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ABSTRACT

Determining the habitability and interpreting atmospheric spectra of exoplanets requires understanding their atmospheric physics
and chemistry. We use a 3-D coupled climate-chemistry model, the Met Office Unified Model with the UK Chemistry and Aerosols
framework, to study the emergence of lightning and its chemical impact on tidally-locked Earth-like exoplanets. We simulate the
atmosphere of Proxima Centauri b orbiting in the Habitable Zone of its M-dwarf star, but the results apply to similar M-dwarf
orbiting planets. Our chemical network includes the Chapman ozone reactions and hydrogen oxide (HO, = H + OH + HO»)
and nitrogen oxide (NO, = NO + NO,) catalytic cycles. We find that photochemistry driven by stellar radiation (177-850 nm)
supports a global ozone layer between 20-50 km. We parametrize lightning flashes as a function of cloud-top height and the
resulting production of nitric oxide (NO) from the thermal decomposition of N, and O,. Rapid dayside convection over and
around the substellar point results in lightning flash rates of up to 0.16 flashes km~2 yr~!, enriching the dayside atmosphere
below altitudes of 20 km in NO,. Changes in dayside ozone are determined mainly by UV irradiance and the HO, catalytic
cycle. ~45 per cent of the planetary dayside surface remains at habitable temperatures (Tq,¢ > 273.15K), and the ozone layer
reduces surface UV radiation levels to 15 per cent. Dayside—nightside thermal gradients result in strong winds that subsequently
advect NO, towards the nightside, where the absence of photochemistry allows NO, chemistry to involve reservoir species. Our
study also emphasizes the need for accurate UV stellar spectra to understand the atmospheric chemistry of exoplanets.

Key words: Planets and satellites: atmospheres — Planets and satellites: composition —Planets and satellites: terrestrial planets.

1 INTRODUCTION

We know that exoplanets are ubiquitous in the galaxy (e.g. Kopparapu
etal. 2013; Hsu et al. 2019), but for those that support an atmosphere,
we know little about the associated physical and chemical properties.
This gap in our knowledge has implications for understanding
whether these planets are potentially habitable and whether they
could present false-positive biosignatures (e.g. Scalo et al. 2007;
Schwieterman et al. 2018). With the successful launch of the James
Webb Space Telescope (JWST) in late 2021 and the construction of
new ground-based facilities, such as the Extremely Large Telescope
(ELT), we can expect the first insights into the atmospheres of
some observationally favourable and potentially habitable exoplanets
(e.g. Lustig-Yaeger, Meadows & Lincowski 2019). Simulating the
physical and chemical properties of these atmospheres is essential
to interpreting the observations. Here, we focus on understanding
the atmospheric composition of an Earth-like exoplanet orbiting an
M-dwarf star, which is likely to sustain habitable surface conditions
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for a range of atmospheric compositions (Turbet et al. 2016; Boutle
et al. 2017, Yates et al. 2020).

Earth-size planets are preferentially discovered in close-in orbits
around M-dwarf stars (Dressing & Charbonneau 2015) and their
potential habitability is an active area of research (e.g. Shields,
Ballard & Johnson 2016). M stars are cooler and smaller compared
to other types of stars. Consequently, the circumstellar Habitable
Zone (HZ) (Kasting, Whitmire & Reynolds 1993; Kopparapu et al.
2013) moves inward. A planet orbiting in this HZ is likely to be
tidally locked (e.g. Barnes 2017), which results in large temperature
differences between the dayside and nightside of a planet. Proxima
Centauri b (Anglada-Escudé et al. 2016) is a nearby example of a
planet orbiting in the HZ of an M star. Assuming the planet has an
atmosphere, hemispheric mean temperatures from simulations can
differ by ~60K for Proxima Centauri b (Boutle et al. 2017; Sergeev
et al. 2020), and the planet is a candidate for surface habitability (see
also Ribas et al. 2016; Turbet et al. 2016; Lewis et al. 2018). The
tidally-locked configuration has implications for winds and vertical
transport that require an understanding of the full three-dimensional
circulation including clouds. This motivates the adaptation of general
circulation models (GCMs) used for weather and climate predictions
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for Earth to exoplanets. The Met Office Unified Model (UM) has
been adapted and applied to a wide range of exoplanets (e.g. Mayne
etal. 2014a, b; Boutle et al. 2017; Drummond et al. 2018, 2020), and
was also included in the recent THAI project (Fauchez et al. 2022;
Sergeev et al. 2022; Turbet et al. 2022), an intercomparison of GCM
outputs for potentially habitable atmospheres on TRAPPIST-1 e.

The main driver of atmospheric circulation on terrestrial exoplan-
ets is the incoming stellar irradiation. The impact of different spectral
energy distributions has been studied for fast-rotating exoplanets
(Shields et al. 2013; Wolf et al. 2017) and for tidally-locked planets
(Eager et al. 2020). For tidally-locked planets, the day-night contrast
in stellar radiation results, in many cases in the development and
maintenance of equatorial jets that redistribute heat to the nightside
(Showman & Guillot 2002; Showman & Polvani 2011; Koll & Abbot
2016). This redistribution can help to prevent atmospheric collapse
on the nightside (Joshi, Haberle & Reynolds 1997; Turbet et al.
2018). Besides the jet, many 3-D GCM simulations show stationary
gyres at mid-latitudes and moderate divergence at the substellar point
(e.g. Carone, Keppens & Decin 2014, 2015; Hammond, Tsai &
Pierrehumbert 2020; Hammond & Lewis 2021). The circulation
regime also varies with orbital period (e.g. Merlis & Schneider 2010;
Edsonetal. 2011; Carone et al. 2015, 2018) and time-dependent wave
phenomena can further impact our ability to interpret observations
(Cohen et al. 2022). Yang, Cowan & Abbot (2013) show that the
dayside is covered by a thick cloud deck, resulting from vigorous
convection centred at the substellar point. This results in a cloud
albedo feedback that is also sensitive to the orbital period (Yang et al.
2013). For Proxima Centauri b, nightside Rossby gyres develop on
either side of the equatorial jet (Turbet et al. 2016; Boutle et al. 2017).
These gyres trap air that experiences extensive radiative cooling
(Yang & Abbot 2014), as described by Boutle et al. (2017) and
Yates et al. (2020). As a consequence, the atmospheric pressure
decreases locally and atmospheric constituents such as ozone are
drawn downwards to lower altitudes thereby increasing local ozone
column abundances (Yates et al. 2020). Most GCM studies assume
aquaplanets with a slab ocean, but ocean heat transport can also
increase the habitable area of a (tidally-locked) planet (Hu & Yang
2014; Del Genio et al. 2019). The existence and distribution of
landmasses further influence the planetary climate through changes
in convection and water evaporation (e.g. Abe et al. 2011; Lewis et al.
2018; Rushby et al. 2020). Finally, the chemical composition of the
atmosphere also affects the radiative balance of the planet through
scattering and absorption of incoming and outgoing radiation. Static
chemical compositions have been investigated (e.g. Pierrehumbert
2010; Turbet et al. 2016; Boutle et al. 2017), but there is a balance
between the irradiation, the atmospheric physics, and chemistry
(in particular constituents that have significant opacities under the
incident stellar radiation).

This balance motivates the need for coupled climate-chemistry
models (CCMs) to study the relationships between radiatively active
atmospheric constituents (gases and aerosols), and the atmospheric
dynamics of the planet. There is a growing body of work investigating
3-D atmospheric photochemistry on exoplanets orbiting in the HZ:
from understanding the impact of tidal locking on Earth’s ozone
distribution (Proedrou & Hocke 2016) to understanding how the
stellar flux distributions of M-dwarfs influence both the magnitude
and distribution of atmospheric biosignature gases (Chen et al. 2018),
and an ozone layer on Proxima Centauri b through changes in chem-
ical production and loss rates (Yates et al. 2020). Perturbations in
the incident stellar radiation will influence the planetary atmospheric
chemistry and physics. The magnitude of chemical perturbations due
to stellar flares (through enhanced UV activity and proton events), for
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example, is determined by a combination of the planetary magnetic
field, radiation environment, and atmospheric circulation (Chen et al.
2021). Perturbations are seen especially in distributions of NO,
OH, and ozone for unmagnetized, tidally-locked planets around
K, and M stars. Planets that have protective magnetic fields are
able to (partially) counteract the effect of flares (Chen et al. 2021),
emphasizing the potential role of stellar activity in determining the
habitability of a planet. Furthermore, both inter-annual and seasonal
variations in clouds and chemistry can impact the observability of
spectral features on Earth-analogue exoplanets (Cooke et al. 2022a).

On Earth, the presence of lightning discharges can lead to local
perturbations in atmospheric chemistry. Lightning has sufficient
energy to thermally decompose molecular nitrogen and oxygen to
form an abiotic source of nitrogen oxides (NO, = NO + NO,,
Crutzen 1970; Schumann & Huntrieser 2007). Through atmospheric
chemistry, NO, can influence the distribution of atmospheric ozone.
Ozone is the photochemical byproduct of molecular oxygen and thus
depends on oxygen levels, as is shown by the 3-D CCM simulations
of Cooke et al. (2022b) for various epochs in Earth’s history.
Furthermore, the non-linear oxygen-ozone relationship depends on
the host star’s UV spectrum (Kozakis, Mendonga & Buchhave 2022).
Since oxygen on Earth is largely produced by sources of biological
origin (Schwieterman et al. 2018), its photochemical product ozone
can be seen as a potential biosignature. However, pathways to false
positives for abiotic oxygen and ozone on planets orbiting M-dwarfs
exist, including accumulation of O, following the photolysis of H,O
and subsequent H escape (e.g. Tian 2015; Wordsworth, Schaefer &
Fischer 2018; Lincowski, Lustig- Yaeger & Meadows 2019), and CO,
photolysis releasing oxygen atoms (e.g. Kasting & Catling 2003;
Domagal-Goldman et al. 2014; Harman et al. 2015). Understanding
these abiotic influences is essential for the interpretation of spectral
signatures (Schwieterman et al. 2018).

Studies using 1-D photochemical models have considered the
impact of global thunderstorms on exoplanetary atmospheric chem-
istry (Rimmer & Helling 2016; Ardaseva et al. 2017; Harman
et al. 2018). It was found that the chemical effect of lightning
would be hard to detect on Earth-like exoplanets (Ardaseva et al.
2017). Harman et al. (2018) showed that catalytic cycles following
NO production from lightning enhance the reliability of O, as a
biosignature, assuming Earth-like chemical composition. However,
just like planetary atmospheres and climates, the emergence of
lightning is a 3-D process that depends on a combination of cloud
formation, particle charging, and charge separation (Helling 2019).
In GCMs of Earth, lightning is usually parametrized in terms of
convective parameters, such as cloud-top height (Price & Rind
1992; Luhar et al. 2021), convective precipitation, and mass flux
(Allen & Pickering 2002), and upward cloud ice flux (Finney et al.
2014). Lightning has already been observed on the giant planets
in the Solar system (e.g. Aplin 2006; Hodosén et al. 2016), but is
yet to be detected on exoplanets. However, GCMs predict a thick
and convective cloud deck to cover the dayside of tidally-locked
planets (e.g. Yang et al. 2013), and the first evidence for clouds on
exoplanets is being obtained (Pont et al. 2013; Kreidberg et al. 2014;
Diamond-Lowe et al. 2018). Therefore, lightning on exoplanets
is a reasonable expectation (Helling 2019), leading to potentially
important disruptions of the atmospheric chemistry.

Here, we investigate the impact of lightning-induced chemistry
on a tidally-locked exoplanet in the HZ. We use the UM in
the configuration of a planet orbiting an M-dwarf star, nominally
Proxima Centauri b, building on previous studies (Boutle et al. 2017;
Yates et al. 2020). We also use the UK Chemistry and Aerosol
framework (UKCA), coupled with the UM, to describe gas-phase
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Table 1. Orbital and planetary parameters for the Proxima Centauri b set-up,
following Boutle et al. (2017).

Parameter Value
Semi-major axis (AU) 0.0485
Stellar Irradiance (W m~2) 881.7
Orbital period (days) 11.186
Rotation rate (rad s—') 6.501 x 107°
Eccentricity 0
Obliquity 0
Radius (Rg) 1.1
Surface gravity (m s~2) 10.9

chemistry with lightning as the main source of nitric oxide (NO). In
Section 2, we describe the model set-up, the process of making
UKCA compatible with the M-dwarf set-up and our choice of
lightning parametrization. In Section 3, we present our results, briefly
discussing the planetary climate before presenting the emergence of
lightning and the resulting atmospheric chemistry. We discuss the
importance of stellar fluxes, comparison to other results and potential
observability in Section 4. Finally, we present the conclusions of our
study in Section 5.

2 METHODS

In this section, we describe the different components of the CCM, the
lightning parametrization, and, lastly, we specify the experimental
set-up of our simulations.

2.1 Unified Model

We use the UM, a 3-D GCM in its Global Atmosphere 7.0
configuration (Walters et al. 2019). The ENDGAME dynamical
core solves the non-hydrostatic fully compressible deep-atmosphere
equations of motion (Wood et al. 2014). Parametrized subgrid scale
processes include convection that is described using a mass flux-
based approach (Gregory & Rowntree 1990), water cloud physics
that is described using a prognostic condensate scheme (Wilson
et al. 2008), and turbulent mixing (Lock et al. 2000; Brown et al.
2008). The atmospheric radiative transfer is described by the Suite of
Community Radiative Transfer codes based on Edwards and Slingo
(SOCRATES) scheme (Edwards & Slingo 1996), which uses the
correlated-k method. The UM is typically used to study Earth’s
weather and climate but recently has been adapted to study different
types of exoplanets (e.g Mayne et al. 2014a, 2014b, 2017; Boutle
et al. 2017; Drummond et al. 2018, 2020; Lewis et al. 2018; Yates
et al. 2020; Eager et al. 2020; Sergeev et al. 2020).

Here, we adapt the UM to investigate the climate dynamics and
atmospheric chemistry of Proxima Centauri b (Anglada-Escudé et al.
2016) in a circular, tidally-locked orbit around its host star following
previous studies (Boutle et al. 2017; Yates et al. 2020). The stellar,
orbital, and planetary parameters are listed in Table 1. The horizontal
resolution is 2 by 2.5° in latitude and longitude, respectively. The
atmosphere is divided into 60 vertical levels extending from the
surface to 85km with quadratic stretching to enhance resolution
near the surface, following Yates et al. (2020). To describe stellar
radiation, we use the composite spectrum at version 2.2 as presented
by the MUSCLES spectral survey (France et al. 2016; Loyd et al.
2016; Youngblood et al. 2016). This spectral energy distribution was
created from archival data of XMM-Newton and the Hubble Space
Telescope (HST) and covers wavelengths from 0.5 nm to 5.5 pm.
Since the six ‘shortwave’ bands of SOCRATES treat incoming
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radiation up to 10 um, we extended our spectrum by using the
spectrum presented by Ribas et al. (2017) for wavelengths between
5.5 and 10 pm. This final composite spectrum was used to recalculate
correlated-k absorption coefficients. Previous UM studies of Proxima
Centauri b used a synthetic BT-Settl spectrum, appropriate for the
host star properties (Boutle et al. 2017; Yates et al. 2020). We assume
an aquaplanet covered by a 2.4 m slab ocean mixed layer with a total
heat capacity of 107 J K~! m~2. Sea ice formation is not included in
our simulations, but the associated ice-albedo feedback is weak for
planets around M-dwarfs (Joshi & Haberle 2012; Shields et al. 2013).

We assume a surface pressure of one bar for our simulations,
building on previous work with the UM as well as other GCM studies
(e.g. Joshi 2003; Merlis & Schneider 2010; Yang et al. 2013; Carone
et al. 2014; Kopparapu et al. 2016; Boutle et al. 2017; Rushby et al.
2020; Sergeev et al. 2022; Turbet et al. 2022). One bar of surface
pressure is also a common assumption for many other photochemical
models, ranging from 1-D (e.g. Domagal-Goldman et al. 2014; Tian
et al. 2014; Harman et al. 2015, 2018) to global 3-D CCM studies
(Chen et al. 2018, 2019, 2021; Yates et al. 2020). We acknowledge
that stellar activity can potentially have detrimental effects on the
atmospheric mass and thus surface pressure of Proxima Centauri
b, as shown by Garraffo, Drake & Cohen (2016), Garcia-Sage et al.
(2017), Airapetian et al. (2017), Airapetian et al. (2020). For this first
investigation of lightning-induced chemistry, we opted for the case of
a 1 bar surface pressure, since (1) we are currently unable to constrain
any particular value of the surface pressure as the best value, so a
sensible starting point for this first study is to use the atmospheric
parameters that we understand in the greatest detail, and (2) the
results apply more generally for tidally-locked planets that reside in
the HZ of their M-dwarf host star. This may include planets with the
potential to sustain a 1 bar N,-dominated atmosphere, for example
the outer planets of the TRAPPIST-1 system (Turbet et al. 2020).

In this work, we focus on the impacts of lightning and use a time-
averaged stellar spectrum. However, this work has been performed
in close collaboration with a complementary study, using the UM
but including the impact of stellar activity while omitting lightning.
This study, Ridgway et al. (submitted), is also based on Proxima
Centauri b, but uses SOCRATES to calculate the photolysis rates
and a simplified idealized chemistry scheme to capture the ozone
interactions (Drummond et al. 2016, 2020). The complementarity of
these two studies has provided an excellent opportunity for mutual
testing and development.

2.2 UK Chemistry and Aerosol framework

The UK Chemistry and Aerosol (UKCA) model (Morgenstern
et al. 2009; O’Connor et al. 2014; Archibald et al. 2020) is a
framework that we use to describe the global atmospheric chemical
composition of our simulated exoplanet. UKCA includes aerosol
and gas-phase chemistry and is coupled to the UM dynamics. It uses
the UM components for large-scale advection, convective transport,
and boundary layer mixing of its aerosol and chemical tracers
(O’Connor et al. 2014; Archibald et al. 2020). UKCA contains a large
number of gas-phase and heterogeneous chemical reactions, some
of which we have included in our chemical network. Furthermore,
the chemistry schemes in UKCA describe wet and dry deposition
(Giannakopoulos et al. 1999). In this study, we use the Stratospheric
(Strat, Morgenstern et al. 2009) and Stratospheric-Tropospheric
(StratTrop, Archibald et al. 2020) chemistry schemes. Originally,
StratTrop includes 75 chemical species that are connected by 283
reactions (Archibald et al. 2020). We used a reduced version of
the UKCA chemistry schemes (Table 2) to quantify the impact of
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Table 2. Specifications of the different chemistry schemes that were used in this study. The schemes presented are
reduced versions of UKCA’s Strat (Morgenstern et al. 2009) and StratTrop chemistry schemes (Archibald et al. 2020).
Each row also includes the chemistry from the rows above, hence ‘+NO,’ means NO,-chemistry added to HO, and the
Chapman mechanism. Tables B1 and B2 give a full overview of the chemical species and reactions included in each

scheme.
Chemistry Species  Bimolecular ~ Termolecular ~ Photolysis Total Chemistry  Lightning-NOx
reactions reactions reactions reactions scheme
Chapman 6 6 1 4 11 Strat No
+HO, 12 23 4 6 33 StratTrop No
+NO, 21 42 14 15 71 StratTrop Yes

the different chemical mechanisms on the atmospheric chemistry
of a tidally-locked exoplanet. First, we use a simple network that
describes the Chapman mechanism of ozone formation (Chapman
1930), following Yates et al. (2020). Second, we add the reactive
hydrogen (HO,) catalytic cycle, where HO, denotes the ensemble of
atomic hydrogen (H), the hydroxyl radical (OH) and the hydroperoxy
radical (HO;). We include this cycle to account for ozone chemistry
following the oxidation and photolysis of water vapour. Lastly,
we add the nitrogen oxide (NO,) catalytic cycle, including NO
and nitrogen dioxide (NO,) to the network. We also include other
oxidized nitrogen species, such as nitrate (NOs3), nitrous oxide (N, O),
and the reservoirs nitric acid (HNO3), and dinitrogen pentoxide
(N, 0s). Collectively, these nitrogen species belong to the NO,, family
and can also influence ozone chemistry. In our simulations, lightning
is the main source of NO that initiates further NO, chemistry,
as described in Section 2.4. In the upper atmosphere, the slow
termolecular reaction between N, and O(' D) provides another source
of NO,, but this does not impact the lightning-induced chemistry that
occurs at altitudes below 20 km.

The complete list of species, reactions, initial conditions, and
details about deposition states in each of the three reduced schemes
can be found in Tables B1 and B2, respectively. We also note which
species are active in the SOCRATES radiation scheme. Following
the Earth-like atmospheric set-up from Boutle et al. (2017), the
initialization of N,, O,, and CO, is based on pre-industrial Earth
abundances, and these species are assumed to be well-mixed. Initial
values for H,O are based on evaporation from the slab ocean. To
avoid the impact of initial conditions that are far from steady-state
values, the remainder of the HO, and the NO, species are initialized
at mass mixing ratios of 107 and 10~', respectively. All the other
species are initially set to zero and do not participate in the subsequent
atmospheric chemistry. UKCA also includes surface emissions, but
we set them to zero. Lightning discharges produce atmospheric
emissions of NO, which we describe in Section 2.4. Since lightning
is the only source of NO in the lower 20 km of the atmosphere, this
initiates the subsequent NO, chemistry.

2.3 Fast-JX photolysis code

Besides participating in chemical reactions, atmospheric species
can be photolysed by the interaction with ultraviolet (UV) and
visible radiation (Bian & Prather 2002). To describe atmospheric
photolysis, UKCA uses the Fast-JX photolysis scheme (Wild &
Prather 2000; Bian & Prather 2002; Neu, Prather & Penner 2007,
Telford et al. 2013). Fast-JX is an efficient photolysis scheme that
takes into account the varying optical depths of Rayleigh scattering,
absorbing gases, clouds, and aerosols. In this way, Fast-JX provides
an interactive treatment of photolysis in modelling (3-D) atmospheric
compositions. The radiation is divided over 18 wavelength bins
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with 11 bins covering 177-291 nm and seven bins covering 291-
850 nm. These bins group regions of similar absorption as specified
by Bian & Prather (2002). Fast-JX calculates how many photons of
each wavelength are absorbed and/or scattered as light passes through
the plane—parallel atmosphere (Telford et al. 2013). Photolysis rates
are then calculated from the actinic flux, cross-sections, and quantum
yields in each bin.

For Fast-JX, we extract the radiation between 177 and 850 nm
from the MUSCLES spectrum for Proxima Centauri. To describe
non-Earth orbits in UKCA, we follow Yates et al. (2020) and scaled
our M-dwarf fluxes to find the top-of-the-atmosphere (TOA) flux
received by aplanetat 1 AU. A synchronization to the orbital distance
of Proxima Centauri b is added to UKCA to determine the TOA flux
received by the planet. This is shown in Fig. 1, along with the TOA
flux for Earth.

Following Bian & Prather (2002), we regroup the fluxes over the
wavelength bins to produce the TOA fluxes at 1 AU, as shown in
Table 3 (and as the horizontal black lines in Fig. 1). Precursor work
by Yates et al. (2020) using the BT-Settl spectrum did not include
this regrouping and instead erroneously divided the fluxes over 18
bins in terms of increasing wavelength (see Table 1 of Yates et al.
2020). Comparing our results with those from Yates et al. (2020)
highlights significant differences between most of the bins, such as
bin 18, for which the flux from Yates et al. (2020) is ~2 orders of
magnitude higher than either the BT-Settl or MUSCLES spectra. This
is due to lumping together fluxes up to 2150 nm, beyond the 850 nm
upper limit for Fast-JX. This affects, for example, ozone absorption
in the Chappuis bands (Burrows et al. 1999) to produce molecular
oxygen and O(*P); correcting this error reduces photolysis rates for
this reaction by a factor of 20 (see also Appendix A). Hence, this
removes the destruction of ozone due to unphysical reasons. As is
also seen from Fig. 1, the MUSCLES spectrum is stronger by up to
eight orders of magnitude at shorter wavelengths (A < 300 nm). This
UV radiation plays an essential role in atmospheric chemistry by
driving the photolysis of molecular oxygen (A < 240 nm and ozone
(A < 320nm).

2.4 Emissions of NO from lightning

We use a lightning parametrization based on simple scaling relations
between the size of a thundercloud and the electrical power output
(Vonnegut 1963). The scaling relations are derived from the laws of
electricity, assuming a thunderstorm as an electric dipole separated by
a distance characterized by the cloud dimension. Since the number
of lightning flashes depends on the electrical power, the lightning
flash rates (LFR) can be described in terms of the cloud-top height
H (Williams 1985; Price & Rind 1992; Boccippio 2002; Luhar
et al. 2021). Parametrizations are derived for continental and oceanic
LFRs. Since we assume an aquaplanet, we only use the oceanic
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Figure 1. Top-of-the-atmosphere fluxes received on Earth and Proxima Centauri b. The red line shows the flux for the composite MUSCLES spectrum of
Proxima Centauri, as used in our study; and the orange line denotes the stellar flux generated by the BT-Settl spectrum that was used by Boutle et al. (2017),
Yates et al. (2020). Fast-JX treats fluxes at wavelengths between 177 (the dashed vertical line) and 850 nm. The solid horizontal black lines denote the flux
per bin for Fast-JX bins 5-18 and are numbered accordingly. Bins 1-4 and part of bin 5 contain a combination of the Schumann—Runge (S-R) bands (Bian &
Prather 2002), and treat the fluxes falling in the shaded rectangular patch, or between 177 and 202.5 nm.

Table 3. Top-of-the-atmosphere flux for a planet orbiting at 1 AU around
Proxima Centauri.

Bin TOA flux at 1 AU
(photons s~ cm=2)

1 1.091 x 108

2 1.011 x 108

3 9.240 x 107

4 4.550 x 107

5 3.301 x 108

6 1.189 x 108

7 1.392 x 108

3 1.371 x 108

9 4.739 x 10°

10 5.773 x 10°

11 5.922 x 108

12 6.467 x 108

13 6.881 x 108

14 2.596 x 108

15 5.086 x 108

16 5.761 x 10°

17 9.321 x 100

18 5.625 x 1013

parametrization:

LFRy = 2.0 x 1079 H*38, o)

The flash rates are calculated at locations where the convective
cloud depth exceeds 5 km, and the cloud depth is based on the base
and top convective cloud heights from the convection scheme. The
threshold of 5 km follows from the range of data used to develop the
parametrization (Price & Rind 1994). The flash rates are subsequently
apportioned into cloud-to-ground (CG) and intracloud (IC) flashes,

based on an empirical ratio between the two (Price & Rind 1993).
Extending the parametrization to extraterrestrial environments, justi-
fied by our assumption of an Earth-like atmosphere and thus a similar
process of charging and charge separation on Proxima Centauri b, we
can provide a first assessment of the spatial and temporal distributions
of lightning flashes in tidally-locked environments and study the
relation to the planet’s convective activity.

Atmospheric electric discharges (including lightning) provide
high-temperature channels of up to 30 000K. In these channels, new
trace molecules can be produced from the ambient atmospheric
constituents (Rakov & Uman 2003). In Earth’s atmosphere, the
production of NO affects ozone photochemistry (Crutzen 1970)
and the lifetimes of a range of other gases, e.g. CO and nitrous
oxide (N,0O) (Rakov & Uman 2003; Brune et al. 2021; Mao et al.
2021). As the air cools rapidly, the abundances from the high-
temperature reactions are ‘frozen in’ via the so-called Zel’dovich
mechanism (Zeldovich, Frank-Kamenetskii & Sadovnikov 1947).
The exact consequences for the atmospheric composition depend
on the lightning flash rates and the amount of NO that is produced
per flash. Terrestrial constraints on the amount of NO per flash are
presented by Schumann & Huntrieser (2007).

We use the UKCA emission formulation to describe emissions of
NO from individual flashes (Luhar et al. 2021). The production of
NO per flash is a key uncertainty, ranging from ~33-700 moles NO
per flash with averages of 250 (Schumann & Huntrieser 2007) and
180 moles NO per flash (Bucsela et al. 2019). To match the global
lightning-NO, production on Earth, NO production rates are scaled
to 216 moles NO per flash (Archibald et al. 2020; Luhar et al. 2021).
Furthermore, we do not distinguish between CG and IC flashes in
the NO production rate. The emitted NO is redistributed vertically
between 500 hPa (or ~4.4 km) and the cloud top for IC flashes and
between the surface and 500 hPa for CG flashes, and added to the NO
concentration in the chemistry scheme. With a global mean surface
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pressure equal to 1000 hPa, the mid-point in terms of atmospheric
mass is at ~500 hPa.

2.5 Experimental set-up

To ensure model stability and to avoid violating the Courant—
Friedrichs—-Lewy conditions for strong high-altitude winds, we ran
our simulations at time-steps of four minutes for atmospheric
dynamics. The chemical time-step was left at the default of one hour,
as in Yates et al. (2020). From the initial conditions, as described
in Sections 2.1 and 2.2, we run our simulations to a steady state as
determined by the balance of incoming and outgoing TOA radiation
fluxes and the stabilization of the surface temperature. We find
that the steady state for Proxima Centauri b is generally reached
by ~1000 Earth days. We also check that chemical steady state is
reached by examining the stabilization of the total ozone column and
volume mixing ratio of ozone, since ozone is a long-lived species.
For Proxima Centauri b, this is typically reached within 15 Earth
years, depending on the complexity of the chemical network being
used and subject to stochastic changes in atmospheric dynamics.
Following Yates et al. (2020), we run for five more years to a total
of 20 years of spin-up time and report our results as the mean of the
following 120 days (or ~10 orbits of Proxima Centauri b).

3 RESULTS

This section starts with a description of the planetary climate,
followed by the distribution of lightning flashes. Then we discuss the
resulting atmospheric chemistry, first focusing on ozone chemistry
and, finally, on lightning-induced chemistry.

3.1 Background climate

The overall climate resulting from our simulations is largely similar
to that presented in Boutle et al. (2017), which is unsurprising
given the similarity in the model configurations. Here, we include
a description of the main climate elements relevant to this study
and refer the reader to Boutle et al. (2017) for a more complete
description.

We can see a clear dayside—nightside contrast in surface
temperature with time-mean temperatures ranging from a maximum
of 291K on the dayside to as low as 157K over two nightside
Rossby gyres on either side of the equator due to persistent radiative
cooling. In terms of sustaining liquid water on the planetary
surface, ~45 percent of the planet’s dayside remains at habitable
surface temperatures (>273.15K). Generally, we find much higher
atmospheric specific humidity on the dayside, due to evaporation
(higher overall temperatures) and convection, than on the nightside
(Boutle et al. 2017; Yates et al. 2020). Clouds and radiatively active
gases such as ozone impede the penetration of UV radiation to
the surface so that levels are lower than those found on Earth (e.g.
O’Malley-James & Kaltenegger 2017). The dayside hemispheric
mean level of UV surface radiation (A <320nm) is reduced to
15 per cent of the TOA value. This is about 0.2 per cent of the level
on Earth’s surface (Segura et al. 2003), comparable to the findings
of Segura et al. (2005) for planets orbiting M-dwarfs.

The distribution of clouds is influenced by the zonally asymmetric
stellar heating of the planet due to the assumed tidally-locked con-
figuration in our study. Intense heating at the substellar point drives
deep convection and consequently water and ice cloud formation,
resulting in a thick cloud deck that covers a large fraction of the
dayside hemisphere centred on the substellar point (e.g. Yang et al.
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Figure 2. Time-mean (120 days) indicator of shallow, mid-level, and deep
convection over the planetary surface. The indicator is equal to 1 if a
convection type is diagnosed or O if not, and the diagnosis of convection
is based on undilute parcel ascent from the near surface for grid boxes where
the surface buoyancy flux is positive (Walters et al. 2019).
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Figure 3. Annual lightning flash rates on Proxima Centauri b, following
parametrizations shown in equation (1) (Price & Rind 1992; Luhar et al.
2021). The mean of 120 days was taken from the high-frequency flash rate
output and subsequently scaled to annual rates.

2013; Boutle et al. 2017; Sergeev et al. 2020). The equatorial jet
advects the high-clouds downstream, creating an asymmetry in the
high-cloud cover that impacts the vertical extent of convective clouds
(Boutle et al. 2017). From Fig. 2, we can see that deep convection
occurs around the substellar point and falls off radially. Furthermore,
deep convective mixing tends to occur more intensely westward of
the substellar point, coincident with a source of gravity waves (Cohen
et al. 2022). Due to a decreasing depth of convection as a function
of radial distance from the substellar point, lower-altitude clouds
become more frequent (Boutle et al. 2017; Sergeev et al. 2020).

3.2 Lightning flash rate estimates

From Earth, we expect lightning flashes to occur mainly in regions of
vigorous convective activity and hence where high clouds develop,
as is also evident from equation (1). Fig. 3 shows that, using the
parametrization in terms of cloud-top height, lightning flashes are
indeed concentrated around the region of deep convective activ-
ity, associated with surface heating over the substellar point. The
asymmetry in the vertical extent of convective cloud cover results
in a crescent-like shape with rates of up to 0.16 flashes km=2 yr~!.
This LFR is generally lower than observed values over the Earth’s
oceans, where LFRs reach values of up to ~0.01 flashes km™2 day !
(or ~3.65 flashes km~2 yr~!; Han et al. 2021). Accounting for the
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impacts of coastal regions and islands on oceanic flash rates on
Earth (e.g. Williams, Chan & Boccippio 2004; Liu et al. 2012), we
retrieved the original LIS/OTD data sets on observed LFRs on Earth
(Cecil, Buechler & Blakeslee 2014). This was used to determine
LFRs over parts of the oceans that are island-free, and resulted in
LFRs between 0.11-0.57 flashes km~2 yr—!. Hence, our findings for
Proxima Centauri b fall into the lower end of this range.

To understand why LFRs for Proxima Centauri b are at the lower
end of oceanic flash rates on Earth, we plot the convective cloud
depths for Proxima Centauri b in Fig. 4. The convective cloud depths
are based on the analysis of output at a high-temporal resolution
(4 min) for 10 days of the simulation, giving us over 4 x 10° data
points over the entire planetary surface. Cloud depths extend up to
15.7km in altitude for Proxima Centauri b. For the oceanic regions
in the tropics on Earth, clouds extend up to 17 km (Dessler, Palm &
Spinhirne 2006; Bacmeister & Stephens 2011). This suggests that the
convection driving the formation of these clouds is weaker on Prox-
ima Centauri b, resulting in a lower LFR. Besides that, Proxima Cen-
tauri b (Tgyr ~291K) is generally cooler than Earth, even without the
continents (Ty,s ~300K). Atmospheric temperatures are generally
also lower, resulting in a drier atmosphere and thereby limiting cloud
formation and the initiation of lightning. As discussed below, the flash
rates and the extended structures, we see around the substellar point
have a significant effect on the atmospheric chemistry of Proxima
Centauri b, and more generally on similar tidally-locked planets.

3.3 Ozone chemistry

First, we reproduced the results of Yates et al. (2020) on atmospheric
chemistry of Proxima Centauri b (Fig. A2). Subsequently, we use
the refined spectral flux distribution as shown in Table 3, and report
our results as 120 day means after 20 years of spin-up from initial
conditions. Fig. 5 shows the hemispheric mean volume mixing ratios
(VMR) of ozone as a function of altitude, corresponding to the three
different chemistry schemes described in Table 2. In all three cases,
incoming stellar radiation is sufficient to establish and maintain an
ozone layer, initiated by the Chapman mechanism (Chapman 1930).
This mechanism can be summarized by five chemical reactions:

0, + hv — OCP) + OCP), (R1)
OCP)+ 0, +M —> O3 + M, (R2)
O3 + hv — 0, + OCP), (R3)
03 + hv —> 0, + O('D), (R4)

Reaction R1 initiates the production of ozone and R5 represents
the termination step for the Chapman mechanism. Reactions R2—4
describe the rapid interchange between O('D), OC*P), O,, and Oj.
Furthermore, O('D) is de-excited following the interaction with Ny,
02, and C02

Fig. 5 shows that the Chapman mechanism results in the thickest
ozone layer, peaking at 40-60 km with VMRS of 43 and 47 ppm on
the dayside and nightside, respectively. The dayside ozone profile
peaks at a lower VMR and a lower altitude (~48km) compared
to the nightside peak at ~60km due to active photochemistry on
the dayside. OCP) is still transported to the nightside with the
prevailing high-altitude horizontal winds. Combined, there is less
photolysis of ozone through reactions R3 and R4 and the shifted
balance between R2 and RS determine the higher nightside VMR at
altitudes above ~50 km. Compared to Yates et al. (2020), our refined
bin distribution of the stellar spectra, described above, generally
results in an increase in radiation with wavelengths <240 nm, and
consequently a twenty-fold increase in O, photolysis rates and
increased ozone VMRs. The relatively high-ozone VMR enhances
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Figure 4. Convective cloud depths for Proxima Centauri b from 10 days of
simulation at a high-temporal resolution of 4 min. Depths were calculated as
the difference between the convective cloud top and convective cloud base.
Also indicated is the threshold for the classification of a thundercloud in the
lightning scheme, as described in Section 2.4.

transport of heat to the nightside, which increases the nightside
surface temperature especially at the location of the cold traps,
consistent with Yang & Abbot (2014) and the simulations from
Boutle et al. (2017) for an Earth-like atmospheric composition.
The increased nightside temperatures result in similar dayside and
nightside ozone vertical profiles.

On Earth, several catalytic cycles destroy stratospheric ozone (e.g.
Grenfell et al. 2006). In this study, we consider two cycles thatinvolve
HO, and one that involves NO, driven by lightning. The two HO,
cycles are:

HOx cycle 1:

H,0 + O('D) — 20H, (R10)
OH + O; —> HO, + Oy, (R11)
HO, + O3 — OH + 20,, (R12)
OH + HO, — H,O0 + O,, (R13)
and

HOxy cycle 2:

H,O+hv — OH+H, (R14)
OCP) + OH — 0O, +H, (R15)
H+ 0, +M — HO; + M, (R16)
HO; 4 O(P) —> OH + 0, (R17)
H+ O3 — OH + O, (R18)
OH + HO; — H,O + 0,. (R13)

These catalytic cycles are a consequence of water vapour in the
atmosphere. Following O('D) production from the photolysis of
ozone in reaction R4, the oxidation of water vapour in reaction R10
initiates HO, cycle 1 describing OH-HO, cycling, as previously
studied by Yates et al. (2020). The second HO, cycle is initiated by
the photolysis of water vapour and describes H-OH-HO, cycling.
Fig. 6 shows hemispheric ~mean reaction rates
(molecules cm™ s~') as a function of altitude on the dayside
and nightside of the planet for the Chapman + HO, + NO,
chemistry scheme. Using these rates, we can identify which
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Figure 5. Hemispheric mean vertical ozone VMR profiles (mole mole~") for different chemical schemes (Table 2). The left-hand and right-hand panels show
the day and nightside hemisphere, respectively.
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Figure 6. Dayside and nightside reaction rates (molecules cm—> s~!), and the corresponding ozone profile (VMR) in black using the improved spectral flux
distribution. Results are from our third experiment, including the Chapman mechanism and HO, and NO, chemistry. Solid, dotted, and dashed lines denote
reaction rates relevant to the Chapman mechanism, HO, cycle 1, and HO, cycle 2, respectively. The common termination reaction (R13) for both HO, cycles is
plotted as a dash—dotted line.
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Figure 7. Spatial distribution of O3 around the planet for our third experiment in Table 2. The panel on the left shows the vertical column densities in DU.
Right-hand side panels show the meridional mean VMR (mean over latitude) as a function of longitude and altitude. Relative depletion on the dayside and
accumulation of O3 in the nightside cold traps (centred at ~150°W) is clearly seen.

reactions are most important throughout the atmosphere. The
initiation (R1) and termination (R5) reactions of the Chapman
mechanism are shown as solid lines. The reaction rate associated
with oxygen photolysis (R1) mostly occurs on the dayside (nightside
rates reflect those determined by scattered daytime radiation at
the terminators) and falls off rapidly with decreasing altitude after
the maximum in the ozone layer at 40 km. The peak rate of RS
between ~19 and ~50km reflects the coincident altitude of our
ozone layer (Fig. 5) and a peak in O(*P) production from ozone and
oxygen photolysis. On the dayside between ~19 and ~38.5km,
we find that ozone loss is dominated by reaction R5. The lower
nightside rate of RS follows from the dependence on photolysis
reactions producing O(C’P). Generally, nightside mean reaction
rates are weaker than dayside mean reaction rates (Fig. 6) due to
the absence of stellar radiation, and due to the slower progression
of chemical reactions in the lower temperatures of the nightside
hemisphere.

Including the HO, catalytic cycles decreases the dayside and
nightside peaks in the ozone layer to 21 and 20 ppm, respectively
(Fig. 5), and moves them to lower altitudes. Both HO, cycles lead
to the consumption of odd oxygen molecules (OCP) and/or O3),
resulting in a significant depletion of the ozone layer above ~38.5 km
compared to the Chapman-only scheme (Fig. 5). The reaction rate of
R1 increases between ~20-30 km when adding in the HO, chemistry
due to lower overhead ozone abundances and thus less UV shielding,
resulting in a higher ozone VMR at these altitudes. The dotted
lines in Fig. 6 correspond to HO, cycle 1, for which R10 is the
initiation reaction. Reactions R11 and R12 denote the propagation
steps responsible for the catalytic destruction of ozone, and reaction
R13 denotes the termination step. The net effect of this OH-HO,
cycling is the consumption of two ozone molecules. We find that this
catalytic cycle dominates ozone loss in the lower atmosphere of our
tidally-locked M-dwarf planet in agreement with previous studies
(Yates et al. 2020). From the purple dotted line in Fig. 6, we find
that the propagation reactions R11 and R12 dominate below ~19
and ~30 km on the dayside and nightside, respectively. As described
above, the termination step from the Chapman mechanism dominates
ozone loss between ~19 and ~38.5 km on the dayside.

Above ~38.5km, HO, cycle 2 begins to dominate, as can be
seen from the dashed lines in Fig. 6. In terms of increasing altitude,

HO, production is initially a combination of the oxidation (R10) and
photolysis (R14) of water vapour. Above ~44 km, H,O photolysis
dominates. In this cycle, both reactions R15 and R16 have to happen
to convert OH into HO,, and the cycle will then be completed by
reaction R17 converting HO, back into OH. Another pathway is R15
for the conversion of OH to H followed immediately by R18 to return
OH, completing the H-OH-HO, cycling. For the sake of readability,
we combine these steps by plotting the sum of reactions R15, R16,
R17,and R18 in Fig. 6. We find that the propagation steps for H-OH—
HO, cycling dominate above ~38.5 km on the dayside. The common
termination step for the two HO, cycles is R13 (Fig. 6). The reaction
rates associated with the propagation reactions from both cycles can
be up to 1000 times higher than the termination or the initiation steps
(e.g. at 55 km). This means that one OH molecule can participate in
these ozone-depleting catalytic cycles as many as 1000 times, before
being removed by the termination step.

On the nightside, the weak O, (see R1 in Fig. 6) and O;
photolysis resulting from scattered radiation at the terminator limit
the formation of atomic oxygen. Consequently, advection from the
dayside determines the abundance of O(P) and OH, leading to
significantly smaller nightside abundances. As a result, reaction
rates can be decreased by a factor of 100 (e.g. the HO, propagation
steps, R11, R12, R15-R18) to 100000 (R10). Below ~20km, only
small amounts of ozone (tens of ppbs) are found, resulting from
relatively weak oxygen photolysis, losses due to deposition, and the
effectiveness of HO, cycle 1 in the troposphere (0-20 km).

The net result of the Chapman mechanism and HO, cycles is a
3-D ozone distribution similar to previous work (Yates et al. 2020),
shown in Fig. 7. However, the corrected spectral distribution of stellar
radiation leads to larger ozone production across the planet. Ozone
column densities are as thin as 269 Dobson Units (DU, where 1 DU
= 2.687 x 10?° molecules m~2) on the dayside and peak at 1490
DU over the nightside Rossby gyres located at mid-latitudes and
centred at ~150°W (Fig. 7). This increased thickness is caused
by the Rossby gyres trapping air, which is subsequently exposed to
extensive radiative cooling (so-called cold traps). Due to this cooling,
the atmosphere reduces in thickness locally transporting the ozone in
the column down to the troposphere thereby increasing the column
abundance (Yates et al. 2020). The mean reaction rates associated
with the HO, cycle are up to 100 times smaller on the nightside
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below ~20 km. Combined, these two effects lead to higher nightside
ozone abundances at these altitudes (Fig. 5).

3.4 Lightning-induced NO, chemistry

Our third experiment focuses on NO, chemistry in the lower
atmosphere (<20 km), where lightning is the only source of NO at
216 moles NO per flash, and is denoted ‘NO,’ in Table 2 and Fig. 5.
The magnitude and distribution of these flash rates are described
in Section 3.2 and shown in Fig. 3. The resulting distribution of
lightning-produced NO can initiate catalytic cycles that result in the
loss of ozone and consist of the following reactions:

NO + 03 — NO, + 0, (R19)
NO, 4+ hv —> NO + OCP) (R20)
N02 + 03 — NO3 + 02 (RZ])
NO; 4+ hv —> NO, + OCP) (R22)
NO; + hv —> NO + O,. (R23)

NO quickly reacts with Oz to form NO, (R19). On the dayside,
NO; can be photolysed back into NO again (R20). Together, they
form a first catalytic cycle leading to the destruction of one ozone
molecule. With a relatively small abundance of O(*P) below 20 km,
NO, is likely to react with O3 again through reaction R21 to
produce NOj that is subsequently photolysed to NO, (R22) or NO
(R23). The photolysis rate for reaction R22 (flux at A > 345nm) is
~8 times higher than R23 (flux at A > 412.5nm) for the spectral
flux distributions of the Sun and Proxima Centauri. The net result of
this second catalytic cycle is the destruction of two ozone molecules.
The termination step in the NO, is the oxidation of NO, by OH:

NO; + OH+ M — HNO; + M. (R24)

We know from the reaction rates of R10 and R14 (Fig. 6) that OH
(and thus HNOs3) production occurs predominantly on the dayside.
NO; can further react with the NO3 produced through reaction R21
to form N,Os:

NO; +NO, + M —> N,Os + M. (R25)

The species HNO3 and N,Os are more stable and therefore have a
relatively long lifetime against chemical loss. Eventually, they are
converted back into NOy, for example, via:

HNO; + hv —> NO, + OH (R26)
N205 + hy —> NO; + N02 (R27)

In the presence of water, N,Os is also converted into HNOj:
N,Os + H,O — 2HNOs. (R28)

Furthermore, HNOj is subject to removal by deposition. On the night-
side, the absence of stellar radiation further enhances the lifetime of
NO;, HNOs3, and N,Os. Therefore, these species serve as reservoirs
for NO,. The reservoirs and NO, together form the NO, family. The
tidally-locked configuration of Proxima Centauri b provides distinct
radiation environments on the dayside and nightside, which leads to
a dayside—nightside contrast in NO, and its reservoirs. A schematic
summary of the mechanism that is initiated by NO produced from
lightning is shown in Fig. 8, indicating chemical reactions that only
occur on the dayside hemisphere in red.

The dayside—nightside contrast in atmospheric chemistry involv-
ing nitrogen species is explored using the hemispheric-mean reaction
rates in Fig. 9. Following the production of NO by lightning, NO, is
predominantly formed on the dayside of the planet with the reaction
rate that describes the conversion from NO to NO, (R19) being about
200 times higher on the dayside than on the nightside. The photolysis
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Figure 8. Overview of the main chemical reactions that are initiated by
lightning-induced NO. Arrows run from the reactant to the product. The
chemical reaction is numbered as RXX, corresponding to the main text.
Reactions in red only occur on the dayside of the planet, reactions in blue can
occur on both hemispheres. HONO, HO,NO,, and N,O are omitted in this
diagram but also included in the network.

Daysi Nightsi
25 )ays fje -5 g side
20' l‘\x\ 20_ \
‘\\\\ \‘\\‘\\
“ \\ Q\\
\ \\ \:\
€151,/ 1571 !
(0] | )
ko] N
o] o
5 | [~
2 10'\ ‘. 10' '\‘
A N
A N
N N
4/\\\ .
5171 51 Y
\ ¢
A} . \.
] ! -

0+ T — 0 — = ,
1074 1072 10° 102 10~% 1072 10O 102
Reaction rate (molec cm—3 s71)

--------- R19:NO+0O3 R26:HNOs+hv

—— R20:NO,+hv —-- R27:N;0s5+hv

—— R21:NO,+03 R28:N,05+H,0
----- R22,23:NO3+hv ——- WD HNO3

————— R24:NO;+OH+M DD HNO3

————— R25:NO3+NO,+M

Figure 9. Hemispheric mean reaction rates (molecules em™3 s for
nitrogen chemistry, below altitudes of 40 km. Reaction numbers are explained
in Section 3.4 and Fig. 8. The wet (WD), and dry deposition (DD) of HNO3
are also shown. Wet deposition occurs up to altitudes of ~12km and dry
deposition is limited to the surface.
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Figure 11. Transmission spectra for our set-up of Proxima Centauri b,
assuming it transits. Spectra are shown with and without lightning-induced
NO, present in the atmosphere.

of NO, (R20) also peaks on the dayside and is smaller by a factor
of ~2000 on the nightside. Hence, NO, is available for nightside
NO, chemistry, initiated by R21. We also find a strong decrease
(10°-10%) in nightside rates that describe the photolysis of HNO;
(R26) and N,Os (R27). Notably, the reaction rate associated with the
photolysis of NO3 in R22 and R23 only triples on the dayside. This
is because NO3; mainly absorbs radiation at wavelengths between
~550 and ~700nm, which is more likely to be scattered in the
planet’s atmosphere than shorter wavelength radiation. The reaction
rate of R21 is twice as large on the dayside, and oxidation (by O(*P)
and OH) further destroys dayside NOs3. The production of N,Os
through R25 is ~700 times larger on the nightside. The reaction with
water vapour through R28 can again lead to the production of HNO;.
HNO:s is rapidly removed by dry deposition (DD) and wet deposition
(WD), which is stronger on the dayside of the planet due to a higher
precipitation rate. Fig. 9 shows that wet deposition provides a loss
term for HNO;3 up to 12km and dry deposition is limited to the
surface. These combined effects of chemistry and deposition on the
NO, reservoirs indicate an accumulation on the nightside.

Fig. 10 shows the resulting spatial distribution of these important
NO, and NO, species. Left-hand side panels show the vertically
integrated column densities (in molec m~2) of each species with
the wind vectors at an altitude of 6850 m, where the superrotating
jet speed is the largest (up to 40m s~'). The column densities are
calculated as the pressure-weighted sum of the number densities
in each vertical layer. Right-hand side panels show the meridional
mean VMR for each of the species. The first row of Fig. 10 shows that
lightning-induced NO is produced on the dayside, most strongly in
the crescent shape determined by the lightning flashes in convective
clouds (Fig. 3). To quantify hemispheric differences, we define a
day-to-nightside contrast following Chen et al. (2018) and Koll &
Abbot (2016). However, instead of using mean mixing ratios, we use
hemispheric mean vertical column densities of species to calculate
the relative difference between hemispheres:

o = o Tnight, (2)
Fglobal
where 7gay, Fnight, and rgopa are the dayside, nightside and global
mean vertical column densities (in molec m~2) of a chemical species,
respectively. There is enhanced NO on the dayside of the planet
(Fig. 10) with an associated rg;s value of 198 per cent. NO is most
abundant between 5.5 and 15km with a maximum of 0.117 ppt
at 12.5km. This is a consequence of our parametrization of NO
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emissions per lightning flash: emitted NO is distributed between
500 hPa and the cloud top, as described in Section 2.4. Furthermore,
the tidally-locked orbit, NO lifetime and wind structure allow for
a maximum near the NO emission source. Differences in NO at
the eastward terminator between 12—-14km are due to eastward
advection and subsequent photolysis of NO, lower in the atmosphere
(R20). The balance of chemical reactions R19-R23 in a tidally-
locked configuration determines the vertical column densities of
NO, NO;, and NOs (first three rows of Fig. 10). The lightning-
produced NO leads to NO, and subsequently NO; that spread
around the dayside of the planet, following atmospheric transport.
NOs is rapidly photolysed, releasing NO, back. Consequently, NO,
(rairr = 80 per cent) has the largest vertical column densities, peaking
at 6.2 x 10' molecules m~2, westward of the substellar point.
We know from reaction R24 that the production of HNO3; occurs
predominantly on the dayside. The decrease in the column density
of HNO; in Fig. 10, towards the minimum value of 3.0 x 10%
molecules m~2 close to the substellar point, shows that HNO; is
susceptible to photolysis as well as to wet deposition following cloud
formation and precipitation.

In the absence of stellar radiation and lightning flashes, atmo-
spheric chemistry is different on the nightside. Here, the chemistry
depends exclusively on the advection of chemical species from the
dayside of the planet. This can be seen from the NO, and HNO;
columns aligning with the wind vectors in Fig. 10, as these species are
advected from the dayside to the nightside. This dayside-to-nightside
transport of chemical species was also discussed in previous work
on terrestrial exoplanets (Chen et al. 2018; Yates et al. 2020) and hot
Jupiters (e.g. Drummond et al. 2020). NO column densities are much
smaller on the nightside because the source is found on the dayside
and because of the absence of photolysis of the other nitrogen-bearing
species. Without stellar radiation and with relatively low nightside
O(*P) abundances, the dominant loss pathways for nightside NO,
result in the production of NO, reservoir species. The oxidation by
O3 (R21) still produces a significant amount of NOs. In the absence of
stellar radiation, NO; and HNOj are no longer efficiently destroyed.
This results in a much thicker nightside NO; column, evident from
the rgisr of —200 per cent for NO3, and a slightly thicker mean HNO;
column on the nightside with rgy = —8 percent. HNO;3 has a
smaller 7y since it depends on dayside production and is subject
to deposition. Nightside NO, and NOj3 are sufficiently abundant to
initiate the production of N,Os (R25). The fifth row in Fig. 10 shows
that, following the nightside production, N,Os is advected towards
the dayside. In doing so, N;Os passes across the western terminator
after which it is rapidly destroyed due to photolysis or the reaction
with water vapour. The relative depletion of N,Os in the equatorial
regions between 90 and 180°E is linked to the same reaction with
water vapour (transported from the dayside). The tendency of N,Os
to accumulate on the nightside can also be seen from its rgi of
—95 per cent. Since the conversion from NOjz;, HNOj, or N,Os
back into NO, involves either photolysis or the interaction with OH,
the nitrogen reservoirs (NO3, HNOj3, and N,Os) have an extremely
long lifetime on the planet’s nightside. It is this accumulation of the
reservoir species that is seen by the contrasting dayside and nightside
vertical columns in the last three rows of Fig. 10. It should be stated
that while the day-to-night contrasts are big in relative terms, they
are small in absolute terms.

Combined, lightning-induced NO, chemistry and the configura-
tion of a tidally-locked M-dwarf planet lead to dayside—nightside
distinctions. The chemical mechanism in Fig. 8 summarizes the
main reactions responsible for these distinctions as well as where
they occur on the planet, initiated by lightning flashes that produce
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NO. Lightning and chemical reactions that are limited to the dayside
of the planet are shown in red and indicate why the accumulation of
reservoir species on the nightside occurs.

4 DISCUSSION

Here we reflect on key uncertainties associated with our study,
including (1) the importance of stellar radiation, particularly the
UV wavelengths; (2) describing the distribution of LFRs, including
the thermal decomposition of chemical species; and (3) the prospects
of observing the changes in atmospheric chemistry predicted by our
simulations using observations from the JWST.

4.1 The importance of photochemistry

Photolytic reactions are the main driver of atmospheric chemistry on
M-dwarf planets. The host stars irradiate a large UV contribution to
the bolometric flux compared to other stars (Fig. 1), and therefore
many chemical reactions on the orbiting planets are driven by UV
radiation.

We use the Fast-JX model to describe photolysis in the 177—
850 nm region. The upper limit is based on photons being sufficiently
energetic to break molecular bonds (Bian & Prather 2002). Fast-
JX is optimized for the calculation of photolysis rates in the
troposphere and stratosphere on Earth, motivating the lower cut-off
at 177 nm. Radiation with lower wavelengths is attenuated above
the mesosphere (except for O, Lyman « absorption at 121 nm).
Furthermore, the solar flux falls off precipitously for wavelengths
shorter than 177 nm (Fig. 1). Our current assumption of an Earth-like
atmosphere on Proxima Centauri b intrinsically assumes attenuation
of incoming radiative fluxes at these lower wavelength regions. The
MUSCLES spectrum that we use is based on observations, but
uncertainties remain. First, the region between 175-200 nm is based
on a quadratic fit to the surrounding continuum (Loyd et al. 2016).
Besides that, MUSCLES continuum fluxes are often based on the
photon-limited noise floor of the data rather than actual measure-
ments of the stellar output, because of the intrinsic faintness of UV
radiation from M-dwarfs (Loyd et al. 2016). Future measurements
will help to improve the quality and range of the spectra being
used, as well as help test our assumption about using an Earth-like
atmosphere.

The relation between UV fluxes and photochemistry in 3-D
simulations of exoplanets has been explored across a range of
stellar energy distributions (SEDs) (Chen et al. 2018, 2019) and
for time-dependent stellar activity (Chen et al. 2021, Ridgway
et al. submitted). Furthermore, 1-D photochemical models have
been used to quantify the amount of ozone resulting from different
UV distributions in SEDs (e.g. Segura et al. 2005, 2010; Domagal-
Goldman et al. 2014; O’Malley-James & Kaltenegger 2017; Teal
et al. 2022), and alongside varying molecular oxygen abundances
(Kozakis et al. 2022). To illustrate the dependence of assuming
different SEDs on ozone photochemistry, we compare in Appendix A
results from the BT-Sett] spectrum and the improved bin distribution
with the results, we report here using the MUSCLES spectrum. We
find that the stronger UV flux from the MUSCLES spectrum leads
to ozone mixing ratios that are enhanced by a factor of 15.

As described in Section 3.3, the 3-D spatial distribution of ozone is
broadly similar to Yates et al. (2020). The similarities include a lower
dayside mean ozone column (302 DU) as compared to the nightside
(483 DU) and a buildup of ozone at the locations of the nightside
Rossby gyres. This behaviour is also shown in Fig. 7. Therefore, in
the case of ozone and agreeing with the findings from Chen et al.

Lightning chemistry on tidally-locked planets

2395

(2018), we can conclude that the magnitudes of volume mixing
ratios are controlled by a balance of photochemical production and
destruction. On the other hand, the lifetime of ozone is long enough
for the spatial distribution to be controlled by transport processes.

In agreement with Boutle et al. (2017), we find a substantial
fraction of the planetary surface on the dayside to be potentially
habitable (~45 percent) with a temperature exceeding 273.15K.
This fraction could change with the inclusion of ocean heat transport
(Hu & Yang 2014) or ice-albedo feedback, though the latter is shown
to play only a marginal role for M-dwarf planets (Shields et al.
2013). Furthermore, a thick ozone layer increases the likelihood that
any surface life is protected from harmful UV radiation (e.g. Shields
et al. 2016). To quantify this, we compare the UV flux (A <320 nm)
at 51 km (just above the ozone layer) with the flux at the surface.
We find that only 15 per cent reaches the surface levels, after being
attenuated by the ozone layer (and water clouds closer to the surface).
As mentioned in Section 3.1, this amounts to about 0.2 per cent
of Earth’s surface UV radiation levels. Hence, in line with the
results from O’Malley-James & Kaltenegger (2017) for a 1-D model
of an ‘active’ M-dwarf spectrum, the thick ozone layer provides
sufficient protection against harmful UV radiation. This ozone layer
can also protect against enhanced UV irradiation during stellar flares,
although strong flares and the absence of a magnetic field might
also produce strong perturbations of the ozone layer (Chen et al.
2021). The perturbing of atmospheric chemistry by the enhanced
UV flux and stellar energetic particles from flares is further explored
in a separate publication (Ridgway et al., submitted). Lightning may
also have played a role in the origin of life, which was shown by
the production of amino acids in a reducing atmosphere following
electrical discharges in the Miller—Urey experiment (Miller 1953).
However, the formation of organic molecules following lightning
is more likely in a reducing atmosphere (e.g. Chameides & Walker
1981), which would require starting conditions that differ from our
assumed oxygen-rich composition.

The motivation for assuming Earth-like atmospheric chemistry in
this study was our aim of studying ozone chemistry and the impact
of lightning-induced species. The addition of atmospheric chemistry
to a 3-D GCM significantly increases the computational expense,
particularly if, as done here, it is considered self consistently with
the radiative transfer and dynamics. Therefore, we have included
only the most essential chemical reactions (based on our broader
knowledge of the reactions occurring in an Earth-like atmosphere).
Moving away from this photochemical regime involves a significant
increase in the size of the associated chemical network that would
consequently be difficult to run in a 3-D CCM. As such, for this
initial study, we used Earth-like atmospheric chemistry. Including
accurate and sufficiently small chemical networks that support other
photochemical regimes is an important topic for future investigation.

4.2 CCM comparisons

The previous CCM studies of terrestrial exoplanets made use of
the CAM-Chem 3-D model (Chen et al. 2018) for an atmosphere
with 26 levels extending up to 50km and WACCM (Chen et al.
2019, 2021) for an atmosphere up to 145km in 66 levels, thus
including the thermosphere. Our UM-UKCA CCM falls in between
this range with 60 levels describing an atmosphere up to 85km.
Other differences in the previous studies include landmasses in the
form of Earth’s continental distribution (though with the substellar
point in the middle of the Pacific Ocean) that can impact the climate
(Lewis et al. 2018; Rushby et al. 2020). Chen et al. (2018) use a
stellar insolation of 1360 W m~2, compared to 881.7 W m~2 used
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here. The insolation is varied in Chen et al. (2019, 2021), but not
to values as low as ours. Our study uses a reduced description of
atmospheric chemistry, focusing on individual processes, whereas
theirs include 97 species connected by 196 reactions (Chen et al.
2018) and 58 species connected by 217 reactions (Chen et al.
2019, 2021). We turned off surface emissions and, as opposed
to the earlier work, included wet deposition, potentially further
impacting the atmospheric composition. Finally, the aforemen-
tioned differences in UV fluxes play a major role in the chemical
abundances.

The vertical distribution of ozone in Fig. 5 can be directly com-
pared to the previous studies. As mentioned before, the observation
of a thinner O3 layer for a weaker stellar UV irradiation is in
agreement with Chen et al. (2019). Furthermore, the influence of
the HO, catalytic cycle 1 as a sink for O3 on tidally-locked, Earth-
like exoplanets was also found by Yates et al. (2020) and Chen et al.
(2018), though not extensively elaborated on in the latter study. The
finding of the O3 sink due to H,O photolysis and the resulting HO,
catalytic cycle 2 in the upper stratosphere, as described in Section 3.3,
further expands our knowledge of the impact of HO, catalytic cycles
on tidally-locked, Earth-like exoplanets. Chen et al. (2018) find an
Oj; layer that peaks at ~10 ppm above altitudes of 30 km (see their
fig. 3), which agrees roughly with our findings for the HO, and NO,
cases in Fig. 5. One notable difference is the decrease that can be
seen upwards of 45 km in our simulation, whereas their Oz abundance
seems to stay constant. This difference can be caused by stronger O3
photolysis in these atmospheric layers and above, in our case. The
inactive stellar spectra in Chen et al. (2019) result in more reduced
ozone at ~0.1 ppm (see their fig. 5). A potential cause of this is the
increase of the model-top to 145 km (Chen et al. 2019). The ozone
abundance for a planet orbiting a pre-flare M star in Chen et al.
(2021) peaks at a few ppm again.

As discussed in Section 2.1, we performed this study, focusing on
lightning and the time-averaged irradiation, alongside a complemen-
tary study focusing on stellar flares (Ridgway et al., submitted). These
two studies used the same underlying model, the UM, but differing
photolysis and chemistry schemes, which provided an excellent
mechanism to increase confidence in the robustness of our model
setups.

Inter-model differences can have a wide range of causes. Firstly,
the exact impact of photochemistry is influenced by the choice of
stellar SEDs, the extent of wavelength ranges and the specific distri-
bution of fluxes over wavelength bins. Next to that, the complexity
of the chemical network (as well as reaction rate constants), initial
chemical abundances, treatment of dry and/or wet deposition, and
the potential inclusion of surface emissions can alter the resulting
atmospheric composition. Finally, the vertical extent of the atmo-
sphere and the possible inclusion of landmasses affect dynamics
and thus the chemistry directly and indirectly. The inter-model
differences and variety of potential causes motivate the need for
further model intercomparisons for CCMs, as mentioned by (Cooke
et al. 2022a) and following those done for 3-D GCM simulations
of TRAPPIST-1e assuming static atmospheric compositions (the
THAI project, Fauchez et al. 2022; Sergeev et al. 2022; Turbet et al.
2022;).

4.3 Parametrizing lightning

Atmospheric lightning is a complex physical phenomenon that is
observed on Earth and other Solar System planets (e.g. Aplin 2006;
Hodosén et al. 2016), but is difficult to model explicitly, partly
due to the uncertainties associated with the responsible processes,
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e.g. initiation of lightning. To keep the process tractable within
a GCM, lightning parametrizations have been developed in terms
of different convection parameters (e.g. Allen & Pickering 2002;
Finney et al. 2014; Etten-Bohm et al. 2021; Stolz et al. 2021), but the
parametrization in terms of cloud-top height remains the most used
in CCMs for Earth (Luhar et al. 2021).

The occurrence of lightning on Earth is generally higher than
on the giant planets or Venus (Hodosdn et al. 2016). Nevertheless,
the processes of charging of cloud particles, charge separation due
to gravitational settling, and the buildup of electrostatic potential
differences that lead to discharges are expected to remain the same,
and the electric field breakdown does not strongly depend on the
chemical composition of the atmosphere (Helling et al. 2013; Helling
2019). Simulating an Earth-like atmosphere on a tidally-locked
exoplanet further supports the assumption of a similar process for the
emergence of lightning discharges. The lightning parametrization we
use in terms of cloud-top height (equation 1) is evaluated successfully
for Earth and based on the fundamental laws of electricity (Vonnegut
1963; Williams 1985), as described in Section 2.4. Therefore, it
is reasonable that this parametrization will also deliver reasonable
LFRs for an Earth-like exoplanet, although we acknowledge that the
coefficients used in equation (1) have been tuned to match observed
LFRs on Earth (Price & Rind 1992; Luhar et al. 2021) and therefore
could represent a potential error. Nevertheless, the distribution of
LFRs on our tidally-locked exoplanet (Fig. 3) makes physical sense
and is consistent with the predictions of a thick convective cloud
deck covering the dayside of the planet (see e.g. Yang et al. 2013;
Boutle et al. 2017; Sergeev et al. 2020 and Fig. 2).

The effect of decreasing LFR with lower atmospheric temperature
was described in Section 3.2. To predict the effects of climate change
on the initiation of lightning, several studies have investigated the
effects of a higher atmospheric temperature, but no consensus has
been reached based on the different parametrizations (Clark, Ward &
Mahowald 2017). On the one hand, a higher temperature leads to
fewer ice clouds and therefore fewer mixed-phase collisions, limiting
the number of lightning flashes and NO, produced by them (e.g.
Finney et al. 2018). On the other hand, the depth of convection
and precipitation rate increase in a warming climate, potentially
increasing the number of lightning flashes (e.g. Banerjee et al. 2014).
The response of lightning initiation to changes in the atmospheric
pressure is complex due to the competing effects of clouds, pressure
broadening, heat capacity, lapse rate, and relative humidity, as
shown by Zhang & Yang (2020) for a tidally-locked planet. To
build upon these results, further simulations of the initiation of
lightning are currently being conducted in a range of atmospheric
conditions and using an improved description of the electrification
process, following the high-resolution simulations of tidally-locked
exoplanets by Sergeev et al. (2020).

Another factor of uncertainty is the thermal decomposition of
chemical species following a lightning discharge. The species
affected by thermal decomposition will depend on the ambient
atmospheric composition (Harman et al. 2018; Helling 2019). This is
further illustrated by studies of lightning-induced chemistry on Venus
and Mars (Nna Mvondo et al. 2001) and Early Earth (Chameides &
Walker 1981; Navarro-Gonzilez, McKay & Mvondo 2001; Ardaseva
etal. 2017). Since we simulate a background composition dominated
by N, and O,, thermal decomposition of these species and subsequent
NO production, following the Zel’dovich mechanism (Zeldovich
et al. 1947), is a reasonable expectation. The exact amount of NO
produced per flash is uncertain on Earth (e.g. Schumann & Huntrieser
2007; Miyazaki et al. 2014; Bucsela et al. 2019; Allen et al. 2021a,
b), and is related to unknowns in the distinction between CG and IC
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flashes and dependencies on e.g. peak current, channel length, rate of
energy dissipation and the number of strokes per flash (Murray 2016;
Luhar et al. 2021). We performed a sensitivity calculation, in which
we increased the NO production to 830 moles NO per flash, which
did not result in significant changes to the spatial distribution of NO,,
as shown in Fig. 10. Harman et al. (2018) show that NO production
rates from lightning on temperate terrestrial planets with N,—O,—
CO, atmospheres will stay within an order of magnitude of the rate
on Earth. Other sources of NO include stellar flares and coronal mass
ejections through enhanced UV flux and energetic particles (Segura
et al. 2010; Chen et al. 2021, Ridgway et al. submitted), volcanic
eruptions (Von Glasow, Bobrowski & Kern 2009), and cosmic rays
(Scalo et al. 2007), and their combined effects alongside lightning
have to be studied in future work.

Comparing our results to the 1-D models of Ardaseva et al. (2017)
and Harman et al. (2018), we find a much smaller impact of lightning-
induced NO, on atmospheric chemistry, explained by three major
differences. First, flash rates up to 5 x 10* flashes km=2hr~! are
used by Ardaseva et al. (2017) and both 1-D models assume global
thunderstorms emitting NO throughout the atmosphere, resulting in
an increased magnitude and spatial extent of flash rates. Second,
we find NO from lightning confined to the lower 20km of the
atmosphere, whereas NO has a strong impact up to ~80km for
Ardaseva et al. (2017) and Harman et al. (2018). Lastly, the effect of
lightning-induced NO on the distribution of O, and ozone strongly
depends on catalytic cycles following the photolysis of CO, (Harman
et al. 2018), and future work will be directed to analyse these effects
in a 3-D CCM. This will be part of a wider investigation of exoplanet
atmospheric chemistry and physics such as lightning in the context
of different atmospheric composition and mass, following GCM
simulations such as Turbet et al. (2016), Paradise et al. (2021).
Through the variation of atmospheric mass, we can take into account
the potential effects of stellar wind-driven escape (Airapetian et al.
2020).

4.4 Observational prospects

Lightning discharges are known to emit both optical (e.g. Borucki
et al. 1985) and radio signals (e.g. Zarka et al. 2004). Our limited
knowledge of lightning across the Solar system indicates the difficul-
ties of detecting this phenomenon on other planets. Therefore, direct
detection of exoplanetary lightning will be difficult with current ob-
serving technology. However, as described in Section 3.4, lightning
produces NO that will subsequently result in a cascade of perturbed
chemical reactions. Among the lightning-induced chemical species,
NO, NO;, N,O, and HNO; are known to have absorption features
(e.g. Tabataba-Vakili et al. 2016; Kopparapu et al. 2021) in the
spectral range that will be observed by JWST. The presence of
high-disequilibrium abundances of N,O has also been proposed as
a potential biosignature since N,O in Earth’s atmosphere is mainly
produced by biotic sources (e.g. Sagan et al. 1993; Schwieterman
et al. 2018). The possibility of lightning on exoplanets broadens the
observational context of trace gases, and ignoring this may result in
a false positive in the search for biosignatures.

We use the NASA Planetary Spectrum Generator (PSG) (Vil-
lanueva et al. 2018) to test whether our combined UM-UKCA
model can potentially result in atmospheric phenomena that would
be observable via transmission spectroscopy. The PSG is a radiative
transfer model suite for forward modelling and retrievals of planetary
spectra. For the purpose of our study, we generate transmission
spectra for our UM-UKCA description of Proxima Centauri b
(assuming it transits), using pressure, temperature, altitude, and

Lightning chemistry on tidally-locked planets

2397

abundances of N,, H,O, CO,, O3, NO, NO,, N,O, and HNO;.
Recognizing that transmission spectra will observe the atmosphere in
the terminator regions, we extract model values for (1) all latitudes at
longitudes between 75—-105°E and 75-105°W and (2) all longitudes
at latitudes between 85-90°N and 85-90°S. After that, we calculate
the zonal and meridional mean to find a mean vertical profile for the
terminator regions.

As shown in Fig. 11, we find that lightning-induced NO, species
are not sufficiently abundant to leave detectable signals in the
transmission spectrum, which agrees with previous 1-D model results
(Ardaseva et al. 2017). Although Proxima Centauri b does not transit,
the spectra are shown to be illustrative for other M-dwarf orbiting
planets that do transit. We acknowledge that extending this study to
exoplanets that support larger-scale and more vigorous convective
updrafts and/or different chemical composition may result in large
chemical perturbations that could be observable.

5 CONCLUSIONS

We used a 3-D CCM (Met Office Unified Model coupled to the
UK Chemistry and Aerosol framework) to study the emergence
of lightning, driven by vigorous convection over and around the
substellar point, and the subsequent impact on atmospheric chemistry
on an Earth-like tidally-locked exoplanet. Building on previous
work (Yates et al. 2020) we have: (1) updated our treatment of
photochemistry by including the MUSCLES spectrum for Proxima
Centauri in the Fast-JX photolysis code that provides more UV
flux than our previous study (Yates et al. 2020) with implications
for ozone chemistry, and by correcting the distribution of these
fluxes over different wavelength bins; and (2) expanded the atmo-
spheric chemistry to improve the description of ozone chemistry,
including a more comprehensive description of the HO, catalytic
cycle and NO, chemistry that is initiated by lightning as the source
of NO.

We find that the incoming stellar flux supports an ozone layer
across the planet with a spatial distribution determined by atmo-
spheric dynamics. The distribution is dominated by the substellar
point and two local ozone hotspots on the nightside driven by two
cyclonic Rossby gyres. The ozone column ranges from values found
on Earth (~300 DU) on the dayside to values that are five times
higher over the nightside cold traps. For our Earth-like exoplanet,
we parametrize lightning flashes as a function of cloud-top height,
using parametrizations widely applied to modelling lightning on
Earth. The flashes result in the production of NO from the thermal
decomposition of N, and O, in the lightning channel. We find that:

(i) Lightning flash rates peak at 0.16 flashes km~2 yr~!, concen-
trated in a crescent-like shape westward of the substellar point,
coinciding with regions of vigorous dayside convection.

(ii) Lightning flashes result in a dayside atmosphere that is rich
in NO, (= NO + NO,) due to the rapid interconversion between
the species in the presence of stellar radiation. The lightning-
induced NO, is found below altitudes of 20km and thus is ver-
tically separated from the peak ozone layer at 40 km. The ozone
profile is determined mainly by the Chapman mechanism and the
HO, catalytic cycle resulting from the oxidation and photolysis
of water.

(iii) Following strong eastward winds that result from thermal
gradients between the day- and nightside of the planet, NO, is
advected to the nightside. Here, the absence of stellar radiation allows
NO, to be stored in reservoir species such as NO3, HNO3, and N, Os.
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We find that part of the planetary surface is potentially habitable
in terms of the surface temperature and absorption of harmful UV
radiation by the ozone layer in agreement with Boutle et al. (2017)
and Yates et al. (2020). However, the amount of ozone and thus
surface habitability of a planet strongly depend on the amount of
UV flux, illustrating the need for a systematic characterization of
host star spectra (such as the MUSCLES spectral survey). Given
the large range of causes for inter-model variability, exoplanetary
CCMs would greatly benefit from further model intercomparisons.
Furthermore, the emergence and chemical effects of lightning can
be further explored in convection resolving models (Sergeev et al.
2020), and in different atmospheric compositions (e.g. Chameides &
Walker 1981; Ardaseva et al. 2017) to further assess observabil-
ity and potential relevance in the search for biosignatures. The
development of accurate chemical networks describing non-Earth-
like regimes is essential in understanding exoplanet atmospheric
chemistry.
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APPENDIX A: SENSITIVITY OF OZONE
CHEMISTRY TO DIFFERENT SEDS

The application of different stellar SEDs in our study (see Fig. 1)
and the comparison with Yates et al. (2020) allow for an assessment
of the sensitivity of ozone chemistry to stellar SED. As can be seen
in Fig. 1, the BT-Settl spectrum represents a quiescent M-dwarf
with minor UV output. The MUSCLES spectrum provides a better
representation of the UV output from M-dwarfs, though it does not
account for time-dependent stellar activity. To quantify the impact
of UV fluxes on the ozone distribution, Fig. A1 shows the photolysis
(or J-) rates for reactions R1 (O, photolysis), R3 (O3 photolysis into
O(CP)), and R4 (O3 photolysis into O('D)), respectively. The rates

02 03(03P) 03(01D)
102
§103 —— Earth
& PCb, BT-Settl
PCb, Yates+20
104 —— PCb, MUSCLES
10°
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Figure A1. Photolysis rates (J, in s~ ') as computed with Fast-JX offline runs.
Every run corresponds to 1-D column in an atmosphere assuming Earth-like
conditions (e.g. O3 layer, P-T structure, etc.). The only change between the
runs is the stellar flux distribution.
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Figure A2. Reaction rates and ozone profile using the spectral flux distri-
bution as presented in Table 2 of Yates et al. (2020) can be compared to the
lower row of their fig. 2. Note that the numbering of chemical reactions is
different.

follow from:

Amax
J = / o(M)¢(r) F(A)da, (AD)
Amin
where o and ¢ are the cross-sections (in cm?) and quantum yields
(unitless) for constituents and F(1) denotes the actinic flux travelling
through the atmosphere in photons cm=2s~!. The photolysis rates
have been calculated using the offline version of Fast-JX (Wild &
Prather 2000; Bian & Prather 2002), under the assumption of an
Earth-like atmosphere (O3 layer, P-T structure, cloud distributions,
etc.). The Earth-like parameters were kept unchanged for the sake of
comparison as well as computational efficiency, while only changing
the stellar flux distributions according to the spectra shown in Fig. 1.
The photolysis rate is calculated in each of the 18 wavelength bins
with a A, and Ay, corresponding to each of the bins, as described
in Bian & Prather (2002).

First, the blue lines indicate the J-rates for the flux that Earth
receives, and have been validated in intercomparison studies (e.g.
Chipperfield et al. 2010). We can compare the two orange lines in
Fig. A1, both corresponding to BT-Settl spectra for Proxima Centauri
b. The dotted line shows the photolysis rates for the rebinning of
fluxes by Yates et al. (2020), while the solid line shows our improved
rebinning for BT-Settl. The J-rates for O, and O3(0'D) are similar
between the two cases, but O3(O’P) photolysis was a factor 10
stronger in the models from Yates et al. (2020). As described in
Section 2.3, this is caused by their extension of the upper limit of
bin 18. The improved BT-Settl spectrum results in an ozone layer
peaking at ~1360 ppb (see Fig. A3), two times as high as the value
found by Yates et al. (2020) (see Fig. A2).

Basing our approach on observations, substituting the MUSCLES
spectrum provides us with more flux in the UV regions important
for O, photolysis. Consequently, the red line in Fig. A1 shows that
J(O,) is ~100-1000 times higher than for the BT-Settl spectrum, still
falling short by a factor of ~100 as compared to a solar spectrum at
Earth’s orbit. O, photolysis for the MUSCLES spectrum is mainly
driven by the stellar flux in the Schumann—Runge bands through
bins 3 and 5 and the flux in bin 10 at wavelengths of 221.5-233 nm.
For both the BT-Settl and a Solar spectrum, fluxes at wavelengths
of 215.5-240nm are predominantly driving O, photolysis. This
illustrates the impact of the relatively flat MUSCLES spectrum as
seen in Fig. 1. Nevertheless, the ozone layer of Proxima Centauri
b peaks at a higher VMR (~21 compared to ~12 ppm on Earth:
Seinfeld & Pandis (2016)), since O3 photolysis rates are significantly
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Figure A3. Reaction rates and ozone profile using the improved spectral
flux distribution (Bian & Prather 2002) for the BT-Settl spectrum. Results
shown are from using the Chapman mechanism and basic HOx chemistry and
can be compared to Fig. A2, and the bottom panels of fig. 2 in Yates et al.
(2020).

lower. J(O3) is lower than the BT-Settl values for P < 10 Pa, which
is caused by the respective flux distributions in bins 12-15. For
MUSCLES, the flux in bin 12 (291-298.3 nm) is higher, whereas
the fluxes in BT-Settl bins 13—15 (298.3-320.3 nm) are higher. The
impact on the Oj layer is in broad agreement with the results from
Chen et al. (2019), who also find a thinner O3 layer for a quiescent
M-dwarf as compared to UV irradiation from an active M-dwarf and
enhanced Solar spectrum.
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APPENDIX B: SUPPLEMENTARY
INFORMATION

Table B1. Abundances used for the chemistry initialization. ‘Rad active’
indicates that a species is used in the UM radiative transfer. The ozone
abundance is fed back from UKCA to the UM for this radiative transfer.
“H, O follows from evaporation from the slab ocean; bCl-bearers include Cl,
ClO, Cl,0,, OCIO, BrCl, HOCI, CIONO,, CFCls, CF,Cl,, HCI; Br-bearers
include Br, BrO, BrCl, BrONO,, HBr, HOBr, MeBr.

Species Initial MMR Notes

N, 0.78084 Uniform

0O, 0.2314 Uniform, rad active

CO, 5.941 x 1074 Uniform, rad active

H,O N/A? Rad active

N,O (1 x 10719) Lightning-induced,
rad active

CH,4 0.0

CFCs 0.0

Cl-bearers” 0.0

Br-bearers® 0.0

H, 1 x107°

O3 1 x 107 Rad active

oCP) 1 x107°

0o('D) 1 x107°

H,0, 1 x107°

H 1 x107°

OH 1 x107°

HO, 1 x107°

NO (1 x 10719) Lightning-induced

NO, (1 x 10713) Lightning-induced

NO3 (1 x 10713) Lightning-induced

N,Os (1 x 10719) Lightning-induced

HONO (1 x 10713) Lightning-induced

HNO3 (1 x 10719) Lightning-induced

HO,NO, (1 x 10_15) Lightning-induced

N (1 x 10719) Lightning-induced

Cco 0.0

HCHO 0.0

MeOO 0.0

MeOOH 0.0

H,S 0.0

SO; 0.0

DMS 0.0

SO, 0.0

H,S0, 0.0

MSA 0.0

CS; 0.0

NH;3 0.0
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Table B2. Reactions included in the different chemical networks. The Table B2 — continued
associated rate constants can be found in Archibald et al. (2020).
Reaction Scheme
Reaction Scheme

37 HO, + NO3; —> OH + NO, + O, NO,
1 0('D) + 0, — OCP) + 0, Chapman 38 N +NO — N, 4+ O(’P) NOy
2 O('D) + N, — O(P)+ N, Chapman 39 N+ NO; —> N»O + OCP) NO,
3 0('D) + CO, — OCP) + CO, Chapman 40 N + 0, — NO + O(’P) NOy
4 0('D) + 03 —> O + OCP) + OCP) Chapman 41 N,05 4+ H,0 — HONO, + HONO, NO,
5 O('D)+03 —> 0, + 0, Chapman 42 NO 4 NO3; —> NO» + NO, NO,
6 OCP)+ 03 — 0,4+ 0, Chapman 43 NO + O3 —> NO, + O NO,
7 O(BP) +0,+M — O3+M Chapman 44 NO; + NO3 —> NO + NO; + O, NOy
8 0, +hv —> OCP) + O(P) Chapman 45 NO, + O(P) — NO + 0, NO,
9 0, +hv — OCP) + O('D) Chapman 46 NO> 4+ O3 —> NO; + 0 NOy
10 03 +hv — 0, + OCP) Chapman 47 O('D) + N;O — Ny + 0, NOy
11 03 +hv — 0, + O('D) Chapman 48 0('D) + N0 — NO + NO NOy
12 H,0 + O('D) — 20H HO, 49 OCP) + NO3 —> 0, + NO, NO,
13 HO, + O(SP) —> OH + Oy HO 50 OH + HO,;NO; — H;0 + NO;, + O, NOy
14 HO; + 03 —> OH + 20, HO, 51 OH + HONO —> H,0 + NO, NO,
15 OH + HO, — H,0 + O, HO 52 OH + NO3; — HO; + NO, NOy
16 OH + O3 —> HO, + 05 HO, 53 HO, + NO; + M —> HO,NO, + M NO,
17 H+ HO; — H; + Oy HO 54 HO,NO; +M — HO; + NO, + M NOy
18 H + HO, — OCP) + H,0 HO, 55 NO +NO + 0; — NO, + NO, NO,
19 H+ HO; —> OH + OH HO, 56 NO; + OH + M —> HNO; + M NO,
20 H+ 03 — OH+ 0, HO, 57 NO3 +NO; + M —> N,Os + M NO,
21 HO, + HO, — H;0; + Oy HO 58 N;O5 + M — NO; + NO3; + M NOy
22 o('D)+H, — OH+H HO, 59 O('D)+ N, +M — N,O+ M NOy
23 OCP)+H, — OH+H HO, 60 OCP)+NO+M —> NO> + M NO,
24 O(P) + H,0, —> OH + HO, HO, 61 OCP)+NO, + M — NO3 + M NO,
25 OCP)+OH — O, +H HO, 62 OH +NO 4+ M —> HONO + M NO,
26 OH + H, — H,0 + HO, HO, 63 HNO; + hv —> NO, + OH NO,
27 OH + H,0; —> HO; + H,0 HO, 64 HONO + hv —> OH + NO NO,
28 OH + OH — H,0 + O(P) HO, 65 HO,NO; + hv —> HO, + NO, NO,
29 H+0,+M — HO, + M HO, 66 NO + hv — N + O(P) NO,
30 HO; + HO> + M — H,0, + 0, + M HO, 67 NO, + hv —> NO + O(3P) NO,
31 OH+OH+M —> Hy0; + M HO, 68 NO3 +hv —> NO + O, NO,
32 H,O0 +hv — OH+H HO, 69 NO3 + hv — NO; + O(P) NO,
33 H,0, + hv — OH + OH HO, 70 N»O +hv — N> + O('D) NOy
34 H+ NO, — OH + NO NO, 71 N,05 + hy —> NO3 + NO, NO,
35 HNO3 + OH — NO;3 + H,0 NO,
36 HO; + NO — OH + NO» NO,
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