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A B S T R A C T 

The atmospheres of ultra hot Jupiters (UHJs) are prime targets for the detection of molecules and atoms at both low and high 

spectral resolution. We study the atmospheres of the UHJs WASP-121b and WASP-189b by performing 3D general circulation 

models (GCMs) of these planets using high temperature correlated-k opacity schemes with ultra-violet (UV) absorbing species 
included. The GCM results are then post-processed at low and high spectral resolutions and compared to available data. The high 

resolution results are cross-correlated with molecular and atomic templates to produce mock molecular detections. Our GCM 

models produce similar temperature-pressure (T-p) structure trends to previous 1D radiativ e-conv ectiv e equilibrium models of 
UHJs. Furthermore, the inclusion of UV opacities greatly shapes the thermal and dynamical properties of the high-altitude, 
low-pressure regions of the UHJ atmospheres, with sharp T-p inversions due to the absorption of UV light. This suggests that 
optical wavelength, high-resolution observations probe a dynamically distinct upper atmospheric region, rather than the deeper 
jet forming layers. 

K ey words: radiati ve transfer – planets and satellites: atmospheres – planets and satellites: individual: WASP-121b – planets and 

satellites: individual: WASP-189b. 

1  I N T RO D U C T I O N  

Observational programs of ultra hot Jupiters (UHJs) continue to 
produce numerous detections of molecules, determination of tem- 
perature structures, and measurements of wind speeds in their atmo- 
spheres. Due to their high temperatures and large-scale heights, UHJs 
ha ve fa v ourable properties for strong signals of their atmospheres to 
be observed in transmission and emission. Two UHJs that have been 
e xtensiv ely observ ed are W ASP-121b and W ASP-189b, which are 
prime targets for low and high resolution spectral observations. 

WASP-121b (Delrez et al. 2016 ) is an UHJ that orbits a F type 
star with an equilibrium temperature of T eq ≈ 2360 K. WASP-121b 
is scheduled for full orbit phase curve observations for the cycle 
1 JWST GTO program with NIRISS (Lafreniere 2017 ) and a GO 

programme with the NIRSpec instrument (Mikal-Evans et al. 2021 ). 
These observations, combined with the available optical and near- 
IR data from HST and ground based telescopes (Mikal-Evans et al. 
2020 ; Wilson et al. 2021 ) will provide some of the most detailed 
and wavelength expansive atmospheric characterization of a UHJ 
to date. Recently, Bourrier et al. ( 2020 ) and Daylan et al. ( 2021 ) 
produced TESS photometric phase curves of WASP-121b and Mikal- 

� E-mail: elspeth.lee@csh.unibe.ch 

Evans et al. ( 2022 ) observed full phase orbits using HST WFC3. In 
Parmentier et al. ( 2018 ) and Mikal-Evans et al. ( 2022 ), WASP-121b 
was modelled using the SPARC/MITgcm 3D general circulation 
model (GCM) model, finding that H 2 O dissociation and H 

− opacities 
were important considerations when modelling UHJ atmospheres to 
fit their observed emission spectra. 

Numerous ground based high-resolution observations have tar- 
geted WASP-121b (e.g. Gibson et al. 2020 ; Hoeijmakers et al. 2020 ; 
Merritt et al. 2020 , 2021 ), resulting in various detections (and non- 
detections) of molecules and atoms in its atmosphere. 

WASP-189b (Anderson et al. 2018 ) is an UHJ that orbits an A type 
star with an equilibrium temperature of T eq ≈ 2620 K. Prinoth et al. 
( 2022 ) cross-correlated HARPS and HARPS-N transmission data of 
WASP-189b and were able to detect TiO, Fe, Fe + , Ti, Ti + , Cr, Mg, V, 
and Mn. Ho we ver, the K p -V sys signal from each species was dif ferent, 
suggesting chemical inhomogeneity in the atmosphere. Lendl et al. 
( 2020 ) and Deline et al. ( 2022 ) present CHEOPS photometric data 
of WASP-189b including an optical phase curve. 

In this study, we investigate the 3D dynamical and thermal 
properties of the atmospheres of WASP-121b and WASP-189b and 
how this manifests in mock high-resolution spectral observations. 
We perform GCM models of both planets using Exo-FMS (Lee 
et al. 2021 ) coupled to a correlated-k radiative-transfer scheme with 
updated species that absorb at UV wavelengths. We then post-process 

© 2022 The Author(s). 
Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative 
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Table 1. Adopted GCM simulation parameters for WASP-121b and WASP-189b. 

Symbol WASP-121b WASP-189b Unit Description 

T int 583 497 K Internal temperature 
P 0 1000 1000 bar Reference surface pressure 
c P 13 000 13 000 J K 

−1 kg −1 Specific heat capacity 
R 3556.8 3556.8 J K 

−1 kg −1 Ideal gas constant 
κ 0.2736 0.2736 – Adiabatic coefficient 
g p 8.44 18.82 m s −2 Acceleration from gravity 
R p 1.33 × 10 8 1.16 × 10 8 m Radius of planet 
�p 5.70 × 10 −5 2.67 × 10 −5 rad s −1 Rotation rate of planet 
� t hydro 20 20 s Hydrodynamic time-step 
� t rad 160 160 s Radiative time-step 
N v 54 54 – Vertical resolution 
d 2 0.02 0.02 – div. dampening coefficient 
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1 The radiative-transfer models used in this study are available publicly on 
GitHub: ht tps://github.com/ELeeAst ro 
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he results of the GCM modelling at low and high resolution using
he 3D gCMCRT Monte Carlo radiative-transfer model (Lee et al. 
022b ). The low-resolution results are then compared to the available 
ransmission, emission and phase curve observational data of each 
lanet. The high-resolution results are used in mock cross-correlation 
alculations to produce synthetic molecular and atomic detections 
rom our GCM output. 

In Section 2 we provide details on the GCM modelling components 
f each planet. Section 3 details the correlated-k opacity scheme with 
V absorbing species used in the GCM modelling. Section 4 details 

he low and high resolution post-processing performed on the GCM 

utput to required to produce the synthetic observations. Section 5 
hows the results of the WASP-121b and WASP-189b GCM model. 
ection 6 presents the low-resolution spectral post-processing results 
nd the comparison to the available transmission, emission and phase 
urve data on both objects. Section 7 presents the high-resolution 
ross-correlation results of both simulated planets. Section 8 contains 
he discussion about our GCM results and post-processing efforts. 
ection 9 contains the summary and conclusions of our study. 

 G C M  M O D E L L I N G  

or our 3D modelling of WASP-121b and WASP-189b we use the 
xo-FMS GCM model in the gas giant atmosphere set-up (e.g. Lee 
t al. 2021 ). The parameters used for both planets are detailed in
able 1 . Both simulations were performed with a cubed-sphere C48
 ≈ 192 × 96 in longitude and latitude elements) resolution grid. We 
se 54 vertical layers between 10 −6 and 1000 bar. 
To help stabilize the simulations in the deep atmosphere, we 

nclude a linear Rayleigh ‘basal’ drag (Liu & Showman 2013 ; 
omacek & Showman 2016 ; Tan & Komacek 2019 ; Carone et al.
020 ) which applies between 500 and 1000 bar, with a base drag
ime-scale of 1 Earth d. This can be physically moti v ated as a deep

agnetic drag acting on the atmosphere, ho we v er, the e xact drag
ime-scale is chosen for minimal stabilization reasons, rather than 
ased on physical justifications (e.g. see Beltz et al. 2022 ). Numerical
tabilization in Exo-FMS is provided by a second order divergence 
ampening with coefficient d 2 = 0.02. We do not include upper 
tmospheric drag as a boundary condition, for example, reducing 
he zonal velocities to zero, rather Exo-FMS increases the strength 
f the divergence dampening at the upper boundary. This and other 
umerical stabilization schemes used in other contemporary GCM 

odels are discussed in depth in Hammond et al. ( 2022 ). 
For the two stream column-wise radiative-transfer (RT) within the 

CM, we use the short characteristics method (Olson & Kunasz 
987 ) for the longwave internal radiation, and for the shortwave 
ncident stellar flux we use the ‘adding method’ (e.g. Mendon c ¸a 
t al. 2015 ), which is a fast method that includes the effects of
cattering. We increase the accuracy of the longwave RT scheme by
sing Bezier interpolation to vertically interpolate the temperature 
rom the layers (centre of the cells) to the levels (edges of the
ells) as described in Lee et al. ( 2022a ). The RT is calculated every
ight hydrodynamical timesteps, giving a radiative-timestep of 160 s 
ompared to the hydrodynamical timestep of 20 s. This is required
o balance accurately capturing the small radiative-time-scales at the 
op of the UHJ atmospheres and the computational efficiency of the
odel integration. 
Our approach is a fast and efficient method for performing the

wo-stream calculations inside the GCM. 1 Ho we v er, we ne glect the
cattering for longwave radiation (thermal radiation inside the GCM 

olumns). The effect of scattering in the longwave is likely to be
nimportant unless clouds or hazes are present in the atmospheric 
olumn. This likely the case for some UHJ planets (e.g. Helling
t al. 2021 ; Komacek et al. 2022 ), with clouds mostly confined to
he nightside hemisphere. Ho we ver, due to the significant added
omputational expense of modelling clouds in hot Jupiter GCMs 
e.g. Lee et al. 2016 ; Lines et al. 2018 ; Christie et al. 2021 ; Roman
t al. 2021 ), we do not consider the formation of clouds or hazes
nside the GCM. 

Following the scheme in Lee et al. ( 2021 ), we run each simulation
or 2000 d using the ‘picket fence’ RT scheme (Parmentier et al. 2015 ;
ee et al. 2021 ) for an extended spin-up period. The RT scheme is

hen switched to the full correlated-k treatment for another 1000 d of
imulation. We then simulate for a further 50 d, taking this average
s the ‘final’ result. 

To aid the radiativ e-conv ectiv e equilibrium properties of the deep
tmosphere, we follow the scheme outlined in Lee et al. ( 2021 ) where
he analytical T-p profile from Parmentier et al. ( 2015 ) with adiabatic
orrection at the sub-stellar point is used as the initial conditions. For
he internal heat, we use the relation in Thorngren, Gao & F ortne y
 2019 ) as the internal temperature, T int ( = 583 K for WASP-121b
nd = 497 K for WASP-189b) for each planet, both for the initial
onditions and as the internal heat flux in the RT scheme during GCM
untime. This scheme allows the deep adiabatic region to cool quickly 
o the ‘correct’ gradient, following the advice in Sainsbury-Martinez 
t al. ( 2019 ). 

For the stellar incident flux in the correlated-k radiative-transfer 
odule, we use PHOENIX stellar atmosphere models (Allard, 
omeier & Freytag 2012 ) interpolated to the properties of WASP-
21 (T eff = 6460.0 K, [Fe/H] = 0.13, log g = 3.9) and WASP-189
MNRAS 517, 240–256 (2022) 
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Table 2. Opacity sources and references used in the Exo-FMS GCM 

correlated-k scheme and gCMCRT post-processing. ‘ff’ denotes free–free 
opacity. 

Opacity source Reference 

Atomic 
Na Kurucz & Bell ( 1995 ) 
K Kurucz & Bell ( 1995 ) 
Fe Kurucz & Bell ( 1995 ) 
Fe + Kurucz & Bell ( 1995 ) 

Molecular 
H 2 O Polyansky et al. ( 2018 ) 
OH Hargreaves et al. ( 2019 ) 
CH 4 Hargreaves et al. ( 2020 ) 
C 2 H 2 Chubb, Tennyson & Yurchenko ( 2020 ) 
C 2 Yurchenko et al. ( 2018 ) 
CH Masseron et al. ( 2014 ) 
CN Syme & McKemmish ( 2021 ) 
CO Li et al. ( 2015 ) 
CO 2 Yurchenko et al. ( 2020 ) 
NH 3 Coles, Yurchenko & Tennyson ( 2019 ) 
PH 3 Sousa-Silva et al. ( 2015 ) 
H 2 S Azzam et al. ( 2016 ) 
HCl Gordon et al. ( 2017 ) 
HCN Harris et al. ( 2006 ), Barber et al. ( 2014 ) 
SH Gorman, Yurchenko & Tennyson ( 2019 ) 
HF Li et al. ( 2013 ), Coxon & Hajigeorgiou ( 2015 ) 
N 2 Western et al. ( 2018 ) 
H 2 Roueff et al. ( 2019 ) 
SiO Yurchenko et al. ( 2022 ) 
TiO McKemmish et al. ( 2019 ) 
VO McKemmish, Yurchenko & Tennyson ( 2016 ) 
MgH GharibNezhad, Shayesteh & Bernath ( 2013 ) 
CaH Bernath ( 2020 ) 
TiH Bernath ( 2020 ) 
CrH Bernath ( 2020 ) 
FeH Bernath ( 2020 ) 

Continuum 

H 2 -H 2 Karman et al. ( 2019 ) 
H 2 -He Karman et al. ( 2019 ) 
H 2 -H Karman et al. ( 2019 ) 
H-He Karman et al. ( 2019 ) 
H 

− John ( 1988 ) 
H 

−
2 (ff) Bell ( 1980 ) 

He − (ff) Bell, Berrington & Croskery ( 1982 ) 

Rayleigh scattering 
H 2 Dalgarno & Williams ( 1962 ) 
He Thalman et al. ( 2014 ) 
H Kurucz ( 1970 ) 
e − Thomson scattering 
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Deline et al. ( 2022 ): T eff = 8000 K, [Fe/H] = 0.29, log g = 3.9]
sing pysnphot (STScI Development Team 2013 ). 
We also include the effects of non-constant heat capacity on the

T heating rates. We adopt a module 2 that interpolates the H 2 , H,
nd He heat capacities from the JANAF tables (Chase 1986 ) as a
unction of temperature. The heat capacity of the cell is then given
y the mass ratio weighted abundances of the three species. 

 O PAC I T Y  S O U R C E S  

able 2 provides the list of opacity sources, including 30
tomic/molecular species. Specifically, we include the important
V-optical absorber species TiO, VO, SiO, Fe, and Fe + , respon-

ible for generating the upper atmospheric temperature inversion
n high temperature atmospheres (e.g. Lothringer et al. 2020 ). For
ompleteness, we include carbon molecules known to be important
or the cooling of lower temperature stars, namely CN, CH, and
 2 , which are usually more abundant at higher C/O ratios. Our pre-
ixed k-table is valid between a temperature of 200 and 6100 K

nd pressures between 10 −8 and 1000 bar, suitable for the range of
emperatures and pressures for UHJ atmospheric modelling. We use
he same 32 wavelength band scheme as in Amundsen et al. ( 2014 ),
hich has a minimum wavelength edge of 0.2 μm, capturing most
f the near-UV absorption in the atmosphere. During runtime we
ombine the atomic and molecular line opacities with the continuum
nd Rayleigh scattering opacity sources. 

To construct ‘pre-mixed’ k-tables, the volume mixing ratio of each
pecies is required to be known (Amundsen et al. 2017 ). For this,
e use the GGCHEM chemical equilibrium code (Woitke et al. 2018 ),

ncluding condensation and thermal ionisation of species. In addition,
uring runtime we interpolate to a 2D grid in temperature and
ressure produced using GGCHEM to find the mean molecular weight
nd volume mixing ratios for the collision induced absorption and
ayleigh scattering species in the opacity scheme. Solar metallicity

s assumed for these calculations using the Solar elemental ratios
resented in Asplund et al. ( 2009 ). 

 G C M  POST-PROCESSING  

o post-process the results from the GCM we use the 3D gCMCRT
onte Carlo radiative-transfer code (Lee et al. 2022b ). For all models
e use the same sources for the opacities as in Table 2 . The gCMCRT

ramework has been used in previous studies to investigate the
roperties of 3D atmospheric models at high spectral resolution (e.g.
 ardenier et al. 2021 ; W ardenier, Parmentier & Lee 2022 ; van Sluijs

t al. 2022 ). 
At low-resolution, we perform all post-processing at a resolution

f R ≈ 100, suitable for producing synthetic JWST instrument pre-
ictions from the model output. We use the correlated-k method,
ith 503 bins between a wavelength range of 0.2–30 μm. Individual

pecies k-tables are combined using the random o v erlap method with
esort and rebin (Amundsen et al. 2017 ). 

At high wavelength resolutions, we target the ESPRESSO in-
trument (Pepe et al. 2021 ) wavelength range (0.378–0.789 μm),
nd perform the post-processing at R = 140 000, for a total of

110 000 individual wavelength points. These simulations cover
alf an orbit of WASP-121b across the secondary eclipse, to match
bservations made by Hoeijmakers et al. (in preparation) that show
NRAS 517, 240–256 (2022) 

 This scheme can be found on the lead author’s GitHub: https://github.com 
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everal species in the emission spectrum. The phase co v erage of
he observations was φ = 0.25–0.75 (secondary eclipse), with the
esolution of observations taken at R = 140 000. We therefore mimic
his observational run by performing the post-processing of GCM
or 10 phases between these values. We include line opacities from
he species H 2 O, OH, CO, SiO, Fe, Fe + , T iO, T i, T i + , VO, V, V 

+ 

s well as continuum opacity from H 

− and Rayleigh scattering from
 2 , He, and H. For the stellar fluxes, we use PHOENIX models

nterpolated to the stellar properties of WASP-121 using pysnphot
STScI Development Team 2013 ), the same as in Section 2 . 

Prinoth et al. ( 2022 ) detected Fe, Fe + , Ti, Ti + , Cr, Mg, V, Mn,
nd TiO and tentatively detected Cr + , Sc + , Na, Ni, and Ca in the

https://github.com/ELeeAstro
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Figure 1. WASP-121b GCM results from Exo-FMS. Top left: Vertical T-p profiles at the equatorial regions (solid coloured lines) and polar column (dashed). 
Top right: Zonal mean zonal velocity. Bottom left: Temperature map at 1 mbar. Bottom right: Outgoing longwave radiation (OLR) map. 
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ransmission spectrum of WASP-189b by combining five transit time 
eries obtained with the HARPS (Mayor et al. 2003 ) and HARPS-N
Cosentino et al. 2012 ) spectrographs. Two of the five time series do
ot co v er the entire transit, which lies between the phases φ = 0.967–
.033, because the observations were only started after ingress. 
We follow the observation strategy in Prinoth et al. ( 2022 ) for

ur synthetic spectra modelling, producing transit spectra across the 
ransmission phases at a resolution of R = 120 000 between 0.378
nd 0.691 μm for a total of ≈ 72 000 wavelength points. The same as
ur WASP-121b models, we include opacities from H 2 O, OH, CO,
iO, Fe, Fe + , TiO, Ti, Ti + , VO, V, V 

+ , continuum H 

− and H 2 , He,
nd H Rayleigh scattering. 

To include the effect of limb darkening in the HARPS band we use
 quadratic darkening law, with coefficients given by the CHEOPS 

bservations from Deline et al. ( 2022 ) with c 1 = 0.414 and c 2 =
.155. We use the spherical geometric limb-darkening scheme in 
ee et al. ( 2022b ) to calculate the effect of limb darkening on the

ransmission spectra. We take the inclination of the planet during 
ransit to be constant at 84.58 ◦ (Deline et al. 2022 ). 

 G C M  RESULTS  

n this section, we present the results of our Exo-FMS WASP-121b 
nd WASP-189b GCM simulations. 
w
.1 WASP-121b GCM 

n Fig. 1 we show the results of our WASP-121b GCM model. Our
roduced T-p structure shows a typical ultra hot Jupiter temperature 
tructure, with a strong upper atmospheric temperature inversion, 
n line with previous studies (e.g. Parmentier et al. 2018 ). The
light kink in the T-p profile around 6000 K is probably due to
he temperature passing the maximum value of the k-tables at 
100 K. Beyond this temperature the opacities are forced to be
t the 6100 K values, leading to a slight deficit in the opacity
istribution due to not capturing the extra thermal broadening of the
ines. Ho we ver, we calculate the global average radiati ve-convecti ve
oundary pressure level in the GCM model to be ≈3.7 bar, showing
hese deep layers should be conv ectiv ely driv en rather than radiative.
he steep temperature inversion at low pressures ( ≈ 10 −4 bar) is
imilar to 1D radiativ e-conv ectiv e equilibrium models performed in
othringer et al. ( 2020 ), showing the effect of adding high altitude
V absorbing species on the T-p structure. This forcing from the
V radiation at very low pressure homogenizes the temperature 

cross the hemispheres through driving strong low-pressure winds, 
uggesting highly efficient energy transport occurring across all 
emispheres of the planet at these pressures. This suggests that 
his region is somewhat decoupled dynamically from the lower 
tmosphere, which shows a stronger day-night contrast variation 
ith pressure. 
MNRAS 517, 240–256 (2022) 
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M

Figure 2. WASP-121b GCM T-p profiles of the sub-stellar point (solid lines), 
pole (dashed lines), and western limb (dash-dot) from the Exo-FMS (red) and 
SPARC/MITgcm (black). Overplotted are the condensation curves for solid 
CaTiO 3 , Al 2 O 3 and Fe. 
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The zonal mean zonal velocity plots suggest very strong, several
m s −1 winds at the equatorial regions of the planet. Due to the
dditional high altitude forcing from the UV absorbers, this strong jet
 xtends to v ery low pressure, typical re gions where high-resolution
pectroscopy at optical wavelengths would probe and strong lines
rom UV-optical absorbing species would be manifest. Our 3D tem-
erature map and outgoing longwave radiation (OLR) plot in Fig. 1
how an eastward offset in the maximum outgoing flux, a common
eature of hot Jupiter models (e.g. Heng, Menou & Phillipps 2011 ). 

.1.1 Comparison to previous GCMs 

n Parmentier et al. ( 2018 ) a GCM using SPARC/MITgcm was
erformed for WASP-121b. We briefly compare the WASP-121b
esults between the models. Fig. 2 shows the T-p profiles of the
ub-stellar, polar and west terminator profiles of both models. The
ajor differences are seen in the deep atmosphere, where the Exo-
MS deep region follows a more high internal temperature adiabatic
rofile compared to the more isothermal SPARC/MITgcm, probably
ue to the different assumptions of the initial T-p conditions and
nternal temperature used between the models. Differences due to
he inclusion of UV opacities in the Exo-FMS RT scheme are
lear at low pressures < 10 −4 bar, with Exo-FMS inverting towards
ore isothermal temperatures following the behaviour found in the
othringer et al. ( 2020 ) 1D RCE models, while the SPARC/MITgcm

nversion drops off in temperature from 10 −3 . This T-p profile
ehaviour is similar to that found in Lee et al. ( 2021 ) for an HD
09458b simulation, which also did not include UV absorbers. 

.2 WASP-189b GCM 

ur WASP-189b GCM results are similar to the WASP-121b results,
ut with a steeper low pressure temperature inversion (Fig. 3 ).
he dayside temperature structures are again reminiscent of the
D modelling of Lothringer et al. ( 2020 ), with more isothermal
emperatures occurring at very low pressure due to highly efficient
nergy transport. At deeper pressures we also see a stronger day/night
emperature contrast, probably driven by the overall larger dayside
emperatures resulting in a lower radiative time-scale. This is re-
ected in the OLR plot, with less of an eastward shift seen in the
NRAS 517, 240–256 (2022) 
ASP-189b model compared to WASP-121b. Again, we see the kink
n the T-p profile near 6100 K, where the opacity tables reach their
aximum temperatures. We calculate the global average radiative-

onv ectiv e boundary pressure level in the GCM model to be ≈5.1 bar.

.3 Dynamic upper atmosphere 

ur GCM results show that a strong temperature inversions happen
t very low pressures due to the absorption of UV irradiation. In
ig. 4 we show the temperature and wind direction quiver maps at 10
bar . These show dynamical patterns that are unexpected at such low
ressures and indicative of a separate and distinct wave behaviour
ccurring in these regions compared to the deeper jet forming layers.
his is also untypical as it is expected that the radiative-time-scale
hould become very short at these upper atmosphere pressures, espe-
ially at these high temperatures, resulting in a rapid re-emission of
bsorbed shortwave radiation (e.g. Showman et al. 2009 ; Komacek,
howman & Tan 2017 ). We therefore suggest that the inclusion of the
trong UV-OPT absorbing species is responsible for the formation
f this low-pressure region which is dynamically distinct from the
eeper jet forming layers. Ho we ver, detailed analysis of the formation
f these patterns is beyond the scope of the current study. 

 LOW  RESOLUTI ON  RT  RESULTS  

n this section, we post-process our WASP-121b and WASP-189b
CM results using the gCMCRT code (Lee et al. 2022b ) at low-

esolutions. 

.1 WASP-121b Low-resolution 

.1.1 Transmission spectrum 

n Fig. 5 we show the transmission spectrum post-processing results
f our WASP-121b GCM model. We assume that the atmosphere
s cloud free. We compare to the observational data of Evans et al.
 2016 , 2018 ) and Wilson et al. ( 2021 ). We find that the Parmentier
t al. ( 2018 ) model better fits the variations and trends found in
he observational data, suggesting that the SPARC/MITgcm run
rovides a better fit to the T-p conditions at the planetary termi-
ators. Differences are also seen between our 3D gCMCRT post-
rocessing and the Parmentier et al. ( 2018 ) model at the HST WFC3
avelengths, possibly indicating a difference between the processing
ethodologies. Our gCMCRT post-processing also suggests that

hortwards of 0.2 μm, strong SiO absorption drastically increases
he planetary radius, providing another species that could potentially
t the observational trends found in the Evans et al. ( 2018 ) data. 

.1.2 Emission spectrum 

n Fig. 6 we present the post-processing results of the WASP-121b
odel in emission. Our processing of the Parmentier et al. ( 2018 )
CM model produces a better fit than the Exo-FMS GCM for the
ST WFC3 data from Mikal-Evans et al. ( 2019 , 2020 ). Ho we ver,

he Exo-FMS produces a better fit to the Spitzer photometric bands.
his suggests that both GCMs capture decently the T-p structure of

he dayside atmosphere, with Parmentier et al. ( 2018 ) fitting well
he deeper atmosphere while Exo-FMS fitting the upper atmosphere.
ig. 6 also shows clearly the differences in the day–night transport
fficiency between the models, with the SPARC/MITgcm model
howing a reduced flux emanating from the nightside compared to
he Exo-FMS GCM. 
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Figure 3. WASP-189b GCM results from Exo-FMS. Top left: Vertical T-p profiles at the equatorial regions (solid coloured lines) and polar column (dashed). 
Top right: Zonal mean zonal velocity. Bottom left: Temperature map at 1 mbar. Bottom right: OLR map. 

Figure 4. Lat-lon temperature map at 10 μbar for WASP-121b (left) and WASP-189b (right) GCM models. 
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.1.3 TESS phase curve 

ig. 7 shows the synthetic TESS phase curves from both WASP- 
21b GCM models compared to the data presented in Daylan et al.
 2021 ). Generally, the Parmentier et al. ( 2018 ) model shows a better
t to the phase offset, while the Exo-FMS model is more in line with
he emitted flux v alues, but sho wing too much of an eastward shift
ompared to the TESS data. Ho we ver, the Exo-FMS sho ws a better
t to the day/night contrast in the TESS band. 
MNRAS 517, 240–256 (2022) 
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Figure 5. WASP-121b transmission spectrum post-processing for the Exo-FMS and SPARC/MITgcm models using gCMCRT as well as the processing 
performed in Parmentier et al. ( 2018 ; P18 ). ‘P18 w. CaTiO 3 ’ denotes the result from Parmentier et al. ( 2018 ) assuming CaTiO 3 cloud particles are present at the 
terminator regions. We compare to the Evans et al. ( 2016 , 2018 ) HST data and the Wilson et al. ( 2021 ) GMOS data. 

Figure 6. WASP-121b dayside and nightside emission spectra post-processing for the Exo-FMS and SPARC/MITgcm models. Right: Comparing to the 
Mikal-Evans et al. ( 2019 , 2020 , 2022 ) dayside and nightside data. Left: Zoom into the HST data wavelength range. ‘ P18 ’ corresponds to the original Parmentier 
et al. ( 2018 ) post-processing. 
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.2 WASP-189b Low-resolution 

n this section, we show the low resolution post-processing results
or the WASP-189b GCM model. 

.2.1 Transmission and emission spectrum 

n Fig. 8 we present the transmission and emission spectra post-
rocessing of the Exo-FMS GCM at low resolution. Again, we
ssume the atmosphere is cloud free. Our WASP-189b model shows
NRAS 517, 240–256 (2022) 
imilar trends to the WASP-121b model in both transmission and
mission. Similar to the WASP-121b model, the absorption of
iO at NUV wavelengths ( < 0.3 μm) increases the transit depth
ramatically. So far only CHEOPS data from Deline et al. ( 2022 ) is
vailable, which we add to the spectra plots. We use the R p /R � value
rom Deline et al. ( 2022 ) to scale the model transmission spectra to
he observed value. We produce a CHEOPS ‘prediction’ with the
odel spectrum, then match this prediction point with the CHEOPS

oint. This gives a scale factor of 0.0061 R p /R � between the non-
caled model and the CHEOPS point. 
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Figure 7. WASP-121b TESS phase curves from Daylan et al. ( 2021 ) (points) 
compared to the SPARC/MITgcm and Exo-FMS post-processing model. 
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Figure 9. WASP-189b Exo-FMS GCM post-processing comparing to the 
CHEOPS phase curve data presented in Deline et al. ( 2022 ). 
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.2.2 CHEOPS phase curve 

n Fig. 9 we show the Exo-FMS GCM model processing results
ompared to the CHEOPS phase curve data in Deline et al. ( 2022 ).
his plot suggests that the dayside of the GCM is too cool at the
ressures where the CHEOPS bandpass probes. Ho we ver, the GCM
rovides a reasonable fit to the offset in this case compared to the
ASP-121b TESS phase curve data. The GCM also fits well the 

mission from the dayside of planet, suggesting that the nightside 
-p structure in is being reasonably captured by the GCM for the
HEOPS bandpass. 

 H I G H  RESOLUTION  RT  RESULTS  

n this section, we post-process the SPARC/MITgcm WASP-121b 
odel and the Exo-FMS WASP-189b model at high spectral resolu- 

ion to produce synthetic observational data and then cross-correlate 
ith molecular and atomic spectral templates to produce synthetic 
olecular/atomic species detections. We chose the SPARC/MITgcm 

CM model for WASP-121b since its low-resolution post-processing 
igure 8. WASP-189b Exo-FMS post-processing for the transmission spectrum
s compared to the Deline et al. ( 2022 ) CHEOPS data. A vertical shift of th
oint. 
esults from Section 6 fit the data better than the Exo-FMS model.
his is especially evident in the hotspot shift seen in the TESS phase
urve and the day/night contrast in the processed emission spectra, 
hich suggests that the SPARC/MITgcm velocity fields are more in 

ine with the real object compared to the Exo-FMS. 

.1 WASP-121b High-resolution 

.1.1 Emission spectra 

n Fig. 10 , we show the emission spectra after processing the
PARC/MITgcm of WASP-121b at high spectral resolution. For our 
igh-resolution post-processing of WASP-121b, we create synthetic 
bserv ations follo wing the observ ational strategy of Hoeijmakers 
t al. (in preparation). They observed WASP-121b with the echelle 
pectrograph ESPRESSO on ESO’s Very Large Telescope in Chile 
Pepe et al. 2021 ; R = 140 000) o v er phases from 0.25–0.75,
ot including the secondary eclipse of the planet. We produce 
mission spectra o v er this phase range containing the species Fe,
e + , H 2 O, K, Na, OH, SiO, T i, T i + , T iO, V, V 

+ , and VO between
MNRAS 517, 240–256 (2022) 

 (left) and dayside and nightside emission spectrum (right). The model 
e model transmission spectrum is applied to best fit the CHEOPS data 

ibliothek Bern user on 08 M
arch 2023

art/stac2246_f7.eps
art/stac2246_f9.eps
art/stac2246_f8.eps


248 E. K. H. Lee et al. 

M

Figure 10. Modelled high-resolution planet-to-star flux ratio of WASP-121b at phases φ = 0.25, 0.36, 0.5, 0.64, and 0.75. The secondary eclipse occurs at 
φ = 0.5, where the emission spectrum is the strongest. φ < 0.5 indicate the east-wards spectra prior to secondary eclipse, and φ > 0.5 indicate the west-wards 
spectra after secondary eclipse. The star is modelled as a blackbody at temperature T eff = 6459 ± 140 K (Delrez et al. 2016 ) and stellar radius of R ∗ = 1.458R �
(Bourrier et al. 2020 ). 
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avelengths 377 and 790 nm. The contrast of the spectra varies o v er
he course of the phase co v erage, with peak contrast at secondary
clipse. The spectra are not symmetric around secondary eclipse.
e further produce cross-correlation templates for Fe, Fe + , Ti,
 i + , T iO, V, V 

+ , and VO at phase φ = 0.5 using the GCM
utput. We use templates produced from the GCM model since it
as found in Beltz et al. ( 2021 ) that using 3D GCM templates

ncreases the detection significance of molecules compared to 1D
emplates. 

.1.2 Synthetic observations 

o create synthetic observations, we generate spectra by adding the
pectral flux of the modelled planet to the stellar spectrum. The stellar
pectrum is retrieved from the PHOENIX database (Husser et al.
013 ), assuming log g = 4 . 24 + 0 . 011 

−0 . 012 , T eff = 6459 ± 140 K (Delrez
t al. 2016 ), and broadening to a projected rotational velocity of
sin i = 13.6 km s −1 (Bourrier et al. 2020 ). To add the spectra, we
orrect for their Keplerian velocities at each phase and assume a
ontrast of (
R p 

R � 

)2 

= 0 . 01526 , (1) 

ith R p 

R � 
= 0.12355 (Bourrier et al. 2020 ), resulting in 

 = F s + F p = F s 

(
1 + 

F p 

F s 

)
= f s R 

2 
s 

( 

1 + 

(
R p 

R � 

)2 
f p 

f s 

) 

. (2) 

The combined spectra are then decomposed into the orders
orresponding to the echelle orders of ESPRESSO and multiplied by
he blaze function specific to the instrument. In a final step, Gaussian
oise with a signal-to-noise ratio (SNR) based on the true SNR of the
bservations of Hoeijmakers et al. (in preparation). For each order,
e calculate the true SNR o v er a 20 pixels running standard deviation
indow. The spectra are not corrected for Earth’s barycentre velocity

nd no telluric lines are added, because this would only lead to a re-
nterpolation of the spectra as well as a dividing out of the telluric
ines. 
NRAS 517, 240–256 (2022) 

d

.1.3 Cross-correlation analysis 

e perform cross-correlations 3 with templates for Fe, Fe + , Ti, Ti + ,
iO, V, V 

+ , and VO based on the GCM models, presented in Fig. A1 .
e follow the methodology in Prinoth et al. ( 2022 ), except for the
oppler shadow correction and vertical detrending, which is also

aused by aliases of the Doppler shadow. We do not introduce
he Rossiter-McLaughlin effect, so correction is not required. We
roduce K p − V sys diagrams with radial velocities from −1000 to
000 km s −1 and orbital velocities from 0 to 300 km s −1 in steps of
 km s −1 . The combined results of the cross-correlation with eight
pochs (four before and four after the secondary eclipse) are shown
n Fig. 11 . The cross-correlation results show detections for Fe and
iO. It is particularly noteworthy that TiO is detected with high
ignificance, which contrasts with the non-detection of TiO in the
ransmission spectrum of WASP-121b in Hoeijmakers et al. ( 2020 ).

e also do not detect atomic V which was detected in Hoeijmakers
t al. ( 2020 ). Ho we ver, the dayside emission spectra properties of
 planet are very different from the transmission spectra and probe
ifferent regions. Hoeijmakers et al. (in preparation) will examine
he dayside spectrum of WASP-121 at high resolution and will be
ble to discern if our predictions here hold for the dayside or are in
ine with the transmission data. 

.2 WASP-189b High-resolution 

.2.1 Tr ansmission spectr a 

n Fig. 12 , we show the transmission spectra after processing the Exo-
MS GCM of WASP-189b at high spectral resolution. For our high-
esolution study of WASP-189b, we follow the observational strategy
f Prinoth et al. ( 2022 ) and generate transmission spectra o v er
he transit phases with the HARPS(N) resolution of R ∼ 120 000,
etween wavelengths 383 and 693 nm. We construct a total opacity
odel that includes Fe, Fe + , H 2 O, K, Na, OH, Ti, Ti + , TiO, V, V 

+ ,
ata demonstration can be found at https://tayph.readthedocs.io . 

art/stac2246_f10.eps
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Figure 11. Synthetic cross-correlation results for the WASP-121b GCM processing. Rows 1 and 3: Velocity–velocity diagrams showing the modeled emission 
signals of Fe, Fe + , Ti, Ti + , V, V 

+ , TiO, and VO in the rest frame of the star. The horizontal dashed lines indicate the orbital velocity at which the signals are 
expected to peak 

(
v orb = 

2 πa 
P 

= 221 . 1 km s −1 
)
. The vertical dashed lines indicate the expected systemic velocity of v sys = 38 . 3 km s −1 ; see Bourrier et al. 

( 2020 ) for orbital parameters. Black circles indicate the peak position where the signal is extracted. If no signal is detected, the signal is extracted at the true 
orbital velocity. Rows 2 and 4: Cross-correlation functions stacked in the rest frame of the planet at the extracted orbital velocity. The shaded regions indicate 
the 1 σ uncertainties. Dashed lines show the best-fitting Gaussian model. 
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nd VO line opacities. The combined total opacities are then used 
n the calculations of Doppler-shifted and rotationally-broadened 
pectra for 11 phases between 0.972 and 0.028. Non-Doppler- 
hifted individual cross-correlation templates for each species are 
lso created assuming that the planet is at mid-transit, and are shown
n Fig. A2 . 

.2.2 Synthetic observations 

o create synthetic observations, we use the HARPS and HARPS- 
 observations analysed in Prinoth et al. ( 2022 ) to determine the

rue SNR. The stellar spectrum of WASP-189 is obtained from the 
HOENIX database assuming log g = 3.8 ± 0.2, T eff = 8000 ± 80 K
Lendl et al. 2020 ). It is then rotationally broadened with a projected
otational velocity of vsin i = 93.1 km s −1 (Lendl et al. 2020 ). After
orrecting for the Keplerian velocities, the combined star-planet 
pectrum can be calculated as 

 = F s T = F s ( 1 − αδ) (3) 
here δ is the transit depth. The factor of α = 3 in equation ( 3 )
erves as a tuning factor to account for potential uncertainty of the
imb-darkening properties of the host star. Morello et al. ( 2017 )
uggest that the Claret 4 parameter law (Claret 2000 ) is more accurate
t modelling limb darkening behaviour compared to the simple 
uadratic law we use in this study, especially at optical wavelengths.
he combined star-planet spectrum is decomposed into the echelle 
rders of the HARPS and HARPS-N spectrographs, multiplied by 
he blaze functions of the instruments, and Gaussian noise is applied
ased on the calculated true SNR. 

.2.3 Cross-correlation analysis 

e perform cross-correlations with templates for Fe, Fe + , Ti, Ti + ,
iO, V, V 

+ , and VO based on the GCM models. The combined
ross-correlation results for all five observation nights are shown in 
ig. 13 . Using our synthetic observations, we report detections for
e, Fe + Ti, Ti + , and V that are consistent with the detections in
rinoth et al. ( 2022 ). Prinoth et al. ( 2022 ) also report detections
MNRAS 517, 240–256 (2022) 
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Figure 12. Modelled transmission spectrum in 1 − δ2 of WASP-189b at phases φ = 0 , 0 . 006 , 0 . 011 , 0 . 01 , 0 . 022 and 0 . 028. The transmission spectrum is 
symmetric around phase φ = 0, which corresponds to the transit midpoint. The transmission spectrum is expected to be stronger towards the centre of the transit 
due to the reduced effect of limb-darkening at mid-transit. Note that the factor α = 3 is not included in the presentation of this plot. 
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f TiO, which is not seen in the synthetic model detections of
ASP-189b. 

 DISCUSSION  

s discussed in Bell & Cowan ( 2018 ), the thermal disassociation and
ecombination of H 2 and H is an important factor when considering
he dynamics of UHJs, an effect we do not consider in the current
tudy. In Tan & Komacek ( 2019 ), this effect was included in GCM
odels and was found to have a significant impact on the thermal

nd dynamical structure of the atmosphere. Future studies using
CMs in this regime may wish to adopt the Tan & Komacek ( 2019 )
ethodology. 
We have neglected the impact of shorter wavelength radiation

han 0.2 μm which may also affect the thermal structure of the
tmosphere, especially at very low pressure regions. Lothringer &
asewell ( 2020 ) and Lothringer et al. ( 2020 ) have shown that the very

ow pressure regions of the atmosphere can be affected greatly by
he presence of FUV absorbing metals and molecules. This was also
een in Lee et al. ( 2022a ), where brown dwarf atmospheres orbiting
hite dwarf stars were simulated, but a lack of FUV opacities in the

orrelated-k scheme failed to reproduce well the very low pressure
-p structures of the 1D RCE models. Important sources of opacity
n this wavelength regime include H 2 , SiO, H 2 O, CO, H 2 S, H 

−, and
tomic bound free opacity (Sharp & Burrows 2007 ). Future studies
ay wish to include a few FUV bands to capture this effect; we sug-

est a practical wavelength stoppage point would be 0.13 μm to better
apture the absorption of UV by CO, before H 2 dominates the UV
pacity. This is likely to be sufficient for GCM modelling purposes,
ince significant H 2 absorption is likely to occur at pressures below
hose considered here (10 −6 bar), as well as H 2 being most probably
hermally and/or photochemically dissociated in these regions (e.g.
sai et al. 2021 ). Despite this, our models are able to reproduce well

he low pressure steep temperature inversions occurring near 10 −4 

ar as seen in the 1D models of Lothringer et al. ( 2020 ). 
NRAS 517, 240–256 (2022) 
For WASP-121b, our post-processing of the GCM model from
armentier et al. ( 2018 ) provides a better fit to the low resolution
nd photometry data, for all the transmission, emission, and TESS
hase curve. From the SPARC/MITgcm spectra compared to the Exo-
MS, it is clear that hotter T-p profiles found in SPARC/MITgcm

ncrease in dayside planetary flux to better fit the HST WFC3 data.
he SPARC/MITgcm model also appears to fit the transmission
pectra trends found in Evans et al. ( 2016 , 2018 ) and Wilson et al.
 2021 ) better. From comparing the T-p profiles between the models,
he SPARC/MITgcm model is cool enough to retrain larger TiO and
O abundances at the terminators compared to the Exo-FMS model,
hich is too hot and dissociates TiO and VO more. This is probably

esponsible for increasing the R p /R � in the optical to the observed
evels. 

From both the WASP-121b and WASP-189b models it is clear
hat a significant absorption features occurs at NUV wavelengths
ess than 0.3 μm, this is primarily attributed to gas phase SiO
eing present in the upper atmosphere providing a significant source
f NUV absorption. We therefore suggest that that both WASP-
21b and WASP-189b are potentially excellent targets for the
ST WFC3/UVIS G280 mode as demonstrated for HAT-P-41b in
akeford et al. ( 2020 ) and for WASP-179b in Lothringer et al.

 2022 ). 
The day–night temperature contrast is also larger in the Parmentier

t al. ( 2018 ) models and also fitting better the TESS data offset
rom Daylan et al. ( 2021 ) compared to the Exo-FMS model. This
uggests that the simulated atmospheric drag is stronger in the
PARC/MITgcm model compared to the Exo-FMS model. This is
ossibly due to the use of a Shapiro filter in SPARC/MITgcm (e.g.
 oll & K omacek 2018 ), which acts as a proxy hyperdiffusion term

dding drag to the numerical scheme and therefore lowering the jet
peeds as well as increasing its latitudinal extent (e.g. Heng et al.
011 ). The current Exo-FMS HJ models only use divergence damp-
ning to stabilize the simulation which does not affect the equatorial
et, as it has zero divergence, meaning the SPARC/MITgcm model
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Figure 13. Synthetic cross-correlation results for the WASP-189b GCM model processing. Rows 1 and 3: Velocity–velocity diagrams showing the modeled 
emission signals of Fe, Fe + , T i, T i + , V, V 

+ , TiO, and VO in the rest frame of the star. The horizontal dashed lines indicate the orbital velocity at which the 
signals are expected to peak ( v orb = 

2 πa 
P 

= 201 . 8 km s −1 ). The vertical dashed lines indicate the expected systemic velocity of v sys = −24 . 8 km s −1 ; see Lendl 
et al. ( 2020 ) and Anderson et al. ( 2018 ) for orbital parameters. Black circles indicate the peak position where the signal is extracted. If no signal is detected, the 
signal is extracted at the true orbital velocity. Rows 2 and 4: Cross-correlation functions stacked in the rest frame of the planet at the extracted orbital velocity. 
The shaded regions indicate the 1 σ uncertainties. Dashed lines show the best-fitting Gaussian model. 
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as inherently more numerical drag included in its flow stabilization 
cheme compared to the Exo-FMS (Hammond et al. 2022 ). 

Such high-resolution spectral modelling may aid in the selection of 
correct’ numerical dissipation, stabilization, and drag schemes used 
n HJ GCM modelling. By experimenting and tuning the wind speeds 
f models using drag and stabilization schemes, it may be possible
o more accurately prescribe drag settings for particular objects. 
he precise prescription of drag properties in GCM modelling is 
iscussed in detail in Heng et al. ( 2011 ) and Hammond et al. ( 2022 ).
o we ver, Beltz et al. ( 2021 ) show that the wind speed and rotation

ate play a secondary role to the 3D temperature structure when 
aking detection predictions using high-resolution emission spectra. 
espite this, this avenue of investigation is worth further research. 
Due to these differences, we therefore propose that upper atmo- 

pheric drag, possibly from magnetic sources, may play vital role 
n shaping the atmospheric dynamics of UHJs where the electron 
bundances can be significant, even from thermal dissociation of 
etals alone (e.g. Parmentier et al. 2018 ) as well as photo-chemical

f fects (e.g. Lavv as, Koskinen & Yelle 2014 ; Helling et al. 2021 ).
agnetic drag effects have been investigated as possible source of 

tmospheric drag since Perna, Menou & Rauscher ( 2010 ). Recently, 
eltz et al. ( 2022 ) investigated the role of magnetic drag across a
ider planetary parameter regime and found that even small magnetic 
elds strengths can alter the dynamical properties of the atmosphere 
nd day–night contrasts significantly. Overall, our comparison here 
hows that different GCMs can expect varying results depending on 
he numerical scheme used for stability of the simulation. We also
ote the integration times of the Parmentier et al. ( 2018 ) and Mikal-
vans et al. ( 2022 ) GCM models of ≈ 300 and 80 d, respectively.
omparison between Parmentier et al. ( 2018 ) and Mikal-Evans et al.
 2022 ) and our GCM models may therefore be not a fair one to draw
onclusive reasons as to why different results are produced. 

The cooler T-p profiles found in Parmentier et al. ( 2018 ) also
llow for the condensation of potentially CaTiO 3 , Al 2 O 3 , and Fe
louds on the nightside, while in the Exo-FMS models, due to the
igher energy transport efficiency results in too hot a nightside 
o condense these species. This may allow a more definitive of a
ruly cloud free planet where no T-p profiles cross any condensation
oundaries, even on the nightside. This clearing of nightside clouds 
ay explain the uptick in Spitzer nightside brightness temperatures 

eyond T eq ∼ 2250 K found in Beatty et al. ( 2019 ), with the
pecifics of the nightside cloud structures modelled more e xtensiv ely
MNRAS 517, 240–256 (2022) 
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n Gao & Powell ( 2021 ). Due to our post-processing results of both
lanets, we propose that weak TiO and VO signals in transit spectra
at low or high-resolution) from the thermal dissociation of these
olecules may be a strong indication of a truly or relatively cloud free

tmosphere. 
Our modelled T-p structures show a dynamically distinct region

t very low pressures ( ≈10 −4 bar) forming due to the UV forcing.
his region also exhibits more isothermal temperature behaviour,
uggesting that the assumption of isotherms used in high-resolution
tudies may be a justifiable approach. Ho we ver, this also suggests
hat observational methods that probe these pressures such as optical
avelength high-resolution instruments may be inferring properties
f a detached layer, distinct from the dynamical and temperature
egimes at lower altitudes. Therefore, physical interpretation of such
igh-resolution data should keep this possibility in mind. 
For WASP-121b, our models produce predictions of Fe and TiO

etections. The HARPS transmission spectra analysed by Hoeij-
akers et al. ( 2020 ) resulted in detections of Fe and V (but not
i or TiO), with our models predicting that V is not visible in the
ayside emission spectrum, which is currently being investigated by
oeijmakers et al. (in preparation). Ho we ver, the TiO line list (T oT o)

rom ExoMol (McKemmish et al. 2019 ) was updated to be more
ccurate with respect to line-position only recently (McKemmish;
ri v ate communication) which may change future confidence in the
etection of TiO with the cross-correlation technique. From the T-p
esults of both the SPARC/MITgcm and Exo-FMS GCM models,
he Ti bearing species are unlikely to be cold trapped in the deep
tmosphere (Fig. 2 ). Ho we ver, cloud modelling performed in Helling
t al. ( 2021 ), who post-processed the Parmentier et al. ( 2018 ) GCM
odel, suggest that the nightside hemisphere temperatures may allow

mall sub-micron cloud particles to form in the upper atmosphere.
oupled cloud formation models to the GCM in the UHJ regime

e.g. Komacek et al. 2022 ) will be enlightening to see if TiO can be
old trapped in the case of WASP-121b. Potential cold trapping of
iO was investigated for HD 209458b in Parmentier, Showman &
ian ( 2013 ). 
Another explanation may be the GCM models are producing too

ool an upper atmosphere for WASP-121b, which does not allow TiO
and VO) to dissociate into Ti (and V) in a large enough mixing ratio
n the upper atmosphere. Otherwise, a more simpler explanation is
hat enhanced metallicity from Solar for WASP-121b could boost the
tomic signals. 

Overall, our analysis suggests that, for WASP-121b at least,
ow-resolution trends may be fit adequately by the GCM models
ut high-resolution modelling may produce different results to the
bservations. This information extracts more physical information
rom the GCM output than just low-resolution spectra comparisons
lone, allowing modellers to see how well fit the wind speeds and
emperatures are at low pressure regions in their simulations. Mod-
llers can then be more informed and adjust modelling techniques to
nderstand physical processes that shape the whole 3D atmosphere
f UHJs. 
For WASP-189b, Prinoth et al. ( 2022 ) detected Fe, Fe + , Ti, Ti + ,

r, Mg, V, Mn, and TiO, with tentative detections of Cr + , Sc + , Na,
i, and Ca. Whereas in our modelling effort only Fe, Fe + T i, T i + ,

nd V were able to be conclusively detected, showing TiO as the only
on-detected species in the model compared to the detection in the
bservations. This suggests that the temperature in the GCM may be
oo hot at very low-pressure, dissociating TiO too much into atomic
i. Ho we v er, o v erall, the offsets in vsys for each species detection
t well the observational data, suggesting that the GCM atmospheric
inds are in the correct magnitude. 
NRAS 517, 240–256 (2022) 
 SUMMARY  A N D  C O N C L U S I O N S  

e have studied the atmospheric properties of the UHJs WASP-
21b and WASP-189b using 3D GCM models coupled with a high-
emperature correlated-k radiative-transfer scheme. We added for
he first time important UV and optical species opacities to the RT
chemes of UHJs, namely TiO, SiO, Fe, and Fe + , showing that
hese opacities and the UV forcing have a large impact on the low
ressure atmospheric properties of these planets, producing steep
igh altitude thermal inversions and strong zonal upper atmosphere
inds. Due to this UV absorption, our models produce a distinct
ery low pressure dynamical wave driven regime, unexpected from
tmospheric theory. This dynamical layer is most likely probed by
he strong optical lines at high resolution, suggesting that optical
avelength cross-correlation studies are sensitive to this detached

egion rather than the deeper jet forming layers. 
Overall, our models are able to reproduce well the T-p struc-

ure features found in 1D RCE models that include UV opacities
Lothringer & Casewell 2020 ; Lothringer et al. 2020 ), suggesting
hat adding Fe, Fe + , SiO, TiO, and VO to our opacity tables resulted
n adequately capturing the very low pressure absorption from
V irradiation. Considering strong UV and optical absorbers leads

o very different dynamical structure compared to those without,
uggesting that comprehensive investigations of UHJ atmospheres
hould include such species in the future. 

Our post-processing at low-resolution has shown that the WASP-
21b GCM from Parmentier et al. ( 2018 ) produces a better fit to
bservational data than our presented Exo-FMS models, despite
ot including the UV opacity sources in the GCM model itself.
e suggest from this model difference, that upper atmosphere
agnetic drag effects or photochemical effects may be important

onsiderations in shaping the T-p profiles and dynamical regimes
or UHJs as well. Our transmission spectra of both WASP-121b and
ASP-189b suggest that they may be excellent targets for the HST
FC3/UVIS G280 mode (Lothringer et al. 2022 ; Wakeford et al.

020 ) due to their large SiO absorption features at NUV wavelengths.
At high-resolution, our GCM model post-processed for different

hases are able to be used produce mock observations with synthetic
ross-correlation maps and synthetic detection of molecular and
tomic species. Our results suggest that the WASP-121b dayside
mission spectra will exhibit strong signals of Fe and TiO with no
ther species (that we tested here) detected. This is contrast to the
oeijmakers et al. ( 2020 ) study who did not find TiO or Ti in the

ransmission spectrum of WASP-121b, who suggest that TiO may
ave rained out in the atmosphere. Hoeijmakers et al. (in preparation)
ill provide the first data on the dayside composition of WASP-121b

t high spectral resolution. For WASP-189b, our results conform well
ith the Prinoth et al. ( 2022 ) data and analysis. Ho we ver, we were
ot able to synthetically detect TiO, detected in Prinoth et al. ( 2022 )
tudy. This suggests that the upper atmosphere of the terminator
egions in the GCM may be too warm compared to the real object
nd thermally dissociate TiO in the upper atmosphere to lower mixing
atios that are not detectable. 

As the observational data for UHJs continues to be produced at low
nd high resolution, theorists and modellers can further increase our
nowledge of the physical interpretation of such data using multiple
xis of data comparisons. Our current study shows that modellers
an now readily add 3D high-resolution predictions and synthetic
olecular/atomic detections to analyse their model output in greater

epth than before. By comparing contemporary modelling efforts to
oth low and high resolution observational data, modellers can more
asily investigate potential missing physics or the impact of adding
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dditional physical processes to models on the 3D high spectral 
esolution properties of the atmosphere. 
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Figure A1. Cross-correlation templates in emission for WASP-121b for Fe, Fe + , Ti, Ti + , TiO, V, V 

+ , and VO. Fe + and V 

+ are constraint to the bluer part of 
the ESPRESSO wavelengths, such that our detections are a result of over-predicting the SNR in the blue orders. 
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Figure A2. Cross-correlation templates in transmission for WASP-189b for Fe, Fe + , Ti, Ti + , TiO, V, V 

+ , and VO. 
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