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Introduction
The principal contributors to variations in the ultraviolet environment of Mars are ozone and dust. Ozone
is a strong absorber of ultraviolet (UV) light, resulting
in a reduction in transmitted radiance in the wavelength
region surrounding 255 nm. The spatio-temporal distribution of ozone may be investigated by comparing
spectral observations from Mars orbit with solar reference spectra. The photoionisation of molecular species
in the upper atmosphere is driven by high energy solar
UV radiation, therefore the photochemical role of ozone
is a prominent component of the complex system of
chemical reactions regulating the atmospheric system.
The effect of dust on observed radiance from orbit is
a factor in the accuracy of ozone abundance retrievals,
particularly at high solar zenith angles (decreased radiance and increased scattering) or high dust loading conditions. The aim of this work is to apply varying dust
aerosol distributions, concentrations, and properties to a
library of ozone vertical profiles (with consistent atmospheric structures) in order to quantify the effect of dust
on future ozone abundance retrievals.

NOMAD-UVIS
The European Space Agency and Roscosmos ExoMars
Trace Gas Orbiter (TGO) mission is due to launch in
2016. Its scientific goals include the investigation of
trace gases in the atmosphere, in part looking for past
or present signatures of active biological or geological processes. Mapping the spatio-temporal distribution
of trace gases and their source regions will be undertaken, providing insight into data assimilation models
to investigate atmospheric circulation. In addition, the
spacecraft will deploy the Entry, descent, and landing
Demonstrator Module (EDM), and act as a data relay
for the 2018 ExoMars Rover.
The TGO payload includes the NOMAD 3-channel
spectrometer suite (Nadir and Occultation for MArs
Discovery). The UVIS channel of NOMAD has a 200 650 nm range with 1.5 nm resolution for nadir and solar
occultation observations. The scientific goals of UVIS
are to improve the understanding of martian photochemistry, to characterize and map aerosols, and to investigate other minor species. This work supports the development and future operation of the UVIS instrument

through simulating observations using a radiative transfer model.

Radiative transfer model
NEMESIS (Non-linear optimal Estimator for
MultivariatE Spectral analySIS) (Irwin et al., 2008) is a
general purpose retrieval model applicable to any planetary atmosphere, having been initially developed alongside the Composite InfraRed Spectrometer (CIRS) on
the NASA Cassini mission to the Saturn system. NEMESIS is both a forward model, generating a synthetic
spectrum from a provided atmospheric structure, and
a retrieval model, adjusting atmospheric parameters until differences between observed and synthetic spectra
are minimised. The model has been extended for the
martian UV environment through the inclusion of appropriate gaseous absorption data and airborne dust optical
properties as part of this work.
Output from the Mars Climate Database (Lewis et
al., 1999, version 5) is used to provide atmospheric vertical structures. The assumed nominal martian year is
an ensemble average of LMD GCM (Global Circulation
Model) simulations using dust distributions observed
during (the non dust storm) Mars Years 24, 26, 27, 29,
and 30, with solar average conditions.
The modelled spectral range includes the UVIS wavelengths and extends into the near infrared (200 - 1100 nm)
for a wider context on the spectral influence of suspended
dust. In the visible and NIR region, HiTran data are
used to produce k-tables for H2 O, CO2 , and O2 using
the method of correlated-k (Irwin et al., 2008; Lacis &
Oinas, 1991). The resulting temperature and pressure
dependent look-up tables increase computational speed,
at a cost of knowing the precise wavelength location of
absorption coefficients. In the UV where HiTran data
are not available, absorption cross-sections are used in
the continuum part of the calculation for O3 , CO2 , O2 ,
and SO2 . The volume mixing ratios of each gas vary as
a function of height, as defined by the MCD profile used
for a particular run.
The surface albedo as a function of wavelength is interpolated from Mallama (2007) at wavelengths of 360,
440, 550, 700, and 900 nm from numerous ground observations from the 1950s up to 2006. The range used
in this study has been extended (Otter, 2009) using the
ground observations of Esposito et al. (2007) and Fox et
al. (1997).

Ozone

Dust

The detection of ozone on Mars was first achieved by the
Mariner 7 and 9 flyby missions (Barth & Hord, 1971;
Barth et al., 1973), and subsequently from martian orbit by Mars 5 (Krasnopolsky & Parshev, 1979), Phobos 2 (Blamont & Chassefière, 1993), and Mars Express (Bertaux et al., 2006). Measurements have also
been made from the Earth’s surface (Espenak et al.,
1991; Novak et al., 2002; Fast et al., 2006), and Earth
orbit (Clancy et al., 1999). NASA’s Curiosity Rover contains the first in situ UV (photodiode) detector, however
a dedicated UV spectrometer has yet to be placed on the
surface, and orbital observations with global coverage
remain the best method of assessing the UV environment of Mars.
Due to the anti-correlation of ozone with water vapour,
ozone is most abundant near the poles in winter, when
the water vapour has condensed to the polar ice caps,
leading to significant increases in ozone abundance at
Ls = 225 to 315◦ (northern winter) and Ls = 45 to 135◦
(southern winter). Figure 1 shows the modelled latitudinal distribution of ozone over a typical martian year
from MCD output.

The amount of airborne dust varies over the martian
year, with the column optical depth reaching a maximum
during the southern summer. However, this is for a
nominal year; an interannual variation in dust content
exists particularly in the southern summer. Dust storms
potentially lasting many months and engulfing the planet
can dramatically increase the optical depth. To account
for these large variations, large optical depths (0 < τ < 5)
are considered for this study. The dust size distribution
dependence on altitude has not been considered here, but
will be applied to future studies on the spectral influence
of discrete dust layers.
The dust model uses the complex indices of refraction derived by Wolff et al. (2009, 2010). Mie scattering for spherical particles is implemented as an approximation to an ensemble of irregularly shaped particles. The particle size distribution is assumed to have
effective radius reff = 1.6 µm and effective variance
νeff = 0.3 (Wolff et al., 2009, 2010), and to follow a
standard gamma distribution. Cloud aerosols are not
included at this time, and will be implemented in future
work.

Modelling

Figure 1: Ozone column abundance over a nominal martian
year from MCD output, longitudinally averaged at local noon.
The dotted lines enclose the polar night. Sites A, B, and C
(latitudes = 60◦ , 40◦ 20◦ , Ls = 300◦ ) are marked for discussion.

The vertical profile of ozone is non-uniform, and is
most abundant near the surface, typically below 20 km.
Often a second peak is formed at approximately 50 km.
For the nadir observations considered in this study, the
precise vertical profile is secondary to recovering accurate total column abundances. In order to determine
the effect of dust loading on the accuracy of ozone
abundance retrieval, a library of appropriate MCD atmospheric vertical profiles has been produced as part
of this work. These scenarios are representative of the
seasonal, diurnal, and latitudinal variations in martian
atmospheric structure.

Preliminary modelling to simulate an observed spectrum
is shown in Figure 2 (at site B of Figure 1). This is the
simulated radiance measured by an instrument in Mars
orbit, transmitted through an MCD derived atmospheric
state, determining the effect of this atmosphere on the reflected solar spectrum observed in nadir geometry. The
dust content of the atmosphere is increased by scaling
the dust vertical concentration profile to obtain the reported column optical depths. The increasing radiance
with increasing dust content is apparent, particularly at
longer red wavelengths where the albedo of both the
surface and lofted dust is greater. The characteristic
255 nm ozone absorption feature becomes more difficult to discern with increasing dust, especially during
extreme events. Simulated observations at sites A and
C return similar results with variation in the size of the
ozone absorption feature.
The size of the ozone peak, indicative of ozone abundance, can be measured by taking the ratio of radiances
at wavelengths of 255 and 290 nm. This compares the
radiance at the peak to the radiance at a wavelength both
sufficiently far from significant ozone absorption, and
sufficiently close to minimize wavelength variation in
dust optical properties. Figure 3 shows this radiance
ratio, normalized by the solar spectrum, as a function
of dust opacity τ . For sites A and B the ozone feature
is reduced in magnitude to 60% when the dust content
is increased from τ = 0.1 to 1.0. This is significant
as measurements by the Spirit and Opportunity rovers

Figure 2: The simulated radiance has been normalized by the
solar spectrum, and such that the low dust case has a radiance of unity at 670 µm. The spectrum at site B of Figure 1
is shown, where Ls = 300◦ , latitude = 40◦ , and solar zenith
angle = 61.6◦ (local noon). Increasing the dust content τ and
therefore the number of scattering events increases the radiance, particularly towards red wavelengths. The dust column
optical depths increase from τ = 0.1 (low dust), to τ = 5 (dust
storm).

have shown that dust column optical depths consistently
approach 1.0 for over a third of the martian year (Lemmon, 2004), and therefore ozone abundances are likely
to be underestimated. For site C the ozone feature is
reduced in magnitude to 85%, this a consequence of the
smaller ozone abundance, and does not mean accuracy
is greatest at site C.
The degradation of the ozone absorption feature is
a result of increased scattering of light by aerosols, this
scattered light replaces the light lost due to ozone absorption. The asymptotic trend towards a ratio of 0.8 is
a result of the optical properties of dust at those wavelengths and the complete obfuscation of ozone. Incorporating clouds and considering the global and seasonal
variation in ozone and dust profiles will result in characterizing to what extent ozone observations will be impeded throughout the martian year.

Conclusion
The continued monitoring of ozone of Mars is essential to the understanding of its photochemical role, and
to defining the level of spectral protection afforded to
any potential biological activity in the martian regolith.
Quantifying the effect of dust on retrieving accurate
ozone abundances is a critical part of this process, particularly at high latitudes with larger ozone abundances
and higher solar zenith angles. Characterizing the effect
of varying aerosol optical properties, size distributions,
and the surface treatment on spectra such as in Figure 2 will increase our understanding, and therefore the

Figure 3: The radiance ratio is of the solar normalized radiance at wavelengths of 255 and 290 nm; shown here as a
function of dust opacity τ at sites A, B, and C of Figure 1.
The ratio is a measure of the absorption due to ozone, with
greater absorption giving a smaller ratio. As τ increases the
feature becomes less defined as it is obscured by dust aerosol
scattering.

quality, of ozone retrievals from multiple observations.
The relationship between the signal to noise ratio of
NOMAD-UVIS and the detection limits of ozone and
other trace gases will also be determined.
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