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[1] The near-IR channel of SPICAM experiment on Mars Express spacecraft is a 800-g
acousto-optic tunable filter (AOTF)–based spectrometer operating in the spectral range
of 1–1.7 mm with resolving power of �2000. It was put aboard as an auxiliary channel
dedicated to nadir H2O measurements in the 1.37-mm spectral band. This primary
scientific goal of the experiment is achieved though successful water vapor retrievals,
resulting in spatial and seasonal distributions of H2O. We present the results of H2O
retrieval from January 2004 (Ls = 330�) to December 2005 (Ls = 340�), covering the entire
Martian year. The seasonal trend of water vapor obtained by SPICAM IR is consistent
with TES results and reveals disagreement with MAWD results related to south pole
maximum. The main feature of SPICAM measurements is globally smaller water vapor
abundance for all seasons and locations including polar regions, as compared to other
data. The maximum abundance is 50–55 precipitable microns at the north pole and 13–16
precipitable microns (pr mm) at the south pole. The northern tropical maximum amounts
to 12–15 pr mm. Possible reasons for the disagreements are discussed.

Citation: Fedorova, A., O. Korablev, J.-L. Bertaux, A. Rodin, A. Kiselev, and S. Perrier (2006), Mars water vapor abundance from

SPICAM IR spectrometer: Seasonal and geographic distributions, J. Geophys. Res., 111, E09S08, doi:10.1029/2006JE002695.

1. Introduction

[2] Although water vapor is a minor constituent of the
Martian atmosphere (just several precipitable microns in at-
mospheric column) it plays a major role in Mars climate. It
is a condensable specie actively interacting with surface and
it varies in several times during the Martian year. Systematic
monitoring of water vapor and comparison with Martian
general circulation models (MGCMs) helps to understand
main processes controlling the distribution of water vapor,
such as seasonal changes in solar energy, exchange with the
surface, and cloud formation [Montmessin et al., 2004]. Such
understanding could provide insights into the history of Mars
climate, and to contribute to the question about ‘‘wet’’ early
Mars. For example, hydrogen-rich regions at Mars equator
discovered by Mars Odyssey [Feldman et al., 2004;
Mitrofanov et al., 2002] could be explained as a result of
atmospheric water transport and accumulation [Feldman et
al., 2005; Basilevsky et al., 2006].
[3] After the first detection of water by Spinrad et al.

[1963] in 8200Å H2O absorption band there have been nu-
merous ground-based observations of Martian water in the
near-IR band [Barker et al., 1970; Barker, 1976]. These

episodic observations could not quantify the seasonal cycle
of water. Only recently a large series of near-infrared mea-
surements characterized the seasonal distribution of H2O
from the ground [Rizk et al., 1991; Sprague et al., 1996,
2001, 2003, 2006].
[4] Martian atmospheric water has been extensively mea-

sured by landers and orbiters in the past. First seasonal
variations of H2O in the polar regions of Mars were ob-
served by Mariner 9 IR spectrometer [Conrath et al., 1973].
The first mapping of the water vapor with a complete
seasonal coverage has been obtained in the 1.38 mm absorp-
tion band by the Martian Atmospheric Water Detector
(MAWD) on Viking 1 and 2 orbiters [Farmer and LaPorte,
1972; Farmer et al., 1977; Jakosky and Farmer, 1982]. The
MAWD data set covers more than one Martian year from
June 1976 through April 1979. This observation have shown
large spatial and temporal variations of the water column
density with a maximum around 80–100 precipitable
microns (pr mm) in summer north pole. For a long time
these data have been a classical framework constraining the
Martian water cycle models. The southern hemisphere sum-
mer the MAWD data was very dry according to the MAWD
data, i.e., about 5–10 pr mm. At that time two global dust
storms have occurred near the perihelion (areocentric longi-
tude of Sun Ls � 205� and �275�), and many authors have
suggested that the near IR measurements by MAWD could
be affected by dust scattering [Davies, 1979; Davies and
Wainio, 1981; Jakosky et al., 1988]. The influence of dust
was addressed by Fedorova et al. [2004]; the retrieved H2O
were corrected on dust scattering important for significant
dust load. The post-Viking H2O measurements have shown
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different results. Earth-based measurements by Rizk et al.
[1991] have indicated a more humid southern summer than
MAWD. On the other hand, the microwave observations by
Clancy et al. [1992] have shown only one half of the MAWD
estimate. These differences have initiated a discussion about
an interannual variability of the water cycle on Mars [Clancy
et al., 1996].
[5] Thermal Emission Spectrometer (TES) onMars Global

Surveyor (MGS) allows to retrieve the water vapor abun-
dance from the thermal IR spectra using rotational H2O tran-
sitions in the range of 20–40 mm [Smith, 2002]. TES
systematically monitored several atmospheric parameters
during more than two complete Martian years in 1999–
2003 [Smith, 2004]. The modern climatology of Mars atmo-
spheric water and aerosol is generally based on MGS/TES
measurements. MGS/TES data show that the annual climate
cycle is generally stable during the reported period. Compar-
ison of thermal infrared data collected by Mariner 9, Viking,
and MGS shows a repeatable annual cycle of the midlatitude
air temperature, dust opacities and water ice opacities, es-
pecially during the north spring and summer [Liu et al.,
2003]. Main year-to-year variability with high variations of
dust, temperature and H2O occurs in perihelion season and is
related to global dust storms.
[6] Recent ground-based near-IR water vapor measure-

ments by Sprague et al. [2006] showed a somewhat lower
value compared with TES.
[7] Mars Express, a mission with unique atmospheric ca-

pabilities, carries three instruments capable to measure at-
mospheric water vapor from near-IR to thermal IR spectral
ranges. Planetary Fourier Spectrometer (PFS) [Formisano
et al., 2005] measures water vapor in both near-IR and
thermal-IR spectral ranges at high spectral resolution. Also,
from PFS spectra the temperature profile of the atmosphere
(crucial for thermal-IR retrievals) and the dust content
(needed for near-IR) can be retrieved. Mapping spectrom-
eter OMEGA [Bibring et al., 2004] provides spatially re-
solved measurements in near-IR, in particular at 2.56 mm
with much lower spectral resolution but good S/N. A por-
tion of OMEGA measurements of the water vapor on the
north pole is already analyzed by Encrenaz et al. [2005a].
The third instrument is SPICAM IR described below. Such
a redundancy is worthwhile. Simultaneous use of Mars
Express data should allow to continue the monitoring of
Mars climate began with MGS/TES, and to validate differ-
ent techniques of spectroscopic detection of water vapor.
[8] SPICAM IR light-weight spectrometer is primarily

dedicated to the measurements of water vapor contents in
the Mars atmosphere [Korablev et al., 2006]. The measure-
ment with good spectral resolution (3.5 cm�1) is performed
in the near-IR 1.37 mm band, which is mostly free from CO2

absorption. The band of 1.37 mm was already used in the
past. The same band was used by humidity sensor on early
Soviet missions to Mars (Mars 3 and 5) [Moroz and Nadzhip,
1975, 1976], and by Viking/MAWD experiment [Jakosky
and Farmer, 1982]. Our data can be therefore directly com-
pared to Viking/MAWD results.
[9] The present paper describes the method and the

results of water vapor retrieval from SPICAM IR data.
Measurements cover a full Martian year from Ls = 330�
(January 2004) to Ls = 340� (December 2005). The accent is

made on retrieval procedure, assumed atmospheric and
spectroscopic parameters, and the uncertainties of the re-
sult. The seasonal distribution of water vapor is presented and
compared to other measurements.

2. Operation Modes of the Instruments and
Calibrations Related to H2O Measurement

[10] The general description, operating modes and obser-
vations of SPICAM IR can be found in Korablev et al.
[2006]. SPICAM is a very light 0.8 kg spectrometer on the
principle of acousto-optic filtration (AOTF) of light. It has
high enough spectral resolution to resolve features of H2O
absorption in the solar light reflected from the planet in the
1–1.7 mm range. Field of view of the instrument for nadir
observations is 1� corresponding to 4.5 km from the peri-
center of Mars Express orbit.
[11] On Figure 1 we present the two typical raw spectra

recorded by SPICAM IR in two operating modes mostly
used for nadir observation. In the first mode a complete
spectral range is scanned by AOTF with fine spectral sam-
pling. Integration time for one spectral point equals 5.6 ms,
AOTF RF power 1504, and gain factor 8.25. In this mode the
registration of a spectrum (3984 spectral points) takes about
24 sec. During this time the line of sight (LOS) of the in-
strument spans �150 km on the surface. During an orbit
covering 50�–100� of latitude, only 40–70 spectra are
recorded. To achieve shorter measurements, we scan only
three portions of the spectrum with H2O and CO2 bands,
O2 emission, and also the H2O and CO2 ice bands (Figure 1,
right) (see Korablev et al. [2006] for detailed explanation).
The positions of the three windows correspond to following
spectral ranges: (1) 1440–1465 nm, (2) 1348–1440 nm, and
(3) 1258–1285 nm. The number of spectral points equals to
996 and one spectrum is recorded each 6 s. This optimized
mode compromising the signal-to-noise ratio and the dura-
tion of spectrum record was routinely used for nadir obser-
vations starting from orbit 103.
[12] SPICAM IR uses synchronous detection of signal.

Background signal is subtracted from useful signal for each
measured spectral point. However, some background signal
comes as RF electrical interference originated from AOTF
and its driver. This signal depends on RF frequency, power,
and environment conditions on the spacecraft. We deter-
mined the background signal and to subtract it from the
measured spectra (Figure 1) [see Korablev et al., 2006].
[13] The spectral response function of the instrument is

determined by the AOTF characteristics. Its width and
shape is important, because the H2O band is not completely
resolved in our spectra, and the continuum is uncertain. The
spectral response function was measured during calibrations
before launch using a spectral line source. The spectral res-
olution of SPICAM IR AOTF spectrometer is roughly con-
stant if expressed in wave numbers and equals to 3.5 cm�1.
In the spectral range of the H2O band the resolving power
l /Dl � 2000. Our resolution is lower than that of MAWD
(1.2 cm�1), but we measure well-sampled H2O band where-
as MAWD measured only 5 spectral points. The final
radiometric calibration of SPICAM was obtained in flight
comparing with simultaneous measurements by OMEGA
mapping spectrometer [Bibring et al., 2004]. The sensitivity
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of the spectrometer defined by the noise equivalent bright-
ness (NEB) is �0.12–0.15 W/m2/sr/mm in the 1.3–1.4 mm
range.
[14] The measurements are performed in parallel with two

detection channels, corresponding to different polarization
of light. The spectral resolution in the first channel is a
little better, and the NEB in the second channel is
�0.25–0.3 W/m2/sr/mm, almost two times higher than
that in the first channel. The dark signal for the second
channel has stronger dependence on the temperature and
the accuracy of its calibration is lower. The overall
quality of the first channel is better, and we used only
the data obtained in this channel for the H2O retrievals.
An example of calibrated spectrum with the water vapor
band is presented in Figure 8 of Korablev et al. [2006].

3. H2O 1.37 Mm Band: Spectroscopic Data
and Modeling

[15] The complete H2O band extends from 1340 to
1480 nm. We present in Figure 2 synthetic models of water
vapor absorption in the rotational-vibrational 1.37–mm band,
demonstrating the sensitivity of theoretical band depth to
variations of water vapor content in atmosphere. As dis-
cussed above, the 1.38-mm band is frequently used for H2O
detection on Mars because the CO2 absorption within the
band is negligible. A set of CO2 synthetic spectra calculated
for different pressures is shown in Figure 3. The range of
1350–1430 nm is mostly free from CO2 absorption except a
small absorption at 1365–1380 nm (Figure 3, bottom) that
we account for in the retrieval. The synthetic spectra in
Figures 2 and 3 are converted to SPICAM IR resolution.
The assumptions for the synthetic model and atmospheric
parameters are discussed below.

3.1. Spectroscopic Data

[16] We used HITRAN 2000–2001 database [Rothman et
al., 2003], containing 2063 H2O lines in the range of 1.35–
1.43 mm. The line widths given in the database are for water
vapor broadened by air. To account for CO2 broadening of
lines in the Martian atmosphere we multiplied the air-
broadened half-widths from HITRAN2000 database by 1.3
as was done previously by Pollack et al. [1993] for Venus
atmosphere basing on the work by Howard et al. [1956].
[17] Using line-by-line calculation we constructed a pre-

calculated look-up table of H2O and CO2 cross sections with
13 values of pressures ranging from 10�10 to 2 10�2 bar
and 16 temperatures from 100K to 340 K. Linear interpola-
tion was used within the tabulated values. To compute high-
resolution absorption we use wave number grid with adaptive
step. Minimal step of 0.001 cm�1 starts from the center
of a line and increases toward line wings. We compute Voigt
line profile using the Matveev [1972] approximation.

3.2. Solar Spectrum

[18] For the retrieval we need a solar spectrum with
spectral resolution higher or equal to the resolution of
SPICAM IR (3.5 cm�1). There are few measurements of
solar spectrum in the near IR. Earth-based observations are
limited to atmosphere transparency windows, our range
being unavailable because of strong H2O absorption. The
only two near IR solar spectra available until recently are by
Kurucz [1995] and Thuillier et al. [2003]. Theoretical spec-
trum by Kurucz is sampled at 1 cm�1. The spectrum by
Thuillier et al. [2003] in the range of 0.2–2.4 mm based on
measurements from space (SOLSPEC and SOSP instru-
ments) has a resolution similar to SPICAM IR in our spec-
tral range.

Figure 1. Two main modes for nadir observations. (left) Full spectrum, raw data (solid line) and dark
signal (dashed line). Raw data are in ADU (instrument counts), 3984 spectral points, DAC (AOTF RF
power) 1504, integration time 5.6 ms, gain 3, duration 24 s. This mode was used for first orbits up to
number 103. (right) Three windows and DOT set number 3, 996 spectral points, DAC 1744, integration
time 5.6 ms, gain 8.25, duration 6 s. Standard mode is used for all nadir observation after 134 orbit. The
three windows are dedicated to specific targets: CO2 band in 1.43 mm, H2O 1.37 mm, and O2 1.27 mm.
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[19] Recently, Fiorenza and Formisano [2005] have
published a new spectrum obtained from a combination of
ATMOS 2000–4800 cm�1 solar occultation data (transmis-
sion) and Kitt Pick 4800–8200 cm�1 absolute spectra, both
measured at very high resolution. We used this solar spec-
trum for our retrieval.

3.3. Martian Climatology

[20] The information about the surface pressure and
temperature profiles in Martian atmosphere was taken from
European Martian Climate Database (EMCD) [Forget et al.,
1999]. We use 33 altitude levels of pressure and temperature
as it is done in the EMCD.
[21] The water vapor profile is assumed to be controlled

by saturation level (or hygropause). The saturation vapor
pressure is calculated as:

Psat ¼ 6:11� exp 22:5� 1:� 273:14

T

� �� �
; ð1Þ

where Psat is in mbar, and T is the temperature in Kelvin.
The formula was taken from Richardson and Wilson [2002]
and references therein. The altitude of the saturation level is
computed using pressure and temperature profiles from the
GCM. We assume water vapor uniformly mixed up to the
saturation level, and no water vapor (fH2O = 0) above this
level.

3.4. Radiative Transfer and Basic Assumptions

[22] When computing the synthetic model to compare to
a measured spectrum we account only for transmission of
the solar light through Martian atmosphere. The intensity of

light at each wave number (monochromatic intensity) is cal-
culated as follows:

Il ¼ IolAexp �tl � 1=mþ 1=moð Þð Þ; ð2Þ

where I0l is the solar intensity, m and mo are cosines of
emission and solar zenith angles, respectively, and the at-
mospheric optical depth is determined as.

tl zð Þ ¼
Z1

�a

cl z0ð Þdz0; ð3Þ

where z is the altitude above the surface. The extinction
coefficient cl equals:

cl zð Þ ¼ sal zð Þ þ sgl zð Þ þ kal zð Þ þ kgl zð Þ; ð4Þ

where sl
a and sl

g – aerosol and Rayleigh scattering
coefficients, kl

a
I

=

I kl
g – absorption coefficient for aerosol

and gas. Rayleigh scattering is negligible, but the scattering
by aerosol particles, comparable with wavelength is apparent
in the near IR range. However, for low observation angles
(when the air mass is below 3) the effect is small [Fedorova et
al., 2004]. Air mass M characterizes the optical path in the
atmosphere: M ¼ 1

m þ 1
mo
. At present we neglect the effect of

aerosol scattering (except for some test calculations, see
below). As a result, the extinction coefficient cl is
determined only by gas absorption.
[23] Solar flux is dominating in our spectral rage, and

we neglect the thermal radiation of the surface and the at-
mosphere. To compare a synthetic spectrum to a spectrum

Figure 2. Synthetic models of the 1.38 mm band for different contents of water vapor in Mars at-
mosphere: 5, 10, and 20 pr mm. Air mass equals 2. Only the absorption due to H2O is shown. (top) Full
range; (bottom) zoom on the strongest part of the band, corresponding to window 2 in SPICAM spectra.
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measured by SPICAM we integrate the high-resolution ab-
sorption along the optical path in the atmosphere (plane-
parallel geometry adequately describing nadir observations
is used). Finally we convolve the spectrum according to
spectral response function of SPICAM.

4. Retrieval Procedure

[24] For retrieval we employed spectra measured by
SPICAM IR in the spectral range 1350–1430 nm consisting
of 350 spectral points. This range is almost free from CO2

absorption (see Figure 3, bottom). We work with calibrated
spectra in absolute units (W/m2/mm). To minimize the noise
we average 10 adjacent spectra (sliding average), and fit
each second spectrum in the following sequence: 1–10, 3–
12, 5–14. . ..
[25] The H2O band is not fully resolved in our spectra

(Figure 2, bottom), and to determine the equivalent width of
the water vapor band we need to define the spectral con-
tinuum. The continuum is not flat due to surface albedo and
aerosol scattering. In Figure 4, three calibrated H2O spectra
divided by the solar spectrum and normalized to a reflec-
tance value at 1350 nm are presented. Two typical reasons
for a distortion of the continuum are shown: a signature of
water ice, and a signature of CO2 ice. Also, some spectral

slope, due to mineralogy features, or merely resulted from
the change of the surface albedo during the measurement
may affect the continuum, though to a smaller extent than
for the given examples. At the same time the H2O band is
very clear on all the three curves, and we need to find a way
to estimate spectral dependence of continuum (which is the
spectrum of the apparent surface albedo).
[26] The retrieval is complicated by the weakness of the

H2O absorption in the 1.38-mm band. Twofold increase in
water vapor abundance (from 10 to 20 pr mm) increases the
transmittance for only �1.5% (for the deepest feature at
1383 nm, see Figure 2). For weaker features within the band
the difference is even smaller. Below we present two meth-
ods of H2O retrieval and test it sensitivity to different spec-
tral range inside the band.
[27] In the first method to find the continuum we applied

the following procedure.
[28] 1. On the first iteration the continuum is found as

Imeasured/(Isolar * mo). The resulting reflectance is convolved
with a broad function cos2(p/2*(l�lo)/Dl). To account for
spectral features of ices and do not modulate the at-
mospheric water band, the half-width Dl is chosen = 15 nm.
[29] 2. Using this continuum, initial value of H2O abun-

dance (20 pr mm) and the solar spectrum from Fiorenza and
Formisano [2005] we construct a synthetic spectrum in the

Figure 3. Synthetic model of the CO2 band for different pressures (from top to bottom: 4, 6, 8, and
10 mbar).The spectral range is the same as in Figure 2. Atmosphere conditions (summer in northern
hemisphere) are taken from EMCD [Forget et al., 1999]. Air mass equals 2.
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range of 1350–1420 nm to be compared to the measured
spectrum. Then we find the best fit continuum spectrum,
corresponding to a minimal difference between the model
and the observation (2–5 iterations are needed) with fixed
H2O abundance.
[30] 3. We seek for the best fit value of H2O abundance,

constructing a synthetic spectrum with the previously found
continuum. Golden section minimization is used. The syn-
thetic spectrum is compared to the measured spectrum, and
with an iterative procedure we find again a new best fit con-
tinuum spectrum, corresponding to a minimal difference be-
tween the model and the observation (2–5 iterations are
needed).
[31] 4. The procedure continues in a loop until a conver-

gence with both best fit H2O value and the continuum
spectrum are found.
[32] Let us assume observed intensity: Ii

obs as a result of
measurement of a real intensity Ii

real: Ii
obs = Ii.

real + ei, where ei
is a normally distributed random value with mean value of 0
and standard deviation of si. The measurement noise de-
termined by NEB � 0.12 W/m2/sr/mm can be considered as
the standard deviation s. The noise is assumed to be uniform
within the range of water vapor band. For average data the
uncertainty is s = e/sqrt(n), where n is the number of spectra
in the average. We seek for the best fit minimizing c2:

c2 ¼

PN
i¼1

Iobsi � Imod
i

� �2
s2 N � 1ð Þ : ð5Þ

[33] In the described procedure we could not find the
‘‘true’’ continuum, compromising the spectral variability of
such absorbers as CO2 ice, which has fairly narrow features,
and that of water vapor band. Therefore the integral absorp-
tion or the equivalent width of the band is not found. There-
fore the main information about H2O absorption at 1.38 mm
band consists in relative depth of H2O spectral features within
the band.
[34] We have tested the sensitivity of our results to Dl.

In Figure 5b the comparison of retrieval value for orbit 1000
is presented for Dl = 5, 15, 25 nm. The result is consistent
inside 10%. The variation of Dl within this range does not
affect significantly the results of retrieval.
[35] The uncertainty of H2O spectroscopy and solar lines

(see section 7) could be source of errors during the retrieval
in the different spectral range. For comparison we chose four
ranges: (1) 1355–1412 nm, (2) 1365–1405 nm, (3) 1365–
1395 nm, and (4) 1377–1389 nm. The latter range includes
only the deepest H2O features around 1380 nm. The com-
parison is presented in Figure 5a. The results are consis-
tent inside 20–25%, while a systematical difference between
wider and shorter ranges is present. The highest H2O values
are retrieved using the shortest range. The fit quality remains
good in all cases: examples of the fitting for same spectrum
but for three ranges are shown in Figure 6.
[36] The second retrieval method consists of using a

relative depth of main H2O spectral features in the range
of 1360–1410 nm. The relative depth is defined as ri =
Ii_center/(Ii_cont1 + Ii_cont2). We find the same relative depth

Figure 4. Examples of IR SPICAM spectra recorded for different locations and seasons, demonstrating
variations of the spectral continuum within H2O band. I/Rsun are normalized to a value at 1350 nm. Curve
1 corresponds to the north pole. A wide H2O ice signature from 1340 onward is apparent. Curve 2 cor-
responds to a low latitude spectrum, possibly slightly distorted by albedo variations. Curve 3 corresponds
to the south pole spectrum with signatures of CO2 ice, modifying the continuum within H2O band similar
to the H2O ice. The water vapor band at 1.37 mm is apparent in all spectra.
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ri
mod in a model spectrum and minimize the difference

of
PN
i¼1

(ri
obs � ri

mod)2 to retrieve the H2O value using

golden section method. To test the sensitivity on different
features we used two variants of this method: 4 sharp features
in the range of 1377–1389 nm (1378.5, 1381, 1383 and
1388 nm), and 8 sharp features in the range of 1360–1410 nm
(1365, 1378.5, 1381, 1383, 1388, 1393, 1400 and 1405 nm).
On the average, the first combination results in 20% more
H2O abundance compared to the second one.
[37] As in the first method, a more narrow spectral inter-

val centered on the strongest H2O features results in larger
retrieved H2O abundance. It is conceivable that retrieval
in a wider spectral range, although improves the accuracy
statistically, tends to systematically underestimate the H2O
abundance. The integral absorption of H2O might be com-
pensated due to continuum adjustment, while the sensitiv-
ity to the differential absorption is weaker on the edges of
the band. Weaker features are subject to stronger system-
atic errors due to, e.g., imperfect solar spectrum or H2O
spectroscopy.

[38] The results of retrieval with the two different meth-
ods coincide within 5–10% for the same spectral ranges
(Figure 5c). The difference among the two methods is small
because both are based on the relative depths of absorption
features. Because of much larger number of spectral points
involved into fitting the first method is statistically more
accurate. The statistical uncertainty of the retrieved water
vapor varies from 5 to 40% depending on signal-to-noise
ratio in average spectra. The sensitivity of the results to
different factors is discussed in section 7.4.
[39] Below we present results retrieved for the spectral

range of 1365–1395 nm and Dl = 15 nm.

5. Results

[40] The total column abundance of H2O in precipitable
microns is routinely produced for each Mars Express orbit
when SPICAM IR was operational. The results could be
sorted according to geographic location, local time and
season. The observations presented here are limited to first
Martian year of Mars Express from 2004 January (LS = 330�)

Figure 5. The comparison of retrieval results on orbit 1000 (Ls = 107.6�) for different fitting methods
(see text). (a) Different spectral ranges for method 1. (b) Different Dl continuum parameter (method 1):
5, 15, and 25 nm. Spectral range is 1365–1405 nm. (c) Method 2 with different number of relative depths
of H2O features. Green curve is four sharp features in the range of 1377–1389 nm that almost coincide
with cyan curve (narrow range1377–1389 nm around sharp features with method 1).
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to 2005 December (LS = 340�). During this period 752 suc-
cessful nadir orbits were made. Some seasons are missing
and shown as blanks at seasonal map. At Ls = 75�–90� the
pericenter was on the night side, at Ls = 200�–240� the
observations were interrupted because of radar antenna
deployment.

5.1. Seasonal Map by SPICAM

[41] A seasonal distribution of water vapor column den-
sity observed by SPICAM IR is presented in Figure 7 in
function of latitude and season. Results are zonally aver-
aged into bins of 2� in latitude and 2� in LS. Figure 7 (top)
corresponds to a full data set retrieved from SPICAM
measurement. Figure 7 (bottom) presents observation where
dust influence is minimal: we only show the results when
the observation and solar zenith angles are below 60� (see
section 7).
[42] The maximal value of water vapor is observed at

north pole at LS = 110�–120� (north pole maximum, NPM)
is 55 pr mm. At LS = 120�, water vapor abundance mono-
tonically decreases from north to south, from 25–35 pr mm
at 60�N to 12–15 pr mm at 40�N and <6 pr mm at equa-
tor. After LS = 130� water vapor declines rapidly at high
northern latitudes, falling below 12 pr mm at LS = 150�. We
do not have high-latitude north observations later in this

season. The maximum of water vapor shifts to low latitudes
and reaches 30�–35�N at LS = 150� with the abundance
of 12–14 pr mm. The broad equatorial maximum of H2O
extends trough LS = 175�–205� with the abundance as
high as 9–13 pr mm. There is not enough data to trace the
maximum in H2O at LS = 0�–30� persisting throughout
the northern fall and winter until LS = 40� as a function of
latitude. We see a part of this maximum at LS = 270�–340�
with the water vapor value of 7–9 pr mm. This maximum
is clearly distinguishable in Figure 7 (bottom). On Figure 7
(top) a part of this maximum could be masked by dust due
to high observation angles.
[43] In the southern hemisphere we observe a gradual rise

in H2O. The maximum of H2O abundance is reached at LS =
270�–310� and 70�–80�S of latitude and corresponds to
13–16 pr mm.
[44] The latitudinal dependence of water vapor shows a

local minimum at 10�–30�S (4–6 pr mm) and the already
mentioned local maximum at 0�–30�N. This feature can be
explained by the H2O transport from the south hemisphere
to the north hemisphere due to Hadley circulation.

5.2. Geographical Distribution of Water Vapor

[45] In the beginning of the mission observations were
scarce, and whereas the seasonal coverage was adequate,
the spatial coverage was poor. However, starting from LS =

Figure 6. Examples of fits to the SPICAM IR data in the H2O absorption band at 1.38 mm. The same
average spectrum for nadir orbit 1000 is fitted for different spectral ranges (from top to bottom): 1355–
1412 nm, 1365–1395 nm, and 1377–1389 nm. Blue curve, SPICAM IR calibrated data; green curve,
synthetic fit; red curve, Sun spectrum modified because of surface albedo (a wide H2O ice band causes an
additional absorption longward from 1420 nm). The retrieval continuum is also shown.
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90� the nadir observations were made more often and the
coverage became much better. We can compare our results
with water vapor maps obtained by TES, though the map-
ping orbit of MGS is much more favorable for such
measurements. Smith [2004] presented the interannual com-
parison of geographical water vapor during two Martian
years for LS = 285�–305� (MY 24, 25) and three year for
LS = 105�–125� (MY 24, 25, 26). We present our geo-
graphical distribution in same style to reveal eventual differ-
ences and similarities with our year of observation (MY 27).
Results have been averaged into bins of 2 degrees in latitude
and 2 degrees in longitude. Figure 8 presents SPICAM water
vapor maps styled following Smith [2004, Figure 17]. Water
vapor column abundance (in precipitablemicrons) was scaled

to an equivalent 6.1 mbar pressure surface. Figure 8 (top)
corresponds to the scaled water vapor abundance from Ls =
104� to 123�, bottom one at Ls = 285–305�.
[46] The most noticeable feature is that SPICAM reveals

absolute values 1.5–2 times lower than TES.
[47] At Ls = 104�–123� our distribution is the similar to

that of TES, while the coverage is significantly worse. Close
to the north pole (80�–90�N) SPICAM water is 1.5 smaller
than at 60�–80�N. This feature is not present in TES data
for three years and might be explained by aerosol effect at
large observation angles (section 7). During the southern
summer we observe a H2O behavior similar to MY 24. A
maximum is clearly seen near the longitudes of 90�–
180�E and 90�–180�W, a local maximum at 90�W and

Figure 7. A seasonal map of H2O distribution by SPICAM. (top) Full set of SPICAM measurements for
the first Martian year; (bottom) data subset limited to emission and solar zenith angles <60�.

E09S08 FEDOROVA ET AL.: MARS WATER VAPOR—SPICAM IR/MEX

9 of 18

E09S08



20�–30�N is barely visible and do not exceed 10 pr mm.
The MY 24 corresponds to a low dust loading, which is
apparently the case in MY 27 [Smith et al., 2006].

6. Comparison of the Seasonal Distribution With
Other Data Sets

[48] Our result on the seasonal distribution of water va-
por abundance can be compared to observations of Viking
[Jakosky and Farmer, 1982] and TES [Smith, 2002, 2004],

ground-based data [Sprague et al., 2006], and recently pub-
lished analysis of OMEGA data [Encrenaz et al., 2005a].
TES and MAWD H2O abundances were obtained for a full
year and interannual variability could be seen from com-
parison with these data sets. Comparison with MAWD is of
special interest because the same near-IR absorption band is
used for the retrieval and the atmospheric effect should be
the same. Ground-based observations are limited in seasonal
coverage, but different spectral ranges and retrieval techni-
ques of ground-based observations give additional informa-

Figure 8. Latitude/east longitude maps of water vapor column abundance (in precipitable microns)
scaled to an equivalent 6.1 mbar surface pressure to remove the effect of topography. Two seasons are
presented. (top) Ls = 104�–123� (October–November 2004). (bottom) Ls = 285�–305� (September–
October 2005). All data correspond to MY 27.
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tion for comparison. OMEGA data obtained on the same
spacecraft in the near-IR 2.56-mm band can be used for direct
comparison because the measurements coincide in time and
location.

6.1. Northern Hemisphere Summer

[49] Both MAWD and TES observations have shown a
strong north pole maximum around 80–100 pr mm at LS =
100�–120� [Smith, 2004, Jakosky and Farmer, 1982]. The
north maximum does not exactly repeat during Viking ob-
servation and two years of MGS although the difference is
less pronounced at this season than in the southern summer.
The water vapor abundance during this maximum exceeds
our average value of 54 pr mm up to 1.7 times. In the same
time OMEGA measurements of the north pole [Encrenaz et
al., 2005a] indicate the maximum of about 55 pr mm, which
is consistent with our results. Encrenaz et al. indicate an
uncertainty of 30% in the 2.56-mmmeasurements at the north
pole depending upon the continuum level. Ground-based ob-
servation [Sprague et al., 2006] supports high water vapor
abundance up to 75 pr mm on the average.
[50] Typical midlatitude (40�N) values are 20–25 pr mm

as measured by OMEGA and MAWD, and a little higher
value of about 25–30 pr mm as measured by TES. These
values are by a factor of 1.6–1.8 higher than ours. At 60�N
TES values range from 40 to 50 pr mm for LS = 90�–115�.
MAWD indicates a little lower value of 35–45 pr mm for
same season, and H2O content derived from OMEGA is
25–45 pr mm consistent with MAWD, and a little lower
then TES. Our results are �1.5 times lower, varying from
20 to 35 pr mm. Near the equator our values are again lower
and correspond to 5–6 pr mm, compared to 10 pr mm by
MAWD and 12 pr mm by TES. During the north tropical
maximum we also observe lower H2O abundance compared
to other data sets. Our maximal value corresponds to 10–
13 pr mm that is 1.8 times lower than 20–22 pr mm from
TES and 1.6 times lower than 16–18 pr mm from Viking.
The MAWD measurements for LS = 206� were confirmed
from the Earth by TEXES observations: 17 ± 9 pr mm
[Encrenaz et al., 2005b]. At Ls = 150�–160�, both the
Pathfinder [Titov et al., 1999] and the SWAS experiment
[Gurwell et al., 2000] found low water vapor abundance
of 6–8 pr mm. These results are more consist with the
value of 10–12 pr mm measured by SPICAM at 0�–20�N
for this season. A new set of Earth-based observations
shows 20% lower value than TES exactly for same time of
observation (June 1999) at Ls = 147� [Sprague et al., 2006].
However, this result is still by a factor of 1.5 higher than
SPICAM.
[51] We can conclude that water vapor distribution mea-

sured by SPICAM is qualitatively consistent with MAWD
and TES (and OMEGA at low latitudes), but the absolute
values are by a factor of 1.5–1.8 lower. On the other hand
the Mars Express measurements of the north pole maximum
by OMEGA and SPICAM coincide that do not support a
straightforward assumption about a systematic underestima-
tion of water in SPICAM data.

6.2. Southern Hemisphere Summer

[52] The most variable feature of the water cycle on Mars
is the south polar maximum occurring in summer in the
southern hemisphere. TES observations indicate a maxi-

mum of 30–40 pr mm near the south pole (80�–90�S) at
Ls = 280�–310�. Year-to-year changes in water vapor from
TES have larger amplitude than for northern maximum.
Water vapor abundance was 20–30% higher during MY24
at 60�–70�S than during MY 25 with a maximal value of
25–30 pr mm. MAWD has shown a very low value of water
vapor abundance with maximum of 10–15 pr mm at 40�–
60�S latitudes and Ls = 250�–270�. This lower value was
linked to the two dust storms observed during the Viking
mission near the perihelion (areocentric solar longitude
Ls � 205� and �275�) [Martin and Richardson, 1993].
Using a dust distribution from Viking the new H2O retrieval
from MAWD data was made taking into account a multiple
scattering by dust [Fedorova et al., 2004]. The southern
maximum of H2O have increased up to 20 pr mm at Ls =
270�–280�, still remaining two times lower than TES result.
The value obtained by SPICAM is 13–16 pr mm at Ls =
280�–310�. The location of the maximum coincides with
TES but the absolute value is lower by a factor of 2. The
difference with the location of the maximum measured by
MAWD could be explained by low dust loading for MY27
as compared to a time of Viking observation. Ground-based
observations generally confirm the value of southern H2O
maximum of 20–30 pr mm [Sprague et al., 2006; Barker et
al., 1970].
[53] Mariner 9 IRIS measurements reported the abun-

dance of 10–20 pr mm at Ls = 297�–321� at the south pole
[Hanel et al., 1972]. Ignatiev et al. [2002] have revisited of
this observation after correction for an instrumental effect.
Maximum value of 10 pr mm was obtained at Ls = 290�–
310� for 50�–70�S, which is a little smaller than our 13–
16 pr mm. From Ls = 310� to 345� the H2O abundance
decreases to 3–5 pr mm that is consistent with our results.

7. Discussion

[54] The uncertainty on our results may originate from
several sources: spectroscopic data set and CO2 broadening
coefficient, solar spectrum, atmospheric data set, surface
pressure and water saturation level, radiative transfer in dusty
and cloudy atmosphere, and instrumental calibration uncer-
tainties. The transmittance of the 1383 nm H2O absorption
feature changes only for 1.3% when the abundance changes
from 5 to 10 pr mmand for 1.5%when the abundance changes
from 10 to 20 pr mm (Figure 2). The signal-to-noise of
SPICAM is rather high (20–150) that allows a good accu-
racy to measure H2O. However, systematic uncertainties due
to assumptions listed above are much higher.

7.1. Spectroscopic Database and Solar Spectrum

[55] Spectroscopic data set could be potential source of
systematic error. Many papers were dedicated to studies of
1.38 mm H2O transitions [Parvitte et al., 2002; Durry et al.,
2005]. Still, the line strengths in HITRAN have large
uncertainties, so that the discrepancy between laboratory
measurements of line strengths and HITRAN 2000 data
reaches 40% for some lines. A new release of HITRAN
was published in 2004 [Rothman et al., 2005]. It contains
3499 H2O lines in the range 1.35–1.43 mm (compared to
2063 lines in previous release), with the strengths and half-
widths of lines being more consistent with new measure-
ments. A comparison of transmittance within H2O 1.38 mm
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band calculated for same condition but for different data sets
is presented in Figure 9. The features in spectrum calculated
with HITRAN2004 are deeper than with HITRAN2000. The
transmittance of features increases from 0 to 0.8%. As a
result, the amount of water vapor retrieved with
HITRAN2004 is systematically by 20–25% smaller than
with HITRAN2000. Figure 10 (top) demonstrates the com-
parison of retrievals with different spectral database versions.
[56] The widths of spectral lines broadened by CO2 are

not known well. Laboratory measurements of CO2 broad-
ening in the near-infrared were made by Gamache et al.
[1995]. The authors compare their laboratory measurements
of CO2-broadened half-widths with some recent experimen-
tal work and theoretical calculations, and investigate the
resulting temperature dependence of the half-widths. A
scaling coefficient from air-broadening varies from 1.3 to
2.0, depending on a particular transition. Some individual
water vapor lines observed at 1.37 mm band are highly sat-
urated in the Martian atmosphere, and higher broadening
ratio results in lower retrieved water abundance, than what
would be obtained with 1.3 ratio. However, the saturation in
the 1.37-mm band is much smaller comparing to stronger
H2O bands such as 2.56 mm and 20–40 mm, and the effect
of broadening in our data is limited to a few percents, unless
a large amount of water vapor is concentrated in the low
atmosphere, as during the north pole maximum. A compar-
ison of water band calculated with HITRAN 2004 line
widths multiplied by 1.3 and with Gamache et al.’s [1995]
line widths is presented in Figure 9. The effect is minor
comparing with the difference due to spectroscopic database.
[57] In this paper we present calculation with

HITRAN2000 database, used for the data interpretation from
the beginning of the mission. In the future we plan to re-
process the entire data set using newHITRAN2004 database,
and broadening coefficients fromGamache et al. [1995]. The
expected effect is systematic (yet smaller water vapor

amount) and would have a little influence on the spatial
and seasonal distribution of water vapor.
[58] Solar spectrum could also be a source of systematic

error. The depths of solar features in the model spectrum
vary from 0.5 to 1%. The uncertainties of solar spectrum
can cause the error of up to 2–3 pr mm that is significant for
small H2O abundance (<5 pr mm).

7.2. Vertical Distribution of Water Vapor and
Atmospheric Data Set

[59] The vertical distribution of water vapor is a potential
source of errors in retrieved H2O abundance. In Figure 10
(bottom) we present a comparison of retrieval results at Ls =
106 (orbit 987) for two different vertical distributions of
H2O. One of the curves corresponds to a water vapor well
mixed in atmosphere from the surface to 100 km. Another
curve corresponds to H2O, well mixed from the surface to
altitude where water vapor saturates (see section 3.3). The
difference is as high as 20–30% at the north pole and 5–
10% for low latitudes. Indeed, different saturation levels af-
fect the number of molecules at low altitudes where the
pressure is large. As a result, line widths and therefore the
depths of the band for same amount of water are different.
For south pole this effect is not so significant because of
high saturation level of about 40 km, smaller amount of
water and lower pressures.
[60] If the water vapor is not uniformly distributed below

the saturation level and a large amount of water is located
near surface, retrieved H2O column density could be de-
creased. On the other hand, if the water vapor mixing ratio
increases with the altitude, the retrieved value of H2O is
higher for the same band depth. To the moment the ex-
perimental information about water vapor distribution is not
sufficiently detailed. The analysis of the vertical distribution
of water vapor by Rodin et al. [1997] is consistent with an
assumption that water vapor profile is uniform up to the

Figure 9. A comparison of synthetic model of the 1.37-mm water vapor band for different absorption
coefficients calculated with HITRAN 2000, HITRAN 2004, and Gamache et al.’s [1995] line broadening
in CO2. Line strengths for Gamache et al. [1995] are from HITRAN 2004. Air mass equals 2. Surface
pressure is 5.2 mbar. Water vapor is uniformly mixed in atmosphere.
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saturation level. GCMs [Richardson and Wilson, 2002,
Montmessin et al., 2004] predict more diverse behavior of
water vapor, including strong confinement to the surface near
the north pole in aphelion and some inversion in the equa-
torial regions during the solstitial seasons. However, the
difference between model profiles and simplest one adopted
in this work does not exceed a factor of 2. Therefore the error
in water column retrievals associated with uncertainty in
vertical profile may not be significant.
[61] The altitude of H2O saturation is determined by

temperature profile. A reasonable improvement to our re-
trieval procedure would be the use of temperature profiles
retrieved from PFS thermal IR spectra measured simulta-
neously with SPICAM data instead of the EMCD profiles.
Such simultaneous measurements are available in most
cases, and we plan to implement the PFS temperature pro-
files in the future. Of course, the example illustrated in
Figure 10 presents an extreme case (uniformly mixed water
vapor), and a real difference due to an uncertain temperature
profile would be much smaller.
[62] Assuming a warmer temperature profile results in

higher values of retrieved water abundance. The effect of
thermal profile in SPICAM retrievals is opposite to the sit-
uation met by Clancy et al. [1996], who had to suppose

colder atmosphere conditions to fit microwave observations
of individual rotational line and obtained higher water vapor
abundance with colder temperature profile.
[63] Atmospheric pressure might have also some influ-

ence on the retrieval. We used surface pressure directly from
EMCD [Forget et al., 1999]. The spectral range of SPICAM
IR includes relatively weak CO2 band at 1.43–1.45 mm
(Figure 3), which could be used for measurement of surface
pressure providing a ‘‘true’’ reference for calculation of water
vapor at 1.37 mm. We have calculated surface pressures from
1.43–mm CO2 absorption for some orbits, and the results are
systematically 0.8–1.0 mbar lower than EMCD predictions.
We will present a possible explanation in section 7.4.

7.3. Scattering by Aerosol

[64] The influence of atmospheric aerosol on the retrieval
of gaseous components in the Martian atmosphere from
near-IR bands is known from Viking times [Davies and
Wainio, 1981; Jakosky et al., 1988; Hunten et al., 2000;
Sprague et al., 2001]. The scattering by dust and cloud
particles can screen the lower part of the atmosphere and
decreases the apparent near IR absorption by water vapor.
This effect is especially important during the dusty season
near the perihelion. To accurately account for dust we need

Figure 10. A comparison of H2O retrieval for orbit 1000 (Ls = 107.6�, northern hemisphere summer).
(top) For different databases: HITRAN 2000 and 2004. (bottom) For different vertical distribution of water
vapor; see text. Thick curve indicates the saturation level.
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an estimation of the aerosol optical depth for all SPICAM
observations. TES measurements are available for only a
part of SPICAM observations (until 31 August 2004). No
data about seasonal distribution of dust and clouds for
MY 27 is published so far. PFS on Mars Express is capable
to measure dust (in the 9-mm band) and water ice clouds (in
the 12-mm band) Some results for three orbits in the be-
ginning of mission (orbits 37, 41, and 68) are published
[Zasova et al., 2005]. The opacities reported for these orbits
are 0.25 ± 0.05, corresponding to a visual opacity of 0.5–
0.7 [see, e.g., Clancy et al., 2003], and should not have a
significant effect on our retrievals [Fedorova et al., 2004].
[65] There is a possibility to estimate the optical depth of

dust using 1.43-mm CO2 band in SPICAM data (Figure 3).
The integral absorption of the band is influenced by a num-
ber of parameters, such as atmospheric pressure, optical
path in the atmosphere and dust opacity. Increasing the pres-
sure and the air mass results in increasing of the band depth,
whereas dust by itself could mask CO2 molecules and de-
creases the band depth for a large air mass. To estimate the
dust optical depth using CO2 band we need to know the sur-
face pressure with an accuracy of 0.2 mbar. Also, even a
small amount of stray light in the spectrometer, unless well
quantified, prevents from deducing the dust amount from
CO2 absorption.
[66] The best way to estimate the influence of dust on the

near-IR spectrum is spot pointing or emission phase func-
tion observations. Mars Express has performed a series of
such observations with all remote sensing instruments. These
observations should be a theme of a separate research due to a
huge amount of information about the surface and dust
properties. We consider one such observation with SPICAM
IR. On orbit 1639 the air mass varied from 3 to 12. The
geometry of observation is following: Ls = 200.2�,

latitude 24�, longitude 164.5�, local time �9:00. The choice
is also good because Ls = 200� corresponds to the beginning
of dusty season on Mars [Smith et al., 2004]. The retrieval of
water vapor from this band (Figure 11) indicates a strong
decrease of derived H2O abundance with increasing air mass,
illustrating the masking effect of dust. The retrieved H2O
values are very close for air mass below 3.5 and can cor-
respond to real values of water vapor abundance on Mars.
[67] To find the optical depth for this orbit using the

1.43–1.45 mm CO2 we calculated the equivalent width of
this band for different amounts of dust in the atmosphere.
The equivalent width of CO2 band is defined as:

W nm½ � ¼
Zl2

l1

1� Il

I0

� �
dl ð6Þ

where Il is the light intensity within the band, Io is the light
intensity in the continuum. We chose a simple model of
Martian atmospheric dust. The optical parameters of dust
were taken from Ockert-Bell et al. [1997]. We assumed the
Henyey-Greenstein phase function with the asymmetry
parameter g = 0.63 and single-scattering albedo w0 = 0.9.
The dust was exponentially distributed with scale height
10 km. To calculate radiative transfer in scattering atmo-
sphere, we used spherical harmonics discrete ordinate
method (SHDOM [Evans, 1998]). Figure 12 demonstrates
the dependence of the equivalent width on the air mass for
different values of dust optical depth. The equivalent width
of the CO2 band is calculated for appropriate geometrical
condition of orbit 1639 orbit using EMCD model. We over
plot the measured equivalent width obtained from SPICAM
IR spectra integrated from 1420 nm to 1461 nm. The
comparison of data set with curves of growth for different t

Figure 11. Water vapor abundance retrieved from spot pointing observation on orbit 1639 (Ls = 200.2�)
as a function of air mass. A much lower abundance is retrieved for large air masses.
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indicates the value of t � 0.4–0.5. Such a value of dust
optical depth for air mass > 5 results in underestimation of
H2O abundance in two times (Figure 11). We therefore
restrict our results to observation with emission and solar
zenith angles < 60�. Still, the influence of dust and clouds is
possible.
[68] We estimate the effect of the aerosol on the 1.38 mm

band for a typical nadir observation with solar zenith angle
60� and observation angle 0�. We chose the dust model
described above and water ice cloud model with g = 0.63
and w0 = 0.99 [Clancy et al., 2003]. The optical depth of
dust varies from 0.1 in the aphelion season to >1 in the
perihelion dust storm season. The cloud optical depth
reaches 0.15 in the aphelion cloud belt [Smith, 2004]. In
the near IR the optical depth is 1.5–3 times higher than that
measured in the IR thermal range [Clancy et al., 2003].
[69] We computed equivalent widths of water vapor

1.38-mm band for H2O abundance of 20 pr mm, and several
values of dust and clouds optical depths. Two aerosol
distributions were considered: an uniformly mixed one,
and an aerosol layer imitating a cloud at the altitude of
20–22 km. We tested three variants of H2O vertical dis-
tribution: (1) without saturation, (2) well mixed up to 20 km,
and (3) well mixed up to 10 km (Figure 13). The effect of dust
on the equivalent width is weak for t < 1. The case of t = 1
and H2O confined below 10 km is not realistic because such
distribution is typical for aphelion season, and a clean
atmosphere. For other cases the effect of dust is not higher
than 20%. During a dust storm the vertical extension of dust
is large, and expected influence is much stronger. In the
aphelion (Ls = 0�–150�) the cloud activity is maximal. H2O
saturates above 10–20 km and water ice clouds overlay a
water-rich atmosphere. With the optical thickness of clouds

of t = 0.3–0.4 [Clancy et al., 2003] the underestimation of
water vapor is significant: 40–50%.
[70] Further information about dust loading during Mars

Express observation from PFS could help us to correct our
data for dust and cloud scattering.

7.4. A Possible Instrumental Effect

[71] The observed depth of the CO2 band in our spectra
is systematically lower as compared with synthetic models
calculated, using EMCD atmospheric data. The estimation
of surface pressure gives 0.8–1.0 mbar lower values than
EMCD pressures. There might be different ways to explain
this difference, with a stray light in the system (8–10% of a
stray light is needed), or underestimated far side lobes of the
instrumental function of the spectrometer. These possibili-
ties are discussed in detail by Korablev et al. [2006, sec-
tion 3]. Either instrumental effect decreases the depth of the
H2O band in synthetic model by 0.3–0.5%, and the re-
trieved H2O abundance is increased by 40% an the average.
[72] Summarizing, the decrease of retrieved H2O abun-

dance due to new spectroscopic database which is about
20–25% is on average compensated by the influence of
dust and clouds, presently ignored, except for more signifi-
cant effect during dust storm and cloud seasons. The sus-
pected instrumental effects could further increase the
retrieved water abundance up to 40%. Other systematic
uncertainties are much less important, the most noticeable
in an additive uncertainty of about ±2–3 pr mm due to im-
perfect solar spectrum.

8. Conclusions

[73] In this paper we present the H2O distribution in
Martian atmosphere obtained during MY 27 with SPICAM

Figure 12. Equivalent width of CO2 band at 1.43–1.45mm as a function of the air mass calculated for
different dust optical depths (lines). Circles are equivalent widths of the same CO2 band from SPICAM
spectra measured on the orbit 1639 (spot pointing observation). Estimated dust optical depth t equals
0.4–0.5.
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IR spectrometer on Mars Express. The AOTF spectrometer
is a compact and light-weight instrument with good spec-
tral resolution and high signal-to-noise ratio. It is a candi-
date instrument to measure water vapor in future Mars
missions. After a proper validation the data are statistically
very accurate.
[74] From SPICAM IR measurements we obtained the

seasonal distribution of water vapor and geographic distri-
butions for selected seasons, and compared our data set with
previous observations to explore possible interannual vari-
ability of the Martian water cycle. Compared to TES and
MAWD results, our measurements indicate systematically
lower water abundance for both hemispheres. The difference
is as high as a factor of 1.8–2 compared to TES, and a factor
of 1.5–1.7 compared toMAWD results. In turn, our measure-
ments are very close to Mars Express OMEGA results for
the north pole: 50–55 pr mm for north pole maximum, while
at low andmiddle latitudes OMEGA results are closer to TES
and MAWD. In the southern hemisphere, the observed south
pole maximum and seasonal distribution of water vapor dur-
ing is closer to TES rather than to MAWD. The retrieved
absolute values are still lower, but the maximum occurs at
Ls = 290�–310�, in accordance with TES results, and the
spatial distribution of water vapor at Ls = 285�–305� resem-

bles the MY24 TES measurements. During this year rela-
tively clear dust conditions were reported at perihelion. For
themoment a systematic aerosol measurements on fromMars
Express are not available. We hope that aerosol measure-
ments by other Mars Express experiments will help to un-
derstand the noted disagreements, in particular the difference
between SPICAM and MAWD H2O abundances retrieved
from the same spectral band.
[75] We analyzed the possible sources of uncertainties of

the water vapor retrieval. The effect of aerosol scattering is
discussed. We estimate that the effect of dust is minor for air
mass below �3.5, and we limited our data set to air mass
<4.The influence of clouds is more important, and H2O can
be largely underestimated in the aphelion cloud belt season.
The recent HITRAN 2004 spectroscopic database contains
two times more H2O lines in 1.37-mm range comparing to
HITRAN 2000. The use of this database results in higher
water absorption for same gas amount (lower retrieved
values). The expected decrease of H2O abundance derived
from our spectra with HITRAN 2004 is estimated as 20–
25%. In this context, a revision of MAWD data can be
envisaged.
[76] We plan to continue the study of water vapor from

SPICAM measurements using a larger data set and recent

Figure 13. (left) Dependence of equivalent width of the H2O band on the H2O abundance for different
vertical distribution of water vapor: uniformly mixed up to 100 km, uniformly mixed up to 20 km, and
uniformly mixed up to 10 km. (right) Dependence of equivalent width of the H2O band on the aerosol
optical depth for a fixed H2O abundance of 20 pr mm and two aerosol models: uniformly mixed dust and
cloud at the altitude of 20–22 km. The same vertical distributions of water vapor are considered.
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spectroscopic database. Using data of other Mars Express
instruments continue validation of our data, and we will cor-
rect for the aerosol scattering.
[77] Mars climate is now being extensively studied by

different experimental methods. Advancing from occasional
measurements to quasi continuous monitoring we are com-
ing to situation when the same climate parameter is simul-
taneously measured by different instruments using different
techniques. This situation, typical for earth observation,
requires intercomparison and validation. Mars Express,
where three instruments measure remotely the H2O abun-
dance is an excellent opportunity for such studies.We believe
that combined measurements of water vapor by different
Mars Express experiments will help to improve our under-
standing of Mars water cycle.
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