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Abstract

We present, for the first time, retrievals of the vertical distribution of water vapour
from Mars Climate Sounder (MCS) aboard Mars Reconnaissance Orbiter (MRO), an
original goal of the mission compromised by channel filter performance issues. To
work around this problem a two-stage retrieval has been developed and was applied
to MCS observations for MY28 NH summer (L,=111-173°, 26 September 2006 to
27 January 2007). Retrievals were consistent with observations by other instruments
for both column abundances (e.g., peak NH summer column abundance of 70 pr. um
compared with 50 pr. um in the literature) and vertical profiles. Other key results are
nightside vertical profiles of water vapour (retrieved for the first time) and interaction
of atmospheric water vapour with the aphelion cloud belt. Seasonal changes in the
hygropause (a proxy for condensation level) are reflected in changes in the cloud belt.
During late northern summer, when the hygropause level is high at the equator and
tropics, the cloudbase is higher (increasing by ~10 km from 25 to 35 km) and the belt
is weaker.
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1. Introduction

Water vapour is a very active and dynamic trace gas in the atmosphere of Mars.
Studying it helps us to understand the sources and sinks of water on Mars such as the
reservoirs at the poles (Montmessin et al., 2017b) and the permafrost at the mid and
high latitudes (Boynton et al., 2002). It can tell us about the evolution of water and the
atmosphere on Mars, including the posited ancient ocean (Baker et al., 1991; Read and
Lewis, 2004) and ultimately about the habitability past or present on the red planet.
To understand its behaviour more fully in the atmosphere it is important to understand
its vertical distribution. Though water vapour has been known to be present in the at-
mosphere for some time (Spinrad et al., 1963), it is has only been relatively recently
that sustained direct observation of its vertical distribution has become possible. At an
indirect level this can be done by examining the condensation levels (derived from tem-
perature profiles) for water vapour along with their seasonal variation. This variation
can be seen in results from Mars Global Surveyor’s Thermal Emission Spectrometer
(TES) (Smith, 2002), and Mars Express’ Visible and Infrared Mineralogical Mapping
Spectrometer (OMEGA) (Maltagliati et al., 2011b) and Ultraviolet and Infrared Atmo-
spheric Spectrometer (SPICAM) (Montmessin et al., 2017a).

The condensation levels are driven by atmospheric temperature. At the local/regional
level normal factors such as latitude, time of day, and season affect temperature and
concomitantly condensation levels. In addition, superimposed on this local/regional
variation, global atmospheric temperatures and condensation levels are affected by the
planet’s solar distance. Observing the zonally averaged condensation level, it is seen
that when the planet is nearer aphelion (currently at areocentric longitude L,;=70°) be-
tween L;=0° and 180° the atmosphere is relatively cool and so the condensation level
is low (around 10-20 km), as the planet nears perihelion (currently at L;=251°) the
atmospheric temperature rises and so accordingly does the condensation level to over
40 km (Smith, 2002). This rising and falling of the average condensation level has an
effect on water vapour transport around the planet. During the warmer perihelion sea-

son, when the condensation level is high, water vapour can be transported from south
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to north via the Hadley circulation without condensing. Near aphelion the condensa-
tion level is lower and water vapour cannot be transported via the Hadley circulation
without condensing leading to the creation of the water ice aphelion cloud belt (Smith,
2002; Montmessin et al., 2017b; Sefton-Nash et al., 2013). This could explain the rela-
tive maximum in water vapour column abundances observed at low northerly latitudes
during the autumn (L;=180-270°) and winter (L;=270-360°), and the much larger lat-
itudinal gradient in water vapour in the northern summer (L;=90-180°) as compared
to the southern summer (L,=270-360°) (Clancy et al., 1996; Smith, 2002).

The earliest direct measurements of water vapour vertical structure were made by
Rodin et al. (1997) and Krasnopolsky et al. (1991) using the Phobos/Auguste experi-
ment. Their profile showed very dry atmospheric conditions above ~30 km with the
volume mixing ratio dropping down as low as 3 + 2 ppm. At 20-30 km (at the conden-
sation level) the mixing ratio showed a steep rise with decreasing altitude (attributed
to cloud formation here by Rodin et al. 1997) over a scale height of 2.5 km to a fairly
constant mixing ratio down to the bottom of the observed altitude range at 10 km.

Newer results have since been obtained using data from the Ultraviolet and In-
frared Atmospheric Spectrometer (SPICAM) on Mars Express (Fedorova et al., 2009;
Maltagliati et al., 2011a, 2013; Fedorova et al., 2018), the Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM) on Mars Reconnaissance Orbiter (MRO)
(Clancy et al., 2017), and the ExoMars Trace Gas Orbiter (TGO) with the Atmospheric
Chemistry Suite (ACS) and Nadir Occultation for Mars Discovery spectrometer suite
(NOMAD) instruments aboard (Vandaele et al., 2019).

Until recently it was assumed that water vapour always had the simple vertical
structure seen in Phobos/Auguste results—a constant volume mixing ratio (VMR) up
to the condensation level with rapid drop-off above, but the newer results have shown
this not to be the case. In agreement with the older results, the newer observations
of seasonal change have shown that during the late northern spring and early summer
the vertical extent of water vapour is mainly limited to lower altitudes in line with the
low condensation levels at this time of year (Fedorova et al., 2009; Maltagliati et al.,
2011a, 2013; Clancy et al., 2017; Fedorova et al., 2018; Vandaele et al., 2019). As the

season progresses into southern spring and summer, and the condensation levels rise,
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the water vapour altitude range increases as well (Maltagliati et al., 2013). The more
surprising finds from these vertical profile measures have been the observation of ex-
tensive supersaturation (Maltagliati et al., 2011a), detached layers of water (Maltagliati
et al., 2013), transport to higher altitudes and a variable correlation with dust aerosol
related to dust storm activity (Fedorova et al., 2018; Vandaele et al., 2019), and at times
highly variable vertical profiles changing on the order of days (Maltagliati et al., 2013).

With this rich variety of instruments at Mars extensive observation of the seasonal
evolution of vertical water vapour profile has become possible. It was hoped that Mars
Climate Sounder (MCS) would have been the first instrument after Phobos/Auguste
to make extensive continuous measurements of water vapour vertical distribution, but
this was hampered by problems with bandpass-broadening in the water vapour and dust
channels. In this paper we develop a new approach for measuring water vapour profiles

from the MCS data and use this to investigate novel aspects of Mars’ water cycle.

2. Instrument, Challenges & Observations

2.1. Mars Climate Sounder

Mars Climate Sounder (MCS) is an infrared radiometer aboard NASA’s Mars Re-
connaissance Orbiter (MRO) with the purpose of observing the spatial and temporal
variation of the atmosphere, with regard to the vertical and horizontal distributions
of temperature, pressure, dust and water vapour (McCleese et al., 2007). MRO is
presently in a near-polar (92.6° inclination), near circular, low altitude (~300 km),
03h/15h sun-synchronous orbit. The spacecraft passes over any given point of the
planet’s surface at the same local mean solar time on the dayside and has a local mean
solar time 12 hours later when passing over the nightside, except for near the poles.
MCS has nine spectral channels ranging from 0.3-50 um that can observe in limb and
on-planet (nadir and off-nadir) viewing geometries for both in and off-track (sideways-
looking) observations. Each channel consists of a 21-element linear thermopile detec-
tor array, with each detector mapping a 5 km X 8.5 km field of view (FOV) when used

in the limb viewing geometry (covering a range of 105 km) and a 1 km x 1.7 km FOV
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for a nadir geometry. The vertical resolution of 5 km corresponds to approximately
half an atmospheric scale height.

The instrument’s nine spectral channels are split into two groups with correspond-
ing focal planes and telescopes. The first group are the six ‘A’ channels, where channels
A1-A5 use mid-infrared optical interference filters (400-870 cm™') with A6 being a
broadband channel in the visible. The second group are the three ‘B’ channels, using
far infrared mesh filters (220-340 cm™'). More details on the spectral characteristics
of each channel can be found in McCleese et al. (2007) and Kleinbohl et al. (2009).
MCS started taking data in September 2006, corresponding to L;~110° in Mars Year
28 (MY28) under the system established by Clancy et al. (2000).

In a nominal cycle, a sequence of eight two-second in-track limb observations are
acquired preceded by an on-planet observation and followed by a space view (Klein-
bohl et al., 2009; McCleese et al., 2007). In order to increase the signal-to-noise ratio,
an average is taken of the neighbouring limb observations. However, the first three of
these limb measurements contain thermal transients from the preceding, warmer, on-
planet observations. Consequently, the last five measurements in the sequence of eight
are used for the average. Finally, the limb observations are paired with the nearest on-
planet observation within a 1° great-circle distance. At the beginning of the mission,
the on-planet observations were mostly nadir views. However, after MCS suffered an
elevation slew impediment this was changed to off-nadir views to reduce the risk of

MCS getting stuck (Kleinbohl et al., 2009).

2.2. Water Vapour Channel Broadening

The B2/B3 channel pair were designed to enable retrieval of water mixing ratio
independently of dust. The channels were spectrally co-located, with the wide B2
(220-260 cm™!), and the narrow B3 (230-245 cm™!), sitting within the B2 bandpass.
The B2 channel included two strong water absorption bands while the narrow B3 chan-
nel was positioned between the water bands. With common central wavelengths, they
should have had similar sensitivity to dust but significantly different sensitivities to wa-
ter vapour. This should have allowed simultaneous retrieval of water vapour and dust,

given separate information about the temperature profile. However, the channels failed
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Figure 1: Comparison between the designed (dotted line) and measured (solid line) detector-averaged filter
response profiles for B2 (red) and B3 (green) with water line strengths (black lines). Profiles and water lines
have all been normalized. Also shown in pale red and green are the measured response profiles for indi-
vidual detectors. Dust extinction is not shown, but is approximately constant over the full spectral interval.
Broadening in B3 can be easily seen along with the smaller broadening effect in B2, which also features an
additional peak. This broadening stops the pair from being used to retrieve water vapour independently of

dust as originally conceived; an alternative methodology is needed.

to meet their design specification with bandpasses much wider than originally planned,
as revealed in tests just prior to launch (McCleese et al., 2007). These showed severe
broadening in B3 and a similar, though smaller, effect in B2 (see Fig. 1). Addition-
ally, different filter responses are seen for each detector. Consequently, simultaneous
retrievals of water vapour and dust are no longer possible, shown by sensitivity studies
discussed in Section 4. Instead, a two-stage retrieval approach, using only B2 must
be implemented. This is discussed in Section 5. Further details of the broadening and

results of laboratory analyses into the problem are given in Lolachi (2019).
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2.3. Observations

MCS data used comes from the observations starting with the beginning of the mis-
sion on 24 September 2006 (L;=111°) and extending to the 27 January 2007 (L;=173°),
during northern hemisphere (NH) summer MY28 on Mars. These data were taken be-
fore MCS suffered an elevation slew impairment (see Kleinbohl et al., 2009, for details)
and hence includes fully calibrated nadir and limb data. The observations have been
split into two seasonal blocks, L;=111-140° and L;=140-173°. These will be referred
to as ‘early NH summer’ and ‘late NH summer’. This was done to allow easy compar-
ison with binned CRISM data and also to observe seasonal variation. These seasonal
blocks were further divided into dayside (09-21h LST) and nightside (21h—09h LST)

observations.

3. Radiative Transfer

3.1. Software

This study was conducted using Oxford’s planetary radiative transfer and retrieval

software suite, NEMESIS (Non-linear optimal Estimator for Multivariate spectral analysis)

(Irwin et al., 2008). Within the suite is a MCS-specific version, NemesisMCS. Here-
after, any references to NEMESIS are with regards to NemesisMCS. NemesisMCS
includes a procedure for integrating the measured FOV's of the detectors which is dis-
cussed in Section 3.2. For radiative transfer, the software makes use of either a line-by-
line or correlated-k method (Lacis and Oinas, 1991). For this analysis, the correlated-k
method is employed, due to its computational expediency, with k-distribution tables
constructed for carbon dioxide and water vapour, the main spectroscopically active at-
mospheric gases in the MCS wavelength range. For non-scattering (thermal emission)
simulations NEMESIS does not use the plane-parallel approximation. Instead, it as-
sumes a spherical atmosphere for both limb and nadir calculations. In the multiple scat-
tering case, the radiance is calculated in a plane-parallel atmosphere at a given point,
but the forward model integrates the radiative transfer equation along the limb/nadir

path in a curved atmosphere. This study assumes a non-scattering atmosphere.
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The retrieval algorithm employed by the code is an optimal estimation method
(Rodgers, 2000). It starts with a first-guess, or a priori profile and seeks to reduce the
difference between the measured and modelled radiances via minimisation of the cost

function (Irwin et al., 2008)
¢ = (ym - yn)T Se_] (Ym - Yn) + (Xn - Xa)T Sa_l (Xn B Xa) > (1)

where yy, are the measured radiances, y, are the modelled radiances for the trial atmo-
sphere represented by model state vector Xp, S, is the measurement covariance matrix
(containing measurement error and the estimated forward modelling error), X, is a pri-
ori state vector and S, is the a priori covariance matrix.

From Eq. 1, it can be seen that additional constraint is applied to the solution via
the second term related to the a priori. The a priori provides additional information to
the retrieval and also provides smoothing which helps remove unrealistic oscillations
introduced by over-fitting to the noise. For the covariance matrix, S,, diagonal elements
are set to the square of the estimated a priori errors and off-diagonal elements represent
cross-correlation (Irwin et al., 2008; Rodgers, 2000).

For more information on the software see Irwin et al. (2008). NEMESIS was used

for all radiative transfer modelling and retrieval calculations in this study.

3.2. Field of View Rotation/Averaging and B2 Filter Bandpasses

Despite all the efforts taken to ensure FOV functions with low wings, the instrument
as flown has been observed with FOV functions that have large wings. This effect was
observed when the top detectors looking at space during limb observations were not
registering zero radiance (Hurley et al., 2014; Kleinbohl et al., 2009). These large
wings mean that during a limb observation even the top detectors can ‘see’ lower parts
of the atmosphere and possibly even the ground. A FOV-averaging method has been
incorporated into the retrieval process. This method also takes into account rotation of
the FOV (i.e., when the detector array was rotated from its normal position) for limb
observations.

To correct for the problems of inaccurate FOVs a procedure is integrated into

NEMESIS. The following correction procedure was applied: Firstly, the FOV response
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Table 1: Parameters, radii (in um) and variances for dust and water ice from Kleinbohl et al. (2011).

Aerosol type  a b c Teff Veff
Dust 224 804 0647 106 03
Water ice 126 314 0436 141 0.15

of the detectors is corrected for rotation about the boresight (in the azimuth/elevation
plane). Secondly, the corrected FOV response is convolved with the radiation from
the scene and then integrated over all possible viewing angles to give the final FOV-
averaged radiance. Accurate curves of FOV response in both the horizontal and vertical
directions were obtained from laboratory measurements made of detectors during test-
ing prior to launch (McCleese et al., 2007). Further details of this procedure are given
in Lolachi (2019).

For forward modelling, the measured individual B2 detector filter bandpasses are

used (McCleese et al., 2007), the pale red lines shown in Fig. 1 (see §2.2).

3.3. Sources of Opacity

Two sources of opacity needed to be considered for radiative transfer simulation of
the Martian atmosphere: spectral lines and aerosols. Modelling of spectral lines, for
carbon dioxide and water, uses line data from the HITRAN 2004 molecular spectro-
scopic line database (Rothman et al., 2005) and the line-broadening procedure outlined
in Kleinbohl et al. (2009). These models are then used to create k-distribution tables.
Similarly, for aerosols we follow the procedure outlined in Kleinbohl et al. (2009),
to model the dust and water ice aerosols using Mie theory with the modified-gamma

distribution (Wolff and Clancy, 2003).
n(r) ~ rie”?" 2

where 7 is the number of particles with radius r, and a, b and ¢ are distribution param-
eters. We use the parameters and their respective radii and variances from Kleinbohl

etal. (2011) (Tbl. 1).
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Following Kleinbohl et al. (2009) we use refractive index data from Wolff et al.
(2006) for dust along with scaled basalt refractive indices (560780 cm™!) and data in
the far infrared (~380 cm™!) based on Hansen (2003). For water ice refractive indices
we use the newer values from Warren and Brandt (2008) rather than the those of Warren
(1984) that were used in Kleinbohl et al. (2009, 2011).

For this study, aerosols are assumed to be entirely absorbing (i.e., extinction cross-
section equals absorbing cross-section with single-scattering albedo of zero) as the
effects of scattering in the thermal infrared are small due to the low optical depths at
these wavelengths (Kleinbohl et al., 2009). Though NEMESIS is capable of handling
scattering calculations in forward modelling it is incredibly computationally expensive.
For one profile, a non-scattering calculation takes ~30 s while the equivalent scattering
calculation took >4 h. Given the volume of data in this study it was not feasible to
include it.

Comparison testing between scattering and non-scattering forward modelling was
performed to gauge its resulting impact on water vapour abundance. It revealed that at
an altitude of 16 km (a region in the atmospheric profile where the water vapour VMR
is high) a 5% excess radiance error corresponds to a 10% excess water abundance
error, and for a 10% radiance error a 24% abundance error. The excess radiation due to
scattering in B2 in the lower atmosphere is generally less than 5% and so the error is
comparable to the ~10% error due to the line data meaning our water retrievals should

not be overly affected. See Lolachi (2019) for further details.

3.4. Assumption of Local Thermodynamic Equilibrium

For this work we assume the Martian atmosphere is in Local Thermodynamic Equi-
librium (LTE). The strongest CO, vibrational bands are in LTE in the lower and middle
atmosphere up to ~80 km (Kleinbohl et al., 2009); above this the assumption starts to
break down. As the focus of this work is the retrieval of water vapour which is confined
well below 80 km this assumption is deemed reasonable. Even so the actual error in
temperature at these high altitudes is small, of the order of 2—4 K (Kleinbohl et al.,
2009).

10
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4. Sensitivity Studies

As a part of this work an extensive campaign of sensitivity studies were undertaken
to assess the viability of vertical water vapour profiles. Full details of these are given
in Lolachi (2019) with a brief summary of the work and results given here.

It was originally envisioned that MCS would use the B2 and B3 channels together,
using their radiance ratio, to perform the retrievals of water vapour by isolating it from
the effects of aerosol (see §2.2). Both channels failed to meet their original speci-
fications and have spectral bandpasses that are significantly wider than designed. A
number of simulation tests were performed to gauge the sensitivity of the wider chan-
nels to see if they could still be used together or if a different retrieval methodology
ought to be sought.

Simulations of individual B3/B2 detector pair ratios found no detectable change in
ratio above noise, as the amount of water vapour in a model was varied for a northern
hemisphere summer atmosphere (if working as intended the radiance ratio between
equivalent pairs of B3 and B2 detectors would change in proportion to the water vapour
present). This was for vertical water profiles with a column abundance range of 1—
100 pr. um, representing the full range of water vapour abundances on Mars. Reduced
ratio sensitivity was confirmed for scatter plots of B3-B2 radiance from a 4 h block
of MCS results when compared with an equivalent simulation of MCS performing
nominally, i.e. filters with no broadening. Further simulations tested the effect on the
ratio of changing temperature and dust in comparison with changes in water vapour
abundance. It was found that low temperatures and more importantly dust opacity both
acted to reduce sensitivity of the ratio. For a northern summer equatorial scenario
(water column abundance 11 pr. wm) with a typical dust value of 7,¢975=0.1 (column
optical depth at 1075 cm™!, a standard dust measure for Mars, Smith, 2008; Forget
et al., 2005, 2006) the reduction in ratio was significant. Increasing the opacity to
T1075=1.8 decreased ratio sensitivity to near-zero. The results of these tests showed
that the use of the B3/B2 ratio for water vapour retrievals independent of aerosol is not
feasible.

As a consequence of the above the B2 channel must be used on its own in a two-

11
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stage water vapour retrieval. This is challenging as B2 is sensitive to both aerosol and
water vapour. This fact was suggested by B2 radiance residual tests which sought to
gauge the sensitivity of the channel to water vapour. In this test vertical profiles of
temperature and dust were retrieved from MCS data. These results were then used as
input for a forward model where atmospheric water vapour content was artificially set
to zero. The resulting modelled B2 radiances were subtracted from the corresponding
real observations to create B2 radiance residuals. If there was nominal sensitivity,
the radiance residuals should map to where water vapour was present qualitatively,
as radiance contributions from other factors such as dust in B2 would be subtracted
out. Although, a crude approximation of the water vapour presence was seen where
expected, though there were also several anomalies, including negative residuals which
indicated that factors other than water were affecting the radiance in the channel. One
such factor was sensitivity of B2 radiances to water ice, the effects of which had not
been included. Subsequent simulations of the effect of dust and ice on B2 radiance
confirmed that the channel has significant radiance contributions from aerosol when
present.

A final set of retrieval simulations were used to establish the effect on water vapour
retrieval accuracy of aerosol opacity and the incorrect choice of aerosol size mode (dis-
tribution), i.e. using the wrong extinction cross-section at B2. For these tests, model at-
mospheres were used in conjunction with a forward model (part of the NEMESIS suite)
to generate synthetic MCS measurements with noise added. A two-stage retrieval was
then performed on the synthetic measurements with temperature and aerosol retrieved
in the first stage and water in the second (similar to that described in Section 5). For
the second stage, the vertical profile water vapour retrievals were repeated three times
for each set of synthetic MCS measurements (i.e., one model atmosphere), using three
different a priori profiles where VMR was constant with height. These were for ‘low’
(VMR=1077), ‘medium’ (VMR=1073) and ‘high’ (VMR=10"%) VMR amounts. These
profiles would create ‘brackets’ that could test for retrieval sensitivity. Where there is
information in the retrieval the three retrieved profiles will converge, while elsewhere
they will relax towards their initial a priori values (see Fig. 2).

The tests were conducted for a range of opacities and aerosol size modes using

12
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Figure 2: Sample bracket water retrievals simulation for cases where simulated atmosphere is generated

with water ice particles with r,r=4.0 um: (Top) Water ice column optical depth 744=0.01 (Bottom) Water

column optical depth 744=0.1. Results are shown for three model atmospheres, labelled 41, 56 and 66. For

each model atmosphere retrievals are performed for low, medium and high VMR cases (black dashed lines).

All cases retrieved assuming rerr=1.41 pm, i.e., incorrect size mode. Where the retrieved profiles (black

solid lines) converge on the the synthetic model profile (red line) indicates retrieval sensitivity. Errors for a

priori and retrieved profiles are given as black dotted lines and green shaded regions respectively. In models

of lower opacity (top), retrievals converge pretty well, despite retrieving with the wrong aerosol size mode.

For models of high optical depth (bottom) problems emerge and the retrievals produce false results, produced

by the retrieval mistakenly attributing B2 radiance absorption/emission from water ice to water vapour. This

manifests as offsets in the retrieved profile from the true profile.

13
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gamma (Hansen and Travis, 1974) and modified-gamma particle size distributions (see
§3.3). These opacities are representative of condition on Mars during the northern
hemisphere summer season. Sets of dust/ice particle size distributions were chosen to
reflect a range of conditions on Mars based on the work of Wolff & Clancy (2003),
Wolff et al. (2006) and Kleinbohl et al. (2009, 2011). Northern hemisphere dayside
atmospheres during summer were modelled as this season and region corresponds to
the highest water abundances on Mars and so those most readily detectable, as well as
the timing of the retrieval results presented in Section 6. Temperature and water vapour
profiles were taken from the Mars Climate Database (MCD, see §5.1). Dust profiles
were constructed using a Conrath profile shape with an inflection coefficient of 0.007
(Conrath, 1975). For water ice, profiles were extracted from the MCD and then scaled
to the required optical depth.

These tests gave a benchmark to give an idea of the conditions under which re-
trievals would succeed. It was found that increasing either aerosol opacity or the differ-
ence between the retrieved and modelled aerosol size mode reduced retrieval accuracy.
Combinations of high opacity and high model-retrieval size mode difference gave the
worst results.

When there is a mismatch between retrieval/model aerosol modes this can manifest
itself with a systematic offset of the retrieved profile from the true model profile, the
effect becoming more prominent as the difference between the retrieval and model
aerosol modes increases (see Fig. 2). This is due to additional/missing aerosol radiance
in B2 because of the difference in extinction cross-section between the model/retrieval
modes at B2, which is misinterpreted by the retrieval as extra/less water vapour.

For cases tested where only dust is present, when retrieved with a dust mode of
Tefr=1.06 um, good results were obtained for dust opacities up to 745=0.075 (column
optical depth at A5). This held true when the model dust mode was varied (i.e. retriev-
ing with wrong mode) up to r,=1.8 um. For cases of 745 <0.025, the effect of the
dust mode is less important.

For the ice series tests, atmospheres were modelled with both dust and ice present;
dust was held fixed at 745=0.025. When retrieved with an ice mode of r,r=1.41 um

good results were obtained for ice opacities up to 744=0.075 (column optical depth
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at A4). This continued to hold when varying mode ice mode from r.;r=1.0 wm up to
rer=2.0 um. For cases of 744 <0.025, the effect of the ice mode is less important.
When both dust and water ice are retrieved extra degrees of freedom are introduced to
the retrieval and this can lead to difficulties in ‘tuning’.

Optimal estimation retrievals must be tuned to provide a suitable solution. This
is done by weighting the solution between the a priori and the measurements using
the errors on each (Lolachi, 2019; Rodgers, 2000; Irwin et al., 2008). Weighting too
strongly towards the measurements (by having small measurement errors and large a
priori errors) tends towards an exact solution that has unrealistic high frequency per-
turbations, despite giving small retrieval errors. Weighting too far towards the a priori
(small a priori errors and large measurement errors) means the retrieval is smooth, but
has no information from the measurements. Therefore, there is a trade-off between un-
realistic high-frequency perturbations and vertical smoothing to get a suitable inversion
(Rodgers, 2000; Irwin et al., 2008).

The different a priori and the relative proportional errors used result in differing
retrieval sensitivities to dust and ice, which may result in an imbalanced tuning at the
higher opacities and larger incorrect ice modes. These cause unpredictable effects on
the water vapour retrieval as first stage retrieval errors are propagated into the second
stage.

When compared with values for this season from the MCS Level 2 (L2) Retrievals
(Pipeline Version 4.3.3) dataset performed by Kleinbohl et al. (2009) (more detail on
the L2 data in the next section), it was found that most dust and water ice column opac-
ities for dayside measurements fell within the ‘good results’ range described above,

implying a good chance of retrieval success with real data.

5. Retrieval Method

5.1. A Priori

Optimal estimation retrieval algorithms like those used in NEMESIS require the
provision of an a priori model atmosphere to provide a first-guess along with con-

straint and smoothing for the resulting profiles (Irwin et al., 2008; Irwin, 2009). For
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this work, a priori atmospheres are constructed using a combination of the MCS L2
retrievals dataset (see above) and the Mars Climate Database (MCD) Version 4.1 (For-
get et al., 2006). The primary source for constructing a model atmosphere is the L2
dataset, however these retrieved profiles do not always cover the full height range nec-
essary (see below). The retrieved quantities are only reported for levels where sufficient
information could be extracted from the radiances; other levels are marked as ‘miss-
ing’. Consequently, ‘missing’ values are substituted with extrapolations, either based
on MCD data or other suitable scaling relations (see below).

From the MCS L2 database retrieved vertical profiles were used for temperature,

1 -1

dust opacity at AS in km™', ice opacity at A4 in km™' along with their respective
errors along with retrieved pressure and surface temperature. From the MCD we used
data from the baseline ‘MY24’ (Martian Year 24) scenario based on assimilation of
TES observations in 1999-2001: temperature profiles, surface pressure, dust column
opacity, water vapour and ice (column and mixing ratio), N, and CO;, volume mixing
ratios capturing seasonal and diurnal variation.

The advantage of the L2 dataset is that it gives an obvious starting place for our
retrievals given that that they are based on the same observations for the same instru-
ment. This simplifies the creation of the a priori and gives a likely accurate place to
start from. Use of MCD data as a stand-in for missing data is justified given that the
Mars GCMs source data used to construct the database have been extensively validated
with observational data (Forget et al., 2006) and the observed repeatability/stability of
the Martian climate cycles (Smith, 2008; Montmessin et al., 2017a).

The model atmosphere is constructed with 39 altitude levels that are equally spaced
in log p (pressure) and covers a height range of 0—-100 km; the L2 or MCD pro-
files are interpolated onto this grid. The choice of using log p as opposed to equal
spacing in either pressure or height is justified by its resulting computational expedi-
ency. This is because it provides higher resolution (i.e. more closely spaced layers) in
the lower atmosphere where variables such as temperature, pressure, composition etc.
may change rapidly with height, whereas in the upper atmosphere it provides lower
resolution (i.e. more widely spaced layers) where atmospheric variables change more

smoothly. This results in fewer wasted calculations and so makes the overall calcula-
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tion more computationally efficient. The atmosphere is constructed using the following

variables:

Temperature/Pressure Surface values and vertical profiles above the surface.

Gases: CO,, N; and Water Vapour Vertical profiles of volume mixing ratio. For
CO; and N, these are uniformly mixed to the top of the atmosphere with val-
ues of 0.9532 and 0.027 respectively. For radiative transfer modelling N, is
treated as being spectroscopically inert and is included for composition/pressure

purposes only. Water vapour varies massively spatially and temporally.

Aerosols: Dust and Water Ice Clouds Vertical profiles of specific concentration are
constructed in units of number of aerosol particles per gram of atmosphere (g7!).

Vertical L2 aerosol optical depth profiles requires conversion for use (see below).

Temperature and pressure vertical profiles along with surface temperature L2 data
are used where available with MCD values being used directly or in extrapolation of
missing values. For vertical profiles of dust and water ice specific concentration, ex-
trapolations were scaled based on the top and bottom values of these profiles. Extrap-
olations have to be made in order to have have full a priori profiles for conducting
retrievals which are explained next. Extrapolated values at heights between the ground
and the bottom of the L2 profile are referred to as lower values and those above the L2
profile (up to 100 km) are upper values.

For the missing upper/lower pressure values, an exponential drop-off with a scale
height of 10.8 km is used. For the lower temperature profile values, the values from an
equivalent MCD profile are taken and scaled and shifted such that the the temperature
at ground level of the extrapolated profile matches the MCD value and the top value
matches the bottom of the L2 data. For upper values, a constant temperature shift of
the MCD profile at the extrapolated heights to match the top of the L2 profile is used.
Typically this corresponds to a lower extrapolation range of 0—10 km and 85-100 km
for upper values.

For aerosols the opacity profiles from the L2 data need to be converted into units of

specific particle density, g~! (particles per gram of atmosphere) for use in NEMESIS.
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This is done with the equation:

Ati2(z,v)
N =
@ = ST@.p@) oo s

3

where N(z) is the aerosol specific concentration at height z, Aty,(z, v) is the limb ex-

tinction drop over a kilometre at wavenumber v, p(T'(z), p(z)) is the atmospheric density

ext

¥ is the extinction cross-section

at z as a function of temperature, T and pressure, p, o
at v and As = 1 km. The value of v for dust profiles is 463.510 cm™! (centre of A5
channel) and 843.394 cm™! for ice (centre of A4 channel).

For the dust profile, missing lower values are replaced with a profile that is constant
with height, equal to the specific concentration value at the bottom of the L2 profile.
This process is mirrored for missing upper values in dust and ice, but at a minimum
value of 1 g7!, a zero equivalent abundance (a negligible amount in NEMESIS, as it
cannot handle zero due to calculating using logarithms of abundances). For the ice
profile, lower values are extrapolated via an exponential decay below the bottom L2
value using a scale height of 1.25 km. This scale height was chosen to match observed
profile decay observed in more complete L2 profiles. For dust and ice this typically
corresponds to a lower extrapolation range of 0—10 km. The upper range is normally
above approximately 30 km for dust and 40 km for ice.

For surface temperature and pressure retrievals L2 data were used where available,
otherwise the MCD data served as fallback. For retrievals with no nadir radiances
surface temperature was not retrieved. Water vapour VMR profiles are taken directly

from the MCD.

5.2. Comparison of L2 Method with Optimal Estimation

The L2 retrievals of Kleinbohl et al. (2009) were performed using a modified form
of the Chahine retrieval algorithm (Chahine, 1970, 1972). The NEMESIS optimal esti-
mation and L2 retrieval methodologies have a number of significant differences. Opti-
mal estimation can be described as a constrained matrix method, while the L2/Chahine
method is an unconstrained general relaxation method (Puliafito et al., 1995). The
constraint in optimal estimation comes from the use of the a priori which provides ad-

ditional information to the retrieval, not available to the the L2/Chahine method. The a
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priori also provides smoothing which helps remove unrealistic oscillations introduced
by over-fitting to the noise. The L2/Chahine method does not have this and instead has
to manually apply smoothing to get rid of ripples caused by the weighting functions
and remove oscillations.

In addition, through the use of the covariance matrices, optimal estimation pro-
vides an intrinsic error analysis that takes account of errors from various sources: a
priori profile errors, forward modelling errors, smoothing errors and measurement er-
rors (noise) (Rodgers, 2000). Including these contributions it is able to provide a quan-
titative total retrieval error. The L2/Chahine method cannot do this and has to resort to
either: a) manually perturbing atmospheric quantities level by level in the state vector
and running a radiative transfer calculation for each to see the impact, which increases
computational expense or b) making approximations of this perturbation process to
save time at the expense of error accuracy.

As a result of all the above, optimal estimation is likely to offer a distinct advan-
tage in regions of the atmosphere with low information content. In these regions the
L2/Chahine method is prone to over-fit to the measurements, due to the lack of ad-
ditional constraint and smoothing. In contrast, the optimal estimation retrieved profile
will be smoother and gradually relax back towards the a priori, resulting in a lower total
retrieval error and potentially extending the ‘useful’ altitude range of the retrieved pro-
file. Evidence of this can be seen in the results of Puliafito et al. (1995) who compared
five retrieval algorithms including optimal estimation and the Chahine method using
measurements and simulations of the Millimetre-Wave Atmospheric Sounder (MAS)
flown on spacelab shuttle missions. Their study also indicated that both methods gave

similar answers in regions of the atmosphere with high information content.

5.3. Detector Selection

For limb observations, as the tangent height is lowered the amount of absorption
along limb paths increases, eventually leading to paths becoming optically thick. This
is problematic as it means that as the optical depth increases the region of atmosphere
being sounded moves closer to the spacecraft. Consequently, each channel’s detector

is sounding the atmosphere at different horizontal distances along the limb path where
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atmospheric conditions (e.g., temperature, aerosol abundance) may be different, so the
resulting measurement is no longer a true vertical profile for a given location. In the
worst cases this lowers retrieval accuracy and so it becomes necessary to remove these
detectors from the retrieval. This is less of a problem for nadir observations, even in the
optically thick case, as all detectors are looking straight down, ‘seeing’ the same ground
position and hence the same region of atmosphere. Additionally, as nadir viewing paths
are shorter the chances of the atmosphere becoming optically thick at the channel’s
wavelength are much lower. As the lines-of-sight for all detectors in nadir viewing are
almost identical, detector radiances are channel-averaged for use in the retrievals.

For A1-AS the retrieval uses the same limb observation detectors as those used in
L2 data (they are not altered during the course of the retrieval). Full details of the selec-
tion process for these channels are given in Kleinbohl et al. (2009). Firstly, the bottom
detectors in each channel are removed where hot ground can contaminate the measure-
ment due to the wide FOV detector response. Secondly, detectors are removed that
have exceeded limb opacity thresholds for the relevant channel. For A1-A3, detectors
are removed if they contain insufficient signal and there is a non-opaque alternative.
Finally, for A4 and A5, the highest detectors used need to exceed radiance thresholds
to avoid low radiances from FOV wing misrepresentations being falsely interpreted as
aerosol. The criteria described above were applied at the time when these retrievals
were made and are deemed valid for use in this retrieval as there is no good reason to
think that our first stage retrievals will vary significantly from the L2 profiles. In the
second stage, only the B2 channel is used and limb detectors with a boresight altitude
below 1 km are removed to minimise errors due to FOV surface contributions. This
corresponds to a bottom detector boresight altitude in the 3—5 km range, which given
the ~5 km nominal FOV means the surface should not be present, though there may be

contributions from the wings (see §3.2).

5.4. Retrieval Procedure

Retrievals from MCS observations were performed with NEMESIS in two stages.
Following the procedure outlined below:

Stage 1: Using the a priori model a retrieval is performed for temperature, pres-
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sure, dust, water ice and surface temperature using channels A1-AS. When retrieving
vertical continuous profiles, off-diagonal elements (representing cross-correlation) of
the covariance matrix decrease from the diagonal according to /., the length scale in
units of In p over which the inter-level correlation drops off by !/e i.e., units of scale
height (Irwin et al., 2008; Rodgers, 2000); this controls vertical smoothing. Continu-
ous profiles are retrieved for temperature and aerosols with ‘correlation length’, /[.=1.0.
This value is approximately twice the vertical resolution of limb data and so ensures
no structure is present which is not supported by the data. The pressure retrieval is
performed for pressure at a single altitude which is then used to scale the rest of the
pressure profile accordingly. The altitude used is that from the equivalent pressure re-
trieval in the L2 data, with the a priori error set to the error in the retrieved L2 value.
The a priori errors for other first stage retrieval parameters are as follows: 2 K for tem-
perature profile and surface temperature, 50% of the specific particle density (particles
per gram of atmosphere) at each height for the dust profile and 50% for the water ice
profile. Errors in modelling, due to assumptions and approximations made, such as
inaccurate line data (and using correlated-k), instrument calibration, pointing, and cu-
mulative errors (from the two-stage retrieval procedure) are bundled into an estimated
radiance error known as the ‘forward modelling error’. This is added to the channel
Noise Equivalent Spectral Radiance (NESR) values to give total a priori error (Irwin
et al., 2008). A forward modelling error of 0.25 mW/m?/sr/cm™" is used for channels
Al-AS.

Stage 2: Atmospheric parameters retrieved in Stage 1 are used to set the atmo-
spheric state for the water retrieval. Additionally, errors from stage one are propagated
into stage two. The MCD water vapour data are used as the a priori profile with an a
priori error of 50% in the VMR at each height. A continuous profile retrieval is per-
formed for water vapour using the B2 channel with /.=1.0 and a forward model error

of 0.25 mW/m?/sr/cm™!.
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6. Results

6.1. Retrieval Quality and Coverage

A key signifier of retrieval quality is the y*/n, value, where y? is the chi-squared
statistic and n, is the number of points in the measurement vector. The y? function

describes the closeness of fit of the measured radiances to the calculated ones as

X’ =y -FR)'S;\(y - FQ)), 4

where y gives the measurement vector (including noise), F(X) gives the modelled radi-
ances for the model state vector X, and S, is the measurement error covariance matrix
(containing both noise and forward modelling error, Irwin et al. 2008).

It is important to note that, though the x*/n, is very similar in form, this statistic
is not the reduced chi-squared, y*/n r, where ny is the number of degrees of freedom.
This is because there are not n, independent data (degrees of freedom), i.e., n,#n;.
The x?/ n, statistic is useful for analysing the fit quality for the manual quality control
process described here. Under normal circumstances it is O(1) (i.e., within an order of
magnitude) for a realistic converged solution.

Additionally, the )(2/ n, metric, must be distinguished from the cost function, ¢, in
Eq. 1. Firstly, y?/n, is only generated as a retrieval output to indicate the closeness
of fit, but is not actively used in the retrieval. Whereas, ¢ is actively used in the iter-
ative process of the retrieval (see §3.1). Secondly, xy*/n, only measures the difference
between the modelled and measured radiances, but ¢ contains the additional a priori
constraint term.

A x?/ny=1 threshold was set for all first stage retrievals while for the second stage
retrievals a y? /ny=3 value was used for the dayside observations and x? /ny=1 for the
nightside results. The thresholds for first stage and second stage are linked, so that
results have to pass both thresholds in order to be included (e.g., a dayside first stage
retrieval that had x*/n,=0.9 with corresponding second stage x*/n,=5 would not be
included). These criteria ensure that the retrieved profiles fit the data to within mea-

surement errors.
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For northern hemisphere dayside observations, i.e., those with the highest water
abundances, it was impossible to get x*/n, values lower than 2-3. For dayside obser-
vations, testing by inspection with small subsets of data showed that this gave good
radiance fits and a large fraction of non-spurious results. An example dayside retrieval
is shown in Fig. 3. To assess information content, we construct an improvement factor,

¢;, which is defined as:

G=1- (Sn(i, i)/xn) (5)

Sa(i, i)/Xa
where x, and x,, are the a priori and retrieved value state vectors of water vapour verti-
cal distribution; and S, (i, /) and S, (i, i) are the diagonal elements of the corresponding
error covariance matrices. As the elements of S, (i, i) decrease, ¢; approaches one. The
improvement factor is an indicator of where information is found in a retrieval, with
values closer to one indicating more information.

In the nightside results, for the equivalent northern hemisphere high water abun-
dance region, many retrieved profiles were found to have y?/n,<1. Initially, the same
)(2 /ny=3 threshold was tried as for the dayside results, but this led to the inclusion of a
large fraction of spurious retrievals.

Unfortunately, filtering results by y? /ny alone is not sufficient to guarantee the re-
moval of spurious retrievals. Spurious retrievals are present in both the dayside and
nightside results. Curiously, the problem is much more severe for the nightside re-
sults despite generally having lower values of y?/n,. These spurious retrievals take
the form of unrealistically exaggerated and oversaturated (by factors of 100 or more)
water vapour layers. They are normally co-located in altitude with dust or water ice
layers. It is thought that these spurious layers are due to aerosol radiance contribution
in B2 being misinterpreted by the retrieval as water vapour. This suggests errors in the
extinction cross-sections in the far infrared at B2. These could be caused by either by
an inappropriate choice of particle size distribution or errors in the complex refractive
index data at these wavelengths. Consequently, this is likely to lead to problems at
higher aerosol opacities. This matches the behaviour seen in the sensitivity simulations
of Section 4. The nature of these spurious cases and potentially genuine cases of water

vapour layers in excess of saturation, is further discussed in §6.4.

23



B2_00

Nadir Spectrum
T T T T

100 80 T 100
-
80 1 T 80F
E £ 60 ¢
" S
- 3
€ - ] < € [
< 80 % £ o0
R r > 40 8
= € =
ERR E 1 o £ 40
T 3
T 20
201 1 @© 20
0 L L I 0 L L L L L 0
0 10 20 30 40 100 150 200 250 300 350 400 -1.0-0.8 -0.6 -0.4 -0.2 0.0 0.2
Rodionce mW/m?/sr/cm™ Wovnum /cm™ Radionce Difference mW/m?/sr/cm”
100 T 100 T T T
80 =
T € 60F ]
£ <
< <
o (=
4 @ 0 i
20 =
0 1 1 T
0 200 400 600 -0.2 0.2 0.4 0.6

Water Vapour VMR (ppmv)

Improvement Factor

0.8

Figure 3: B2 Filter Radiance Fits & Retrieval for N. Mid-Latitude Dayside Water Retrieval:(Top Left) Limb

radiance fits where the red line corresponds to retrieved radiances and the black crosses indicate observed

radiances, (Top Middle) nadir fit. (Top Right) difference between observed and retrieved limb radiances

(black line) with radiance error including forward modelling error (orange line). (Bottom Left) Retrieved

water vapour profile as black solid line with grey shaded error. The a priori profile and error are the dashed

and dotted lines respectively and the blue line is the saturation VMR. (Bottom Right) improvement factor

showing where information is present in the retrieval. Profile Information: Date: 1 October 2006; Space-

craft Clock Time: 844145475.464 s; Ly: 114.25°; LST: 15.118 h; Limb Observation Location: 51.098°N,

85.420°W; Nadir Observation Location: 51.432°N, 85.669°W.
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Figure 4: Number of retrievals per bin for early/late NH summer dayside and nightside result blocks after
thresholding by x> /ny (see text for details). Dark red bins have >10 retrievals. Coverage for the dayside
is better than nightside especially in the NH. This is due to the stricter thresholds required for nightside
observations (see text for details). The large gap in observations in equatorial regions and northern tropics is

due to high dust and water ice opacities in this region making retrieval success unlikely.

Retrieval coverage for each block is given in Fig. 4. Coverage for dayside results is
much better than for nightside results, due to harsher thresholds in x?/n, required for
the nightside results. In the dayside results, coverage is good between the mid-latitudes
and poles for both hemispheres, with better northern hemisphere coverage for the early
NH summer dayside results. For the nightside results, northern hemisphere coverage is
considerably lower than for the southern hemisphere, with the early NH summer block
having better overall coverage than the late NH summer block.

A large gap is seen in the equatorial and northern tropics for all blocks. High
aerosol opacities in this region prevent good retrievals from being performed here. For
dust this is due to the high equatorial opacities and for water ice high opacities in the
equator and northern tropics.

For zonal average plots and histogram map plots retrieved profiles were binned in
bins of 5° latitude and 6.25° longitude and 5 km in height. For the zonal average line
profile plots the retrievals were binned in bins of 10° latitude. For the line plots a mean

profile and the standard deviation were calculated for all of the retrievals in the bin.
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6.2. First Stage Retrieval Results

As water vapour is the main focus of this work and for the sake of brevity, zonal
averages of temperature and dust opacity retrievals will not be shown. Additionally, the
zonal averages for temperature and aerosol opacity are very similar to the seasonal av-
erages given in McCleese et al. (2010) (and canonical results) and so it seems needless
to reproduce them here. Early NH summer temperature results show a clear asymme-
try with a warmer northern hemisphere, while late NH summer results show a move
towards an equinoctial structure that is symmetric about the equator. For dust opacity,
our results indicated the highest opacity regions are towards the equator (also seen in
McCleese et al., 2010). For the curious reader, full first stage retrieval results and a
comparison with the McCleese et al. (2010) results are given in Lolachi (2019). How-
ever, we do include our zonal averages for water ice opacity (Fig. 5) as they are needed
to show the link between our water vapour results and the aphelion cloud belt through
the hygropause/condensation level (see §7.3).

In both the early and late NH summer blocks a strong diurnal variation of tropical
water ice can be seen, attributed to the diurnal thermal tide by McCleese et al. (2010).
The strongest regions of ice opacity are confined to the equator on the dayside and more
spread out on the nightside (and reaching to lower altitudes), the aphelion cloud belt
seen in past observations. High equatorial ice opacity for early NH summer dayside
results is implied by the empty bins in this region (due to the low likelihood of retrieval
success because of the high opacities present), and the elevated opacities on either side.

For the late NH summer multiple broad maxima are seen over the latitude range.

6.3. Second Stage Retrieval Results: Column Abundances

Water vapour column abundances were obtained from the retrieved vertical profiles
by integrating water vapour VMR over the altitude range. Dayside column abundances
for both early and late NH summer blocks are presented in Fig. 6. The nightside results
have been left out of this section because the poor coverage gives undue weight to the
spurious retrievals and outliers are more prominent in those blocks, leaving little useful
information to be gleaned. Column abundances are given for both topography scaled

(blue line) and unscaled (red line) cases. The scaled values account for differences in
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Figure 5: Logjo of zonal average water ice opacity (km™!) dayside/nightside retrievals for: (Top Row) Early
NH Summer and (Bottom Row) Late NH Summer. Crosses indicate location of bins that contain retrieval
data. (Solid Yellow Line) marks the ‘profile top’, a proxy for the condensation level, discussed in §7.3.
Values were calculated using latitude bins from vertical profiles in Figs. 10 and 11. (Dashed Yellow Line)
shows the profile top from the corresponding season to highlight difference (e.g., in the top left panel the solid
line shows the profile top values for the early NH summer dayside and dashed line shows the profile top for
late NH summer dayside). The high opacity region near the equator is the aphelion cloud belt. A correlation
is seen between the profile top and the strength and location of the cloud belt. Seasonal differences in ice
opacity and profile top (condensation level) are clearly visible. During the early summer the profile top is
lower in the equator and tropics along with the aphelion cloud belt. In the late summer the profile top is
higher in equator and tropics along with a higher and weaker aphelion cloud belt. This supports the idea that
seasonal variation in the vertical extent of water vapour is linked with the height and strength of the aphelion

cloud belt (see Fig. 15 and §7.3 for details.)
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topography and are calculated according to (Smith et al., 2002):

4
(psurf/6~1) ’

where dg.q is the topography scaled water vapour column abundance in pr. um, d is

(6)

dscale =

the unscaled column abundance and py,; is the surface pressure in mbar.

For comparison, scaled column abundance data is also shown for TES (Smith,
2008, 2002) and SPICAM (Trokhimovskiy et al., 2015). Zonally averaged TES data
taken from Smith (2008, 2002) has been binned over the same L, ranges as our data
and has been averaged over three Martian years within MY24-26 (14h LST average).
SPICAM zonal average data taken from Trokhimovskiy et al. (2015) has been averaged
over five Martian years (MY27-31) and is given for L, values of: 111° (14h LST aver-
age), 139° (13h LST average), 141° (13h LST average), and 173° (11h LST average).
These values of L, bracket our observations.

Dayside results for both early and late NH summer show an unrealistic large spike
in the southern mid-latitudes (highlighted in grey). This is caused by the high number
of spurious retrievals and outliers in this band which still pass the x*/n, threshold (i.e.,
the unphysical supersaturated observations caused by the aliasing of the water signal
by aerosol in B2 radiances discussed earlier). This can be seen when looking at the
distribution for the same column abundances over latitude and longitude in Fig. 7. Also
noticeable here is the dearth of equatorial and northern tropics results for the early NH
summer results. However, for the late NH summer block there are some retrievals in
this region, though relatively few in number. As explained earlier the reason for fewer
retrievals here is that this is a region of high aerosol opacity making retrieval success
unlikely. For both early and late summer a less severe version of the spurious retrievals
problem seen in the SH causes similar problems at latitudes above 60°N, causing the
divergence seen from the TES and SPICAM values. The problem gradually increases
moving towards the north pole (indicated by shaded grey gradient region).

Barring these problems zonal average column abundances compare favourably with
historical observations such as those of TES (Smith, 2008, 2002), SPICAM (Trokhi-
movskiy et al., 2015) and ground-based observations (Krasnopolsky, 2015) (not shown).

An important metric in the literature for comparison is that of the early NH summer
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Figure 6: Zonally averaged water vapour column abundances for dayside results: (Top) Early NH Summer
(Lg=111-140°); (Bottom) Late NH Summer (L;=140-173°). Area highlighted in grey indicates locations
of spurious retrievals caused by unphysically supersaturated results which heavily skew the results leading
to the unrealistic spike seen in values seen in the SH (see Fig. 7 also). Outside the grey regions up to 60°N
values compare favourably with historical observations such as those of TES (Smith, 2008, 2002), SPICAM
(Trokhimovskiy et al., 2015) and ground-based observations (Krasnopolsky, 2015) (not shown) with the
distinctive NH peak. At higher northern latitudes some divergence is shown, for the Early NH Summer,
results are higher than TES and SPICAM values. For the Late NH Summer, the effect is much larger. Both
cases are likely caused by some spurious retrievals skewing the results similar to the solid grey shaded area
in the SH, but less severely. Their effect gradually worsens going towards the north pole (indicated by grey
shaded gradient). Despite this, the fact that the peak has moved further north in later NH summer, resulting
in lower column abundances at high northern latitudes indicates a real seasonal change as reflected in the

TES and SPICAM data.
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Figure 7: Topography scaled water vapour column abundances for dayside results: (Top) Early NH Summer
and (Bottom) Late NH Summer. Bins containing a high number of spurious retrievals not removed by y? /ny
thresholding are seen in the SH as brightly coloured squares among the predominantly blue regions. Note
in the early NH summer the high abundance regions at north polar latitudes are strongly separated in the
early NH summer block, confined in two bands (possibly three), one from 90°E-90°W and a second smaller
band at S0°W-0°W. A change in water vapour distribution can be seen between early and late summer,
concentrated at high northern latitudes. These distributions match well with the OMEGA polar map results

of Melchiorri et al. (2007) and TES results from Pankine et al. (2009).
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northern hemisphere peak abundance (when water column abundances are at their high-
est point in the year). For early NH summer the scaled peak values of 70 pr. pm com-
pare reasonably with the 50 pr. um peaks of the averaged TES/SPICAM data, and
very well with a maximum peak abundance of 68 pr. um that was seen in the TES
data in MY26 at 80°N (not shown). The peak location of 80°N matches well with the
TES/SPICAM results. Good agreement with all TES/SPICAM data is seen in the 40—
60°N band. In the 10-20°S band the value of 10 pr. um seen matches well with the
SPICAM observations at L;=139° and reasonably well with the other SPICAM/TES
profiles. A good match in the zonal column abundance profile, for the 40-60°N and
10-20°S regions, is also seen with the ground-based results of Fig. 3 in Krasnopol-
sky (2015), though their results were at L,=110° (9h LST) and for a single strip at a
longitude of 103°W, rather than a zonal average.

In late NH summer, the peak has moved further north and the drop-off to lower val-
ues in the northern hemisphere is much steeper. Relatively constant values of 20 pr. um
are seen up to the southern hemisphere spike with near-zero abundances near the south
pole. Good agreement with TES/SPICAM data is seen until 60°N as for the early
NH summer case. Above this divergence is again seen, caused by a skew from some
spurious data. Despite this, the fact that peak has moved further north in later NH sum-
mer, resulting in lower column abundances at high northern latitudes indicates a real
seasonal change as reflected in the TES and SPICAM data.

Looking at the column abundance maps in Fig. 7 longitudinal changes in water
abundance can also be seen between the early and late NH summer result. Notably in
the early NH summer the high abundance regions at north polar latitudes are strongly
separated in the early NH summer block, confined in two bands (possibly three), one
from 90°E-90°W and a second smaller band at 50°W-0°W. It should be remembered
that these are temporal averages over =54 sols for early summer and ~61 sols for late
summer. Consequently, the water vapour distributions seen here are not ‘snapshots’ in
time of a single distribution, but instead suffer from a smearing effect due to motion
of the water vapour in that time period (atmospheric circulation, advection, etc.). This
means the broad bands of water vapour seen in each plot may actually be several dis-

crete bands that are merged when averaged over time. Concomitantly, bands of low
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water vapour abundance, such as the one at 0°E-90°E at high northern latitudes seen
in early summer must have been constantly low over the time period.

Results from the NH of Fig. 7 can be compared with the OMEGA polar results of
Melchiorri et al. (2007) (Figs. 10-12 for early summer) and the TES polar results of
Pankine et al. (2009) (Supplementary Fig. 1c for early summer and 1d for late summer).
These observations also suffer from a smearing effect, but to a lesser extent given their
higher temporal resolution of resolution of 5° (=10 sols) in L,. Taking into account the
smearing effect, the northern polar region distributions for early summer match well
with both the OMEGA and TES results. In those early summer results several smaller
northern polar bands of water vapour are distributed over all longitudes changing as
the season progresses, except for the 0°E-90°E region of constant low water vapour. In
the OMEGA and TES datasets, the low region is not present before L;=110°. Pankine
et al. (2009) attribute it to either a change in atmospheric circulation, or a change in the
sublimation rate of the regolith or North Polar Residual Cap.

For late summer only the TES dataset is available for comparison. A more uniform
distribution is seen at high northern latitudes, with bands that are less pronounced and
the early summer low band at 0°E-90°E has disappeared. In the TES data the season
starts with a more uniform distribution of water vapour with less pronounced bands
that gradually decrease in abundance as the season progresses. This is consistent with

our results.

6.4. Second Stage Retrieval Results: Vertical Water Profiles

Shown in Figs 10 and 11 are the vertical profiles of volume mixing ratio (VMR)
in parts per million by volume (ppmv) of the water vapour retrievals. Results have
been presented with one figure for dayside results and one for nightside. Each fig-
ure includes both early and late NH summer blocks allowing for easy comparison of
seasonal changes. Results south of 70°S have been omitted as retrieval information
content is very low here and the abundances are near zero so close to the pole.

Profiles for the improvement factor retrieval diagnostic (see Eq. 5), for selected
latitude bands from early NH summer, for day and nightside retrievals, are presented

in Fig. 12. They give an indication of where information is found in the retrieval.
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For sake of brevity, only selected latitude bands are presented in the figure, as these
are representative of the surrounding bands and clearly show the relationship between
information content and latitude. The same behaviour is seen in the late NH summer
retrievals. Retrieval information content is higher and has a larger vertical extent in the
warmer NH than in the colder SH, matching abundance and vertical extent of the water
vapour profile. The information content is near zero at latitudes south of 60°S, due to
the low water vapour content and low radiances (near the noise level), as a consequence
of the lower temperatures here. The plots also clearly show how information content
drops below 5 km and at high altitudes as the retrieval relaxes back towards the a priori
at all latitudes.

An important test for the water vapour profiles is to compare adjacent profiles along
a single MRO orbit. Since the horizontal sampling is about half the horizontal width
(see Fig. 12 in Kleinbohl et al., 2009), in many cases, they overlap significantly and
thus consecutive profiles should show very similar water vapour structure, especially
above the boundary layer. However, there may be regions where this is not the case
due to strong local gradients. A sample group of consecutive profiles is given in Fig. 8.
Above 5 km the profiles are seen to be very similar. Larger changes are seen below
this, but this is to be expected as these latitudes correspond to the lower slope of the
peak in column abundances (Fig. 6). The column abundances seem to follow this
trend, starting at steady value of =25 pr. um in profiles 1 and 2 that then gradually
increases to 53 pr. um in profile 5. The outlier here is profile 3, which matched well
above the boundary layer, but has a lower than expected column abundance compared
with its neighbours. This difference may be caused by local difference in conditions or
topography, or may reflect different conditions for the nadir observation that it is paired
with. Regardless, the results are encouraging.

From closer examination of the water vapour profile results, the reason behind the
spuriously high column abundances becomes apparent. This is in the form of apparent
detached water layers (DWL) with very high mixing ratios, often well in excess of the
corresponding saturation VMR. Supersaturation in DWL is on its own not necessarily
suspicious, as the same phenomenon was seen by Maltagliati et al. (2011a). However,

for supersaturation to occur the atmosphere must be clear of dust, as the dust particles
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Figure 8: Neighbouring retrieved water vapour profiles (yellow line) along MRO orbit (L;=114.25°) with
error (grey shaded area) and a priori (dotted line) with error (dashed line) and saturation VMR (blue line).
Location of limb profile is given above each plot along with column abundance. The paired nadir observation
location is given in text on the plot. Profiles are identified by number and associated colour, where darkening
shade indicates progression in time. All profiles are overlaid on each other for comparison of structure and
variation in the ‘All’ box coloured according to their numbers. Neighbouring profiles along an orbit should
show similar water vapour structures, particularly above the boundary layer, with any variation between them
being smooth. The increase seen below 5 km, matches the expected trend in increasing column abundance
seen in Fig. 6. The outlier here is profile 3, which matched well above the boundary layer, but has a lower
than expected column abundance compared with its neighbours. This difference may be caused by local
difference in conditions or topography, or may reflect different conditions for the nadir observation that it is

paired with. Regardless, the results are encouraging.
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function as condensation nuclei for water vapour (Maltagliati et al., 2011a).

When looking at individual profiles in conjunction with the corresponding aerosol
profile, for retrievals where some of the more extreme DWL occur, it can be seen that
the extreme cases are most certainly spurious. This is because the peaks of the DWL
line up exactly with the peak of high-opacity dust and/or water ice layers. It seems
probable that with a dust/ice layer of high limb path opacity there will be significant
aerosol emission or absorption in the B2 channel which is mistaken for water vapour
by the retrieval. An example retrieval is shown in Fig. 9. Here there is a large DWL
at around 20 km with co-located dust and ice peaks in specific density. Looking at the
observed radiance profile it can be seen there is a radiance ‘bump’ at the location of
the peak and this is likely due to dust radiance in the channel. The retrieval fails to
match the bump and underestimates radiance here. Below the height of the DWL the
water profile radiances fit well and are below saturation, indicating that the rest of this
profile is more reliable. This interpretation is supported by the results of sensitivity
simulations in Section 4. The offset of the retrieval profile from the true value matches
the behaviour seen in aerosol size mode sensitivity study, caused by retrieval using the
wrong size mode at high opacities (Fig. 2).

The DWL in our results are mostly present in areas of high aerosol opacity such as
the tropics and equator (dust and ice) and polar regions (ice from the polar hood). It is
likely that many of these are false retrievals where an additional radiance contribution
in B2, from aerosol, has been misinterpreted as a water signal and led to false, overly
large, abundances. This is probably because assumed choice of aerosol size distribution
is not appropriate in these cases. Additionally, the problem is much more severe in the
nightside results and this is likely to be due to the ice particles here being larger than
previously thought (Kleinbohl et al., 2017). It should be noted though that the co-
location of dust and water do not automatically entail false results. Maltagliati et al.
(2013) frequently observed this correlation in their own results.

Ignoring this problem for a moment, we can see that despite this the general ex-
pected trend of a very dry winter southern hemisphere (SH), with a much wetter sum-
mer northern hemisphere (NH) is seen. This is most notable in the polar regions at

the caps where the bulk of the water is released and profiles increase to large amounts
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retrieval radiances and the black crosses indicate observed radiances, (Top Middle) difference between ob-

served and retrieval radiances with radiance error including forward modelling error (orange line), (Top

Right) percentage difference between observed and retrieval radiances, (Middle Left) dust abundance,

(Middle Right) water ice abundance, (Bottom Left) retrieved water vapour profile and (Bottom Right)

improvement factor. For plots, retrieved profile is black solid line with grey shaded error. The a priori pro-

file and error are the dashed and dotted lines respectively and the blue line is the saturation VMR. Red lines

are L2 profiles and errors. Observation is at Ly=114°, 86.583°N, 21.119°E at 1100 LST.
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closer to the surface in the lower atmosphere above 5 km. Below 5 km, although re-
trieved profiles show water continuing to increase below this, the improvement factor
(see Fig. 12) is decreasing rapidly and the retrieval will be relaxing back towards the a
priori. The ‘wetter’ lower atmosphere can be identified in both the dayside and night-
side results, with the vertical extension of the water vapour layer increasing in the NH.
In the dayside, the expected results of a reasonably constant VMR down from the con-
densation level towards the ground (where again retrieval sensitivity trails off below
5 km) can be seen until high northern latitudes, where very high VMRs are present
in the lower atmosphere at the seasonal caps. In the nightside results a similar pat-
tern is seen, though the effects on the average profile of the high VMR DWL are more
prevalent than on the dayside results.

In addition some inversion layers for water vapour close to the ground in the bound-
ary layer can be seen northwards of the equator up to about 80°N. However, the relia-
bility of the inversion layers result is debatable as they are in the region of decreasing
sensitivity below about 5 km. Also, it is important to note that many of the L2 profiles
used to create a priori profiles for the first stage retrievals were incomplete in their al-
titude coverage and had to be extrapolated for our retrievals (see the Section 5.1). This
often means that where L2-based a priori profiles were used, the bottom 5-10 km of
aerosol profiles in particular are part of that extrapolated range. These may be unreli-

able due to likely high limb path aerosol opacities seen this low in the atmosphere.

7. Discussion

7.1. Diurnal Variation in Vertical Water Vapour Profiles

Assessing diurnal variation is hampered by the poorer coverage for nightside results
and high numbers of spurious profiles. Numerical calculations of the difference were
made for bins where there is more than one profile for the equivalent dayside/nightside
results of the same season. A selection of these results are given in Fig. 13 as these are
representative of all the results. The difference was calculated as the difference between
the average profiles of the bins in Figs. 10 & 11: VMRyig = VMRjgh — VMRy,y. The

error in the difference was calculated by adding the standard deviations of the day/night
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Figure 10: Dayside water retrievals with latitude bins for early/late NH summer on top of each
other as marked. Profiles (blue lines) have been overplotted with mean (yellow line) and standard
deviation (black dashed line). Profiles have been height shifted to the areoid and are overplotted
with the CRISM results (orange line). Good agreement with CRISM results is seen.
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average profiles in quadrature to calculate an RMS value. It can be clearly seen that the
difference is almost exclusively smaller than the error except for a few cases near the
surface. These differences are highly unlikely to be genuine as they are in the region
where the retrieval is insensitive as it is relaxing back to the a priori (see Fig. 12).
There may be some genuine variation near the equator, with a decrease in the con-
densation height on the nightside, perhaps seen as condensation increasing the opacity
of the aphelion cloud belt at night as discussed earlier (see Section 6.2). Unfortunately,
this is difficult to disentangle from errors caused by high aerosol opacity. Overall,
these results suggest that for heights above 5 km (those MCS is able to probe effec-
tively) there is little significant diurnal variation in regions of low aerosol opacity. The
greatest variation is likely to lie in these problematic high opacity areas (due to aerosol-
water interaction) or much closer to the surface driven by surface interactions such as

regolith exchange or sublimation from the seasonal cap.

7.2. Comparison of Vertical Water Profiles with CRISM Results

Using the results of Clancy et al. (2017) it is possible to perform validation of

dayside retrievals, using their binned vertical profiles derived from CRISM retrievals of
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Figure 13: Diurnal variation for selected latitude bins. Difference (yellow line) is calculated as
VMRyiff = VMRyjght — VMRyay. Error (black dashed line) is the RMS of the standard deviations for the
dayside and nightside profiles. Almost no diurnal variation can be seen outside of the error. For the regions
where the difference is larger than error, near the surface, the retrieval is insensitive and relaxing back to the

a priori (c.f. Fig. 12).

1.27 um Oo('A,) dayglow over >8-80 km altitudes. These comparisons are particularly
appropriate as CRISM is also on MRO and so observations will have the same local
surface times and similar observation geometries. Their observations range from 2009—
2016 (MY29-33). Seasonal averages were obtained from two of their bins, L;=100—
140° and 140-200°, which can be compared with the early and late NH summer blocks
respectively. Clancy et al. (2017) give uncertainties for the CRISM profiles as 20%
(average uncertainties) below 20 km and 20-30% above (systematic uncertainties from
modelling assumptions). The CRISM profiles have been drawn as orange lines on the
dayside vertical profile plots in Fig. 10. To aid comparison water profiles in the figure
have been mapped onto areoid heights rather than surface heights, the same as the
CRISM data.

For the early NH summer dayside results, we see that at >80°N the CRISM profile
fits within the profile envelope (i.e., the edges of the profiles group within a latitude
bin) and lo. Moving southward an excellent match is seen between 80—50°N with
the mean profile and the CRISM profile often being on top of one another. From 50—
20°N our profiles and the CRISM data start to diverge, though still matching within the
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profiles envelope in 10-20 km range. Raised CRISM VMRs at 20-30 km are not seen
in our results. And from 30°N towards the equator much larger abundances are seen
below 10 km in CRISM data. Close matches are again seen in the 10—40°S band and
then within the envelope for the remaining SH profiles. At 40-60°S, we see matching
within the envelope, with some water layers at 35 km in CRISM profiles, but not ours.

For late NH summer results we see close matches at altitudes >20 km in the >80-
70°N range with matching within the profile envelope below this. Close matching is
seen in the 70-10°N region below 30 km. Above 30 km in the 50-30°N region some
layers of higher abundance are seen in the CRISM profiles, but not ours. In the SH
close matches are seen from 10-30°S. A good match is again seen polewards of this
for the regions where CRISM data are available.

Overall excellent agreement is found between our vertical retrievals and the CRISM
dataset, particularly in the 80-50°N latitude band, where the water abundances are
highest. Disagreements between the datasets come in three types: a) layers of water at
>30 km which appear in the CRISM data but not ours b) regions where our retrievals
have higher or lower abundances and match only within the profiles envelope and c)
regions in the tropics where our retrievals have significantly lower abundances below
15 km.

These differences may be caused by a lack of sensitivity in our retrieval at higher
altitudes or interannual variation as CRISM data are from MY29-33 and ours are from
MY28. Lack of high altitude sensitivity is supported by Fig. 12, where at altitudes
>30 km the improvement factor is near zero. Regions where profiles only match
within the profile envelope or in the tropics correspond to regions of high aerosol abun-
dance and hence areas where spurious retrievals are more probable. Interestingly, when
Clancy et al. (2017) compared CRISM results with SPICAM solar occultation water
vapour profiles, a similar result to ¢) was seen, with lower abundances in the SPICAM
results below 30 km, though this was for L;=80-105 at 40—-60°N. It was posited that
difference was due to possible variability in cloud conditions caused by differences in
local time, as solar occultation profiles follow the terminator and CRISM results are at
15h. Given that MCS and CRISM results are at the same local time, this explanation

would not apply to our results. On the whole, despite these differences, the results of
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Figure 14: Figure showing example extrapolation (red dashed line) used to calculate profile top for the 70—
80°N bin of the early NH summer dayside retrievals. Profiles (blue lines) have been overplotted with mean

(yellow line) and standard deviation (black dashed line).

our comparison with the CRISM profiles are very encouraging.

7.3. Seasonal Variation of Vertical Water Profiles

Evidence of seasonal variation is seen in the dayside results, in the form of variation
of the zonally averaged hygropause (vertical extent) which acts as an approximation to
the zonally averaged condensation level of the water profiles. The early NH summer
results have higher hygropause levels at mid to high latitudes and these are greater also
than the equivalent latitude range in the late NH summer. The hygropause levels in
early NH summer results then decrease towards the south pole. During the late NH
summer we see the highest hygropause levels in the equatorial regions and the tropics
(mean profile reaching >30 km) with lower levels in northern mid to high latitudes.
Late NH summer hygropause levels are higher than their early NH summer equivalents
in the southern tropics, equator and northern tropics. This matches the variation of
zonally averaged condensation levels from TES results seen in Smith (2002). Similar
behaviour is seen in the CRISM results. The nightside results are somewhat noisier but
the same pattern seems to be present.

To visualise this behaviour more easily, we created a quantity dubbed the ‘profile

top’, to use as a proxy for the hygropause and hence an approximation for the con-
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densation level. This is calculated by manually extrapolating the top ‘flat’ part of the
average water profile from a latitude bin, to the axis, as demonstrated in Fig. 14. An
error of +£2.5 km was estimated for the profile top due to the extrapolation. The profile
top versus latitude was then overplotted on the ice opacity retrievals in Fig. 5. Due to
the process of extrapolation and the fact that the hygropause may not exactly track the
condensation level, there is likely to be a positive systematic offset between the profile
top and the real condensation level, i.e., it is higher than the condensation level, but
it should still track direction of change (i.e., an increase or decrease). An additional
source of error comes from the water profiles themselves, as the profile top extrapola-
tion uses the average profile which in turn will include some spurious high DWL re-
sults. Despite these caveats the behaviour discussed above is also seen on these plots.
The profile top is higher in the equator and tropics during the late summer, along with
an aphelion belt that is higher and weaker. This verifies its reliability as a first-order
approximation of the condensation level.

These seasonal difference results show the variation in vertical behaviour as wa-
ter vapour is transported by the Hadley circulation. In the early NH summer water is
transported southward in the cross-equatorial Hadley cell, while during the course of
the late NH summer the Hadley circulation splits into its equinoctial two-cell config-
uration. The potential link between the aphelion cloud belt and changes in the water
vapour condensation level was suggested by Clancy et al. (1996) and further discussed
in Smith (2002). In our results the variation in condensation level is tracked by the
variation in the aphelion cloud belt strength and vertical extent (see Fig. 5). When the
level is high, water reaches higher levels before condensing. The higher levels at the
equator and tropics in late NH summer then make the aphelion cloud belt weaker in
late NH summer than early NH summer. A schematic diagram showing this process is

given in Fig. 15.

8. Conclusions

Retrievals of water vapour were performed using observations from MCS dur-

ing MY28 L,=111-173° (NH summer) and split into early (111-140°) and late NH
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Figure 15: Simplified schematic showing how seasonal variation of condensation level changes the strength
of the Aphelion Belt. During early NH summer the condensation level is lower at the equator and tropics
resulting in more water vapour condensing and a stronger cloud belt. In late NH summer the condensation
level has risen in the tropics and equator, reducing the amount of water vapour condensing resulting in a

weaker cloud belt.
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summer (140-173°) blocks. Despite difficulties and a limited number of nightside re-
trievals, there has been success in reproducing expected seasonal trends alongside some
unexpected results. Discounting the contribution from spurious supersaturated DWL,
column abundances match the expected pattern with greater abundances in the summer
NH at the edge of the polar cap gradually decreasing southwards.

Seasonal variation in the vertical extent of water vapour has been observed follow-
ing the seasonal changes in condensation level. This also shows the vertical aspect of
behaviour, as water vapour is transported southward in the cross-equatorial Hadley cell
in early NH summer, while during the course of the late NH summer the Hadley cir-
culation splits into its equinoctial two-cell configuration. In conjunction with our ice
retrievals this has allowed direct observation of vertical interaction/evolution between
the transported water vapour and the aphelion cloud belt for the first time. Seasonal
changes in the vertical extent are seen to have an impact on the cloud belt. When the
condensation level is high water reaches higher levels before condensing. The higher
levels at the equator and tropics in late NH summer then make the aphelion cloud belt
weaker in late NH summer than early NH summer. This was supported by our use of
the profile top metric as an approximation for the zonally averaged condensation level
in Fig. 5.

Nightside vertical profiles of water vapour have been retrieved for the first time.
Unfortunately, due to higher ice opacities at night, retrievals are noisier and the cover-
age is not as extensive as for the dayside. Having both dayside and nightside retrievals
allows direct comparison for diurnal variation. No significant diurnal variation above
error was observed in regions of lower aerosol opacity. Comparison in regions of higher
aerosol opacity are frustrated by retrieval inaccuracy and poor coverage. Unfortunately,
these regions are one of the most likely types to see variation due to aerosol-water in-
teraction (e.g., cloud formation). Another potential region is at near-surface altitudes
where surface interaction may be observed (e.g., adsorption). Here, MCS’s extended
detector FOV-wings along with higher opacities hamper effective retrievals.

A number of unphysical supersaturated DWL observations have been noted in our
results and future work will require their identification and removal. The cause seems

to be the false attribution by the retrieval of B2 radiances from aerosol as water for
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high dust and ice limb path opacities and is supported by results from retrieval sen-
sitivity simulations. Such profiles could potentially be identified through the use of a
limb opacity per kilometre threshold in A5 for dust and A4 for ice, as high aerosol
abundances are likely to produce unreliable water results.

Consistency with historical datasets for water vapour column abundance (TES, SPI-
CAM and ground-based) was seen. For vertical profiles good agreement was found in
comparisons with the CRISM vertical profile data of Clancy et al. (2017). Some dis-
agreement was found at higher altitudes in the form of detached water layers and lower
abundances above about 30 km. The lower abundances above 30 km suggested that
our retrievals suffer reduced sensitivity at higher altitudes. This was supported by our
improvement factor profiles in Fig. 12.

The radiometric errors induced by choice of aerosol size distribution have led to
retrievals that require higher forward modelling errors. This provides lower radiance
constraint for the retrieval and has likely led to the reduced sensitivity of our water re-
trievals at higher altitudes where radiances are low. To resolve this in the future it would
be best to develop a retrieval methodology where the aerosol extinction cross-section
was also retrieved using an aerosol-sensitive far infrared channel such as B1 (which
is still transparent in regions where the mid-infrared channels A4 and A5 would be
opaque). As Bl (31.7 um) is much closer in wavelength to B2 (41.7 wm) than A4
(11.8 um) or A5 (22.2 wm) this could then be used to extrapolate to the extinction
cross-section at B2. This should eliminate spurious radiance contributions in B2 from
aerosols and would allow tighter radiance constraints (lower forward modelling errors)
increasing high altitude sensitivity. In conjunction with a first stage retrieval using a
far infrared channel such as B1, it would also allow the retrieval of water to lower alti-
tudes in regions of higher limb opacity than previously possible. This could potentially
allow examination of the boundary layer and surface interaction. Some early work on
extinction cross-section retrieval for MCS has been done by Kleinbohl et al. (2017,
2018).

On a related note, if aerosol particles are significantly larger than assumed in this
work, then there is a corresponding increase in single-scattering albedo, meaning that

the radiance contribution from scattering at B2 may no longer negligible and would
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need to be included in the forward model.

Overall, it can be concluded that retrievals from MCS have provided some new
limits on diurnal variation and insight into the current state of the Martian water cycle
in its interaction with the aphelion cloud belt. However, without the additional retrieval
of aerosol extinction cross-section it is unlikely that the full potential of MCS’s abilities

for vertical water profile retrievals will be realised.
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Highlights
3 to 5 bullet points (maximum 85 characters, including spaces, per bullet point).

e MCS used to retrieve vertical water profiles for first time (NH summer,
MY28).

e (Column abundances and vertical profiles match well to results from others.

« Interaction between aphelion cloud belt and water vapour condensation level
seen.
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