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Abstract The distribution of Mars ozone (05) is well established; however, our knowledge on the dayside
diurnal variation of Oj; is limited. We present measurements of Mars O; column abundances, spanning Mars
Year (MY) 34 to the end of MY 36, by the Ultraviolet and VIsible Spectrometer (UVIS), part of the Nadir and
Occultation for MArs Discovery (NOMAD) instrument, aboard the ExoMars Trace Gas Orbiter. UVIS provides
the capability to measure dayside diurnal variations of O and for the first time, a characterization of the dayside
diurnal variations of Oj; is attempted. The observed O; climatology for Mars Years (MY) 34-36 follows the
established seasonal trends observed through previous O; measurements. At aphelion, the equatorial O
distribution is observed to be strongly correlated with the water ice distribution. We show that the early dust
storm in MY 35 resulted in a near-global reduction in O5 during northern spring and the O; abundances
remained 14% lower in northern summer compared to MY36. Strong latitudinal and longitudinal variation was
observed in the diurnal behavior of O; around the northern summer solstice. In areas with a weak O5 upper layer,
O; column abundance peaks in the mid-morning, driven by changes in the near-surface O layer. In regions with
greater O3 column abundances, O; is observed to gradually increase throughout the day. This is consistent with
the expected diurnal trend of O5 above the hygropause and suggests that in these areas an upper O; layer persists
throughout the Martian day.

Plain Language Summary Ozone, a highly reactive gas, plays an important role in the chemical
cycles of both carbon and hydrogen on Mars. As ozone is tightly correlated to the presence of the difficult to
detect odd hydrogen species, measurement of the ozone distribution can provide vital insight into the Martian
photochemistry. We present the ozone abundances measured by the UVIS spectrometer aboard the ExoMars
Trace Gas Orbiter, spanning Mars years (MYs) 34-36 and attempt to characterize the daily variations in ozone.
The ozone follows the expected seasonal trends, with the highest ozone abundances observed at polar regions in
the spring, autumn and winter seasons of both hemispheres and very little ozone during southern summer,
outside the northern polar latitudes. An enhancement in equatorial ozone during northern summer is observed,
with MY 35 showing lower ozone abundances compared to MY 36, likely the effect of an early dust storm in
MY 35 or the long-term impact of the MY 34 global dust storm. In both years, the O; distribution in northern
summer appears to closely follow the water ice distribution and the observed daily cycle in ozone is shown to be
highly sensitive to the presence of a high altitude ozone layer.

1. Introduction

The Ultraviolet and VlIsible Spectrometer (UVIS), part of the Nadir and Occultation for MArs Discovery
(NOMAD) instrument (Vandaele et al., 2018) aboard the ExoMars Trace Gas orbiter (TGO), has been operating
around Mars since March 2018 and has provided near continuous radiometric measurements between 200 and
650 nm of the surface and atmosphere (Patel et al., 2017). The inversion of the UVIS radiance spectra around the
Hartley band (Hartley, 1881) provides the spatial and temporal (seasonal and diurnal) variation of ozone (O3), a
highly photochemically reactive gas that can be used as a tracer for other minor species that are difficult to
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observe, such as odd hydrogen species, namely the highly reactive hydroxyl radicals (HO, HO,, H,0,, collec-
tively known as HO,). This coupling between the O; and HO, abundances makes the monitoring of O5 a valuable
tool for understanding photochemistry in the martian atmosphere for example, (Clancy & Nair, 1996; Lefevre
et al., 2004, 2008; Montmessin & Lefevre, 2013).

In the atmosphere of Mars, O; is created through the recombination of oxygen (O,) and molecular oxygen (O),
which are produced by the photolysis of carbon dioxide (CO,) and O5 from incident sunlight (Lefevre et al., 2004;
Nair et al., 1994; Shimazaki & Shimizu, 1979). While photolysis is responsible for initializing the production of
O; in the atmosphere of Mars, the absorption of photons at UV wavelengths also results in the destruction of O,
with the strongest absorption peaking around 255 nm, a spectral region known as the Hartley band (Hart-
ley, 1881). The other O; destruction mechanism is from interactions with HO,, which are the products of water
vapor photolysis (Lefévre et al., 2004; Marmo et al., 1965; Modak et al., 2019; Shimazaki & Shimizu, 1979). The
coupling between HO, and O; leads to the well-documented photochemical anti-correlation between O5 and
water vapor and the simultaneous monitoring of these two end member species enables a better understanding of
HO,, which not only control the relative abundances of O, but also the overall stability of CO, in the atmosphere
of Mars (Clancy & Nair, 1996; Perrier et al., 2006). Subsequently, the strong relationship between O3 and water
vapor has been used to validate the photochemistry of short-lived species (Clancy et al., 2016; Lefevre
et al., 2021), and, by extension, the water vapor cycle (Daerden et al., 2019; Holmes et al., 2018; Lefevre
etal., 2008; Montmessin & Lefevre, 2013) as well as being used as a tracer to track the global circulation (Holmes
et al., 2017).

The first detection of O5 in the martian atmosphere was in the southern polar region in 1969 by Mariner 7 during a
flyby mission (Barth et al., 1973). In 1972, Mariner 9 mapped the seasonal variation of O; and since then the
geographical and vertical O distribution has been monitored throughout multiple Martian years by instruments
on different missions. This includes: the SPectroscopy for the Investigation of the Characteristics of the Atmo-
sphere of Mars (SPICAM) aboard the Mars Express orbiter (Bertaux et al., 2004; Lebonnois et al., 2006; Lefevre
et al., 2021; Miittdnen et al., 2013, 2022; Modak et al., 2019; Perrier et al., 2006; Willame et al., 2017); the Mars
Color Imager (MARCI) on the Mars Reconnaissance Orbiter (MRO; Bell et al., 2009; Clancy et al., 2016), the
Imaging UltraViolet Spectrograph (IUVS) aboard Mars Atmospheric and Volatile EvolutioN orbiter (MAVEN;
Braude et al., 2023; Groller et al., 2018; McClintock et al., 2015), NOMAD (Khayat et al., 2021; Patel et al., 2021;
Piccialli et al., 2023) and the Atmospheric Chemistry Suite (ACS) also on TGO (Korablev et al., 2018; Olsen
et al., 2020, 2022). As well as direct measurement of the dayside O; abundance and distribution, observation of
Oz(alAg) emission has allowed indirect measurement of the dayside O; abundance and distribution (see Clancy
etal., 2017; Fedorova et al., 2006; Guslyakova et al., 2016). These measurements, together with modeling efforts,
have led to a good understanding of O; photochemistry, including its spatial distribution and seasonal variations
(e.g., Brown et al., 2022; Clancy & Nair, 1996; Holmes et al., 2018; Lefevre et al., 2004, 2008, 2021; Montmessin
et al., 2017; Nair et al., 1994).

Variations in Oj are strongly linked to changes in the water vapor conditions that are in turn associated with large
latitudinal and seasonal variations in the atmospheric temperature driven by orbital variations. Due to its elliptical
orbit, compared to the northern summer season, Mars receives ~45% more solar insolation in the southern
summer season when Mars is at perihelion (Lg ~ 251°), warming the atmosphere. Warmer temperatures suppress
the formation of water ice clouds and increase the hygropause altitude (the altitude at which water condenses),
allowing water vapor to be transported more efficiently to the northern hemisphere. This increase in atmospheric
water at equatorial latitudes leads to a decrease in O; with the column abundances reaching a seasonal minimum
(<2 pm-atm) (Lefévre et al., 2021). The largest O; abundances have been observed in the winter polar regions of
each hemisphere, where the cold atmospheric temperatures lead to the condensation of a large fraction of the
water vapor mass onto the seasonal water ice frosts. The absence of water vapor and O; photolysis (i.e., no
sunlight) results in O3 column abundances that can exceed 50 pm-atm at the poles (Lefevre et al., 2021). Strong
longitudinal variations in the O; column over short-timescales (~3—4 sols) were observed in the northern polar
region (>60°N) by MRO/MARCI and were associated with perturbations of the polar vortex by transient waves
bringing colder and dryer air to lower latitudes (Clancy et al., 2016).

During aphelion (northern summer), when the atmosphere is colder, the formation of the aphelion cloud belt in the
equatorial region decreases the abundance of water vapor, and restricts the transport of water vapor to southern
latitudes, allowing O5 abundance to increase. The lower altitude hygropause at aphelion results in the formation of
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two distinct layers in O5; one below the hygropause, and the other at higher altitudes above the hygropause
(Braude et al., 2023; Groller et al., 2018; Khayat et al., 2021; Lebonnois et al., 2006; Lefévre et al., 2004;
Maittinen et al., 2013, 2022; Montmessin & Lefevre, 2013; Olsen et al., 2020; Patel et al., 2021; Piccialli
et al., 2023). Enhanced O; column abundances have also been observed near large topographical features
throughout the aphelion season, such as the Hellas and Argyre Basins. Clancy et al. (2016) show that the con-
centration within the Hellas basin is observed to peak twice: once during southern winter, Lg = 50°-100°, where
ozone total column values reached up to 25 pm-atm; and also in early southern spring, Lg = 130°-160°, with
strong interannual variations in the O; column abundances from ~10 to ~30 pm-atm. Model simulations suggest
that the first peak is due to the meridional transport of Oj; -rich air from the north (Clancy et al., 2016), while the
second peak results from the transport of southern polar air toward the equatorial regions later in the season when
water ice at the polar cap sublimates (Clancy et al., 2016).

While past measurements have given a comprehensive understanding of the O5 spatial and seasonal distribution,
the local time coverage has been limited to either fixed local times on the dayside as in the case of MARCI nadir
observations, snapshots of the O vertical distributions at discrete local times and locations from solar/stellar
occultations (Braude et al., 2023; Khayat et al., 2021; Miitténen et al., 2013, 2022; Patel et al., 2021; Piccialli
et al., 2023), or in the case for SPICAM nadir observations, the distinction between measurement time was not
reported. Our understanding of the O5 dayside diurnal cycle, therefore, comes from 1-D photochemical models
(Nair et al., 1994) or 3-D photochemical models that are linked to Global Climate Model (GCM) simulations (see
Lefevre et al., 2004, 2008).While dayside variations in the O; column abundance are expected to be small,
Lefevre et al. (2004) showed that the largest daytime variations in O3 may be found in the lower 3 km of the
atmosphere, where the photolysis of NO, leads to an increased abundance of O atoms and thus an increase in O
which peaks in the mid-morning around 1000 LST. In the upper O5 layer that forms during aphelion, the rapid
increase of O with altitude and the fast recombination into Oj is believed to cause significant diurnal variations
(Lefévre et al., 2004). For the first time, we attempted to characterize the O; diurnal variation utilizing the local
time variation of the UVIS measurements.

In this paper, we present the O; column abundances retrieved from UVIS radiance measurements. The UVIS
dataset spans from Lg = 150° (MY 34) through to the end of MY 36. Section 2 provides details of UVIS and its
observational characteristics and Section 3 details the retrieval scheme and model assumptions. In Section 4, we
provide an uncertainty analysis and validation of UVIS O; column abundance results against MARCI O5 col-
umns. Finally, Section 5 describes the O; climatology for MY 34, MY 35 and MY 36 and analysis of the O3
diurnal variations in the MY 35 aphelion season.

2. UVIS Observations

The TGO orbit is approximately circular, with a periapsis of 380 km and apoapsis of 420 km and an inclination of
74°. The 2 hr orbital period allows 12 dayside nadir passes per day and, because the TGO orbit is not a sun-
synchronous, UVIS is able to make multiple measurements at different local solar times (LST) as the nadir
track moves across different latitudes. Full coverage of the surface achieved after 373 orbits (approximately
1 month), when the orbit “closes” (i.e., repeats the same ground track), providing near global data. The ~74°
inclined orbit of TGO prevents observations of Oz poleward of 75°.

A nominal UVIS dayside nadir campaign lasts about an hour and consists of >100 individual nadir observations
of the surface, with the measurement cadence (and thus the number of total observations) dependent on the
selected integration time for the orbit (i.e., each observation within an orbit has the same integration time). The
integration time is generally set based on the minimum solar zenith angle (6,) along the nadir track, calculated
using the SPICE toolkit (Acton, 1996; Acton et al., 2018), to prevent saturation of the visible wavelengths. Based
on this requirement, the integration time was set to 5 s for 8, < 40°, 7 s for 8, < 60°, and 10 s or 20 s for 8, > 60°.
Approximately 10% of the observations were allocated as “UV optimized,” where the integration time was fixed
to 10 s or 20 s, independent of 6, in order to maximize the UV signal at the expense of potential saturation at
longer visible wavelengths (>550 nm); this saturation is not a concern for this study, which focuses solely on the
UV wavelength region. The different integration times result in a shorter or longer projected footprint on the Mars
surface, with a footprint length typically between ~15 km (5 s) and ~60 km (20 s). The width of the footprint is
independent of integration time and is typically around 5 km.
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Figure 1. The dayside UVIS ground-tracks and the evolution of local solar time (LST) as a function of (a) latitude and
longitude between Lg = 154°~174° in MY 35 and (b) latitude and Lg for the UVIS nadir observations in MY 35 for 8, < 70°
For MY 34 and MY 36, the LST dependence on latitude, longitude, and Lg is similar to MY 35.

Figure 1 shows the ground-tracks and illustrates the precession of the observation local solar time (LST) as a
function of latitude, longitude, and solar longitude (Lg) for the UVIS observations in MY 35. Also note that
Figure 1 only shows part of the ground-tracks where 6, < 70°, a limit imposed by the plane-parallel assumption in
the retrieval scheme (see Section 3.1). The evolution of LST with time (moving by ~26 min per 1° of Lg at the
equator) results in the observed two-phase pattern where UVIS alternates between observing the afternoon and
morning sides of the planet. Sampling of the diurnal cycle from 0730 to 1630 LST equates to a period of
approximately Lg = 26° at the equator. Over a single dayside orbit the LST exhibits a latitudinal dependence,
starting either at sunrise (sunset) at high latitudes in either the southern or northern hemisphere and progressing
toward sunset (sunrise) as TGO migrates to the opposite hemisphere.

The UVIS observations used in this study were processed and calibrated as described by Mason et al. (2022) and
Willame et al. (2022). A duty cycle (i.e., not continuous operation) of 50% (i.e., cut half of all nadir observations)
was implemented from June 2020 for UVIS observations corresponding to Ls =219°in MY 35 to prolong the life of
the instrument through the extended mission phase. While the O5 climatology can still be mapped, the reduction in
the number of different local times sampled in a given area is significantly reduced. This was because the priority
was to achieve a spatially uniform observation distribution to enable UVIS to achieve climatology aims rather than
uniform coverage of LST. The reduced number of observations in MY36 coupled with unfavorable solar zenith
angles (i.e., > 70°—where we cannot perform our retrieval, see Section 3.1) in the time period over which we
perform the diurnal analysis (see Section 5.2) limits our ability to perform a diurnal analysis in MY36. Therefore, in
this study, we limit the diurnal analysis to earlier in MY 35 only, prior to the duty cycle implementation.

3. O3 Retrieval Method

In the following sections we outline our retrieval scheme, which follows in a similar vein to previous O; retrievals
(e.g., Clancy et al., 2016; Lefévre et al., 2021; Willame et al., 2017), whereby a radiative transfer (RT) code is
used to simulate radiances from a model atmosphere. Key parameters are iterated within the model atmosphere
until the modeled and measured radiances agree. In the following sections, the radiative transfer code, the a priori
dataset used to construct the model Mars atmosphere, and the adopted optical properties of the surface, dust and
ice aerosols are described. Finally, we end this section with an overview of the retrieval procedure.

3.1. Radiative Transfer

The radiative transfer (RT) analysis is performed using the Discrete Ordinates Radiative Transfer (DISORT)
package (Stamnes et al., 2000; Thomas & Stamnes, 2002) to simulate the Martian radiances in the 220-320 nm
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spectral range. Here, we employ the “front-end” routines (DISORT_MULTI), for studies of the Martian atmo-
sphere, to generate the input grids and parameters required by DISORT (Clancy et al., 2016; Wolff et al., 2009,
2010, 2019). The scattering calculations are performed assuming a plane-parallel atmosphere; therefore, we limit
our retrievals to observations where the solar zenith angle <70° to minimize the error introduced by this
assumption. We employ 16 streams to ensure accurate estimates of the scattering field and the atmosphere is
divided into 21 discrete layers between 0 and 80 km with layer thickness of 1 km near the surface, 2 km between 2
and 22 km, 5 km between 25 and 50 km and 10 km above 60 km. We use version 2 of the Total and Spectral Solar
Irradiance Sensor (TSIS)-1 Hybrid Solar Reference Spectrum (HSRS) (Coddington et al., 2023) as our solar
irradiance input required for DISORT, which has a stated uncertainty in our wavelength range of 1.3%.

3.2. The a Priori Atmosphere

Recent coincident observations of the water vapor and Oj; vertical profiles by NOMAD and ACS (Aoki
etal., 2022; Olsen et al., 2022; Patel et al., 2021) have shown the criticality of water vapor along with temperature
in driving the seasonal and spatial variations in the vertical distribution of O;. We therefore use the reanalysis
dataset from OpenMARSvV1 (Holmes et al., 2020, 2022a) to create our a priori atmosphere to achieve an accurate
representation for the vertical distribution of Mars O for our retrievals.

This reanalysis dataset was created using an assimilation scheme that integrates observational atmospheric data
into the UK spectral version of the Planetary Climate Model (PCM UK-spectral) (Forget et al., 1999; Lewis
et al., 2007). The Holmes et al. (2022b) reanalysis dataset incorporates the water vapor vertical distributions
spanning Lg = 150-360° in MY 34 from ACS and NOMAD (Aoki et al., 2019; Fedorova et al., 2020), tem-
perature profiles and dust column data from the Mars Climate Sounder (MCS) aboard MRO (Kleinbohl
et al., 2017; McCleese et al., 2007),as well as temperature profiles from ACS (Fedorova et al., 2022). To obtain
priors beyond MY 34, the assimilation was continued but only included the MCS temperature and column dust
optical depth (CDOD).

To construct the vertical profiles of pressure, temperature, water ice, dust, and ozone, we linearly interpolated
the model output fields both spatially and temporally to match the UVIS observation location and time. This
provided a unique set of vertical profiles for each UVIS observation constrained by position, season, and
local time. To account for differences between the model topography and high-resolution topography data
measured by the Mars Orbiter Laser Altimeter (Abramov & McEwen, 2004; Smith et al., 2001), model sigma
levels were converted to altitude coordinates prior to interpolation, and a correction was applied to the surface
pressure field. This pressure correction was necessary to accurately model the Rayleigh scattering contri-
bution to the reflectance below 260 nm. Since it directly impinges on the Hartley band absorption, a too high/
low assumed pressure profile could lead to an over/underestimation of the O; column. The a priori CDOD
and O; column abundances, required by the retrieval, were found by vertically integrating the corresponding
altitude profiles.

3.3. Surface Reflectance

Since UVIS is not capable of distinguishing between ice clouds (H,O or CO,) and surface ice, whereby both result
in a brightening of the nadir observed spectrum, we consider a two-surface approach depending on whether they
are flagged as icy or non-icy.

In the nominal case of a non-icy surface, we use the Hapke surface parameterization derived by Wolff
et al. (2019). In this case, the surface is described by a two-lobe Henyey-Greenstein phase function with Hapke
parameter values of: [b = 0.27,c = 0.7,B0 = 1.0, = 0.06,60= 20] which define the asymmetry parameter,
backward scattering fraction, opposition effect width, opposition effect amplitude, and the macroscopic rough-
ness. Except for the albedo, the Hapke parameters are assumed constant for all UVIS measurements. Wolff
et al. (2019) used MARCI data to derive a Hapke UV reflectance map for MARCI band 7 (321 nm) and applied a
scaling factor to estimate the albedo in band 6 (263 nm). We apply a similar approach here to derive a wavelength
dependant albedo over the wavelength range 215-320 nm. First, we interpolate the UVIS observation location
onto the MARCI band 7 albedo map to obtain the 321 nm albedo and use the scaling factor derived by Wolff
et al. (2019) to estimate the albedo at 263 nm. We use linear interpolation to determine the albedo at all wave-
lengths between 263 and 321 nm. At wavelengths shorter than 263 nm, given the lack of available data, we
assume a constant surface albedo set to the value at 263 nm. To account for changes in the surface albedo over
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time and the coarse resolution of the albedo map, which could lead to incorrect surface albedos for observations
close to surface dichotomies, we allow the surface albedo to vary within 20% of the values derived by Wolff
et al. (2019).

At high latitudes, we define a surface ice boundary using a modified version of the polar cap regression defined
by Wolff et al. (2019). Based on this spatial constraint, we flag any observation within this ice boundary (see
Figures S1 and S2 in Supporting Information S1) that had a Lambertian reflectance A; = I/F/cos(d;) > 0.04 as
an ice surface. In the retrieval, we assume a Lambertian surface for observations that are flagged as observing a
potential ice surface and the water ice optical depth (7;.) is set to O and not retrieved. A full discussion on how
we defined the ice boundary and why we chose an A; cut-off of 0.04 is given in Supporting Information S1.
Outside the polar ice boundary, a Lambertian surface was flagged for observations with A; > 0.09; above this
value, water ice clouds alone were found to be insufficient to accurately account for the bright radiances

observed by UVIS.

3.4. Dust and Water Ice Aerosols

For the dust aerosols, we use the recently derived dust optical properties by Connour et al. (2022) using IUVS/
MAVEN data, who used a similar method as described by Wolff et al. (2010) to obtain the dust refractive indices
at UV wavelengths and a derived set of self-consistent optical properties for different dust particle size distri-
butions using T-matrix calculations (Mishchenko et al., 2002). In all retrievals, we applied a single parameter-
ization for the dust particle optical properties, assuming a gamma distribution for the particle size distribution
with moments: effective radius (r.¢) = 1.8 and effective variance (v.g) = 0.1 (Wolff, et al., 2009,2010). To define
the optical properties for water ice clouds, we assume that the ice particles are described by a single size dis-
tribution with moments 7. = 3.0 pm and v = 0.1 and employ the optical properties and scattering phase
function of a droxtal shape as described in Wolff et al. (2019).

3.5. Retrieval Procedure

Computational limitations meant that we could not fit the entirety of the UVIS data between 220 and 320 nm at the
UVIS resolution of ~2 nm. Instead, we binned the radiance factor (I/F) into 9 spectral bins centered at [220., 228.,
247.,258.,267.,289.,305.,310., 320.] nm and a width of =2 nm. The central wavelengths were found by finding
the spectral bins that resulted in the lowest standard deviations, that is, the lowest variations between adjacent
pixels and helped to avoid visible solar lines in our I/F such as the MG II lines. Averaging the I/F across several
pixels in each spectral bin also reduced the impact of single pixel events on our retrieval., The shorter two
wavelengths in our selected range are most sensitive to the dust component and Rayleigh scattering, while the
longer wavelengths >305 nm are primarily sensitive to water ice with the central wavelengths used to derive the
O; column abundance.

The retrieval scheme is summarized in the steps below where we use an iterative procedure to obtain values for the
O3 column abundance, the dust and water ice optical depths, and surface albedo.

. Compute the I/F from the UVIS radiances using the HSRS solar spectrum.

. Average the computed I/F into the pre-selected spectral bins.

. Create the a priori atmosphere using the inputs from the OpenMARSvV1 reanalysis dataset (Section 4.2).
. Compute A; and set the surface as icy/non-icy based on the constraints detailed in Section 3.3.

. Calculate and generate the required input files for DISORT.

AN N AW =

. Call the retrieval procedure which uses the MPFIT minimization package (Markwardt, 2009) to iterate the O
column abundance, dust and water ice optical depths and albedo until the modeled I/F converges to the
measured I/F.

Convergence of the retrieval procedure, defined to be when the absolute difference between modeled and
measured I/F is within 1%, generally occurs after 5-10 iterations. Figure 2 provides four examples of the spectral
fit to the UVIS radiance data for a range of O3 column abundances (1.5, 5, 12, and 25 pm-atm) that are repre-
sentative of the O; abundances seen on Mars. In general, the developed retrieval scheme achieves good
convergence with the residuals between the measured and modeled spectra within the measurement uncertainty in
each case.

MASON ET AL.

6 of 23



I ¥edl

M\I Journal of Geophysical Research: Planets 10.1029/2023JE008270
AND SPACE SCIENCES
O3 column = 1.5pum-atm O3 column = 5pm-atm O3 column = 12pm-atm O3 column = 25pum-atm
0.08 Measured I/F L —e— Initial guess Ozone contribution |
% Fitted Wavelengths surface/aerosol —o— Best fit
contribution
=
S
—
0.02 + g = -
2
<
- -0.01 L L L 1 L L L L L L L L L L
220 240 300 320 220 240 260 280 300 320220 240 260 280 300 320220 240 260 280 300 320

wavelength / nm

wavelength / nm wavelength / nm wavelength / nm

Figure 2. Examples of the spectral fits to the UVIS radiance data for a range of O, column abundances. The black lines show the measured UVIS radiances with the fitted
wavelengths shown by the open black circles. The initial guess for the retrieval is shown in green and the blue line shows the contribution of the surface albedo and
aerosols. The ozone contribution is shown by the gray shaded area with the best fit is represented by the red line. The lower row of plots rows the residuals between the
model and measured I/F with dashed lines indicating the uncertainty.

4. Filtering, Uncertainty, and Validation
4.1. Filtering and False Detections of O3

Our retrieval fits four parameters, surface albedo, dust optical depth, water ice optical depth, and the ozone
column using the MPFIT minimization package, which uses the Marquardt-Levenberg algorithm to find the best
fit values for our four parameters (Markwardt, 2009). The uncertainty in our retrieved values is provided by the
diagonal of the covariance matrix, an output of the MPFIT package.

When the RT model fits ozone abundances below 0.5 pm-atm, our retrieval becomes increasingly insensitive to
ozone, evidenced by large uncertainties (>100%) in our retrieved values. Following the method outlined by
Daerden et al. (2022), we apply the filter (O; ., + 0.01)/60; ., > 1, where O; ., is the retrieved O; column
abundance and 60; ., is the uncertainty in the retrieved value. The addition of a small amount of O5 (0.01) is to
help distinguish from measurements which are undetectable due to noise/error and measurements which have a
low error but produce negligible O;. Another common problem when using the Hartley band to retrieve O in high
dust loading conditions is the false detection of Os, leading to apparent high O; abundances during perihelion
(e.g., Clancy et al., 2016; Lefevre et al., 2021; Willame et al., 2017). To remove these artifacts from the O data we
re-ran all the retrievals a second time but with the O; column abundance kept constant at 0 and compared the
resulting chi-squared (y*) against those from the nominal retrieval., Again following Daerden et al. (2022), we
apply the filter )(203 Ve 0,0, <1, to our entire dataset where ;(%)3 and > 0,0, are the measure of the fit quality with and
without O; retrieved respectively (i.e., removed any retrieval where good fits were observed with or without O
fitted). We also discard any Oj; result coinciding with a retrieved dust optical depth >2.0 to avoid O; false de-
tections resulting from high dust abundances.

The result of the data filtering was the removal of approximately 24% of the UVIS observations (not including
the 0, threshold which results in ~36% of the observations being excluded due to the plane-parallel assumption
in the RT code) and, as the histogram in Figure 3a shows, the majority of those observations rejected (84%)
have O; abundances <0.4 pm-atm. The seasonal and latitudinal distributions of the accepted and rejected
observations are shown Figures 3b and 3c, which provide the number of observations as a function of Ly and
latitude, respectively. Most of the rejected observations are in regions and seasons associated with low O;
columns, that is, at mid-southern and equatorial latitudes in spring, autumn, and summer in the southern
hemispheres. The accepted observations show the opposite trend with a bias toward the aphelion season and
high polar latitudes. There is a bias toward the northern hemisphere in the accepted observations that we
attribute to the higher O; abundances observed in the northern spring compared to the southern spring at mid
and poleward latitudes.
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Figure 3. Histograms showing the number of observations accepted (green) and rejected (gray) as a function of (a) O; column abundance, (b) season in terms of Lg, and

(c) latitude.

4.2. Uncertainty Analysis

In order to understand the systematic uncertainties in the retrieved O; column abundances retrieved from UVIS
spectra, we calculated the correlated errors induced by biases in the rest of the atmospheric model parameters. The
uncertainties in the UVIS O; column abundances associated with the Rayleigh scattering-induced uncertainties
arising from surface pressure (zg,yicigh)> the dust and ice optical depth (74,5 and 7;..), the surface albedo (@),
and radiance measurement error I/F(1),,, are given in Table 1 for low (1 pm-atm), medium (5 pm-atm), and high
(20 pm-atm) O5 abundances. For the uncertainty analysis, after application of the acceptance criteria described in
the previous section, all UVIS observations with a column abundance of 1 + 0.05 pm-atm, 5 = 0.05 pm-atm, and
20 £ 0.05 pm-atm were found and 200 observations were selected randomly from each bin to ensure a range of

different surface and atmospheric conditions, and to avoid selective biases. For each of the selected observations,

Table 1
Summary of the Uncertainties (um-atm) in the Retrieved O ; Column Abundances From Uncertainty in the Input Parameters,
Retrieved Parameters, and Measurement Error

Parameter (error source) O; column = 1 pm-atm O; column = 5 pm-atm O; column = 20 pm-atm
Py (19)° +0.1 +0.1 +0.3

Tause (20%)° +0.3 +0.3 ~0.7, +1.6

Tiee (30%)° +0.3 —0.7, +0.4 £1.0°

Dgyrf 5%)° +0.2 +0.4 +20

Radiance (1) —0.7, +0.8 —0.8, +0.9 —2.7, 433

*The error in the OpenMARSV1 surface pressure was found to be 1% (Mischna et al., 2022). ®The average uncertainty across
all the selected observations. °r; ., uncertainty at high O5 abundance was found for observations typically around the Hellas

ice

basin at aphelion. At higher latitudes, the majority of the observations are flagged as a Lambertian surface where the 7;

ice

retrieval is turned off. “This error terms relate to the wavelength dependent uncertainty relative to the average uncertainty
from 300 to 320 nm and ranged from <5% at 255 nm to <12% at 220 nm.
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Figure 4. A comparison of ozone column latitudinal dependence retrieved by
UVIS in MY 35 and MY 36 against those by MARCI for MY28-32 (Clancy
et al., 2016) over the period Lg = 0°-20° and between 40°E-20°W.

ance I/F(1)) was randomly varied, in turn, within their uncertainties (with the
uncertainty for 7q,q ice and @y, coming directly from the O; retrieval) and
fixed (i.e., not retrieved in the case of 74, Tice» @urp)- The retrieval code was
re-run to obtain a new O; column abundance each time a parameter was
iterated, and to ensure sufficient statistics, each parameter was randomly
varied 200 times for all of the selected observations. A representative un-
certainty is then found by taking the average of the maximum and minimum
O3 column abundance found for each of the observations in each bin.

The uncertainties in the retrieved O; column abundances by UVIS as a result
of the uncertainties in the input and retrieved parameters are relatively small
and typically <0.5 pm-atm. At moderate O; abundances (i.e., 5 pm-atm), the
uncertainty in the O; column abundances is more sensitive to 7;,. which is
likely forced by the fact that the location where we observed such O5 values
coincides with areas we would typically expect surface frost to form, that is,
the water ice clouds could be overcompensating for a brighter surface. For
high O; abundances, the uncertainty in the surface reflectance becomes the
dominant source of uncertainty. High O; abundances are typically observed at
high polar latitudes in the spring, autumn, and winter season where surface ice

coverage and solar zenith angles are high, making the retrieval highly sensitive to the surface parametrization. The
dominant error source comes from the uncertainty in the measured radiance, which, across the UV, increases from
~5% at 320 nm up to ~15% at 220 nm and typically ~8% at 255 nm in the middle of the Hartley band. This error
leads to uncertainties in the retrieved O; abundances that are typically <0.8 pm-atm for low and moderate
abundances and typically <3 pm-atm for high O; abundance.

4.3. Validating UVIS O; Against MARCI O;

The high degree of repeatability in the seasonal variation of O5 allows for a comparison between the UVIS O;
in MY 35-36 to those measured by MARCI for MY29-MY32 (Clancy et al., 2016) to provide a qualitative
validation of the UVIS Oj; dataset. The aim of this comparison was to investigate systematic bias in the UVIS
data that could result from residual straylight in the spectrum partially masking the Hartley band. Figure 4

(@3

Lg = 50-70° :: 10° S - 10° N
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o4 A o UVIS: MY35,36

£

g
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Figure 5. The longitudinal dependence of O; at the equator between
Ly = 50°-70° retrieved by UVIS in MY 35 and MY 36 against those by
MARCI for MY28-32 (Clancy et al., 2016).

shows the O; latitudinal distribution between Ly = 0°-20° spanning a
longitudinal range from 20°W to 40°E measured by UVIS and MARCI.
While a certain amount of inter-annual variation is expected, we see no
systematic bias in the UVIS data and good agreement between the UVIS
and MARCI O; columns is seen at all latitudes, with peak ozone values near
45 pm-atm in the northern hemisphere, approximately 10 pm-atm in the
southern hemisphere and minimal ozone at the equator.

The weak interannual variability and strong longitudinal dependence of the
aphelion O5 (Clancy et al., 2016) provide a unique case for testing UVIS O;
under low and highly variable O; conditions. Any bias in the data, resulting
from residual straylight, will be immediately evident with UVIS failing to
resolve the expected longitudinal distribution. In Figure 5, we compare the
measured O; columns by UVIS and MARCTI as a function of longitude for the
aphelion period Lg = 50°-70°. The equatorial longitudinal distribution and
magnitude of O; is well resolved by UVIS with no systematic bias seen in the
UVIS dataset and good qualitative agreement with MARCI is observed. The
spread of O; values in the UVIS dataset is somewhat narrower than for
MARCI, which we attribute to the reduced coverage of UVIS, that is, ~10,000
datapoints for MY 35 and MY 36 versus >80,000 datapoints for MARCI over
MY 29-MY 32.
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Figure 6. The zonally averaged column abundances of O; as a function of L and latitude for MY 34 (Lg = 150°-360°) top
panel, MY 35 middle panel and MY 36 bottom panel. Only observations with a solar zenith angle <70° are shown and we
have blacked out time periods that contain false ozone detections as a result of high dust loading.

The agreement with MARCI O; and the lack of any observed systematic bias in the UVIS data supports our
assumption that any potential residual straylight has a negligible impact on our retrieved O3 columns and validates
our UVIS O; retrievals.

5. Retrieved UVIS O; Column
5.1. Ozone Climatology

The UVIS O; dataset begins in the southern spring season (Lg = 150°) of MY 34 (the start of the TGO science
phase) with observations processed until the end of MY 36, providing the global O; distribution for approximately
2.5 Mars years. In Figure 6 we present the zonally averaged retrieved O3 columns from UVIS as a function of
season (Lg) and latitude with MY 34 shown in the top panel, MY 35 in the middle panel, and MY 36 in the bottom
panel. The plots were produced by binning the data into Lg and latitude bins of 3° by 2°, with between ~20 and
~100 observations in each latitude bin spaced uniformly across all longitudes. The well-established seasonal
trends in Mars O; columns are observed by UVIS for all Mars Years. The largest O; columns are seen consistently
at the edges of the weakly illuminated polar regions in the spring, autumn and winter hemisphere, associated with
cold atmospheric temperatures and low water vapor abundance (water vapor condensing to form clouds). The
depletion of Oj in the perihelion season at equatorial latitudes is observed in all Mars years, where the warmer
temperatures suppress the condensation of water vapor into clouds, leading to an overall increase in the water
vapor abundance, and by extension HO, that destroy O5. The observed seasonal distribution in Oj5 is seen to be
well correlated to the seasonal variations of the O,(a’ A,) emission measured by SPICAM (Fedorova et al., 2006).
The winter, spring and autumn hemispheres show the strongest O, emission, mirroring the O distribution shown
in Figure 6. In the SPICAM data, enhanced O, emission is also apparent at equatorial latitudes in the aphelion
season, where we also see a buildup of O;.

Alow latitude O; enhancement during the northern hemisphere summer is seen in both MY 35 and MY 36 and is a
consequence of a colder atmosphere resulting from reduced solar insolation due to the increased Mars-Sun
distance. In both years, the increase in low latitude O5 coincides with the formation of the Aphelion Cloud
Belt (ACB), a band of cloud at mid and equatorial latitudes that wraps around Mars (e.g., Clancy et al., 1996;
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Figure 7. The geographical distribution of ozone for MY 35 between Lg = 0-212°. Each panel alternates between the afternoon and morning atmosphere that is, panels
(a, c, e, g, 1, k, m, 0), represent local solar times between 1200 LST and 1800 LST and panels (b, d, f, h, j, 1, n, p) present the morning retrievals from 0600 LST to 1200
LST. The irregular Lg periods and the gaps in Lg are due to the orbital coverage and the beta angle causing no observations, respectively. Note the color scale in non-

linear to highlight lower O columns.

Guha et al., 2021; Mateshvili et al., 2007; Pearl et al., 2001; Wolff et al., 2019, 2022). An in-depth discussion and
climatological maps showing the distribution and evolution of the ACB can be found in the literature (see,
Giuranna et al., 2021; Olsen et al., 2021; Smith, 2004, 2009, Wolff et al., 1999). The ACB begins to form in
northern spring around the same time we see the increase in low latitude O and signifies the freezing of water
vapor to form water ice clouds as the atmosphere cools, allowing O5 to build-up. The peak in the aphelion O,
precedes the peak in the ACB and is observed to occur around the time when Mars reaches aphelion (Lg ~ 71°).

UVIS provides sufficient spatial coverage to produce averaged geographical maps representing the afternoon
(PM) and morning (AM) O; columns over a ~16 sol period. The O; maps (generated using 1° X 1° bin
averages) for the aphelion season, beginning at the northern spring equinox (Lg ~ 0°) through to Lg ~ 212° in
MY 35 and Lg ~ 223° for MY 36, are presented in Figures 7 and 8 for MY 35 and MY 36, respectively. The
first MY 35 map (a) in Figure 7 shows the PM atmosphere, with subsequent maps alternating between AM
and PM. Conversely, the first map (a) in Figure 8 for MY 36 shows the AM atmosphere and alternates in the
opposite order.

High northern latitudes: Spring in the northern high latitudes around Ly = 0° shows the largest abundances in O5,
with a peak abundance of ~40 pm-atm, in good agreement with previous O; studies (Clancy et al., 2016; Lefevre
et al., 2021; Willame et al., 2017). These large O; abundances are associated with very low atmospheric water
vapor abundances forced by cold atmospheric temperatures. The O; column abundances in the northern polar
regions have been observed to have large day-to-day variations driven by perturbations in the polar vortex by
transient planetary waves (Clancy et al., 2016; Lefevre et al., 2004; Wilson, 2002). The short timescales (few sols)
of these transient waves are not resolved in the UVIS maps, which are averaged over ~16 sols. However, the
prominent stationary wave structure is observed and gives rise to the strong longitudinal dependence in O with
the highest abundances in the polar region observed between 100°W and 40°E. The O; column abundances in the
high northern latitudes reach a minimum during northern summer between Lg = 90°-125° associated with an
increase in low altitude water vapor abundance (Clancy & Nair, 1996; Lefévre et al., 2004; Olsen et al., 2022). In
northern autumn, colder atmospheric temperatures and the encroachment of the polar night to lower latitudes
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Figure 8. Same as Figure 7 but for the MY 36 from Ls = 0° through to L, = 223°. Each panel alternates between the morning and afternoon atmosphere that is, panels (a,
¢, e, g, L, k, m, 0), represent local solar times between 0600 LST and 1200 LST and panels (b, d, f, h, j, 1, n, p) represent the afternoon retrievals from 1200 LST to 1800
LST. The lower coverage in the dataset in MY 36 compared to MY 35 is a result of the 50% duty cycle that was implemented to preserve the instrument life.

result in the observed increase in the O5 column abundance with a stationary wave-1 or wave-2 pattern observed.
At this time, the O5 longitudinal variations are once again forced by perturbations in the polar vortex.

Low latitudes: The expected increase in low-latitude O; column abundances is observed at aphelion, beginning
around L; = 25° and ending around L; = 160° in both MY 35 and MY 36. At this time, the observed column
abundances in the low latitudes (Figures 7c—7j and 8b-8i) are typically between 1 and 4 pm-atm and exhibit a
strong longitudinal dependence forced by topography in good agreement with previous studies (see Clancy
et al., 2016; Lefévre et al., 2004). Distinct enhancements are observed over the Argyre basin and extend over the
Valles Marineris region. On the other hand, there is always less ozone over the Tharsis bulge, likely due to the
altitude of the plateau.

In Figure 9, we show the correlation between O5 and water ice for the period Lg = 79°-90°. The distribution of O
correlates well with the observed distribution of water ice clouds, with the region around and north of Valles
Marineris exhibiting the highest O; abundances and the greatest extent of cloud cover. North of Hellas from 60°E
and eastward to Tharsis also show higher cloud opacities and elevated O columns. Similarly, in regions with low
O; abundances we see reduced cloud coverage and opacities, for example, north eastward of Hellas and also
above 30°N where we observed a mid-latitude zonal band centered at 40°N that has substantially less O,
(typically <2 pm-atm); a region associated with lower water ice coverage and higher water vapor concentrations
(Crismani et al., 2021; Olsen et al., 2022). Coincident observations of Oz and water vapor vertical profiles by
TGO/ACS revealed that this region of reduced O; is associated with increased O5 destruction in the lower at-
mosphere by an influx of water vapor from the sublimating north polar cap (Olsen et al., 2022). This increases the
water vapor abundance below 20 km and hence the number of available HO, species that destroy Os.

The observed correlation between water ice and O5 agrees with equatorial O5 vertical profiles from the aphelion
season which showed an O; layer roughly corresponding to just above the water ice layers between 30 and 40 km
(Lebonnois et al., 2006; Olsen et al., 2022; Patel et al., 2021). Also, comparing the water ice distribution to the
water vapor distribution presented Crismani et al. (2021) shows, perhaps not unexpectedly, an anti-correlation
between the two species. These results could support evidence from the vertical O5 profiles that a cold layer
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Figure 9. The geographical distribution of (a) O; normalized to a reference pressure of 610 pa and (b) water ice clouds for
Lg = 79°-90°. Note that the color scale is non-linear in panel (a) to highlight lower O; columns.
exists that leads to water actively freezing out of the atmosphere and allowing ozone to build-up (Olsen
et al., 2022).
The general seasonal behavior in the O3 column abundances during aphelion measured by UVIS is consistent
between MY 35 and MY 36. However, we see significant interannual variability between MY 35 and MY 36
within these seasonal trends. Figures 7c—7h and 8c—8h show the build-up of the aphelion O; enhancement in the
MY 35 and MY 36, respectively. From these O; maps, we see that from early spring to the summer solstice, the O
column abundances in MY 35 seem to be diminished in comparison to MY
3 i 36. In Figure 10, we show a timeseries of the O3 column abundances between
—MY35 20°S and 20°N as a function Lg for the aphelion season in MY 35 and MY 36.
95 —MY36 | In the lead up to the northern summer solstice, MY 35 consistently shows
= reduced O; column abundance compared to MY 36, with the average abun-
4{{3 5 dance being ~14% lower at low latitudes when Mars is at aphelion (Lg = 71°).
§ Post aphelion, the O trends in MY 35 and MY 36 re-converge. The key
~ 0 ?\v ] difference between MY 35 and MY 36 is that the MY 35 aphelion period
.
g s \ NMW\ 1\) followed an intense Global Dust Storm (GDS) in the preceding perihelion
B I ' \ ?j“ season in MY 34. Clancy et al. (2016) also reported reduced equatorial O4
8 1j W M\v column abundances at the aphelion for MY29, which also followed a GDS in
O”' A \\ ! the preceding year (MY28). These new results from UVIS observations could
0.5 ﬁ, A \'\L\ﬂw ! provide further evidence suggesting that a GDS in the perihelion season can
A f T MY35 regional . . . L
g O J ; have a prolonged impact on the martian atmosphere, causing significant
! | Dust storm . . ", . .
0 } ; . A changes in both atmospheric and surface conditions leading to interannual
0 30 60 90 120 150 variations in atmospheric photochemistry.

Figure 10. Averaged UVIS O; columns between 20°S and 20°N as a function
of Lg for the aphelion season in MY 35 (orange line) and MY 36 (purple

Lg /°

line). The vertical lines give the 1-c dispersion of the data.

Another explanation for the reduced O; columns in MY 35 could be the early
large-scale regional dust storm (A-storm) that occurred in the northern
hemisphere in spring (between Lg = 30°-50°). This dust storm resulted in a
significant increase in the atmospheric dust loading and led to elevated
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Figure 11. Evolution of the O; columns (green line), dust opacity (red line) by product from our retrieval and water vapor
columns (blue line) from NOMAD (Crismani et al., 2021) in MY35 from Lg = 30°-90° at (a) equatorial latitudes between
—20°S and 20°N and (b) northern latitudes between 30°N and 50°N, where the regional dust storm developed. The vertical
lines for the water columns give the 1-c dispersion in the data.

atmospheric temperatures, with MCS reporting zonal mean temperatures that reached nearly 20 K above seasonal
values in the northern hemisphere and 15 K in the southern hemisphere (Kass et al., 2022). The effect of the MY35
A-storm on the O; column was evidenced by a sharp reduction in O; starting at Lg ~ 34°. In the UVIS O; data, we
see that this dust storm resulted in a significant reduction in the O3 abundance at mid and equatorial latitudes (see
Figure 7d), at a time when the O; abundance is expected to be gradually increasing. The decrease in O; also
coincides with significantly reduced water ice cloud coverage as seen by MARCI (Kass et al., 2022) and suggests
that the warmer atmospheric temperatures during the storm were sufficient to alter the water saturation conditions.
In Figure 11, we show the evolution of the O; columns, the dust optical depth (by product of the retrieval) and the
water vapor column measured by NOMAD (Crismani et al., 2021) in two latitude bands covering equatorial
latitudes between —20°S and 20N (panel a) and northern latitudes between 30°N and 50°N (panel b), where the
regional dust storm developed. The dust opacity begins to increase around Lg = 34°, coinciding with the observed
decrease in the O; abundance. At equatorial latitudes, a peak in the dust opacity is seen at Lg = 43°, which
coincides with the minima in observed Oz abundance. Opposed to the behavior of dust, the water vapor abundance
shows little change as a result of the A-storm at northern latitudes, with a gradual increase in the water abundance
observed toward the northern summer solstice. At equatorial latitudes, the water abundance remains relatively
constant; however, there is a potential decrease in the water abundance that begins at Ly = 34° and coincides with
the observed decrease in the O; abundance.

To explain the observed behavior in O; during the MY35 A-storm , we present, in Figure S3 in Supporting In-
formation S1, a comparison of the temperature (panels a, b), dust (panels ¢, d), water vapor (panels e, f), and O
(panels g, h) vertical distributions in MY35 and MY36 between L, = 35°-55°. As evident in Figure S3 in
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55 L MY36 x MY35 j peratures in MY35, especially in the northern hemisphere. This increase in
sl 8 MY34 x MARCI (MY29-32) & | temperature is coupled to the observed increase in the atmospheric dust loading

O3 column /pm-atm

that extends to at least 30 km (see Figure S3c in Supporting Information S1). In
Figures S3e and S3f in Supporting Information S1, the ACS water vapor
profiles (Fedorova et al., 2023) show that the warmer temperatures resulted in
an increase in the water vapor abundance in the middle atmosphere at northern
latitudes in MY 3S5. Increased water vapor is also seen in southern latitudes but
to a lesser extent when compared to MY 36. Unfavorable beta angles prevented
measurement at equatorial latitudes. Compared to MY36, MY35 shows
reduced O; abundances between 20-50 km across most latitudes (with the
exception of south polar latitudes) during the MY35 A-storm (Figures S3g and
S3h in Supporting Information S1). We associate this reduction in O with the
increase in water at these altitudes and is characteristic of the anti-correlation

0 30

60

90 120 150 180 between the two species. While it does not appear the MY35 A-storm caused

Lg

/° anincrease in the total amount of water vapor in the atmosphere, as evidence by
the total water column measured by NOMAD, the increased dust loading and

Figure 12. The O; column abundance measured by UVIS within the Hellas the subsequent warming of the atmosphere did result in the redistribution of the
Basin in MY 34 (gray squares), MY 35(black crosses), and MY 36 (white available water vapor (and by association, HO,) to higher altitudes which

circles) between Lg = 0°-~180°. The red crosses show the MARCI O,
columns within Hellas for MY29-3. The O; column abundances were
averaged into 1° Lg bins in order to show the general trend of O; within
Hellas. The boundary of Hellas was defined as an ellipse with a semi-major
axis of ~42°, a semi-minor axis of 22° and centered at latitude = 41.5°S and

longitude = 69.6°.

resulted in the destruction of O5 above 20 km which could explain the lower O,
columns observed by the UVIS nadir channel.

While we have shown that the regional A-storm in MY 35 resulted in lower O
columns between Lg = 30°-60°, it is not possible, with currently available
published data, to determine if the reduced O; columns beyond Lg = 60° in
MY 35 is a result of the regional storm, a lingering effect of the MY 34 dust
storm or both.

High southern latitudes: The O distribution at high latitudes in the southern hemisphere follows a similar trend to
that in the northern hemisphere. The largest O; abundances are seen around the weakly sunlit edges of the polar
night during late autumn, winter, and spring (Lg = 20°-160°), with typical abundances of above 20 pm-atm.
During this time, the O; column abundances show a distinct longitudinal dependence associated with O increases
in the deep basins of Hellas and Argyre. To investigate O; column abundance variations within Hellas, we
computed the temporal variability of the O; column abundances within the Hellas basin, whose boundary was
defined as an ellipse with a semi-major axis of 43.5° and a semi-minor axis of 23° centered at 41°S and 69.6°E.
The O5 columns within Hellas for both UVIS and MARCI are averaged into 1° Lg bins and compared in
Figure 12. We generally observe a gradual increase in the O3 columns beginning near Lg ~ 25° and peaking
around Lg = 87° in MY 35 and Lg = 74° in MY 36. The observed peak in MY 35 is later in the season than that
observed by MARCI (Lg ~ 70°); however, we see reasonable agreement in MY 36 with the MARCI observations.
The variability in the timing of the second O; peak within the Hellas basin could be due to interannual variability,
as reported by Clancy et al. (2016). However, UVIS had poor coverage of the Hellas Basin between Lg = 66°-71°
in MY 35, and therefore, we cannot say if a peak near Lg = 70° (more consistent with MARCI) was present. A
second peak in the Hellas O; column abundance in both MY 35 and MY 36 is seen between Lg = 140°-160°, with
the tail-end observed in MY 34, in good agreement with the MARCI observations. In terms of absolute abun-
dances within Hellas Basin, the largest column abundances are seen at the time of the second peak, where O,
abundances frequently exceeded 30 pm-atm.

Perihelion season: Increased solar insolation during southern summer leads to a warmer, wetter, and more active
atmosphere resulting in the O3 column abundances at equatorial and southern latitudes being significantly
reduced typically below the detection limit of UVIS (~0.7 pm-atm). Larger O; abundances are observed around
the edge of the northern polar region with higher abundances expected toward the pole (Clancy et al., 2016). Such
polar observations by UVIS, however, are prevented by the on-set of the polar night and the 74° inclined TGO
orbit.

As discussed in Section 5.1, high dust loading conditions can result in O; artifacts in the data, usually around the
perihelion, and are particularly noticeable in MY 34 during the GDS and to a lesser extent in MY 35 and MY 36.
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Figure 13. The retrieved UVIS O; columns in MY35 between 15°S and 75°N
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88 90 5.2. Diurnal Variations

A key advantage of UVIS nadir observations is the measurement of O; at
different LSTs. However, understanding the diurnal ozone cycle from the

at all longitudes as a function of Lg and LST (shown in color) for the period UVIS dataset requires de-coupling from any seasonal or geographic varia-

Lg = 79.5-90.5°.

tions as well as from the potentially false detections resulting from the high

dust loading conditions. Given these criteria, we restrict our analysis to the
aphelion season and avoid high southern latitudes where we observe strong longitudinal (see Figures 7 and 14c¢).
Strong longitudinal variation in the O; column abundance from perturbations in the polar vortex and the for-
mation/decay of the equatorial O aphelion enhancement exclude the spring/autumn season. These limitations
leave a short period around the summer solstice (Lg = 79.5°-90.5°) to examine potential diurnal variations with
high confidence. In Figure 13, we show the UVIS O; columns between 15°S and 75°N at all longitudes against Lg
and LST (shown in color). This period spans the peak of the equatorial O; band, and in the UVIS data, we see no
obvious seasonal trends and good LST coverage spanning early morning (~09 LST) to mid-afternoon (~15 LST)
is observed.

In our selected Lg period, the morning (<1200 LST) and afternoon (>1200 LST) O; columns were binned into
1.5° latitude and longitude bins to create O; maps of the morning and afternoon atmosphere (equivalent to those in
Figures 7 and 8), as shown in Figures 14a and 14b respectively. The difference between the morning and af-
ternoon O5 column abundances is given in Figure 14c. The O; column abundances show regional differences in
the diurnal behavior. For example, the northern mid-latitude band of lower O; centered at 45°N tends to show
higher O; column abundances in the morning, especially in a region North of Tharsis (see Region 1 in Figure 11).
The Tharsis ridge also tends to show higher O3 column abundances in the morning, except around the volcanoes
where we observe higher O; abundances in the afternoon. Wolff et al. (2022) showed that water ice clouds over
Tharsis evaporate throughout the day but tend to remain around the Tharsis volcanoes. Therefore, the increase in
afternoon O; near the volcanoes could be linked to an O5 layer above the persistent cloud cover. We also observe
higher morning O; column abundances in an equatorial region between 0°E to 70°E; this region tends to be
associated with regions of low Oz column abundances (see Figures 7e—7h and 8e—-8g), lower water ice coverage
(see Figure 9) and of high water vapor column abundances (Crismani et al., 2021). Conversely, regions where we
observed higher equatorial O; and water ice abundances (Figure 9), particularly north of the Argyre Basin and
extending northwards to the Valles Marineris and, to a lesser extent, from 70°E to 175°W between —15°S and 20°
N show greater O5 column abundances in the afternoon. At latitudes >30°S in the southern hemisphere, we see
significant variations in the O5 diurnal cycle on small spatial scales and associate this to longitudinal, rather than
diurnal, variations possibly caused by perturbations in the polar vortex.

As illustrated in Figure 14, we investigate four regions: Region 1 (outlined by the solid line) and Region 3 (dashed
box) are regions that exhibit higher O; column abundances in the morning, while Region 2 (dotted box) and
Region 4 (outlined by dash-dot line) are those which show greater afternoon O; column abundances. In
Figures 15a—15d, we show the retrieved O; column abundances in each region as a function of LST and Lg (color)
and show the averaged UVIS O; column abundances to emphasize the diurnal trends in each region. The averaged
UVIS O3 column abundances are compared against modeled O; from the latest OpenMars database (version 4),
which contains the water vapor reanalysis dataset (Holmes et al., 2024). This updated OpenMarsv4 reanalysis
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Figure 14. The UVIS O; column abundances as a function of latitude and longitude between Lg = 79.5-90.5 in MY 35 for
(a) The morning between 8 < LST < 12LST and (b) the afternoon 12 < LST <15. (c) The difference between the morning
and afternoon O; column abundances (am—pm). The four different regions investigated are outlined in (c) by a solid line
(Region 1), dash line (Region 2), dotted line (Region 3), and dash-dot line (Region 4).

dataset differs from the OpenMarsvl dataset used to generate our reference atmosphere since, as well as
assimilating MCS dust column abundances and temperatures (Kleinbohl et al., 2017), it also includes the
assimilation of water vapor column abundances and vertical profiles from NOMAD (Aoki et al., 2019; Crismani
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Figure 15. The top row shows the measured O; column abundances as a function of Lg (color) and LST for (a) Region 1, (b) Region 2, (c) Region 3, (d) Region 4. The

UVIS O; column abundances are binned
dataset (Holmes et al., 2024) (green line).

into half-hour LST bins to show the diurnal trends (blue line) and compared against the OpenMARS (water vapor reanalysis)
The middle row (e-h) shows the simulated vertical profile of O; as a function of altitude and LST (color) for the four Regions.

Finally, the bottom row of figures (i-1) shows the vertical integrated layer abundance for the near surface O layer (<3 km) and the upper O; layer (20-50 km).

etal., 2021; Villanueva et al., 2021) and ACS (Alday et al., 2021; Fedorova et al., 2023) into the latest version of
the PCM UK-spectral that includes the chemical scheme from Lefévre et al. (2021). As such, this dataset rep-
resents the most accurate model of Mars Oj since the water vapor distribution is well constrained by observations
where possible.

In general, the observed mean dayside diurnal variations in the O; column abundance in the four regions is
relatively small (typically less than 1.0 pm-atm), which agrees with modeling results that show diurnal variations
during the day are small compared to the day/night differences (Lefevre et al., 2004). However, we do see some
consistent trends in the diurnal profiles. For example, in Region 1 and Region 3, a peak in the O; abundance is
seen between 0900 LST and 1100 LST, followed by a gradual decline in the O5 abundance after the mid-morning
peak toward the afternoon. This mid-morning peak agrees well with model simulations by Lefevre et al. (2004),
who showed that the photolysis of NO, in the lowest 3 km can result in a morning peak of O;. Compared to
Region 1, a potential weak secondary peak in the mid-afternoon is observed in Region 3 near 1430 LST. A mid-
morning peak is also observed in Region 3; however, the profile is superimposed on an underlying O; column
abundance that steadily increases from early morning through to mid-afternoon. Finally, in Region 4, the O;
column abundance steadily increases from morning to mid-afternoon with no observed peaks. These profiles
show more structure and, in some cases (Region 2 and Region 4), considerably different to the OpenMarsv4 O,
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diurnal cycle, which tends to show a consistent profile in all regions, that is, an increasing O; column abundance
toward a late-morning or noon peak and a subsequent decrease in the afternoon.

As previously mentioned, in northern summer Oj is expected to form in two layers, one below and another above
the hygropause. This two-layer structure is reproduced well in the OpenMarsv4 dataset, as illustrated in
Figures 15e and 15f, which shows the vertical distribution of O5 as a function of LST in our four regions. In the
OpenMarsv4 reanalysis dataset, the increase in the lower layer is associated with NO, and shows a higher O,
abundance in the morning, whereas the upper layer is associated with H,O (or rather forms due to the absence of
water since it condenses into clouds) and shows higher O; abundances in the afternoon. These two layers are
therefore different in origin, and indeed the layers show an opposite diurnal trend. The difference in the diurnal
profiles of the two layers is emphasized in Figures 15i—151 which shows the integrated abundance in the lower and
upper layer as a function of LST. The similarity between the UVIS O; diurnal profile and the near surface layer
from OpenMarsv4 suggests that the observed diurnal cycle in Region 1 and Region 3 is driven by diurnal changes
in the lower O; layer. Similarly, the increase in O in the upper layer from morning to afternoon could explain the
gradual increase we observe in the O; columns in Region 2 and Region 4 as well as the early afternoon increase in
the O5 abundance in Region 3.

The different O; diurnal trends between UVIS and OpenMarsv4 could be due to the opposing contribution of
these two layers that may not be well represented in the model. In particular, the UVIS measurements in Region 3
and Region 4 suggest that the upper layer has a larger contribution than predicted from the model, whereas Region
1 suggests a weaker upper layer than predicted. The under/overprediction in the amount of Oy in the upper layer in
the model could also be due to the under/overestimation of water ice cloud condensation, which directly impacts
the density of water vapor and HO, in the atmosphere.

Another potential interpretation for the underestimation of ozone in the upper layer is heterogeneous chemistry
(Brown et al., 2022; Lefevre et al., 2008). Currently, heterogeneous processes are included in the PCM-UK
Spectral model and follow the formulation of Leféevre et al. (2008). Brown et al. (2022) investigated a more
detailed heterogeneous chemistry scheme using a 1-D model and found a positive vertical correlation between
ozone and water ice when the water vapor abundance was low. However, this new heterogeneous formulation has
not yet been fed back into 3-D simulations.

6. Conclusions

As a highly reactive gas, O; plays a key role in Mars photochemistry and measurement of its distribution can
provide information on the variations of H,O and also the hard to detect HO, species. Accurate O; measurements
can also be used to validate and refine global climate models to improve our understanding of the Mars
atmosphere.

We presented the O; distribution retrieved from UVIS measurements in MY 34 (Lg = 150°) through to the end of
MY 36, demonstrating that robust measurement of Mars O; can be obtained from the UVIS nadir measurements
showing good agreement with MARCI O; columns with no systematic offset that would be indicative of residual
straylight effects.

The O; climatology for MY 34-MY 36 shows the expected general spatio-temporal distribution, with higher O5
column abundances in the spring, autumn and winter poles, the build-up of O; at low latitudes during aphelion,
and low O column abundances during the warmer perihelion season. A correlation between the formation and
distribution of aphelion O; enhancement and water ice was observed at mid and equatorial latitudes in the
northern spring and summer. This correlation follows evidence in the observed aphelion O; vertical profiles that
found an Oj layer just above the water ice clouds. The build-up of O; in the Hellas basin is also observed starting
at Lg = 25° through to 100° with a peak in O; abundances in MY 35 occurring slightly later in the season
(Lg = 87°) compared to MARCI observations (Clancy et al., 2016). However, as indicated, this could be a result of
insufficient coverage by UVIS over Lg = 66°-71°.

The equatorial O3 column abundances during the northern summer solstice in MY 35 between Lg = 60°-85° were
observed to be ~14% lower compared to MY 36. MY 35 experienced an early larger scale regional dust storm,
which we have shown resulted in the near global reduction in both O; and water ice between Lg ~ 40°-50°.
Another key difference between the two years was that the MY 35 aphelion season directly followed a GDS in
MY 34, and as evidenced by MARCI, lower O; columns were observed in the aphelion season of MY 29
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following the MY 28 GDS. While the UVIS data alone is insufficient to determine the main driver that resulted in
the lower O; columns in MY 35, these results could provide further evidence of a correlation between reduced O,
abundances at aphelion and the occurrence of a GDS in the preceding perihelion season, further highlighting the
importance of GDS in the present-day climate in causing interannual variations in trace gases beyond the year of
the event itself.

The UVIS O; column abundances show that dayside diurnal variations are generally small (<1.5 pm-atm) and
show differing behavior in different regions on the planet, dependent on the relative abundance of O; in the near-
surface or upper O; layer. Regions with low O; abundance, and generally associated with larger water vapor
columns and a thin upper Oj; layer, exhibited a mid-morning peak in O and a subsequent decay in the O; column
abundances in the afternoon. This is consistent with diurnal variations seen in the near-surface layer of the
OpenMarsv4 assimilation dataset and agrees well with previous modeling results by Lefevre et al. (2004),
suggesting that the observed diurnal variations are driven by the photolysis of NO, in the early morning.
Similarly, regions that exhibited higher O; column abundances show a gradual increase in the O; column
abundances from morning to afternoon, consistent with diurnal variations shown by OpenMarsv4 in the upper O
layer. The UVIS measurements suggest that the upper O; layer plays a larger role in the daily variations of O,
than is currently predicted and could point toward an under/overestimation of water ice condensation or het-
€rogeneous processes.

Data Availability Statement

Public access to all ExoMars TGO data is available through the ESA Planetary Science Archive (archives.esac.
esa.int/psa/). Instruction on how to find NOMAD data within the PSA is available on the NOMAD website
(https://nomad.aeronomie.be/index.php/data-psa-users). The NOMAD website also provides useful details about
the NOMAD data and how to use it. The OpenMARS database can be downloaded from Holmes et al. (2022a)
and the water reanalysis dataset from Holmes et al. (2024). The DISORT radiative transfer code is available
from the LLLab DISORT Website, http://www.rtatmocn.com/disort/. The data products derived from the UVIS
measurements in this study can be downloaded from The Open University data repository (Mason &
Patel, 2023).
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