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This Supporting Information contains further information on the methodology for the
cross-correlation analysis and the 1-D model chemical scheme used in the analysis. Text
S1 describes the data filtering used for the observed ozone and water ice profiles and covers
Tables S1 and S2. Text S2 describes the cross-correlation methodology in more detail.
Text S3 explains the chemical rates used in the heterogeneous scheme and the two model
comparisons undertaken to validate the 1-D model. Figures S1 to S4 are covered in Text
S2.

Text S1.
1. Vertical Profiles: Units And Data Filtering

This section applies to the vertical cross-correlation in Section 2.2 of the manuscript.
Water ice profiles are retrieved in ppm using pressures and temperatures from the Global
Environmental Multiscale Mars (GEM-Mars) GCM (Liuzzi et al., 2020), while ozone is
retrieved as number density (number of molecules / cm?®) (Patel et al., 2021). To keep
the ozone and water ice data as consistent as possible and to reduce any additional errors
arising from using two GCMs, both data are converted to parts per million by volume
(ppmv) using the temperatures and pressures from the same GCM.

The temperatures and pressures from the Open University modelling Group Mars GCM
(MGCM) dataset are used for the conversion. The MGCM is utilised for the investiga-
tion, as it has been run with data assimilation of MCS temperature and dust, and thus
is optimised for this analysis. The ozone dataset is converted from the retrieved unit,
molecular density, to ppmv via the ideal gas law, using data from the MGCM.

Water ice profiles are retrieved in parts per million (ppm) using temperatures and

pressures from the Global Environmental Multiscale Mars (GEM-Mars) GCM (Liuzzi et

April 20, 2022, 12:50pm



X-3
al., 2020). Therefore, in order to convert them into ppmv with MGCM temperatures and
pressures, the water ice dataset is first converted into number density using the GEM-Mars
GCM data, before the data is converted into ppmv with MGCM data.

Once converted into comparable units, the water ice dataset is filtered to remove data
with high uncertainty (ozone filtering is described in the main analysis). The mean and
median relative errors are used as they give a general summary indication of the distribu-
tion of errors. Table S1 shows the different levels of filtering applied to water ice, given
the mean and median relative error, while Table S2 shows the results of the sensitivity
analysis when implementing different minimum abundance requirements for the ozone
and water ice profile pairs. The minimum of 6 datapoints per profile is already included
in the profile pair count.

Text S2.

2. Cross-Correlation: Methodology
This section describes the cross-correlation analysis used in Section 2.2 of the

manuscript. The general standardised discrete correlation is given by Chatfield (1983):

cov(X,Y)

0x0y

cor(X,Y) = (1)

where X and Y are random variables, ¢ is the standard deviation of those variables, and

the covariance is given by:

cov(X,Y) = i (@ = 1) (s = 1) (2)
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where g is the mean and N is the total number of observations. A standard correlation
makes the assumption that the dependent variable (e.g. ozone) is correlated at the same
point of the independent variable (e.g. water ice). For example, if x; and y; are two single
variables from datasets X and Y, then a standard correlation only tests the relationship
at point 7. Two variables may have a lagged correlation, as is often the case in time
series where the effects of X on Y are delayed. A variation on the standard correlation to
account for this is cross-correlation and a standardised version of this is given by Chatfield

(1983):

_ S@-Dy-p)
Jo@ -2 /S -9

where z is an array of lags which Y iterates through and the limits for the summations

(3)

corxy(z)

change for each lag. The results of a standardised correlation are bound between —1 <
corxy(z) <1, where 1 is a perfect positive correlation, -1 is a perfect negative correlation,
and 0 indicates no relationship. Correlation tests work with the assumption that any
potential relationship between the variables is linear. While water ice and ozone may
not fit this assumption, the analysis will provide a guidance to the patterns between the
variables.

The results are then tested using a Student’s T-test with a two-tailed test at a signifi-
cance level a = 0.05. The significance test assumes that the correlation follows a normal
distribution and has a mean of zero and a standard variation of 1, which is a suitable
assumption as the correlation values are standardised. Correlation values are converted
to critical values using equation 4, which is dependent on the number of datapoints in the

correlation, n;.
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;

where t; is the critical value and r; is the correlation for the i** occultation.

For a universal comparison, the critical values are then changed into p-values; p-values
less than o are deemed statistically significant. The maximum correlation for each occul-
tation is defined by the lowest p-value, min(p;~,), which is the most significant value.

Text S3.

3. 1-D Model: Validation Of The 1-D MPM

In order to test general variations and the quantity of species in the 1-D MPM, ozone
vertical profiles are compared against outputs from both the 1-D JPL Caltech model
from Viudez-Moreiras, Saiz-Lopez, Blaszczak-Boxe, Manfredi, and Yung (2019) and the
MGCM from Holmes, Lewis, Patel, and Lefevre (2018).

For the 1-D comparison, the 1-D MPM was run with same initial temperature and
water vapour profiles as given in Viudez-Moreiras et al. (2019), under the same conditions
(Ls= 0°, latitude ~ 5° S) and without any heterogeneous chemistry. The model was run
for 10 days to allow it to reach a steady state and allow sufficient time for the ozone
abundance to stabilise.

Figure S2 shows the outputs of the 1-D MPM and the JPL Caltech model; both results
show a dramatic change in ozone abundance during the sunlight hours (= 0600 — 1800
LST) > 40km. While this is less noticeable at lower altitudes (< 30km), there is still
a diurnal variation, with an increase in ozone abundance during sunlight hours in both

model runs. This is likely due to the photochemical formation of ozone, which, combined
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with limited HO, species at those altitudes, leads to an overall increase in ozone. The
magnitudes of the ozone abundance between the two model outputs are similar throughout
the sol with the exception of a few distinct features.

Below 20 km, the ozone abundance in the 1-D MPM is greater than the JPL Caltech
ozone abundance between 08001600 hours. This is likely due to the lower water vapour
abundances in this altitude region; while the 1-D MPM model run did have the same
initial water vapour profile as the JPL Caltech run, some of the water vapour in the 1-D
MPM condensed into water ice, which led to a lower concentration of HO, than in the
JPL Caltech model. Above 70km across the whole sol, the water vapour is < 2.5 ppmv
in the 1-D MPM output and even between 60—70 km the water vapour remains < 5 ppmv
throughout the sol. In comparison, water vapour abundance in the JPL Caltech model
varies between 60-80 km throughout the day; it is this variation which likely causes the
ozone to fluctuate > 60km while it remains, for the most part, static in the 1-D MPM
above these altitudes. The decrease in ozone between 0200-0600 hours at 55 km in the
1-D MPM is likely due to the presence of HyOy and HOs, both of which decrease after
0600 hours. In the JPL Caltech model run, HO5 abundance increases around 50-55km
in the JPL Caltech model, while the HyO5 abundance is not given.

Ozone abundance increases between 40-60 km from 1000 to 1800 LST in the 1-D MPM,
while in the JPL Caltech model it remains constant throughout the sunlight hours. This
change may be due to the increase in temperature from 1000 hours onwards, up to 50 km
in the 1-D MPM, which would increase the rates of reactions and allow ozone to form at

a greater rate than its destruction, which is not present in the JPL Caltech model.
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Figure S3 shows the diurnal cycle of the 1-D MPM with the new heterogeneous scheme
and the MGCM assimilated with temperature and dust using the old heterogeneous
scheme. Both models use the offline ASIS photochemical scheme from Cariolle et al.
(2017). Vertical profiles of temperature, water vapour, and water ice were taken from
the MGCM and used as initial starting profiles for the 1-D model. The magnitude of the
ozone abundance in both panels of Figure S3 is similar, although in the MGCM simulated
ozone (right panel) has a greater abundance > 50 km, likely due to the horizontal trans-
port of O-rich species (O and O). Below 25 km, the ozone distribution and abundance
in the 1-D MPM and MGCM are in agreement with each other, with a slightly higher
concentration of ozone forming at 1200 hours near the surface in the 1-D MPM.

The largest discrepancy between the two model runs is between 30-50km. In the
MGCM simulation ,0zone abundance is between 0.1-1 ppmv, while it is < 0.1 ppmv in
the 1-D MPM simulation throughout the sol. The ozone features visible in the 1-D MPM
at these altitudes (30-50km) do arguably appear in the MGCM, but at a higher altitude
(> 50km). This is likely due to the water ice distribution, as in the 1-D MPM a layer
of water ice cloud forms between 25-45km, and has very little diurnal variation. In
contrast, water ice in the MGCM forms in the late evening and persists through the night
before subliming into water vapour the following morning. The presence of water ice
causes the adsorption of HO,, which decreases the HO, abundance. In the MGCM, the
heterogeneous scheme converts the adsorbed HO, species to oxygen and water vapour,
which can then be recycled to influence the ozone formation or destruction. At night,
the recycled oxygen can combine with molecular oxygen to form ozone, increase the ozone

abundance, while during the day, the recycled water vapour can be photolysised to produce

April 20, 2022, 12:50pm



X-8

HO,, and thus reduce ozone abundance. In the 1-D MPM, on the other hand, the HO,
species are adsorbed and converted into the adsorbed species, ice . HO,. The adsorbed
species are only released back to their original HO, status when water ice sublimates. As
water ice tends to sublimate during the day, the ice_HO, species are also only released
during the day, resulting in a decrease in ozone across all altitudes at 0600 hours at the
start of the sol.

By definition, the 1-D MPM is a closed system and does not simulate dynamics or
horizontal transport. While this is not necessary for the purposes of testing photochem-
istry, it means the 1-D MPM cannot replicate some features which are primarily driven
by, for example, thermal tides or downwelling from Hadley cells. The latter of these is
particularly important for simulating high latitudes. The temperature in the 1-D MPM
has little diurnal variation, resulting in the the water ice abundance staying constant in
both abundance and altitude (between 25-45km) throughout a sol, which, due to the
mechanism of the adsorbed species, ice_ HO,, turning back into their original radicals,
means ice_HO,, are never desorbed and turned back into HO, species.

In order to resolve this, temperature, surface pressure, and the meridional and zonal
wind values are taken from the MGCM and used as inputs into the 1-D MPM at the
beginning of each timestep. The variables are extracted from the MGCM for 2 full sols,
with 24 timesteps per sol. After the 1-D MPM has run through the 2 sols, the extracted
temperature, winds, and surface pressures are reset back to the first extracted timestep,
and looped through again. This means the 1-D MPM becomes less accurate over time,

as the values taken from the MGCM are for the starting conditions of the 1-D MPM.

April 20, 2022, 12:50pm



X-9
However, because these variables, along with the initial water ice and vapour profiles, are

extracted from the MGCM, the model only needs 1-2 sols to equilibrate.
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Table S1. The errors used are taken from the retrieved data from Liuzzi et al. (2020). The
median and mean error given by using varying thresholds for the water ice (HyO) data, as well
as the number of datapoints used after applying this threshold. The last column displays this as

a percentage of the total datapoints. Threshold used in the manuscript is highlighted in red.

Threshold | Median error | Mean error | No. of datapoints | % of datapoints used
No filter 0.40 4.81 289855 100
et | 0.32 4.32 178920 61.7
W05
- >4 0.22 3.23 121045 41.8
éfﬁil,. > 4 0.16 2.16 188819 65.1
M0H 31 018 2.43 204623 70.6
O o 51 o4 1.90 175122 60.4

Table S2. Number of available vertical profile pairs when placing restrictions on the minimum
threshold. At least one datapoint within a profile must be higher than the restriction value for
the profile to be included in the analysis. The minimum number of datapoints — 6 per profile —

is already accounted for. Threshold used in the manuscript is highlighted in red.

Ozone Limit (ppmv) Water Ice Limit (ppmv) No. Vertical Profiles Percent of Total Profiles (%)

None None 1085 100
0.01 None 1082 99.7
0.02 None 1075 99.1
0.03 None 1029 94.8
0.04 None 953 87.8
0.05 None 881 81.2
None 0.1 1057 97.4
None 0.2 1040 95.9
None 0.5 964 88.8
None 1 854 78.8
None 1.5 705 65.0
None 2 604 55.7
0.03 1 813 74.9
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1-D MPM (heterogeneous) LMD-UK assimilation
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Figure S3. Ozone abundance over a sol at 0° S, Ls= 15° with (left) the 1-D MPM (run with heterogeneous chemistry) and

(right) the MGCM with assimilated temperature and dust using the offline ASIS scheme taken from Holmes et al. (2018).
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