observational campaigns, both from space and

from the ground, have rendered WASP-121b a bench-

mark object when it comes to understanding the chemi-

cal composition, atmospheric dynamics, and 3D temper-

ature structure of UHJs. Table 1 provides an overview

of some relevant parameters of the WASP-121 system.

The first atmospheric studies of WASP-121b were per-

formed with HST/WFC3, at low spectral resolution.

Evans et al. (2016) reported water in the planet’s trans-

mission spectrum, while Evans et al. (2017) found emis-

sion features associated with water in its secondary-

eclipse spectrum, indicating a thermal inversion on the

dayside (e.g., Hubeny et al. 2003; Fortney 2005; Gandhi

& Madhusudhan 2019). They also reported evidence

for VO, an optical absorber potentially contributing to-

wards this inversion, but its presence in emission was

later ruled out by additional observations with the same

instrument (Mikal-Evans et al. 2019, 2020). Conversely,

optical transmission spectra taken with HST/STIS and

WFC3 (Evans et al. 2018) did lead to constraints on

the VO abundance, probably because these observations

probe a different part of the atmosphere. The data

also revealed strong excess absorption at near-UV wave-

lengths. At the same time, no evidence for TiO (another

frequently postulated inversion-agent) was found, indi-

cating that Ti-bearing species may be cold-trapped on

the nightside of WASP-121b (e.g., Spiegel et al. 2009;

Parmentier et al. 2013; Hoeijmakers et al. 2024).

In recent years, ground-based high-resolution spec-

troscopy (HRS; R ≳ 15,000) has painted a more de-

tailed picture of the chemical inventory of WASP-121b.

To date, HRS has led to the unambiguous detection of

Na i (Sindel et al. 2018), Fe i (Gibson et al. 2020), H

i (Cabot et al. 2020), Cr i, V i, Fe ii (Ben-Yami et al.

2020), Mg i, Ca i, Ni i (Hoeijmakers et al. 2020), K i, Li

i, Ca ii (Borsa et al. 2021), Sc ii (Merritt et al. 2021), Mn

i (Hoeijmakers et al. 2024), Co i, Sr ii, Ba ii (Azevedo

Silva et al. 2022), CO, and H2O (this work)1. Notably,

none of these studies detected Ti i, TiO or VO in the

transmission or emission spectrum of WASP-121b (see

also Merritt et al. 2020). While the non-detection of Ti i

∗ joost.wardenier@umontreal.ca
1 Of the studies listed here, only the observations by Hoeijmakers
et al. (2024) were in emission.

Table 1. A few parameters of the WASP-121 system. This
table is an abridged version of Table 2 in Maguire et al.
(2022). References: D16 (Delrez et al. 2016); B20 (Bourrier
et al. 2020a); B21 (Borsa et al. 2021).

Parameter Value Reference

Stellar parameters

R⋆ 1.458 ± 0.030 R⊙ D16

M⋆ 1.353+0.080
−0.079 M⊙ D16

Teff 6460 ± 140 K D16

Spectral type F6V D16

K⋆ 0.177+0.0085
−0.0081 km/s B20

Vsys 38.198 ± 0.002 km/s B21

Planetary parameters

P 1.27492504+1.5·10−7

−1.4·10−7 days B20

Rp 1.753 ± 0.036 RJup B20

Mp 1.157 ± 0.070 MJup B20

ap 0.02596+0.00043
−0.00063 AU B20

ip 88.49 ± 0.16◦ B20

Teq 2358 ± 52 K D16

Kp ∼217.65 km/s B21

and TiO is consistent with the cold-trapping hypothesis,

Hoeijmakers et al. (2020, 2024) argued that their detec-

tion of V i should imply the presence of VO, but that

their analyses were not sensitive enough to the latter. A

more recent detection of V i and VO in the transmis-

sion spectrum of the canonical UHJ WASP-76b (Pel-

letier et al. 2023) supports the idea that these species

exist together.

Phase-curve observations with TESS (Bourrier et al.

2020b; Daylan et al. 2021), HST/WFC3 (Mikal-Evans

et al. 2022), Spitzer/IRAC (Morello et al. 2023), and,

most recently, JWST/NIRSpec (Mikal-Evans et al.

2023) have yielded important constraints on the global

temperature structure of WASP-121b, and the contrast

between the dayside and the nigthside. While the (op-

tical) TESS phase curves are consistent with a hotspot

at the substellar point, the (infrared) HST and JWST

phase curves show a peak just before secondary eclipse

(∼3◦ in phase for JWST), suggesting a small eastward

hotspot offset (assuming no clouds). Remarkably, the

two Spitzer phase curves presented in Morello et al.

(2023) indicate a westward offset, possibly due to in-

strument systematics. An independent re-analysis of the

same data by Davenport et al. (subm.) reports offsets

that are consistent with zero and close to the JWST

results (but less precise). At the same time, there is

a growing body of literature claiming signs of tempo-
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ral variability in the atmosphere of WASP-121b (Wilson

et al. 2021; Ouyang et al. 2023; Changeat et al. 2024).

While weather cycles could play a role, we note that

atmospheric variability on exoplanets is not well under-

stood and largely remains an open question.

Another avenue that allows to explore the 3D struc-

ture and dynamics of UHJs is phase-resolving the

Doppler shifts of their transmission spectra with HRS

(e.g., Wardenier et al. 2021, 2023; Savel et al. 2022; Beltz

et al. 2023; Prinoth et al. 2023). Because UHJs typi-

cally rotate by ∼30◦ as they pass in front of their star

(assuming that the orbit is roughly edge-on; Wardenier

et al. 2022), a transit observation probes different re-

gions of the atmosphere at different orbital phases. A

notable observation in this regard is the Fe absorption

signal of the UHJ WASP-76b (Ehrenreich et al. 2020;

Kesseli & Snellen 2021; Pelletier et al. 2023), which be-

comes increasingly blueshifted during the first half of

the transit. In the second half, its Doppler shift re-

mains roughly constant. 3D modelling studies (Warde-

nier et al. 2021; Savel et al. 2022) demonstrated that

this behaviour results from an asymmetry between the

morning and evening terminator of the planet, such as

a difference in scale height (i.e., temperature) or cloud

cover. Additionally, magnetic effects could play a role

(Beltz et al. 2023). For WASP-121b, Bourrier et al.

(2020a) and Borsa et al. (2021) also reported a varia-

tion in the Doppler shift of Fe with orbital phase.

In Wardenier et al. (2023) we simulated the absorp-

tion signals of five chemical species, including Fe, CO,

and H2O, in a typical UHJ under various atmospheric

conditions. We showed that species can exhibit different

phase-dependent Doppler shifts, depending on their 3D

distribution across the atmosphere. This 3D distribu-

tion determines whether an atom or molecule absorbs

light on the dayside (refractories such as Fe, but also

CO) or the nightside of the planet (e.g., H2O). Hence,

observing the absorption signals of multiple species

yields a more comprehensive picture of the 3D thermo-

chemical structure and dynamics of an UHJ.

In this paper, we perform the first phase-resolved mea-

surements of the Doppler shifts of CO and H2O in an

UHJ, based on three transits of WASP-121b observed

with Gemini-S/IGRINS. The structure of this work is

as follows. Section 2 summarises the observations and

data reduction. In Section 3, we recover the absorption

signals of CO and H2O using cross-correlation analysis,

and in Section 4 we study their dependence on orbital

phase. In Section 5, we compare our absorption signals,

as well as the Fe signal measured by Borsa et al. (2021),

to predictions from global circulation models (GCMs).

Finally, Section 6 provides a discussion, followed by a

summary and conclusion in Section 7. Appendix A con-

tains a few supplementary figures.

2. OBSERVATIONS AND DATA REDUCTION

2.1. Observations

We observed three transits of WASP-121b with the

Immersion GRrating INfrared Spectrometer (IGRINS)

on the 8.1-m Gemini-South Telescope, Cerro Pachón,

Chile (Yuk et al. 2010; Mace et al. 2018). The obser-

vations were taken on 25 February, 10 December, and

24 December 2022 (dates in UTC) as part of programs

GS-2022A-Q-242 and GS-2022B-Q-133 (PI: Wardenier).

The observations are summarised in Table 2. Addition-

ally, Fig. 1 shows the signal-to-noise ratio (SNR), the

airmass, and the relative humidity during each night as

a function of the planet’s orbital-phase angle.

IGRINS has a spectral resolution R ∼ 45,000. The in-

strument comprises 54 spectral orders that cover a con-

tinuous wavelength range between 1.42 and 2.42 µm.

To perform the observations, we used a standard ABBA

nodding pattern and an exposure time of 100 s (nights 1

and 3) or 130 s (night 2) per frame. There is no partic-

ular reason for the longer exposure times during night

2 – all observations were planned with a default expo-

sure time of 100 seconds. However, 130 seconds is still

well below limit at which Doppler smearing2 becomes

an issue. On each night, we observed the full transit of

WASP-121b, which takes just under 3 hours, as well as

∼30 minutes of stellar baseline before and after the tran-

sit. Including ingress and egress, the transit of WASP-

121b occurs roughly between phase angles ±17◦ (with

0◦ corresponding to mid-transit), which is about a tenth

of the planet’s full orbit.

2.2. Data reduction

An initial data reduction was carried out with the

IGRINS pipeline package3 (PLP, Sim et al. 2014; Lee

et al. 2017) by the instrument team. We perform further

wavelength calibration and a barycentric-velocity cor-

rection using routines from the IGRINS transit pack-

age4 (Weiner Mansfield & Line 2024), which builds on

earlier work from Line et al. (2021). For each obser-

vation, IGRINS transit produces a data cube that con-

2 Doppler smearing occurs when the radial velocity of the planet
changes by more than one resolution element during a sin-
gle exposure. For IGRINS, one resolution element amounts to
c/R ≈ 6.7 km/s, with c the speed of light and R the spectral
resolution of the instrument. At mid-transit, it takes ∼500 s for
the radial velocity of WASP-12b to change by this value.

3 Available from github.com/igrins/plp.
4 Available from github.com/meganmansfield/IGRINS transit.

https://github.com/igrins/plp
https://github.com/meganmansfield/IGRINS_transit
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Table 2. Details of the transit observations of WASP-121b, performed with Gemini-S/IGRINS.

Date in UTC Time window Mid-transit Number of Exposure Typical Average Average

(dd/mm/yyyy) in UTC in UTC AB pairs time per frame SNR airmass humidity

Night 1 25/02/2022 00:45–04:39 02:33 50 100 s 147 1.06 25%

Night 2 10/12/2022 03:33–07:50 05:45 45 130 s 225 1.08 10%

Night 3 24/12/2022 04:16–08:27 06:20 53 100 s 163 1.04 39%

Note—The typical SNR was computed by averaging med(s⃗) over all in-transit exposures. Here, med() is the median operator,
while s⃗ is a vector containing the median SNR values of all spectral orders used in the data analysis.
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Figure 1. The median signal-to-noise ratio over all (non-discarded) spectral orders (left panel), the airmass (middle panel), and
the relative humidity (right panel) during each of the three observing nights as a function of the phase angle of WASP-121b. All
values were taken directly from the headers of the .fits files output by the IGRINS pipeline package. In each plot, the dashed
lines denote the ingress and egress phases of the transit, while the grey shaded regions mark the out-of-transit exposures.

tains normalised fluxes as a function of wavelength, spec-

tral order, and time (i.e., orbital phase). After wave-

length cropping, each order covers 1848 pixels. We dis-

card orders 1, 23−27, 53, and 54, which are situated

near the edges of the instrument filters, and which co-

incide with the strongest telluric absorption lines. This

results in SNR values that are much lower compared to

other parts of the spectrum.

Next, to correct for throughput variations over time,

we put all spectra on a “common blaze” (e.g., Gibson

et al. 2020) by dividing the fluxes at each orbital phase

by a second-order polynomial (we do this for each or-

der separately). This polynomial is a fit to the fluxes

in each pixel divided by their median over time. We

also perform a baseline subtraction. To this end, we

convolve the fluxes with a Gaussian kernel (FWHM =

80 pixels) and we subtract the result from the original

spectrum. This removes broadband features from the

data that could impact the cross-correlation analysis.

Finally, we cut off 100 pixels at the edges of each order

to get rid of boundary effects. Because these pixels have

inherently lower SNR values (due to the shape of the

blaze function), the loss in planet signal is at most a few

percent. At the end, each order comprises 1648 pixels.

2.3. Correcting for telluric absorption

The fluxes contained in the data cubes are a combi-

nation of the stellar spectrum, telluric absorption (es-

pecially in the infrared), the planet signal, and photon

noise. When it comes to extracting the planet signal

from the data, HRS leverages the fact that stellar and

telluric lines remain effectively stationary during the ob-

servation, while the spectrum of the planet undergoes a

Doppler shift induced by its orbital motion (e.g., Snellen

et al. 2010; Brogi et al. 2012; Birkby 2018).

To separate the planet signal from the systematics,

we perform a singular value decomposition (SVD) on

each spectral order, for each night (e.g., De Kok et al.

2013; Giacobbe et al. 2021). The sum of the first n SVD

components (which are all rank-1 matrices) is the best

rank-n approximation of the data. Therefore, the com-

ponents associated with the largest singular values will

capture the strong, (quasi-)stationary lines caused by

telluric/stellar absorption, while the residuals will con-

tain the much weaker planet spectrum buried in noise.

There is no golden rule prescribing how many SVD

components to remove from the data – removing too

few will cause systematics to persist, while removing

too many will affect the planet signal. Moreover, re-

cent work by Smith et al. (2024) on IGRINS data shows
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that it may be advantageous to remove a different num-

ber of SVD components per order and per night, de-

pending on the observing conditions (humidity, airmass,

etc.) and the degree of telluric absorption within an or-

der5. However, designing such an optimisation process

is non-trivial, and HRS studies generally opt to remove

the same number of SVD components from each order

for a given observing night (e.g., Line et al. 2021; Van

Sluijs et al. 2023; Boucher et al. 2023; Brogi et al. 2023;

Pelletier et al. 2023; Smith et al. 2024). In this work,

we adopt a similar approach. Yet, to remain as agnostic

as possible with regards to the telluric correction, we

carry out separate analyses for 3 ≤ n ≤ 18, with n the

fixed number of SVD components removed from each

of the orders, for each night. The motivation for the

lower limit of n = 3 is that, from this value onwards,

the Kp–Vsys maps of the combined transits (see Fig. 3)

show clear detections of CO and H2O near the expected

planet position. The upper limit n = 18 was chosen be-

cause this is where the SNR associated with the H2O

detection first drops below 4 (Fig. 4).

Additionally, it should be noted that for each of the

three observing nights, there is a partial overlap be-

tween the telluric absorption lines and the spectrum of

WASP-121b in velocity space (see Fig. 2). That is,

Vbary ≈ Vplanet(ϕi) for some phase angle ϕi, with Vbary

the barycentric velocity and Vplanet the planet velocity
6.

Such an overlap is nearly unavoidable in transit obser-

vations of short-period planets like WASP-121b, as their

radial velocity takes on a wide range of values centered

around (Vbary + Vsys), with Vsys the systemic velocity

of the planet. In this light, it is especially important

to perform the data analysis for different values of n, as

choosing a single number of SVD components could lead

to remaining systematics being interpreted as planetary

signal.

3. CROSS-CORRELATION ANALYSIS

3.1. CCF maps

Once the n largest SVD components are subtracted

from the data, we are left with residual fluxes contain-

ing the planet spectrum buried in noise. To recover

the signals of individual molecules in the atmosphere of

WASP-121b, we cross-correlate the residual fluxes with

a template spectrum at each orbital phase. This gives

rise to a 2D cross-correlation function (CCF):

5 For further discussion, see Nugroho et al. (2017), Spring et al.
(2022), Cheverall et al. (2023), and Klein et al. (2024).

6 In each of our observations, the barycentric velocity changes by
less than 1 km/s (see Fig. 2). Conversely, the planet velocity
changes by more than 120 km/s during the transit.

CCF(ϕ, v) =

Norders∑
i=1

Npixels∑
j=1

xi,j(ϕ) Ti,j(v). (1)

In this equation, xi,j(ϕ) is the residual flux in the j-th

pixel of the i-th order at phase angle ϕ. Ti,j(v) is the

value of the template spectrum (with units of transit

depth) shifted by a velocity v, evaluated at the wave-

length corresponding to xi,j .

Our template spectra are based on the

SPARC/MITgcm model of WASP-121b from Parmen-

tier et al. (2018). The chemical abundances of this

model were computed assuming chemical equilibrium

and a solar metallicity (the left column in Fig. 8 shows

the equatorial plane of the GCM, including the abun-

dances of CO, H2O, and OH). To obtain the template

spectrum for a chemical species X, we post-process the

model with gCMCRT (Lee et al. 2022b), a 3D Monte-

Carlo raditive transfer code. For each template, we

only include the opacities of species X and those of the

continuum7. We also account for Doppler-broadening

of absorption lines caused by planet rotation. As in

Wardenier et al. (2023), all templates are computed at

mid-transit, at R ∼ 135,000. With regards to Eq. 1, this

means that the template is only a function of velocity

shift, but not of orbital phase. Once the (rotationally

broadened) spectra are obtained, we convolve them

with a Gaussian kernel whose FWHM corresponds to

the spectral resolution of the instrument (R ∼ 45,000).

Prior to evaluating the CCF, we subtract the contin-

uum from the templates such that they have a horizon-

tal baseline. The cross-correlation is performed for v

between ±300 km/s, with steps of 0.5 km/s.

To further assess the robustness of our analysis, we

also perform a test in which we apply the SVD to the
data cube from IGRINS transit directly (i.e., without

performing the blaze correction and baseline subtraction

described in Section 2.2). However, before computing

the CCF, we first inject the template spectrum into the

main SVD components and then “recover” it through a

second SVD, as is routinely done in retrievals on high-

resolution datasets (e.g., Brogi & Line 2019; Line et al.

2021; Brogi et al. 2023; Smith et al. 2024). This gives

rise to a new template T̃n, with n denoting the number

of removed SVD components. T̃n is a more realistic

representation of the planet signal, as it accounts for

the subtle changes that may have been imparted on the

7 We include continuum opacities of H2, He, and H scattering,
collision-induced absorption (CIA) by H2-H2 and H2-He, and
bound-free and free-free transitions associated with H−. For ref-
erences to the opacity data, see Table 2 in Lee et al. (2022a).
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Figure 2. Cross-correlation (CCF) maps showing the CO and H2O signals of WASP-121b, obtained when removing 5 SVD
components from the data. Lighter colours imply a more positive correlation with the template (see Section 3.1). The first three
rows depict the absorption signal observed during the individual nights in the solar rest frame (i.e., corrected for barycentric
motion). The yellow dashed lines mark the expected planet trail ±30 km/s, and the red lines show the barycentric velocity
during each night. The fourth row shows the sum of the three absorption trails. The bottom row contains the same CCF map,
but shifted into the planet rest frame, where the signal manifests as a vertical trail at v = 0 km/s.

spectrum during the telluric correction. Reassuringly, as

shown in Fig. 13 in Appendix A, the phase-dependence

of the Doppler shifts that we observe for CO and H2O

does not change much with this alternative approach.

The CCF maps of CO and H2O are shown in the first

three rows of Fig. 2, which each row corresponding to

one observing night. Besides CO and H2O, we also

searched for the presence of OH, TiO, VO, HCN and

H2S, but we did not obtain significant detections8. We

find very tentative evidence for OH (see Section 3.1 and

Fig. 3), but the signal is not strong enough to claim a

detection.

As demonstrated in Fig. 2, the planetary trails in the

CCF maps are relatively weak. Also, the planet sig-

8 References to line lists: CO (Li et al. 2015), H2O (Polyansky
et al. 2018), OH (Rothman et al. 2010), TiO (Mckemmish et al.
2019), VO (McKemmish et al. 2016), HCN (Barber et al. 2014)
and H2S (Azzam et al. 2016).
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Figure 3. Kp–Vsys maps for CO, H2O, and OH when removing 5 SVD components from the data. The first three columns
are obtained from the individual transits, while the right column shows the maps when combining the three observations. The
white dotted lines mark the known (Kp ∼ 218 km/s, Vsys ∼ 38 km/s) values of WASP-121b (e.g., Borsa et al. 2021), with
the black crosses indicating the location associated with the maximum SNR value in the shown domain. The SNR values were
computed using the σ-clipping method (see text and Fig. 4), which produces slightly more conservative detections for CO and
H2O. The SNR values for OH are not significant enough to claim a detection, but the maps are included here for reference.

nal on night 2 seems to be strongest when it coincides

with the barycentric velocity, which warrants caution.
This makes it challenging to assess the phase-dependent

behaviour of CO and H2O on a night-by-night basis.

Thus, in order to enhance the signal and average any

non-planetary contributions over all nights, we combine

the three CCF maps, both in the solar rest frame (fourth

row in Fig. 2) and the planet rest frame (bottom row).

In the solar rest frame, the planet is visible as a diagonal

trail. In the planet rest frame, the planet signal mani-

fests as a vertical trail centered at v = 0 km/s (modulo

any anomalous Doppler shifts). To transform the data

to the planet rest frame we use Kp = 217.65 km/s and

Vsys = 38.20 km/s, which are the same values as those

used in Borsa et al. (2021)9. Before adding the CCF

maps together, we interpolate them onto a common grid

9 F. Borsa, private communication

with 1,000 points along the phase axis. Upon visual in-

spection, there appear to be no strong telluric artefacts

(i.e., clearly structured features outside the trail) in the

combined CCF maps.

3.2. Kp–Vsys maps

Fig. 3 shows the Kp–Vsys maps for CO, H2O, and

OH obtained when removing 5 SVD components from

the data. As in Wardenier et al. (2023), we compute the

Kp–Vsys maps by integrating the values in the CCF map

along “orbital trails” of the form v(ϕ) = Vsys+Kp sin(ϕ).

This gives

SNR(Kp, Vsys) =
1

a

Nphases∑
i

CCF
(
ϕi, v(ϕi)

)
− b, (2)

with SNR the signal-to-noise ratio at point (Kp, Vsys).

Furthermore, a is a scaling factor, b is a baseline value
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Figure 4. SNR associated with the CO and H2O detections
in the atmosphere of WASP-121b when combining the three
transits, as a function of the number of SVD components
removed from the data. The SNR is computed using two
methods (see text). Overall, the σ-clipping method produces
more conservative values for the SNR than the box method.

such that the median of the map is zero, and Nphases is

the number of points along the phase axis of the CCF

map. We integrate the signal between ϕ = ±17 de-

grees, which is the phase range covered by the transit

of WASP-121b. For each orbital phase, we compute the

CCF at v(ϕi) by performing a linear interpolation be-

tween the CCF values at the two closest radial velocities.

We calculate the Kp–Vsys maps for Kp between ±350

km/s and Vsys between ±150 km/s. Fig. 3 only shows

a subregion of this domain, zooming in on the detection

peaks (see Fig. 14 in Appendix A for plots across the

whole domain). We use two methods to determine the

value of a in Eq. 2. The “box method” (e.g., Line et al.

2021; Nortmann et al. 2024) sets a equal to the standard

deviation of all SNR values in a region (a box) far away

from the expected planet position. In this work, we

use the region Kp < 0 km/s. The “σ-clipping method”

(e.g., Kasper et al. 2021; Weiner Mansfield et al. 2024)

takes the standard deviation of the whole map, but iter-

atively rejects values that deviate by more than 3σ from

the median (we use 4 iterations). The Kp–Vsys maps in

Fig. 3 show the SNR values obtained with the σ-clipping

method.

In each of the individual nights, we detect CO at

SNR ≳ 4. When combining the observations10, the sig-

10 When combining the Kp–Vsys maps, we first add the “non-
normalised” maps together (i.e., with a = 1 and b = 0), and
then compute the values of a and b for the sum (see Eq. 2).
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Figure 5. The location of the detection peaks of CO (circles
with blue edges) and H2O (diamonds with red edges) in the
combined Kp–Vsys map when different numbers of SVD com-
ponents are removed from the data (indicated by the colour
scale). The greater the size of a symbol, the higher the as-
sociated detection SNR. The dashed lines mark the known
(Kp, Vsys) values of the planet. The coloured contours in the
background denote SNR = max(SNR) − 1 for each of the
points.

nal is boosted to SNR ≳ 7. Detecting H2O based on an

individual transit appears to be much harder. On night

1, there is a peak at the expected planet position, but

its value is not significant. On night 2, we find a rela-

tively strong H2O peak, but it is offset by ∼100 km/s

along the Kp axis (possibly due to telluric effects). On

night 3, there is a peak with SNR ∼ 4 near the expected

planet position, but we find a similarly strong feature at

a lower Kp value. It is only when combining the obser-

vations that an unambiguous signal (SNR ≳ 5) emerges

near the known (Kp, Vsys) of the planet. When it comes

to OH, we find hints of its presence in the atmosphere

of WASP-121b, but the SNR values in Fig. 3 are not

significant. We will briefly reflect on this non-detection

in Section 6.6.

Fig. 4 shows the detection SNR obtained as a func-

tion of the number of SVD components removed from

the data. Depending on the method used, we find a

maximum SNR of 8–10 for CO (when removing 4 SVD

components from all orders for all nights) and a maxi-

mum SNR of 5.5–6.5 for H2O (when removing 8 compo-

nents). Furthermore, Fig. 5 shows the (Kp, Vsys) values

at which the detection peaks occur for a given number

of removed SVD components.

Finally, with regards to the H2O signal, it should be

noted that the ∼100 km/sKp offset on night 2 cannot be

physical. This is likely due to some remaining system-
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Figure 6. 1D CCF signals associated with CO (top row) and H2O (bottom row) in the planet rest frame, obtained when
removing 5 SVD components from the data. The 1D CCFs were computed by splitting the CCF map into four quarters and
summing the values along the phase axis. Each quarter spans ∼7 degrees in phase. The left panels show the 1D CCFs across
a wide range of radial velocities, while the right panels show zoomed-in versions of the same plots. Furthermore, the dashed
curves show Gaussians that were fit to the peaks of the 1D CCFs to measure the Doppler shift of the planet spectrum as a
function of orbital phase (see Fig. 7). The vertical dotted lines mark the peak positions of the Gaussian fits.

atics in the data. Therefore, by itself, the H2O signal

from night 2 should be treated with caution. However,

we still include night 2 in our combined H2O observa-

tion for several reasons. Firstly, the observation from

night 2 still contains valid planet information, as demon-

strated by the strong CO detection (for which the peak is

not shifted) on the same night. Also, the Kp–Vsys map
of H2O does feature a secondary (but less prominent)

peak closer near the expected planet position. Further-

more, the observations from night 2 suffered from the

lowest humidity and showed the highest SNR (see Table

2 and Fig. 1), so in principle these data should contain

the highest-quality signal. In the end, the fact that we

combine three independent transits makes the combined

observation more robust against noise effects from the

individual nights. This is because the complementary

planet signals add up, while the impacts of noise and

systematics are “diluted” as they are averaged over all

nights. Given the currently available data, this is the

best we can do to maximise the H2O signal. Additional

transit observations of WASP-121b will be needed to

confirm our measurements.

4. THE PHASE-DEPENDENCE OF THE

ABSORPTION TRAILS

4.1. Measuring Doppler shifts through Gaussian fitting

When combining all transits, the detection peaks of

CO and H2O appear offset with respect to the expected

planet position in the Kp–Vsys maps (Figs. 3, 5). This

implies that the Doppler shifts of these species deviate

from v = 0 km/s in the planet rest frame (e.g., Warde-

nier et al. 2021, 2023).

To study the precise behaviour of the planet’s

absorption lines with orbital phase, we split the

CCF signal into four quarters with bin edges ϕ =

{−13.5◦,−6.75◦, 0◦, 6.75◦, 13.5◦}. Note that we exclude

the ingress and egress phases here, to make sure that

the planet is fully in front of the star across each bin.

Fig. 6 shows the 1D CCF signals that we obtain for

CO and H2O in the planet rest frame, for each quarter

of the transit. Although the planet signals are relatively

weak, each CCF (except for H2O in the first quarter)

still features a well-defined peak. As illustrated in Fig.

2, there is no H2O signal in the first quarter of the tran-

sit, which is why we do not recover a peak in the corre-

sponding 1D CCF.
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Table 3. The phase-dependent Doppler shifts of CO and H2O during the transit of WASP-121b, as
measured in this work. The associated error σ is computed using two different methods discussed
in the text. The data reported in this table are plotted in Fig. 9.

CO CO CO H2O H2O H2O

Doppler shift σSVD σjackknife Doppler shift σSVD σjackknife

1st quarter +1.8 km/s 1.1 km/s 1.0 km/s — — —

2nd quarter −3.2 km/s 0.8 km/s 0.6 km/s −3.3 km/s 1.7 km/s 1.0 km/s

3rd quarter −1.6 km/s 0.4 km/s 0.6 km/s +1.9 km/s 0.8 km/s 1.2 km/s

4th quarter −3.1 km/s 0.5 km/s 1.5 km/s +2.3 km/s 1.0 km/s 1.2 km/s
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Figure 7. Measured Doppler shifts for CO (left panel) and H2O (right panel) as a function of orbital phase angle. Different
colours represent different numbers of SVD components removed from the data. We do not display error bars in this figure as
the uncertainty quoted in the covariance matrix of the Gaussian fit obtained with from scipy.optimize.curve fit (see Fig.
6) is much smaller than the scatter in the measurements for different numbers of SVD components. The aggregate signals with
error bars can be found in Fig. 9.

To measure the phase-dependent Doppler shifts of CO

and H2O, we use scipy.optimize.curve fit to fit a

Gaussian to each CCF between ±10 km/s (to add more

flexibility to the fit, we also allow for the baseline to be

negative). This gave better results than performing the

fit across a wider range of velocities. The dashed curves

in Fig. 6 (right panels) show our Gaussian fits, trun-

cated by a horizontal line at zero. The dotted vertical

lines in the plots denote the peak positions inferred from

the fits.

As mentioned previously, we perform the above anal-

ysis for removing any number of SVD components be-

tween 3 and 18. Fig. 7 shows the Doppler shifts that

we obtain for CO and H2O as a function of orbital

phase angle. In spite of the scatter in the values that

we measure for a given species at a given phase, the

qualitative behaviour of the signals is robust under the

removal of different numbers of SVD components from

the data, which is reassuring. To calculate the “final”

Doppler shifts quoted in Table 3, we take the average

Doppler shift over all numbers of removed SVD compo-

nents, weighted by the detection SNR obtained with the

σ-clipping method11 (Fig. 4).

4.2. Computing error bars

The uncertainties quoted in the covariance matrix of

Gaussian fits to the 1D CCFs are too small (< 0.1 km/s)

to constitute realistic error bars. Therefore, we use two

alternative methods to estimate the error on the mea-

sured Doppler shifts from Table 3. Our first error esti-

mate, σSVD, is the square root of the weighted variance

of the Doppler shifts across all numbers of removed SVD

components. Again, the weights are given by the SNR

values obtained from the σ-clipping method.

For the second error estimate, σjackknife, we assume

that 5 SVD components are removed from the data. We

then split each quarter of the transit into 5 bins, which

11 It should be noted that the weighted average differs by < 0.1
km/s from the unweighted average, so both methods give essen-
tially the same Doppler shift.
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span ∼1.3◦ in orbital phase12. Subsequently, we mea-

sure the Doppler shift in each quarter by fitting a Gaus-

sian to the sum of each combination of 4 bins (leaving

out 1 “sample”). Such a jackknife approach gives rise to

5 separate measurements. The error estimate is given

by the standard deviation of these values.

As shown in Table 3, both methods produce similar

error estimates overall (within a factor 2). The only ex-

ception is the Doppler shift of CO in the fourth quarter

of the transit (0.5 vs 1.5 km/s). Upon closer inspection,

it turns out that one bin contains a large part of the

signal, and when this bin is left out, the Doppler shift

measurement changes by a few km/s. This is why the

error obtained from the jackknife is larger.

5. GLOBAL CIRCULATION MODELS OF

WASP-121B

The phase-dependent Doppler shifts of CO and H2O

observed in this work are testament to the 3D nature

of UHJs, motivating the need for 3D global circulation

models (GCMs) to interpret the data. To constrain the

atmospheric properties of WASP-121b, we compare the

measured CO and H2O trails to four different GCM

scenarios. A more quantitative retrieval study to in-

fer chemical abundances and wind speeds (e.g., Maguire

et al. 2022; Gandhi et al. 2022, 2023; Pelletier et al. 2023;

Hood et al. 2024; Weiner Mansfield et al. 2024) is left

for future work (Levens et al., in prep.).

5.1. Four models of WASP-121b

We consider four SPARC/MITgcm models of WASP-

121b, which are presented in Fig. 8. The SPARC/-

MITgcm was first described by Showman et al. (2009).

Since, it has been widely used to study the atmospheric

physics and chemistry of (ultra-)hot Jupiters (e.g., Fort-

ney et al. 2010; Showman et al. 2013; Kataria et al. 2013;
Parmentier et al. 2018; Steinrueck et al. 2021; Tan et al.

2024).

Our first model of WASP-121b is the drag-free at-

mosphere from Parmentier et al. (2018). As shown in

the first column in Fig. 8, the temperature structure

of this model is essentially symmetric, such that the

morning and evening limbs have similar chemical com-

positions. The other three models are based on work

by Tan et al. (2024). In contrast to the model from

Parmentier et al. (2018), these GCMs also account for

heat transport due to H2 dissociation and recombina-

tion (e.g., Bell & Cowan 2018; Komacek & Tan 2018;

Tan & Komacek 2019; Roth et al. 2021). The idea be-

12 Individual frames in the dataset span 0.9◦ (nights 1 and 3) and
1.1◦ (night 2) in orbital phase, respectively.

Table 4. Overview of some of the parameters of the GCMs
described in Section 5.1 (see Fig. 8 for plots of the equatorial
plane of each model).

Parameter Value

Orbital period 1.1007×105 s (1.274 days)

Pressure range 200 – 2×10−6 bar

Radius at bottom 1.3038×108 m (1.824 RJup)

Gravity 8.43 m/s2

Horizontal resolution C32

Vertical resolution 53 layers

Metallicity and C/O 1 × solar

H/H2 heat transport? {×,✓,✓,✓}
Drag timescale {∞,∞, 106 s, 104 s}

Radiative transfer non-grey (see Kataria et al. 2013)

hind this mechanism is that H2 thermally dissociates on

the dayside, after which atomic hydrogen gets advected

to the nightside, where it recombines into H2 and re-

leases latent heat. When the atmospheric circulation is

predominantly eastward, most of this heat is dumped

on the evening limb, resulting in a temperature asym-

metry between the eastern and western regions of the

atmosphere (second column in Fig. 8).

To explore the effect of atmospheric drag (e.g., Show-

man et al. 2013; Komacek & Showman 2016; Parmen-

tier & Crossfield 2018), we also consider two models

with drag timescales τdrag = 106 s (weak drag) and

τdrag = 104 s (strong drag), which are shown in the

third and fourth column of Fig. 8. The drag timescale

encapsulates a variety of physical mechanisms, such as

turbulent mixing (Li & Goodman 2010), Lorentz-force

braking of ionised winds in the planet’s magnetic field

(Perna et al. 2010a), and Ohmic dissipation (Perna et al.

2010b). The drag deposits energy back into the atmo-

sphere. As shown in Fig. 8, increasing the drag strength

(and thus lowering τdrag) slows down winds in the at-

mosphere13. This leads to less efficient heat redistribu-

tion and a more symmetric temperature structure. Also,

the equatorial jet gets suppressed – in the strong-drag

model, there is only a day-to-night flow.

Another notable difference between the model from

Parmentier et al. (2018) and the models from Tan et al.

(2024) is that the latter account for opacities from Fe

when evaluating heating and cooling rates, making the

13 τdrag is a tunable parameter in the GCM. It is included as an ad-
ditional “Rayleigh drag” term −v⃗/τdrag in the momentum equa-
tion solved by the dynamical core. This approach assumes that
the drag force is uniform across the whole planet atmosphere. A
drag-free scenario corresponds to τdrag → ∞.
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Figure 8. Overview of the four GCM models of WASP-121b considered in this work. The model in the first column is from Par-
mentier et al. (2018), while the other three models (which account for heat transport due to hydrogen dissociation/recombination)
are from Tan et al. (2024). Each panel shows the equatorial plane of the planet, with the relative size of the atmosphere inflated
for visualisation purposes. From top to bottom, the rows show the temperature structure, the line-of-sight velocities due to
winds (at mid-transit), and the spatial distribution of CO, H2O, and Fe, respectively. The dashed contours in each plot represent
isobars with pressures P = {101, 10−1, 10−3, 10−5} bar.
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thermal inversion on the dayside extend to much lower

pressures. We refer to Table 1 in Tan et al. (2024) for the

full list of opacities considered in their radiative transfer

and to Freedman et al. (2014) for the opacities used by

Parmentier et al. (2018). While the extra optical opacity

causes the models with H2 dissociation/recombination

to look substantially hotter, they have nearly the same

effective temperature (∼2400 K) at the dayside photo-

sphere (∼0.1 bar) as the model from Parmentier et al.

(2018).

Table 4 provides a summary of some other important

parameters of the four SPARC/MITgcm models. All

models were run at a horizontal resolution of C32, which

corresponds to roughly 128 cells in longitude and 64 cells

in latitude. Before computing phase-dependent spectra

of the GCMs with gCMCRT, we bin the outputs down to

32 latitudes and 64 longitudes, as was done in Wardenier

et al. (2021, 2023).

5.2. Computing absorption trails

Our Doppler-shift measurements of CO and H2O with

IGRINS are not the only phase-resolved transit ob-

servations of WASP-121b: Borsa et al. (2021) mea-

sured the absorption trail of Fe in the optical with

VLT/ESPRESSO (see Fig. 9). We can thus rely on

three species to constrain the atmospheric properties of

WASP-121b.

We use gCMCRT (Lee et al. 2022b) to compute phase-

dependent transmission spectra of the four GCM mod-

els across the ESPRESSO (0.38−0.79 µm) and IGRINS

(1.42−2.42 µm) bandpasses, accounting for Doppler

shifts due to planet rotation and winds. All details re-

garding the radiative transfer and post-processing can

be found in Section 2 in Wardenier et al. (2023), so we

just provide a brief summary of the gCMCRT setup be-

low.

Before feeding the GCM outputs into gCMCRT, we

map the atmospheric structures onto a 3D grid with

altitude (instead of pressure) as a vertical coordinate.

We account for the fact that each atmospheric column

has a different scale height, which is set by local grav-

ity, temperature, and mean-molecular weight. For each

of the four WASP-121b models we simulate 25 spec-

tra (equidistant in orbital phase) between phase angles

±17.6, which also cover the ingress and egress. We as-

sume an edge-on orbit, a semi-major axis of 0.025 AU,

a stellar radius of 1.46 R⊙, and an orbital period of 1.27

days. At each orbital phase angle, gCMCRT simulates

a transmission spectrum by randomly shooting photon

packets at the planet limb and evaluating the optical

depth encountered by each photon packet. In this calcu-

lation, the code accounts for Doppler shifts imparted on

the opacities by the radial component of the local wind

vector and planet rotation (Wardenier et al. 2021). The

transit depth at a given wavelength is then obtained by

averaging over all photon packets. We use 105 photon

packets per wavelength to accurately model the shapes,

depths, and shifts of the spectral lines. Because we do

not explicitly treat scattering, the propagation direction

of the photon packets does not change throughout the

calculation. As in Wardenier et al. (2023), the opti-

cal and infrared spectra are computed at resolutions

R = 300, 000 and R = 135, 000, respectively. For the

radiative transfer, we include the same set of continuum

opacities and line species as in Wardenier et al. (2023).

Before computing the CCFs, we convolve the planet

spectra and the templates (see Section 3) with a Gaus-

sian kernel corresponding to the resolution of the respec-

tive instruments. Because the ESPRESSO observations

were performed both in 1-UT (R ∼ 138,000) and 4-UT

(R ∼ 70,000) mode, we convolve the optical spectra and

the Fe template to two resolutions, and we calculate the

CCF maps for both. Fig. 9 shows the CCF signals of

CO, H2O, and Fe that we obtain for each of the models,

with the real data plotted on top. The full CCF maps

are shown in Fig. 10.

6. DISCUSSION

6.1. The CO signal

Indeed, as suggested by the negative Kp offset of CO

in the Kp–Vsys map (Fig. 3), the absorption lines of

CO become increasingly blueshifted during the transit

of WASP-121b. This is reminiscent of the CCF sig-

nals of Fe and other refractory species that have been

reported in the atmosphere of WASP-76b (Ehrenreich

et al. 2020; Kesseli & Snellen 2021; Pelletier et al. 2023),

whose equilibrium temperature is ∼250 K lower than

that of WASP-121b. Our observation is also in qualita-

tive agreement with Wardenier et al. (2023), in which

we predicted that CO should exhibit similar absorption

signatures as refractory species in the atmospheres of

UHJs. This is because absorption by CO mainly occurs

on the dayside of the planet (see Fig. 7 in Wardenier

et al. 2023). At the start of the transit, the CO signal

is dominated by the leading (morning) limb, where the

redshift associated with planet rotation counteracts the

blueshift associated with day-to-night winds. Then, as

the dayside of the trailing (evening) limb rotates into

view, the Doppler shift should become more negative

as planet rotation and day-to-night winds both impart

a blueshift to the signal (see also Fig. 2 in Wardenier

et al. 2021).

As far as our GCMs of WASP-121b are concerned

(Fig. 9), the drag-free and weak-drag models with
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Figure 9. CCF signals of CO, H2O, and Fe for each of the four GCM models of WASP-121b (computed at 25 phases across
the transit). In each panel, the trails show the maximum of the CCF as a function of orbital phase. The data points in the left
and middle panel depict the phase-dependent Doppler shifts of CO and H2O measured in this work (the error bars correspond
to σSVD in Table 3). The data points plotted in the right panel are from Borsa et al. (2021), who observed the transit of WASP-
121b with VLT/ESPRESSO in 1-UT (R ∼ 138,000, black points) and 4-UT (R ∼ 70,000, grey points) mode, respectively. The
dashed and solid trails are from the same GCM models, but represent different spectral resolutions (see also Fig. 10). The gap
in the observed Fe trail is due to the Doppler shadow of the host star, whose photosphere (Teff ∼ 6700 K, e.g., Daylan et al.
2021) contains Fe but no H2O and CO.

H2 dissociation/recombination produce the strongest

blueshifts. The fact that both models give rise to essen-

tially the same CCF signal indicates that weak drag has

little impact on the wind speeds in the observable part

of the atmosphere. Further decreasing τdrag does lead to

a noticeable change in the line-of-sight velocities, which

is why the absorption trail of the strong-drag model is

less blueshifted. The jump in the signal from −4 km/s

to −7 km/s after mid-transit is driven by planet rotation

(Wardenier et al. 2023).

When H2 dissociation/recombination is accounted for

in our models, the observed CO signal appears to be

most commensurate with strong drag in the atmosphere

of WASP-121b, although this model still overpredicts

the observed blueshift in the second half of the tran-

sit by a few km/s. Interestingly, the drag-free model

without H2 dissociation/recombination produces similar

Doppler shifts as the strong-drag model with H2 dissoci-

ation/recombination. This result underscores the sensi-

tivity of the wind profile and the resulting Doppler shifts

to the treatment of heat transport in the GCM.

Looking at Fig. 9, the Doppler-shift measurement of

CO in the second quarter of the transit (just before mid-

transit) appears to be somewhat of an outlier compared

to the other data points. This is further corroborated

by the phase-dependence of the CCF peak strength (see

Fig. 6, as well as Fig. 16 in Appendix A). Throughout

the transit, the signal strength is essentially constant,

except in the second quarter, where the signal is a factor

∼2 weaker. This variation is not predicted by any of the

models considered in this work (Fig. 10), so this data

point should be interpreted with caution.

6.2. The H2O signal

Contrary to CO and Fe, the H2O signal of WASP-

121b becomes less blueshifted during the transit – in

agreement with the positive Kp offset in the combined

Kp–Vsys map in Fig. 3. As demonstrated in the middle

panel of Fig. 9, the only model that can capture the ob-

served phase-dependence of the H2O trail is the strong-

drag model. This is not surprising – in Wardenier et al.

(2023), we demonstrated that a decrease in blueshift can

only be achieved in a scenario where planet rotation is

the dominant contributor to the line-of-sight velocities

(e.g., Fig. 8 in Wardenier et al. 2023). That is, winds

must be slowed down substantially. Owing to the spatial

distribution of H2O across the atmosphere of an UHJ,

most of its signal originates from the nightside, leading

to an exact opposite behaviour compared to species that

are abundant on the dayside of the planet, such as CO

and Fe. At the start of the transit, the trailing (evening)

limb dominates the planet signal, while the contribution

from the leading (morning limb) is strongest at the end

of the transit.
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Figure 10. Simulated CCF maps of CO (top row), H2O (second row), and Fe (bottom rows, at two different spectral resolutions),
based on the four GCM models considered in this work. All maps were normalised to their own maximum. The white curves
in each panel indicate the maximum of the CCF and are the same as the trails plotted in Fig. 9. The red data points show
the Doppler shifts measured for each species at the given spectral resolution. In the dataset from Borsa et al. (2021), the 4-UT
observations at R ∼ 70,000 only cover the last part of the transit, while 1-UT observations at R ∼ 138,000 cover the entire
transit. The gap in the Fe data is due to the Doppler shadow of the star.

The presence of strong drag in the atmosphere of

WASP-121b would be consistent with phase-curve ob-

servations from HST, TESS, and JWST in the optical

and infrared (Bourrier et al. 2020b; Daylan et al. 2021;

Mikal-Evans et al. 2022, 2023), which revealed phase-

curves offsets between zero and a few degrees eastward.

The absence of a H2O signal in the first quarter of the

transit remains puzzling. As shown in Fig. 10, none of

the GCM models predict zero signal at the start of the

transit. However, the models accounting for H2 dissoci-

ation/recombination do show a marginally weaker signal

in the first half of the transit than in the second half,

so heat transport may form part of the solution. To in-

vestigate whether noise or systematics may hamper the

detection of H2O in the first quarter (or whether the lack

of signal could be of planetary origin), we perform an in-

jection test whereby we inject a “negative” spectrum14

into the data cube at the planet position. The spectrum

is scaled such that it roughly cancels out the CCF peaks

of H2O in the other parts of the transit. This ensures

that the injected signal is of the same magnitude as that

of the real planet.

Fig. 11 shows the results of the injection test. The

CCF of the first quarter features a negative peak at the

planet position. At the same time, the other parts of the

transit show no clear detections as the (negative) injec-

tion cancels out the (positive) planet signal. The fact

14 We multiply each row of the data cube by 1−(−δ(λ)) = 1+δ(λ),
with δ(λ) a model of the transit depth of the planet as a function
of wavelength λ. We then perform a regular data analysis as
described in Section 2.
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Figure 11. 1D CCF signal of H2O in each quarter of the
transit after the injection of a negative planet signal into the
data cube (the plot is based on all three nights, with 5 SVD
components removed from the data). The CCF of the first
quarter features a clear minimum at 0 km/s, as opposed to
the CCFs of the other quarters.

that there is a negative peak in the first quarter suggests

that there is indeed little planet signal to be cancelled

out. Furthermore, it demonstrates that the injected sig-

nal is detectable given the noise and the systematics of

the observation. Thus, had a H2O signal been present

in the first quarter of the transit, we should have been

able to measure it.

Although the injection test suggests that the lack of

H2O absorption could be physical, it cannot be fully

ruled out that telluric effects play a role (see Section

2). In this light, additional observations with different

barycentric-velocity offsets (that do not overlap with the

first half of the planet transit) will be beneficial.

6.3. Muting the H2O signal

If the absence of a H2O signal in the first quarter of

the transit is indeed physical, it could the the result

of clouds on the nightside of WASP-121b (e.g., Helling

et al. 2021). Because CO and Fe mainly probe the

dayside of the atmosphere, their signals should remain

largely unaffected (Wardenier et al. 2023). Crucially,

however, clouds should only mute the H2O signal on

the trailing limb, but not on the leading limb. To ex-

plore this scenario, we recompute the transit spectra of

the strong-drag model, but this time we include an op-

tically thick cloud deck between longitudes 0◦ < φ <

180◦. Our cloud presciption is identical to that in Savel

et al. (2022) and Wardenier et al. (2023). That is, we

place the cloud deck at all temperatures that lie below

the Al2O3 condensation curve, while restricting its ver-

tical extent to 10 scale heights (see top panel in Fig.

Figure 12. Top: The H2O abundance in the equatorial
plane of the strong-drag model, but now with a cloud deck
on the trailing (evening) limb (see Section 6.3 for further
details). Bottom: The CCF map of H2O obtained when
including the above cloud in the strong-drag model. The
signal in the first quarter of the transit is significantly muted.
The red data points show our IGRINS measurements.

12). We note that this is a very crude way to account

for the impact of clouds, so the model should be seen as

a limiting case.

The bottom panel in Fig. 12 shows the resulting H2O
signal. In the first quarter of the transit, H2O absorp-

tion is indeed strongly suppressed (also see Fig. 16 in

Appendix A), which is in better agreement with our ob-

servations. On the other hand, there is a larger dis-

crepancy between the measured and modelled Doppler

shifts in the second quarter of the transit. This is a

consequence of the muted trailing-limb contribution. It

should be noted, though, that our cloud model is by no

means an quantitative fit to the data. The cloud param-

eters (opacity, vertical extent, etc.) could be optimized

to better match the Doppler shifts, but such a retrieval

is beyond the scope of this work.

Besides considering clouds, we also investigate

whether chemical transport can give rise to a strong

asymmetry in the H2O abundance. The idea is that

it takes a nonzero time for H and OH to recombine into
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H2O as material is advected from the dayside to the

nightside of the planet. Hence, the true H2O abundances

in the limb region do not just depend on pressure and

temperature, but also on atmospheric circulation and

recombination timescales (e.g., Parmentier et al. 2018).

To simulate this scenario, we feed the equatorial abun-

dances and wind speeds from the GCMs into the 2D

VULCAN photochemical model (Tsai et al. 2024). For

both the weak-drag and the strong-drag model, we find

that the nightside H2O abundances only change sub-

stantially (by up to 3 orders of magnitude) in small

regions of the atmosphere around 10−5 bar (see Fig.

15 in Appendix A). Muting the H2O signal, however,

would require such changes across multiple dex in pres-

sure (just like the cloud deck in Fig. 12 has a large verti-

cal extent). Therefore, chemical transport alone cannot

explain the muted H2O signal in the first quarter of the

transit.

If “evening clouds” are indeed the most plausible

mechanism behind the strongly varying H2O signal of

WASP-121b, one would simultaneously have to explain

why clouds do not prevail on the leading (morning) limb

of the planet. One scenario could be that condensates

form on the trailing limb, and settle gravitationally as

they are advected across the nightside. Another driver

could be cloud-patchiness caused by global-scale cloud

transport (e.g., Komacek et al. 2022).

When it comes to confirming the cloud hypothesis,

the JWST/NIRSpec phase curve of WASP-121b (Mikal-

Evans et al. 2023) will be a valuable dataset. Cloudy

regions on the nightside should emit less flux than pre-

dicted by (cloud-free) GCMs, as clouds block radiation

from deeper, hotter layers of the atmosphere (e.g., Par-

mentier & Crossfield 2018; Parmentier et al. 2021; Bell

et al. 2024). The JWST dataset also includes a transit

spectrum. At low resolution, evening clouds (if present)

should also mute H2O features at the start of the transit.

6.4. The Fe signal

The right panel in Fig. 9 shows the Fe trails of our

GCM models, along with the Doppler shifts of Fe mea-

sured by Borsa et al. (2021) with ESPRESSO. Especially

for the strong-drag model, there is a considerable differ-

ence between the absorption trails at both ESPRESSO

resolutions. This is because the trails only show the

location of the maximum CCF value as a function of

phase. Fig. 10 illustrates what is going on. At R ∼
138,000, the CCF map consists of two modes, each as-

sociated with one of the planet limbs – see Nortmann

et al. (2024) for an extreme example of this effect. At

such high resolution, the two modes are still “spectrally”

separated. However, when the spectra are convolved to

R ∼ 70,000, the modes blend into one, changing the

location of the CCF maximum.

For R ∼ 70,000 (4-UT mode) there is impressive

agreement between the ESPRESSO data and the ab-

sorption trail of the strong-drag model, especially since

the GCM is by no means an optimised fit to the data.

For R ∼ 138,000 (1-UT mode), the situation is more

complicated. Firstly, the strong-drag model does not

manage to reproduce the observed Doppler shifts of Fe

in the first half of the transit. Rather, the data show

much better agreement with the weak-drag and drag-

free models that include H2 dissociation/recombination.

On the contrary, the drag-free model without H2 disso-

ciation/recombination does not provide a good match

– it underpredicts the blueshift of Fe across the entire

transit. In the second half of the transit, none of the

GCM models produce a perfect fit to the data at R ∼
138,000. While the strong-drag model matches the ob-

served trail better in terms of shape (note the Doppler

shifts during the egress phase of the transit), the weak-

drag model shows better agreement in terms of overall

Doppler shift.

Taken together, the Fe observations are consistent

with at least some degree of drag (104 ≲ τdrag ≲ 106 s)

in the atmosphere of the planet, but this drag may

not necessarily be uniform. Moreover, as opposed to

WASP-76b, the Fe trail of WASP-121b does not provide

clear evidence of a strong thermochemical asymmetry

between the morning and evening terminator (e.g., War-

denier et al. 2021; Savel et al. 2022). As illustrated in

Fig. 8, the limbs of the weak-drag and strong-drag mod-

els have very similar temperatures and compositions.

6.5. Model limitations

While our GCM models are able to broadly mimic

the observed Doppler-shift trends for CO, H2O, and Fe,

there still exists some tension between the measured and

modelled absorption signals of WASP-121b.

One issue is that, for each of the four GCM models,

the predicted Doppler shifts of Fe and CO are very sim-

ilar, within ∼2 km/s at every phase (see also Wardenier

et al. 2023). However, in the first and final quarters of

the transit, the observed Doppler shifts of both species

differ by 4–5 km/s. These measurements indicate that

CO and Fe must (on average) probe different pressures

on the dayside, and that the vertical wind shear between

these layers is probably stronger than expected (e.g.,

Miller-Ricci Kempton & Rauscher 2012; Seidel et al.

2021). One limitation of the GCM in this regard, is that

its upper boundary lies at 2 µbar. When performing the

radiative transfer at lower pressures with gCMCRT, we

simply assume that the wind speeds are the same as in
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the upper layers of the GCM output. While the bulk

of the iron lines must probe pressures >2 µbar (War-

denier et al. 2021, 2023), this could explain part of the

discrepancy.

There also exists tension between the signals of H2O

and Fe. To produce the decreasing blueshift observed

for H2O, the GCM requires strong drag (i.e., low wind

speeds). Even in the strong-drag scenario, our models

struggle to match the ∼2 km/s redshift measured in the

second half of the transit. At the same time, the strong-

drag model fails to reproduce the Fe signal from Borsa

et al. (2021) at both VLT resolutions. The fact that the

measured Doppler shifts of Fe do not change between

both resolutions (see Fig. 9) favours a scenario with

weaker drag.

In the light of these observations, it should be noted

that our GCMs assume uniform drag across the atmo-

sphere of WASP-121b. In reality, however, τdrag will

depend on local conditions. For example, in the case

of magnetic drag, τdrag is a function of the local tem-

perature, magnetic field strength, number density, and

ionisation fraction (Rauscher & Menou 2013; Beltz et al.

2023; Soriano-Guerrero et al. 2023). Beltz et al. (2023)

showed that accounting for these dependencies with

a more sophisticated magneto-hydrodynamical (MHD)

prescription can have significant impact on the Doppler

shifts of species measured in transmission. Thus, it may

not be surprising that a model with uniform drag fails

to match the signals of all species at all orbital phases,

at different spectral resolutions.

6.6. Non-detection of OH

Although we find a hint of OH in the atmosphere

of WASP-121b (see Figs. 3, 14), the associated signal

(SNR ∼ 2.5) is not significant. This is remarkable given

that OH was confidently detected (SNR ∼ 6.1) in the at-

mosphere of WASP-76b based on one transit visit with

CARMENES (R ∼ 80, 000; Landman et al. 2021), which

is on a smaller, 3.5-m telescope. Since the equilibrium

temperature of WASP-121b is ∼250 K higher than that

of WASP-76b, one explanation could be that OH has

further dissociated into atomic O and H on the hot-

ter dayside of WASP-121b, such that its features in the

transmission spectrum are weaker. A retrieval would

allow to shed light on the upper limits of the OH abun-

dance in the region probed by our transit data.

Another aspect to consider is the instrument. Based

on two transit visits with IGRINS, Weiner Mansfield

et al. (2024) also reported OH in the atmosphere of

WASP-76b. However, with SNR values of ∼3 and ∼4,

respectively, their detections are weaker compared to

the result from Landman et al. (2021). In this light, ob-

servations with other high-resolution spectrographs like

ESO-3.6/NIRPS (Wildi et al. 2022) or VLT/CRIRES+

(Dorn et al. 2023) may help to get a better handle on

the OH signal of WASP-121b.

6.7. A note on atmospheric retrievals

Our observations of WASP-121b highlight some chal-

lenges associated with performing high-resolution trans-

mission retrievals in the infrared (see also the discussion

in Wardenier et al. 2023). In the infrared, the main ab-

sorbing species on UHJs are CO and H2O, which have

distinct 3D spatial distributions across the atmosphere.

Therefore, the absorption lines of both species will probe

different temperatures (CO is more sensitive to the day-

side, while H2O is more sensitive to the nightside), but

they will also be subject to different phase-dependent

Doppler shifts. This leads to species-dependent peak

offsets in the Kp–Vsys map (e.g., Fig. 3).

The fact that CO and H2O probe different parts of the

atmosphere suggests that a single temperature (profile)

and a single pair of (∆Kp, ∆Vsys) parameters may not

be sufficient to accurately represent the physics under-

lying the observation in a forward model. To our knowl-

edge, it has not been studied how abundance measure-

ments from high-resolution transmission retrievals are

affected when assuming the same Doppler shift and/or

temperature for CO and H2O.

—

7. SUMMARY AND CONCLUSION

In this work, we presented three transit obser-

vations of the ultra-hot Jupiter WASP-121b with

GEMINI-S/IGRINS. We demonstrated that the instru-

ment is capable of resolving the absorption signals of CO

and H2O with orbital phase. To our knowledge, these

measurements are the first of their kind in the infrared.

To interpret the absorption trails of CO and H2O, as

well as the Doppler shifts of Fe previously measured by

Borsa et al. (2021) with VLT/ESPRESSO, we compared

the data to simulated cross-correlation signals based on

the outputs of global circulation models (GCMs).

Our observations show that phase-resolved transmis-

sion spectroscopy is a powerful technique to character-

ize the 3D nature of (ultra-)hot Jupiters, especially in

tandem with theoretical predictions from GCMs. Ow-

ing to the unique spatial distribution of different chem-

ical species across the planet, different absorption trails

provide complementary information about the 3D struc-

ture and dynamics of the atmosphere. Instruments on

the next generation of ground-based telescopes, such

as the E-ELT, will be able to resolve the absorption

trails of transiting gas giants with a much better pre-

cision and phase resolution, so observations like these
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will become the standard in future high-resolution spec-

troscopy studies.

Our main findings are summarised below:

• CO and H2O are subject to different phase-

dependent Doppler shifts in the atmosphere of

WASP-121b. CO absorption lines become more

blueshifted during the transit (similar to refrac-

tories such as Fe), while H2O lines become less

blueshifted, and even show a redshift in the second

half of the observation. These qualitative trends,

driven by a combination of planet rotation and

the 3D distribution of a species across the atmo-

sphere, are in agreement with previous modelling

work from Wardenier et al. (2023) and are robust

under the removal of different numbers of SVD

components from the data.

• While the CO signal strength is roughly constant

with orbital phase, there is no H2O signal in the

first quarter of the transit. None of our (cloud-

free) GCM models predict such strongly muted

H2O absorption at the start of the observation.

The lack of H2O signal could be due to systemat-

ics/tellurics in the data (warranting extra obser-

vations), but it can also be explained by a cloud

on the evening limb of WASP-121b.

• The absorption trails of CO, H2O, and Fe are all

consistent with the presence of drag in the at-

mosphere of WASP-121b. However, none of our

four models produce a perfect match to all the

data simultaneously, potentially hinting at missing

physics in the GCM (such as spatially dependent

magneto-hydrodynamics, e.g., Beltz et al. 2023).

The presence of drag in the atmosphere of WASP-

121b is in agreement with recent phase-curve ob-

servations of the planet, which revealed relatively

small hotspot offsets. Also, the Fe signal does not

suggest a strong thermochemical asymmetry be-

tween the morning and evening limb of WASP-

121b, as opposed to WASP-76b.

• CO is unambiguously detected in each of the in-

dividual IGRINS visits. For H2O, we only recover

a clear signal when adding the three observations

together. We do not find significant evidence for

other chemical species (including OH) in the at-

mosphere of WASP-121b with our data.
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APPENDIX

A. SUPPLEMENTARY FIGURES

In this appendix, we present four supplementary figures. Figure 13 shows the results of the template injection test

described in Section 3.1. Rather than cross-correlating the data with the template spectrum directly, we first inject the

template into the main SVD components of the observation (containing the bulk of the stellar/telluric signals), and

then recover it through a second SVD. Both for CO and H2O, we find that the injected and the non-injected templates

give rise to very similar Doppler-shift trends, showing that the planet signals are robust across both analyses.
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Figure 13. Results of the template injection test described in Section 3.1. The plots show the phase-dependent Doppler shifts
that we measure through our regular analysis (in blue) versus injecting the template into the main SVD components before
performing the cross-correlation (in orange). For both approaches, each trail pertains to a different number of SVD components
n, with 3 ≤ n ≤ 8.

Figure 14 shows the Kp–Vsys maps of CO, H2O, and OH, plotted on a larger domain than in Fig. 3. Our detections

of CO and H2O are significant (SNR ≳ 5), while we only find a tentative hint of OH.

Figure 15 shows the results of the 2D VULCAN simulation described in Section 6.3. As demonstrated in the plot,

chemical kinetics only has a strong impact on the water abundances in small regions around 10−5 bar, which is not

enough to substantially impact the H2O signal of the planet.

Figure 16 shows a further comparison between our IGRINS data (for CO and H2O) and the VLT/ESPRESSO data

from Borsa et al. (2021) (for Fe) in terms of signal strength and FWHM of the CCF peak. Performing an absolute

comparison between the data and the models is tricky, mainly because the models do not account for observational

noise. Also, because we cross-correlate the data with template spectra (Section 3.1) instead of a binary mask (e.g,

Ehrenreich et al. 2020; Borsa et al. 2021), the strength and FWHM of the resulting CCF are not the same as the

(average) strength and FWHM of the absorption lines in the spectrum, so their values are somewhat arbitrary. To

circumvent these issues but still gain insight into the phase-dependent behaviour of the data and the models, we plot

relative values instead (see caption of Fig. 16 for further details). To obtain the data points for CO and H2O in Fig.

16, we removed 5 SVD components from the data. The error bars were obtained from a jackknife, as described in

Section 4.2.
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Figure 15. Equatorial-plane plots summarising the outcomes of the 2D VULCAN (Tsai et al. 2024) simulations discussed in
Section 6.3. The plots show the change in H2O abundance when going from a model with equilibrium chemistry to a model
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to the strong-drag GCM.
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strengths of the GCM models presented in Fig. 10 (see legend). The data points for CO and H2O are from this work (5 SVD
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