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a b s t r a c t
The SPICAM IR instrument on the Mars Express mission continuously observes the water vapor in the
martian atmosphere starting from 2004 in the 1.38-lm spectral band. The water vapor column
abundance is retrieved from nadir observations to characterize its spatial, seasonal and interannual
variations. A reference set of SPICAM water vapor column abundances (zonally averaged) covering the
time period from 2004 to 2013 (martian years 27–31) is available for a grid of 2° Ls  2° latitude, along
with an average reference map of water vapor abundance combining all the martian years of Mars
Express observations. Compared to the previous data retrieval by Fedorova et al. (Fedorova, A., Korablev,
O., Bertaux, J.L., Rodin, A., Kiselev, A., Perrier, S. [2006]. J. Geophys. Res. 111, E09S08) the new processing
algorithm includes many improvements concerning the calibration and assumed parameters. A major
improvement is the account for aerosol scattering based on dust and water ice cloud optical depths
measured by THEMIS/Mars Odyssey (Smith, M.D. [2009]. Icarus 202, 444–452). The account for multiple
scattering by aerosol particles increases the retrieved water vapor amount by 10% in polar areas
during summer, and up to 60–70% for large solar zenith angles. The sensitivity of the results to aerosol
properties, surface albedo, solar spectrum, and water vapor vertical distribution has also been studied.
The retrieved water vapor reveals nominal annual cycle with maximum abundance of about 60–70 pr. lm
for the Northern summer and 20 pr. lm for the Southern summer. The annual average amount of water
has been estimated to be of 10–20 pr. lm, in agreement with other measurements. From year to year the
seasonal cycle of water vapor abundance is very stable. An observed decrease during the MY 28 global
dust storm cannot be fully attributed to the masking effect of dust, and indicates a real decrease of water
amount near or above the surface. No evidence of diurnal variation of column water vapor amount was
found, even though the 1.38-lm measurements are sensitive to the few lowermost kilometers above
the surface.
Ó 2014 Elsevier Inc. All rights reserved.

1. Introduction
Ever since its ﬁrst discovery on Mars in 1963 (Spinrad et al.,
1963), water vapor has been a subject of study for spacecraft and
ground-based observations. In the late 1970s, the MAWD instrument on the Viking 1 and 2 orbiters provided the ﬁrst long-term
observations of the water vapor cycle covering 1.5 martian years
(Jakosky and Farmer, 1982). Since 1997, the monitoring of
water vapor in the martian atmosphere has been performed
⇑ Corresponding author at: Space Research Institute RAS, Profsoyuznaya 84/32,
Moscow 117997, Russia.
E-mail address: trokh@iki.rssi.ru (A. Trokhimovskiy).

quasi-continuously by a number of experiments, such as the
Thermal Emission Spectrometer (TES) on Mars Global Surveyor
(MGS) (Smith, 2002, 2004), OMEGA (Observatoire pour la
Minéralogie, l’Eau, les Glaces et l’Activité), SPICAM (SPectroscopy
for the Investigation of the Characteristics of the Atmosphere of
Mars) and the Planetary Fourier Spectrometer (PFS) on Mars
Express (Fedorova et al., 2006; Fouchet et al., 2007; Tschimmel
et al. 2008; Maltagliati et al., 2011a), and CRISM (Compact Reconnaissance Imaging Spectrometer for Mars) on Mars Reconnaissance
Orbiter (MRO) (Smith et al., 2009).
The observed water cycle exhibits distinct seasonal and spatial
patterns. The global annually-averaged column abundance of water
vapor is 10–15 precipitable microns (pr. lm). The seasonal cycle of
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water vapor is generally repeatable from year to year. The maximum
water vapor column abundance of 50–70 pr. lm occurs at 70–80°N
latitude during early summer after solstice Ls = 100–120° owing to
sublimation of the seasonal polar cap. Typical water abundances at
Northern mid-latitudes during this season are on the order of
20–25 pr. lm decreasing to 5 pr. lm at low Southern latitudes. After
Ls = 130°, water vapor abundance rapidly decreases in the Northern
polar region falling below 5–10 pr. lm by Ls = 160–170°. Near the
autumnal equinox (Ls = 170°), a well-developed maximum in water
vapor appears at low Northern latitudes between 0° and 30°N. This
maximum persists throughout the Northern hemisphere fall and
winter until the beginning of the next year. This maximum reﬂects
two different processes. The ﬁrst one, active at Ls = 170–210°, is a
remnant of the Northern summer maximum that gradually
migrated southward. Driven by an equinoctial circulation, it is
nearly symmetric about the equator and characterized by weak
meridional transport of water between the equator and extratropics.
Starting from Ls = 210°, the circulation pattern changes and
Northward cross equatorial Hadley cell develops. In the Southern
hemisphere there is a gradual rise in water vapor abundance
throughout the southern spring (Ls = 180–270°) as water vapor is
transported southward from the northern hemisphere summertime
maximum. In addition, in late southern spring (Ls = 220°) water
vapor increases at high southern latitudes with the sublimation of
the southern seasonal polar cap. The Southern hemisphere water
vapor maximum of about 20–30 pr. lm near the South Pole occurs
between Ls = 250–300°.
While the annual qualitative behavior of water vapor is well
characterized, the maximal and average values of water have been
a subject of discussion during the last decade. Different results
from Mars Express experiments, which measured the water vapor
simultaneously, are related to different retrieval procedures and
speciﬁc effects in different spectral bands (Korablev et al., 2006a;
Maltagliati et al., 2011a). The in-depth comparison between retrievals by PFS, SPICAM and OMEGA led also to important improvements in the retrieval algorithms applied to MAWD (Fedorova
et al., 2010) and TES (Fouchet et al., 2007; Smith, 2006; Pankine
et al., 2010) observations. Revised water vapor abundances for
these both primary instruments appeared signiﬁcantly lower than
the original values. Fedorova et al. (2010) obtained a very good
agreement between revised MAWD (MY 12–14) and SPICAM (MY
27–29) retrievals using the same absorption band and similar
retrieval technique, suggesting that the martian water cycle has
remained stable over 3 decades. Similarly, the analysis of TES column abundances near and above the North Pole residual ice cap by
Pankine et al. (2010) shows that the amount of water vapor in
Northern polar region was also stable during TES spectrometer
operations (1999–2004).
The SPICAM IR spectrometer has been observing Mars from orbit
since 2004. The ﬁrst year of observations showed lower values of
water vapor abundances compared to the other Mars Express
instruments (Fedorova et al., 2006). Since then the retrieval algorithm has been improved and SPICAM has obtained a lot of new data.
Here we present the analysis of the entire SPICAM IR water vapor
data set using the 1.38 lm band, covering ﬁve martian years. New
instrument calibration, climatological and spectroscopic databases,
and a new solar spectrum, including portions directly measured by
MAWD have been used. The most important improvement is the
account for multiple scattering by aerosol, adopting the optical
depths from THEMIS/Mars Odyssey. Section 2 contains a description
of the SPICAM instrument, the observations, and the improvements
made to the calibration procedure. Section 3 describes the data
treatment process, the atmospheric model assumptions as well as
the sensitivity of the results to different physical parameters.
Section 4 describes the results and a search for temporal variability.
Discussion of the results is given in Section 5.

2. Observations
2.1. Instrument
The general description, operating modes, and observations of
the SPICAM IR spectrometer on Mars Express can be found in
Korablev et al. (2006b). SPICAM IR is a very light (0.8 kg) spectrometer based on the principle of acousto-optic ﬁltration (AOTF) of
light in the wavelength range of 1–1.7 lm. The spectral resolution
of the SPICAM IR AOTF spectrometer is constant in wave numbers
and equal to 3.5 cm 1.
Water vapor abundance is retrieved using nadir observations of
the 1.38-lm spectral band, which is one of the main objectives of
SPICAM. In the spectral range of the water vapor band the resolving
power is 2000. The ﬁeld of view of the instrument for nadir
observations is 1° corresponding to a 5 km footprint when
observing near the 300-km altitude pericenter of the Mars
Express orbit and 175 km footprint near the 10,000-km apocenter. The observation sequences are planned so that they are rarely
performed further than 5000 km. In this work we present results
averaged into bins of 2° in latitude and longitude, corresponding
to 120 km grid on the surface of Mars, larger than the SPICAM
footprint. The measurements are performed simultaneously with
two detection channels, corresponding to different polarization of
light. The spectral resolution and the signal-to-noise ratio (SNR)
in the ﬁrst channel are better: the noise equivalent brightness
(NEB) in the second channel (0.25–0.3 W m 2 sr 1 lm 1) is almost
twice as large as in the ﬁrst channel. Also, the dark signal for the
second channel exhibits an unexplained stronger dependence on
the temperature and the accuracy of its calibration is therefore
lower. Hence, we will present the results for the ﬁrst detector.
The standard observation mode of SPICAM IR in nadir takes 6 s
and contains several gaseous absorption bands including the
1.38 lm band of H2O, the 1.43 lm band of CO2, and the 1.27 lm
O2 emission (see Korablev et al., 2006b; Fedorova et al., 2006). This
mode has been used from Mars Express orbit 200 up to the time of
this writing.
2.2. New stray light calibration
The calibration procedure for SPICAM IR related to water vapor
is described in Korablev et al. (2006b) and Fedorova et al. (2006).
The relatively low abundance of water vapor measured by SPICAM
IR compared to other Mars-Express experiments, raised questions
about the AOTF spectral leakage, or stray light, which may reduce
the apparent depth of gaseous features and alter the retrieved
water vapor value. To address this issue the spare model of the SPICAM IR instrument was recalibrated in 2007 to analyze speciﬁcally
the sensitivity to the water vapor band (Korablev et al., 2013). The
calibration was made using a cell ﬁlled with pure water vapor at
different pressures corresponding to water vapor column amounts
of 2–15 pr. lm. The amount of straylight was estimated comparing
the measured spectrum with a synthetic one computed for the
known water vapor abundance. The stray light, though weak,
may be responsible for an underestimation of water abundance
of up to 8% (Korablev et al., 2013). Following the recommendations
of this paper, we have modiﬁed the instrument function of SPICAM
accordingly, in order to simulate the contribution of 1.3  10 4 of
‘‘gray’’ stray light in the entire spectral range.
2.3. Dataset
SPICAM IR has been performing continuous observations of
Mars from 2004 up to the time of this writing (autumn 2014).
We analyzed the SPICAM IR nadir dataset collected during 10 Earth
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years from 2004 to 2013 (5 martian years MY 27–31), which contains 2700 Mars Express orbits (from 0008 to 12,160) with 300–
400 spectra per orbit on average. No evidence of instrument degradation or properties drift is noted. It must be mentioned that MY
31 is covered by 175 orbits only. In this work the incidence and
emission angles for SPICAM observations are limited to <80° (air
mass < 7). The acceptability of the plane-parallel for Mars and
Earth were discussed, for example, in Evans (1998). The 88% of presented observations are pure nadir observations with emission
angles <10°. The SNR of SPICAM near the 1.38 lm band for ﬁrst
channel varies from 20 to 200 depending on the surface albedo
and on the solar zenithal angle, with an average value of 90. As
in the previous study (Fedorova et al., 2006), we used a sliding
average of 10 spectra followed by ﬁtting the individual spectra.
3. Data treatment
The retrieval algorithm used in the present study has been
modiﬁed compared to the work of Fedorova et al. (2006). Here
we discuss in detail the various points of the data treatment-that
have been improved since then.
3.1. Solar spectrum
In Fedorova et al. (2006), a part of solar spectrum published by
Fiorenza and Formisano (2005) was used. That spectrum is obtained
from Kitt Peak 4800–8200 cm 1 data measured at very high spectral
resolution, but through the terrestrial atmosphere, and is seriously
contaminated by terrestrial water vapor. There is an out-ofatmosphere solar spectrum taken by MAWD in scanning mode
(see Fig. 7 of Farmer et al. (1977)). It was used in Fedorova et al.
(2010) for the MAWD revision, but its spectral coverage (1379–
1386 nm) is not sufﬁcient for SPICAM analysis (1375–1390 nm). In
this work we apply a solar spectrum, which combines the Fiorenza
and Formisano (2005) spectrum and a reliable part of the solar
spectrum obtained directly by MAWD where available, both convolved to the spectral resolution of SPICAM (Fig. 1). In the modiﬁed
spectrum, solar features appear signiﬁcantly weaker, resulting in a
more than 10% increase in the abundance of water vapor retrieved
over the North polar cap, and up to a 20% increase for areas with
low water vapor abundance.
3.2. Spectroscopic water dataset
The computation of gaseous absorption is done using line-byline as described in the previous analysis by Fedorova et al.

Fig. 1. Comparison of solar spectrum (S1) by Fiorenza and Formisano (2005) (blue
curve) with the MAWD spectrum (black curve). The original MAWD solar spectrum
was measured with spectral resolution of 1.2 cm 1, on the ﬁgure it is shifted along
the vertical axis by 0.5 units. S1 is convolved with spectral resolution of SPICAM.
The green curve is MAWD solar spectrum convolved with spectral resolution of
SPICAM. In the present study we use a combination of two solar spectrums: the
convolved MAWD one within 1380–1385 nm, and the convolved one from Fiorenza
and Formisano (2005) beyond this range. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
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(2006), but with several modiﬁcations. First, we used the HITRAN
2004 spectroscopic database (Rothman et al., 2005) instead of
HITRAN 2000. Later versions of HITRAN, 2006 and 2008
(Rothman et al., 2009), brought no meaningful changes in water
vapor line parameters in the spectral range of interest, while the
HITRAN 2004 database is signiﬁcantly more populated, and the
line strengths are larger, than the HITRAN 2000 database. Second,
the Voigt line proﬁle is computed with the approximation of
Wells (1999). This is a fast algorithm for the calculation of the
Voight function and is efﬁcient for atmospheric line-by-line calculations. It is traditionally used for many applications in the Earth’s
atmosphere. And third, to account for the CO2 broadening of water
vapor lines in the Mars atmosphere, we adopt the broadening scale
factor of 1.7, following Gamache et al. (1995) and recent work
by Brown et al. (2007); i.e., we multiplied the air-broadened
half-widths from the HITRAN 2004 database by 1.7. In the previous
study a broadening factor of 1.3 was adopted.
3.3. Climate database
Information about the pressure and temperature proﬁles in
martian atmosphere was taken from the European Mars Climate
Database (MCD) version 4.3 from Laboratoire de Meteorologie
Dynamique (Millour et al., 2009). Eight combinations of dust and
solar scenarios are available. We have chosen to use the ‘‘Mars Year
24’’ (MY 24) scenario that was designed to mimic Mars as observed
by Mars Global Surveyor from 1999 to June 2001, a martian year
thought to be representative of one without a global dust storm.
Solar conditions were taken from the ‘‘ave’’ scenario. In contrast
to Fedorova et al. (2006), we took the entire pressure proﬁle
directly from the MCD, instead of calculating it from surface pressure. We used 26 altitude levels of pressure and temperature
unevenly distributed between the surface and 135 km with a
denser resolution at lower altitudes.
Recently the new version 5.0 of the LMD GCM has been published (Millour et al., 2012) which contains the radiative effect of
water–ice clouds and an interactive dust scheme (Madeleine
et al., 2011, 2012). Nevertheless, we decided not to use MCD 5.0
in this work for several reasons. First of all it would have required
a reprocessing of a big portion of SPICAM data, already computed
to that moment. Such reprocessing would require a lot of computer
time due to a lot of computations in SHDOMPP (the solver used for
the radiative transfer calculations, see Section 3.5). Secondly, versions 4.x in general use the same database, so that would allow
more proper comparison with other instrument’s retrievals (for
example, in Maltagliati et al. (2011a) MCD version 4.1 was used).
Version 5.0 database ﬁles result from simulations using the latest
version of the LMD GCM, which includes many novelties. A
detailed comparison of two versions MCD is beyond the scope of
this paper, but we still have compared temperature on lower
heights from version 5.0 and 4.3, because those temperatures
indeed cause major inﬂuence on the retrieval process. It was found
that this difference varies within ±10 K, and inside the latitudeseasonal water vapor pattern version 5.0 is generally warmer than
4.3. In the retrieval process this warmer proﬁle results in higher
H20 values, for example for the North Pole area can give 11%
more water, than with MCD 4.3.
3.4. Water vapor vertical proﬁle
The priori selected vapor vertical distribution affects the retrieval of H2O abundances. Water vapor absorbing at low altitudes and
high pressure produces stronger spectral signature than water
vapor at high altitudes and low pressure. Relevant sensitivity
studies can be found in papers by Fedorova et al. (2006) for the
1.38-lm band, and by Tschimmel et al. (2008) and Maltagliati
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et al. (2008) for the 2.56-lm band. It was shown that vapor conﬁned in the lower layers of the atmosphere results in a decrease
of the retrieved column density. All the above studies assume that
the water vapor proﬁle is controlled exclusively by saturation and
that water is well-mixed below the saturation level. Any other
effects that can create vertical inhomogeneity in the water vapor
distribution are neglected.
The well-mixed water vapor proﬁle below the saturation level
is commonly accepted, but we have no measurements on the vertical distribution of water vapor in the lower atmosphere. Solar
occultation measurements in the near-infrared (Rodin et al.,
1997; Maltagliati et al., 2013) cannot give access down to the surface because of aerosol opacity. Other methods, such as surface
measurements (Titov et al., 1999), could only provide indirect indication that water vapor is mostly conﬁned in the lowest 1–3 km.
The amount of water vapor above the saturation level is also not
well constrained. Solar occultation measurements by SPICAM IR
near Northern solstice provided evidence for supersaturation and
higher water vapor abundance compared to the GCM prediction
in the middle atmosphere at 30–50 km (Maltagliati et al., 2011b).
Lacking a more reliable options, in the present study we treat
the water vapor mixing ratio proﬁle as a constant value below
the saturation level, decreasing above according to the saturation
law. This approach is different from Fedorova et al. (2006), who
assumed the zero H2O mixing ratio everywhere above the saturation. We have used the water saturation formula from
Richardson and Wilson (2002), which agrees well with standard
high- and low-temperature approximations (Goff and Gratch,
1946; Bar-Nun et al., 1985). The altitude of the saturation level is
then computed using pressure and temperature proﬁles from the
MCD 4.3. Above the saturation level, the water vapor mixing ratio
falls rapidly to zero according the saturation curve. We tested the
impact of these two different assumptions (with and without
water above the saturation level) to the retrieved water abundance. The difference reaches 10–15% (higher values for assumptions of water presence above saturation level) in the high
latitudes at Ls = 100–180°, during Northern summer and spring,
when the saturation altitude is the lowest compared to other seasons. The water sublimated from the Northern polar cap is located
in the lowermost 10 km. In other seasons and away from the subliming polar caps the results coincide within ±3%.
We have also checked the altitude sensitivity of the SPICAM
H2O measurements (see Titov et al., 1999). Using direct modeling,
we have examined the sensitivity of the absorption in the 1.38-lm
water vapor band to the water vapor proﬁle. We computed the
radiance in the band at different wavelengths for several locations
and seasons, including that when the global dust storm of MY 28
occurred. First, a reference spectrum is calculated. Then, synthetic
spectra are calculated sequentially adding 200 ppm of water vapor
to individual altitude layers from the martian surface up to 60 km.
@Ii
The Jacobian @q
shows the relative difference between the referj
ence spectrum (where I is the intensity in the ith wavelength)
and the spectrum with additional water at the jth altitude level
(where q is the H2O mixing ratio at the level). Three sensitivity kernels are shown in Fig. 2. Different colors correspond to different
wavelengths within the band of 1350–1430 nm, showing that
there is no particular correlation between sensitivity and wavelengths within the band. We have chosen three interesting times
and places: the summer in both hemispheres, when water vapor
content in the atmosphere is high (left panel: North, middle panel:
South), and during the MY 28 global dust storm (right panel). The
details of MY, Ls and Lat are in the ﬁgure.
The ﬁrst obvious conclusion from the two left panels of Fig. 2 is
that the nadir observations at 1.38 lm are almost insensitive to
water vapor above 30 km, where the super-saturation of water
was detected (Maltagliati et al., 2011b), owing to very low pressure

at these altitudes. That is also true for summer in Southern hemisphere, when the saturation level is high. The second and most
important conclusion is that the sensitivity monotonically
decreases from the surface, except in a case of a high dust loading
where a maximum appears around 5 km (see right panel of Fig. 2).
During dust storm the opacity is so high that solar radiation cannot
reach lower layers of Mars atmosphere. See Discussion in
Section 5.3 for further analysis of the retrieval during the global
dust storm.
3.5. Radiative transfer direct model
The main innovation is that for the ﬁrst time SPICAM nadir data
are processed taking aerosol scattering into account using the
spherical harmonic discrete ordinate method in the approximation
of a plane-parallel atmosphere (SHDOMPP (Evans, 2007)). The
presence of aerosol affects the water vapor band depth through
the scattering and absorption of light in the atmosphere. The
radiative transfer depends on the aerosol optical properties (in
the SPICAM spectral range), the aerosol optical depth and its vertical distribution as well as the properties (albedo) of the underlying
surface. The sensitivity of the 1.38 lm band to aerosol scattering
has been investigated using the MAWD data by Fedorova et al.
(2004).
Our radiative transfer model includes scattering and absorption
by mineral dust and water–ice clouds. The optical properties and
distribution of the aerosol will be discussed in Sections 3.6 and
3.7. In the SHDOM formulation, the aerosol Henyey–Greenstein
phase function is described by an expansion in Legendre polynomial coefﬁcients. The number of discrete ordinates and Legendre
coefﬁcients has been chosen as a compromise between calculation
time and accuracy of the model (8 for zenith angles and 16 for
azimuth angles). The optically thin CO2 clouds are formed in the
cold mesospheric conditions mostly at low latitudes near the
northern spring and summer (Vincendon et al., 2011). The observed
optical depth of the clouds is below 0.2 and they were not included
in our radiative-transfer model.
3.6. Aerosol dataset and properties
The optical depth of the martian dust and water ice clouds can
be inferred from thermal IR measurements, which distinguish dust
and water–ice condensates owing to their distinct spectral signatures at 9 and 12 lm, respectively. A complete database, which
encompasses the time period of the SPICAM observations, is provided by the Mars Odyssey spacecraft’s Thermal Emission Imaging
System – THEMIS (Smith, 2009). THEMIS has been conducting
mapping operations from Mars orbit since February 2002
(Christensen et al., 2003). Along with surface mapping, THEMIS
routinely monitors dust and water ice aerosol IR opacities (Smith
et al., 2003) with its multi-spectral infrared detector (THEMIS-IR)
and images clouds and dust (Inada et al., 2007) with its visibleband subsystem (THEMIS-VIS). The IR mapping is done using ten
spectral ﬁlters covering the thermal infrared range between 6.5
and 15 lm. The local time of the THEMIS observations varies
between 4:00 and 6:00 PM. We have used aerosol optical depth
from the THEMIS dataset for ﬁve martian years being studied,
MY 25–MY 31. The THEMIS optical depth values include only
absorption (not extinction opacity) and they were corrected by factor of 1.3 for dust and 1.5 for water ice to convert from absorption
optical depths to extinction optical depths (Smith, 2004).
To estimate the optical depth near 1.4 lm from the thermal IR
THEMIS data, we must apply scaling coefﬁcients for the dust and
water ice aerosols. So far the estimations of the scaling coefﬁcients
are mostly limited to orbiter/lander comparisons, as reviewed by
Korablev et al. (2005). Clancy et al. (1995) have obtained a value
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Fig. 2. The sensitivity kernels in the 1.38 lm band, a difference between the reference spectrum and the spectrum with additional water at the jth altitude level. Different
colors correspond to different wavelengths within the band. The left panel corresponds to summer in Northern hemisphere in MY 27, the middle panel to summer in Southern
hemisphere in MY 27, and the right panel to the dust storm during MY 28. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)

of 2–2.5 for s (visible)/s (9 lm) for dust opacity based on Vikings
IRTM observations. This coefﬁcient can also be modeled based on
the Mie–Lorenz theory for spherical particles assuming dust and
water ice refractive index and known particle size distribution.
The model by Ockert-Bell et al. (1997) based on Toon et al.
(1977) bright montmorillonite dust particles has been accepted
for more than one decade. Wolff et al. (2009) retrieved the refractive index of martian dust from CRISM on board the Mars Reconnaissance Orbiter (MRO) single-scattering albedo measurements
in the range 440–2920 nm and near-IR images from Mars Exploration Rovers camera.
The aerosol particle size for both the dust and the ice clouds is
variable with season and latitudes. The most complete survey of
the particle sizes over a martian year was made by Clancy et al.
(2003) using TES emission phase function observations. Their average value for the dust size is reff = 1.5 ± 0.1 lm, consistent with
Pathﬁnder and Viking/Mariner 9 analyses. In the Northern hemisphere Ls = 50–200° a smaller reff = 1 ± 0.2 lm has been observed,
and for the MY 25 (2001) global dust storm larger dust particles
with reff = 1.8–2.5 lm have been detected. The water ice condensation clouds have been divided into two types. Type 1 water ice
clouds exhibit small particles with reff = 1–2 lm and are located
primarily in the Southern hemisphere near perihelion and polar
hood clouds. Type 2 water ice clouds exhibit larger particles
reff = 3–4 lm and appear most prominently in the Northern subtropical aphelion cloud belt.
The real particle size distribution on Mars is likely more complex and variable not only with season and location but also with
altitude. At higher altitudes the effective size decreases due to sedimentation of larger particles. Solar occultations by SPICAM IR
(Fedorova et al., 2009) have given the estimation of dust particles
sizes about 0.8–0.6 lm from 15 to 40 km. However, our water
vapor measurements are mostly sensitive to the altitude range
from 0 to 20 km (see Fig. 2), so we apply Clancy et al. (2003) results
for the particle size of dust and water clouds. We performed calculations of the extinction optical depth as a function of wavelength

using the Mie theory with martian atmospheric dust and water ice
refractive indexes for the particle sizes discussed above. For the
dust we distinguish between two seasons: the clear season for
Ls = 0–200° characterized by reff = 1.2 lm and k = 2.3, and the dusty
period for Ls > 200° with reff = 2 lm and k = s (1.4 lm)/s
(9 lm) = 1.6. Water ice clouds are associated with reff = 2 lm and
k = s (1.4 lm)/s (12 lm) = 2.5 in all cases except for the Northern
subtropical aphelion cloud belt (Ls = 30–150° and latitude range
of 10°S–40°N with reff = 3.5 lm) where k = 1.5.
The obtained scaling factor can be compared with Mars Exploration Rover (MER) measurements at low latitudes (Smith et al.,
2006). The MER atmospheric optical depth archive (Lemmon
et al., 2004; Lemmon, 2011) is based on Pancam images and spans
three martian years from 27 to 30. Pancam is operating at 440 nm
and 880 nm, the latter wavelength is close to our spectral range
and can be used to scale the THEMIS dust opacity. Fig. 3 shows
the comparison of opacities obtained by MER at 880 nm and by
THEMIS above the rover location for dust and ice clouds. In fact
the 880-nm value is the total optical depth observed by MER
including dust and water ice absorption. To ﬁnd the ratio of s
(880 nm)/s (IR) we summed the THEMIS optical depths from ice
and clouds. It is important to consider a mixture of ice and dust
opacity at 880 nm mainly between Ls 30° and 130°, when water
ice clouds were detected. For Ls > 200° the ratio is characteristic
of pure dust. The observed k ratio of dust for Ls between 200°
and 30° is 2, which is consistent with our adopted values of
1.6–2. The k ratio between Ls 30° and 200° is more variable from
1.3 to 4, that could be explained by mixture of water ice and dust
in the data. Recently Lemmon et al. (2014) presented a comparison
of the MERs 880-nm opacity with Mini-TES observations at 9 lm
from the same rovers. The dust ratio varies from 1.7–2 at
Ls = 130–30° to k = 2.5–3 at Ls = 30–130°. The problem of mixture
with water ice opacity in 880 nm in the Northern summer was
noted.
We assume that the dust is well mixed with scale height of
10 km. This approach is based on previous measurements (e.g.,
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Fig. 3. Comparison of dust and ice opacities obtained by THEMIS above the location of the MER Spirit and Opportunity rovers for MY 27–29 with aerosol optical depth, s, at
0.9 lm retrieved using MER Pancam images. The ratio k = s (880 nm)/s (IR) is shown in the lower panel.

Pollack et al., 1977) and is supported by direct imaging of the Sun
near the horizon by MER Pancam instrument (Lemmon et al.,
2004). Based on the MER measurements Wolff et al. (2006)
obtained the vertical mixing proﬁle evolved from well-mixed to
appreciably conﬁned by Ls  30° for Opportunity (MER-B). For
Spirit (MER-A), there was an abrupt transition back to a more
well-mixed vertical proﬁle with the onset of a regional dust activity al Ls  140°. From the 5 years of MER observations Lemmon
et al. (2014) concluded that the Spirit data are consistent with
the dust being well mixed with the atmosphere in the lowermost
10–20 km. The Opportunity data required even relatively more
dust at higher altitudes with scale height of 19 km.
The vertical distribution of water ice clouds is based on the
water vapor saturation altitude. The water condensation level is
computed from the LMD model temperature proﬁle and the water
vapor column estimate, and the water ice clouds are assumed to be
well mixed in the 10-km layer above the condensation level.
To model multiple scattering in an atmosphere laden with aerosol we use the asymmetry parameter and single-scattering albedo
for dust and water ice. For the dust component we have used single
scattering albedo of x0 = 0.971 and an asymmetry parameter g of
0.63. The selected value of the asymmetry parameter is adopted
from Ockert-Bell et al. (1997) for the near-infrared range. As for
the single scattering albedo, results vary from work to work.
Ockert-Bell et al. (1997) proposed x0 = 0.955. Tomasko et al.
(1999) retrieved a value of 0.94 at 0.9 lm. Observing the MY 28
dust storm with the OMEGA spectrometer, Vincendon et al.
(2007) obtained x0 = 0.971–0.976 at wavelengths of 1–2.5 lm,
which is very close to the results of Johnson et al. (2003):
x0 = 0.969 at 1 lm, and Määttänen et al. (2009): x0 = 0.97, and is
relatively constant for different wavelengths. Our choice of
x0 = 0.971 was indirectly conﬁrmed by the water vapor retrieval
results. The spectral resolution of SPICAM does not allow us to
deduce the spectral continuum directly (see next section), and
the retrieval procedure uses the surface albedo as a free parameter.
The retrieved surface albedo weakly depends on the season (except

for the polar regions). Assuming smaller values of the single scattering albedo, for instance x0 = 0.94, results in inconsistent variations of albedo with the season.
The single-scattering parameters for the water ice are assumed
as x0 = 0.99 and g = 0.82 based on the Mie modeling for the water
ice refractive index (Warren and Brandt, 2008) and a typical particle size of 2–3 lm with log-normal distribution.
3.7. The retrieval algorithm
The water band at 1.34–1.45 lm, measured by SPICAM, is relatively weak, but unlike the other bands in the near-IR at 1.9 and
2.56 lm, it is not contaminated by strong carbon dioxide bands.
To measure water absorption lines SPICAM does not record a
complete spectrum but a limited spectral window in the range of
1.348–1.44 lm (see Korablev et al., 2006b; Fedorova et al., 2006
for detailed explanation). As a result, when retrieving the water
vapor abundance one needs to separate the absorption due to water
vapor band from the spectral continuum. The continuum is not ﬂat
because of surface albedo (mostly H2O and CO2 ice absorption features) and aerosol scattering (see Fig. 4 of Fedorova et al. (2006)).
The new retrieval algorithm mostly corresponds to the previous
one described in Fedorova et al. (2006, Section 4), but now with
SHDOM code for radiative transfer in the scattering atmosphere.
Main features of the procedure and some modiﬁcation to previous
one are described below. (1) On the ﬁrst iteration the continuum is
found as Imeasured/(Isun * lo), where lo is cosine of solar zenith angle,
and the resulting reﬂectance is convolved with a broad cos2 function. The half-width of the function was chosen as 15 nm to account
for the ice spectral features and to not modulate the water lines.
The average value of the continuum is assumed as an initial surface
albedo. As an initial guess for the water vapor we assume
100 pr. lm and calculate the water vertical distribution and saturation level for the given temperature proﬁle. (2) On the second step
we calculate the corresponding synthetic spectrum and in three
iterations re-compute the continuum spectrum corresponding to
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a minimal difference between data and model (with ﬁxed water
vapor abundance) and recalculate the averaged surface albedo
again. (3) Finally, we seek the best-ﬁt value of water vapor and surface albedo seeking for the golden section, and repeating step 2. The
water vapor vertical distribution, and the averaged surface albedo
and the continuum proﬁle are recalculated for each iteration. As a
result the retrieval procedure returns the water vapor abundance,
the saturation altitude, and the averaged surface albedo for our
spectral range and the spectral dependence of continuum.
As described in Fedorova et al. (2006) the retrieval is sensitive
to the choice of the spectral interval used for the ﬁtting. This happens because the uncertainties of the solar spectrum and the water
vapor spectroscopy may vary within the band. Fedorova et al.
(2006) have tested different spectral ranges inside 1.34–1.45 lm
and found the resulting uncertainty in the retrieved water vapor
to be within 20%. We have chosen the spectral range of 1375–
1390 nm where we have strong H2O lines and better information
on the solar spectrum.
Taking into account the aerosol scattering, the equivalent width
of the gaseous absorption bands and the relative depth of the lines
become sensitive not only to the aerosol loading and properties but
also to the surface albedo, which participates in the radiation
transfer in the low atmosphere. To check this sensitivity, the equivalent depth of the water vapor band has been modeled as a function of the dust opacity and the surface albedo. Fig. 4
demonstrates that for high albedo, e.g., in polar regions with bright
H2O or CO2 ices on the surface, the depth of the water vapor band is
weakly dependent on the aerosol loading, changing less than 4%
even for dust opacities up to 1. For these areas the retrievals are
affected only during strong dust storms. For dark regions with
albedo of 0.1 the equivalent depth of the water vapor band is
more sensitive to dust opacities. It can vary by 11% with dust opacities reaching 1.
The importance of including aerosol in the retrieval is demonstrated in Fig. 5. The top panel shows retrieved seasonal map of
water vapor for MY 27 assuming no dust. The middle panel shows
THEMIS optical depth scaled to the 1.38 lm band for the same
year, and the bottom panel shows the difference in the retrieval

results between the case including aerosol and the case where no
aerosol is included. The optical depth of ice clouds is not shown
in the ﬁgure, but they are used in the retrieval. The effect of atmospheric dust and ice on the retrieval of water vapor from SPICAM
measurements is signiﬁcant. Generally we obtain greater values
when aerosol is included than in the case of a clear atmosphere.
That effect is especially strong during dust events (for example
mid latitudes around Ls = 240°), it is also signiﬁcant when solar
angles are high (what is often on the edges of orbits) with even
small dust load, for example in the southern tropics at Ls = 60°.
The difference is typically about a few pr. lm, but when the water
abundance is small it may amount up to 60% of the value.
We have investigated uncertainties related to systematic errors
in the assumptions and approximations used for the data processing. The inﬂuence of the dust optical depth, and of the temperature
proﬁle was analyzed. The retrieval was done several times using a
subset of SPICAM data with different inputs and assumptions to
estimate resulting change in the retrieved quantities. Two orbits
corresponding to two seasonal spots close to the seasonal maximums of water where chosen for these numerical experiments,
at Ls = 110° and Ls = 280°.
One of the assumptions in the retrieval process is the dust optical depth value, derived from THEMIS data and rescaled to SPICAM’s wavelength range. Variations of 20% in the optical depths
lead to minor changes (<2%) in retrieved water abundances for
both seasons. Thus we can be sure that our results are not affected
dramatically even if the rescaled THEMIS optical depth is not
exactly the same as the actual values.
A more important input is the MCD temperature proﬁle, which
affects saturation level and spectroscopic properties of water vapor
lines. For the aphelion season, a 5 K shift of the entire temperature
proﬁle leads to a change in the retrieved abundances of 6% for
H2O (more water vapor for higher temperatures and vice versa).
For perihelion, when water in South hemisphere is distributed to
high altitude, sensitivity to temperatures is nearly negligible (<1%).
Considering the above sources of uncertainty, the quality of SPICAM data and deviation of the averaged values, we estimate that
the total uncertainty in water vapor abundance for a single
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Fig. 4. The equivalent depth of the H2O band in function of the surface albedo and the dust opacity assuming the ﬁxed single-scattering albedo x0 = 0.97 and the asymmetry
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Fig. 5. Sensitivity of the SPICAM retrieval to the assumed dust load. The top panel shows the retrieval for a clear atmosphere with no dust. The middle panel shows dust
optical depth retrieved from THEMIS, scaled to the1.38 lm band used by SPICAM. The bottom panel shows the relative difference between the retrievals with and without
account for the aerosol in the atmosphere. The color scales of the water vapor abundance and the difference are in pr. lm. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)

2°  2° latitude–Ls bin as not to exceed 6%. The main source of
uncertainties is the S/N ratio of the instrument, but those generally
average out.
4. Results
4.1. Seasonal map and average water vapor climatology
Fig. 6 shows the water vapor distribution for 5 martian years
averaged in the 2°  2° Ls–latitude bins as derived from the ﬁrst
SPICAM IR detector with account for the complete radiative transfer in a dust-laden atmosphere. Comparing to previously published
SPICAM results (Fedorova et al., 2006), the absolute abundances of
water vapor shows small absolute but signiﬁcant relative changes.
The account for dust loading, the new water vapor vertical proﬁle,
and updated climatology in this work mostly affected the lower
retrieved abundances by increasing them. The maps show repeatability from year to year so it is possible to discuss the common
features of the annual cycle. A maximum in water vapor abundance is observed at high latitudes during mid-summer in both
hemispheres, reaching a maximum value of 70 pr. lm in the
North and up to 20 pr. lm in the South. Another noticeable maximum is located at lower latitudes of the Northern hemisphere at
Ls = 200–250°. A similar trend was observed by TES (Smith,
2002), but its strength was weaker. This season is characterized
by planetary wave activity related with switching of the global
atmospheric circulation between two regimes typical for the equinox and solstice, respectively (Richardson and Wilson, 2002). As
the stationary planetary-scale waves efﬁciently transport water
vapor, dust and ice aerosols in the martian atmosphere, this season
reveals a remarkable variability of both water and dust cycles
(Fedorova et al., 2004; Montmessin et al., 2004). Water vapor column maximum at lower latitudes of the Northern hemisphere at
Ls = 200–250° can be explained by meridional transport of water

from the South hemisphere, which in this season, in contrast with
the aphelion season, is not blocked by cloud formation
(Montmessin et al., 2004; Clancy et al., 1996).
Despite some small year-to-year differences, SPICAM water
vapor data exhibits a stable annual pattern during ﬁve martian
years and can be averaged to improve the spatial coverage. This
dataset will support comparisons between water vapor column
datasets from experiments and from models that is very important
to validate the reliability of both the models and the retrieval
algorithms.
Fig. 7 shows the entire SPICAM dataset averaged from orbit 202
to 12,160 with 5°  5° latitude–Ls binning. The period during the
MY 28 global storm (Ls = 260–320°) was excluded from the averaging. The equivalent total amount of water in the atmosphere can be
calculated from simple considerations: 1 km3 of ice is
0.917  1015 g, and 10 pr. lm of water vapor over the entire Mars
atmosphere is 1.45  1015 g. This gives about 0.5 km3 of ice in
the beginning of year, rapidly growing to 2.3 km3 for Ls = 100°.
Similar TES estimations give a maximum of 3.6 km3 of ice at
Ls = 120° for both hemispheres together (Smith, 2002). Around
perihelion, for the second half of martian year, the SPICAM data
for equivalent ice volume are less reliable because of poor Mars
Express coverage of the Northern hemisphere. For the Southern
spring and summer, the full amount of atmospheric water is equivalent to 1.4 km3 of ice.
SPICAM water vapor data can also be averaged to study latitude–longitude distribution. In Fig. 8 we present the geographical
distribution averaged from ﬁve martian years and for twelve Ls
intervals. Results have been averaged into bins of 2° in latitude
and 2° in longitude. The longitude dependence is rather small,
except for northern summer and autumn. At this time a prominent
wave-3 feature is developed in the Northern hemisphere implying
that atmospheric water vapor in this season is concentrated in the
three corridors around longitudes 150°W, 30°W, and 90°E.
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Fig. 6. The seasonal distribution of water vapor abundance in pr. lm by SPICAM IR for MY 27–31.

4.2. Saturation levels

values, below 10 km, correspond to Ls = 120–160°, right after the
North Pole water vapor maximum and at approximately the same
latitudes. Elsewhere, for the aphelion season the saturation level
varies from 10 to 20 km. Around perihelion, during Northern fall
and winter, the opposite behavior is observed because of higher
atmospheric temperatures. The second half of year consistently
gives higher saturation levels of water vapor in all regions. The saturation levels are low in the equatorial regions, compared with
other latitudes, due to lower atmospheric temperatures at 20–
60 km heights. Different MYs show similar behavior of saturation
level altitude. For example, for MY 27 the maximum saturation
altitudes are found during the period of Ls = 225–275° for latitudes
from 30°S to 80°S, with values up to 60 km and higher. Interestingly, this extreme does not directly correlate with the polar water
vapor abundance maximum. The South Pole water vapor abundance
maximum occurs later, at Ls = 275–295° and in a narrower strip of

The altitude of the saturation level of water vapor depends on
the temperature proﬁle, which is assumed from the MCD climate
database. The saturation altitude is also determined by the amount
of water vapor in the atmosphere, so this level is calculated iteratively in the retrieval algorithm (see Section 3.7). With other
parameters being equal, lower temperatures strongly decrease
the saturation pressure pulling the saturation level down [to lower
altitudes]. The dependence of condensation level on water vapor is
not strong, but can be meaningful for low abundances, when less
water vapor distributes to higher levels. In Fig. 9 we present the
seasonal variation of the saturation level altitude for ﬁve martian
years as one more product of the water vapor retrieval. During
the Northern spring and summer the vapor saturation pressures
are low and the saturation levels are close to the surface. Minimal
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Fig. 7. The seasonal distribution of SPICAM water vapor abundance in pr. lm averaged over MY 27–31.
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Fig. 8. Geographical distribution of water vapor abundance (mean over MY 27–31) in pr. lm as retrieved from SPICAM IR observations.

Fig. 9. Variation of water saturation altitudes (color scale in km) as a function of Ls and latitude for four martian years as a product of the SPICAM water vapor retrieval. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Southern latitudes. Despite the scarce SPICAM coverage in the
Northern hemisphere in winter there are telltale signs of high saturation altitudes as well. The saturation data are consistent with
the current understanding of Mars water cycle (Clancy et al.,
1996; Montmessin et al., 2004), and with a similar map retrieved
from the OMEGA dataset for MY 27 by Maltagliati et al. (2011a).

5. Discussion
5.1. Comparison with other experiments
The comparison of water vapor retrievals between different
Mars Express spectrometers has the advantage that data is
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Fig. 10. Comparison of SPICAM results (MY 27–30) and TES (MY 24–26) water vapor abundance for three latitude bins: 70° (top), 0° (center) and
an average of 5° Ls  5° latitude.

retrieved in the same year, season, and local hour. The Planetary
Fourier Spectrometer (PFS) onboard Mars Express, measures water
in two channels: the short wavelength channel (SW), Tschimmel
et al. (2008), Sindoni et al. (2011), and the long wavelength channel
(LW), Fouchet et al. (2007), where water is measured in the thermal IR. OMEGA (Visible and Infrared Mineralogical Mapping Spectrometer) uses the same 2.56 lm band (Maltagliati et al., 2011a) as
PFS-SW. SPICAM and PSF LW showed consistently 5–15% less
water than OMEGA, and OMEGA in-turn showed lower values than
PSF SW (Korablev et al., 2006a; Korablev, 2008; Maltagliati et al.,
2011a).
The new SPICAM dataset, presented in this work, is still in that
range of values, but is now in much better agreement with OMEGA
results. The detailed comparison of Mars Express datasets from different spectral ranges and processed with different assumptions is
not trivial and merits a separate study. To illustrate the consistency
of our results, here we show just the comparison with the Mars
Global Surveyor Thermal Emission Spectrometer (TES) results
(Smith, 2004), which remain a reference for the water vapor climatology (Fig. 10). We use TES/MGS corrected database as explained
in Fouchet et al. (2007) and Smith (2006). The data have been

11

55° (bottom). Each point is

averaged using 5° Ls and 5° latitude bins for both SPICAM results
(MY 27–30, blue1 markers) and TES (MY 24–26, red markers), and
are presented for three latitude bins centered at 55°S, 0° and 70°N.
SPICAM’s martian year 31 is not shown due to the poor coverage
and to not overload the plot. A much better agreement between
SPICAM and TES is achieved compared to previous work (refer to
similarly arranged Fig. 7 in Fedorova et al. (2010)), except for, obviously, dates and places affected by the global dust storms during MY
25 (Ls = 185–270°) and MY 28 (Ls = 260–320°). For mid-Southern
and Northern latitudes SPICAM is systematically 5–10% lower than
TES. Near the equator this difference rises to 20%. If the difference
were only between Ls = 30° and 150° an explanation could be in
the inﬂuence of the aphelion cloud belt, and indicate inaccuracy of
the retrieval, but the same difference is observed at low latitudes
in all other seasons as well. Interesting, that CRISM water vapor
retrievals (Smith et al., 2009) are also consistently lower by 5–10%
relative to the TES retrievals.

1
For interpretation of color in Fig. 10, the reader is referred to the web version of
this article.
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5.2. Local time variations
Short-term water vapor variations are an important factor in
understanding the exchange of the atmosphere with the surface
and subsurface reservoirs on small timescales. Diurnal changes
occur, but they are unlikely to be associated with horizontal advection, which evolves on different timescale. Being strongly correlated with the temperature cycle (Böttger et al., 2005), the water
vapor should show maximum concentration during the day and
a minimum during the night and morning. Short-term variations
can be explained by different factors: regolith ‘‘breathing’’ forced
by temperature changes (Titov, 2002), night time hazes (Jakosky,
1985) and frost at the surface (Jones et al., 1979), which both
remove some water vapor from the night time column.
The Mars Atmospheric Water Detector (MAWD) has provided
evidence for diurnal variability (Jakosky et al., 1988). The Infrared
Imaging Spectrometer (ISM) on board the Phobos-2 mission has
shown a variability in water vapor abundance between morning
and noon of a factor of 2–3 in the Pavonis Mons region (Titov
et al., 1994); a re-analysis of the IRIS/Mariner-9 data set by
Formisano et al. (2001) also indicated a variability in day/night
time water vapor abundance of about a factor of two, in an anticorrelation with dust opacity.
The geometry of the Mars Express orbits makes it possible to
resolve diurnal variability only in the Northern polar area. Using
the OMEGA data Melchiorri et al. (2009) have observed a increase
in water vapor from 5:00 (2 pr. lm) to 16:00 (10 pr. lm) at
Ls = 250–260° near the Pole. This was the largest detected variation, and was never observed outside of that period. Maltagliati
et al. (2011a) have also not found any prominent diurnal signature
(within 4–5 pr. lm) comparing global OMEGA (8:00–18:00) and
TES (14:00) datasets. Mini-TES at the Opportunity Rover has
detected near-surface short-term temperature ﬂuctuations, but
could not do the same for the water column abundances.
Despite the fact that Mars Express nadir observations always
occur over a restricted range of longitudes, a search for diurnal variations using SPICAM data can still be done. For example, the local
time of observations shifts slightly from orbit to orbit, so that we
can have data with different local time for the same season and latitude, but from different MY. Nevertheless, the comparison of data
over the same areas among ﬁve observed years was done, but did
not reveal any conclusive diurnal dependences. This approach is
in fact not very reliable because it makes impossible to distinguish
local time and interannual variations (see Section 5.4).
An interesting case for analysis can be found during MY 30
Northern summer. A change in observation strategy led to the
rapid shift of local time after Ls = 100°. We have therefore retrieved
vapor concentrations for early morning, midday and evening, separated by only a few martian sols. However, no clear signature of a
variation of water vapor with local time was detected. With the
absolute value of 60–70 pr. lm of water vapor the variations do
no exceed 3–4 pr. lm.
Another approach is to examine a number of close pole-crossing
orbits, where observations start from mid latitudes, pass the polar
region and then return to lower latitudes at different local time. This
approach, of course, brings up longitudinal dependence, but in our
analysis we have normalized the water vapor measured at different
longitudes using the longitudinal dependence of water vapor
dependence from the MCD. There are several sets of such orbits during MY 27, and we derived similar results for all of them. We will
describe one example of orbits 1000–1100 (Ls = 108–120°, with
mean water vapor abundance of 50 pr. lm). Combining the results
we get two sets of data: at around 4:00 in the morning for high latitudes and at around 15:00 for a wide range of latitudes. Taking into
account only latitudes from 60° to 80° we ﬁnd that the difference
of mean water vapor concentration between daytime and early

morning is only 4 pr. lm. However, the dispersion of retrieved
values to the average is high, and standard deviation from this mean
value is twice as large (8 pr. lm). So, we must conclude that local
time variations of water column (if any) are very small and are
beyond the SPICAM sensitivity to be analyzed quantitatively.
5.3. Observations during the dust storm
The ﬁrst observation of the martian water cycle during a global
dust storm was done by MAWD (Jakosky and Farmer, 1982). The
Thermal Emission Spectrometer (TES) on board the MGS has also
documented the decrease of vapor column by 10 pr. lm during
the MY 25 global dust storm compared to MY 24 (Smith, 2004).
Right after the storm the South polar maximum in water vapor
abundance at Ls = 270–300° was only 25 pr. lm in MY 25, compared to 35 pr. lm in MY 24 without a dust storm. The optical
depth of dust near the South pole at Ls = 270–300° in MY 25 was
actually less than it was in MY 24, so the decrease is not associated
with masking effect of dust. The absolute value of MAWD water
vapor near the South pole during the global dust storm in MY 12
was half as large as that observed by TES in MY 24, that led to a discussion of the effect of dust on the MAWD water vapor retrievals
(Fedorova et al., 2004). TES column water vapor retrievals in the
thermal IR are the least affected by dust. At the same time, as it
was shown by (Fedorova et al., 2010) MAWD and SPICAM retrievals (without taking into account scattering by dust) show a
strong decrease in water vapor abundance during the Southern
summer, partially due to the masking of water vapor by dust in
the near IR, partially reﬂecting a real decrease.
SPICAM results, presented in this work, provide an opportunity
to examine the water vapor trend during global-scale dust storms.
The absolute value for water vapor abundance during the MY 28
global dust storm shown in Fig. 6 should be corrected, since it
was retrieved with big dust load, but using the ‘‘MY 24 ave solar’’
climate scenario, just as the rest of the SPICAM dataset. We reran
our water vapor retrieval during the MY 28 global dust storm period
using the ‘‘dust storm ave solar’’ MCD scenario (Millour et al., 2009),
the model tuned to represent TES atmospheric properties during
MY 25 dust storm observations (Smith, 2004). This dust storm scenario represents how the dramatic increase in the dust optical
depth causes signiﬁcant change in the temperature proﬁle. For
the daytime (that corresponds to the local time of SPICAM observations for Ls = 260–300°) the dust storm conditions result in warming of upper layers and cooling of the surface and lower layers
(below 3–5 km). It appears that water vapor retrieval with dust
storm scenario results in almost the same values of the water vapor
retrieved with the ‘‘normal’’ temperature proﬁle. Interestingly, the
scatter of the retrieved water vapor during the dust storm is lower
than at other times. This effect may have an algorithmic origin, but
might also be evidence of a decrease in short time and/or mesoscale
variations of water abundance, at least at 5–10 km altitudes where
we are more sensitive during the dust storm.
Fig. 11 exhibits the water vapor decrease during the global dust
storm of MY 28 compared with low dust load during MY 27. The
seasonal dependence for water vapor is shown as an average in a
latitude strip 45°S–55°S. The climate scenario is switched to ‘‘dust
storm ave solar’’ at Ls = 260°, since the atmospheric temperatures
rise to respond dust storm very quickly, within a few sols (Smith,
2004). We have also tried to run the retrieval with switching to
dust storm scenario climate for earlier and later Ls, but the timescales in this transitional period remained the same. Using the ﬁgure we can estimate time for the atmosphere to come to the new
equilibrium state. The dust storm starts at Ls = 260°, but a prominent water vapor loss is observed only at Ls = 266°. Further on,
the dust is reaching a steady level at Ls = 270° while the water
concentration stabilizes at Ls = 280°. The increase of dust in the
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Fig. 11. Example of the decrease in water vapor abundance during the global dust storm of MY 28 (seasonal dependence of water vapor averaged over 45°–55° S latitude). The
top panel refers to MY 27 (with no global dust storm), while the bottom panel shows the increase in dust optical depth during MY 28 following the decrease in water vapor.
Blue curves are the smoothed trends of water abundance; green curves show the evolution of the optical depth of dust. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)

atmosphere does not lead to an immediate decrease in observed
water concentrations, indicating that the latter is not due to the
dust masking effect. It is very likely that the lack of water during
the global-scale dust storm, observed by TES in the thermal IR
and in this work, is mostly controlled by the surface cooling (due
to shading of the surface by the optically thick dust), which allows
the regolith to adsorb more moisture from the atmosphere during
the daytime. This explanation is supported by MGCM simulations
involving an active regolith exchange (Bottger et al., 2005).
Another possible explanation is that the temperature proﬁle
becomes nearly isothermal and convection no longer delivers
water vapor from the boundary layer to the general circulation cell
(Fouchet et al., 2011).
5.4. Interannual variations
The search for interannual variability remains an open question.
On a global scale, the annual pattern of water vapor abundance is
very stable and repeats from year to year. The comparison between
different instruments can be biased due to the different retrieval
methods and it is better to use the same data set for the purpose.
Smith (2004) notes 20% more water vapor in the Southern Hemisphere polar summer maximum in the TES observations for MY 24
as compared to MY 25 and 26. Pankine et al. (2010) reported that
the water vapor polar annulus and the abundance above the Pole
exhibits interannual variability during the Northern spring and
summer that could be related to the atmospheric temperature difference and local dust storms, or variability of the polar atmospheric circulation. Despite these differences, Pankine et al.
(2010) note that the total integrated mass of water vapor in the
North Polar Region was essentially the same for all 3 years (MY
24–26) observed by TES. Fedorova et al. (2010) revised MAWD data
with up-to-date spectroscopy, atmospheric models, and the same
algorithms as for SPICAM IR data. The two datasets can then also
be considered very similar, since both instruments use the same
spectral band and processing technique. The newly processed
MAWD results are in a good agreement with SPICAM observations
15 martian years later, showing no global change in the martian
hydrological cycle between MY 12–14 and MY 27–29.
Observed interannual variations are small and could be of either

observational or natural origin. The largest difference of water
vapor abundances were found during global-scale dust storms
(Fedorova et al., 2004 for MY 13 Smith et al., 2009 for MY 28).
The interannual comparison of SPICAM water vapor seasonal
dependence for ﬁve martian years shows small, but noticeable
(15%) increase of water abundances in Polar regions from the second half of MY 29 and further on, which can be seen in Fig. 6. This
is not correlated with the optical depth of dust. The origin of this
increase is yet not clear, but does appear to be real. Unlike for
the Polar regions, the dispersion in the beginning and middle of
martian years is rather small.
Another case of apparent interannual variability happens in the
equatorial and Northern tropical latitudes at Ls = 150–160°, where
the martian atmosphere appears to be much wetter in MY 29 than
in MY 27 and 30 (see Fig. 6). This season is characterized by a
change of the global circulation from solstitial to equinoctial mode,
followed by a decay of the aphelion cloud belt and respective maximum of the water vapor column near the North pole (Montmessin
et al., 2004). At the same time, a prominent wave-3 feature is
developed in the Northern hemisphere (see Fig. 8) implying that
atmospheric water vapor in this season is concentrated in the three
corridors around longitudes 150°W, 30°W, and 90°E. The apparent
equatorial maximum in the zonal average water column at
Ls = 150–160° in the MY 29 is likely an observational artifact. It
results from the correlation of the deﬁcient orbital coverage with
zonal variations of water vapor driven by a stationary atmospheric
wave. The orbit statistics shows that MY 29 observations during
Ls = 150–160° are more frequent at longitudes where water vapor
was concentrated by the wave-3.
6. Conclusions
In this paper we present the results of SPICAM experiment on
Mars Express mission, which provided a continuous observation
of water vapor in the martian atmosphere from 2004 to 2013 (martian year 27–31) in the 1.38-lm band. Compared to the data retrieval of SPICAM IR for the ﬁrst martian year of the MEX observation
(MY 27, Fedorova et al. (2006)) the new processing includes many
improvements concerning calibrations and retrieval assumptions.
A radiative transfer model with multiple scattering has been
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applied using dust and water ice cloud optical depth measured by
THEMIS/Mars Odyssey (Smith, 2009). The sensitivity of the
retrieved water vapor abundance to aerosol properties, surface
albedo, solar spectrum, spectroscopic datasets, and water vapor
vertical distribution has been studied. The combination of these
improvements results in an increase in water vapor of 20–30% on
the average compared to the previous retrieval. For dusty periods
outside Polar regions the relative increase in the water vapor
amount reaches 60–70%. The water vapor retrieval is also sensitive
to clouds, especially during the aphelion season. The resulting water
vapor columns are averaged on the Ls–latitude grid of 2°  2°.
The main results can be summarized as follows:
(1) The water vapor observed by SPICAM shows a nominal behavior with abundance of about 60–70 pr. lm for the Northern
summer maximum and 20 pr. lm for the Southern summer
maximum. The global average amount of water is 10–
20 pr. lm, equivalent to an ice volume of about 0.5 km3 in
the beginning of the year growing to 2.3 km3 at Ls = 100°.
(2) The saturation altitude of water vapor is retrieved using
MGCM temperature proﬁles. The lowest altitudes, below
10 km, correspond to Ls = 120–160°, right after the North
Pole water maximum. Elsewhere during the aphelion season, the saturation altitude varies from 10 to 20 km. During
the second half of the year at Ls = 200–250° the saturation
altitude varies from 30 to 60 km.
(3) SPICAM observations do not support any prominent diurnal
variation of column water vapor even though the 1.38 lm
band was shown to be sensitive to water vapor in the lowest
few kilometers above the surface.
(4) The decrease in water vapor abundance during the global
dust storm cannot be fully explained by the effect of masking by dust scattering, and it appears to reﬂect a physical
decrease of water related to radiative effect of the storm
on the condensation of water.
(5) Apart from the differences due to different aerosol loading,
SPICAM data demonstrate a stable annual pattern of water
vapor abundance for the observed ﬁve martian years. Some
minor features can be explained by a speciﬁc orbital
coverage.
(6) An average reference map (2° Ls  2° Lat) of water abundance for each of the ﬁve martian years of Mars Express
observations and entire SPICAM dataset averaged with
5°  5° latitude–Ls binning are given in the Supplementary
Materials to this article. The format is the following: martian
year (none for average map), Ls, Latitude, water abundance
in pr. lm, water abundance scaled to 6.1 mbar in pr. lm,
saturation level in km, local time.
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