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Introduction

The Herschel Space Observatory is an ESA mission that
provides high sensitivity observations in the far infrared
and sub-millimeter regime. The Photodetector Array
Camera and Spectrometer (PACS) is one of the three
science instruments of the Herschel Space Observatory.
PACS provides capabilities for spectroscopy and imag-
ing photometry in the 55–210 µm range. On 23 June
2010, PACS conducted observations of Mars in the frame
of the guaranteed-time key project "Water and related
chemistry in the Solar System" (Hartogh et al., 2009)
The program dedicates a substantial amount of observa-
tion time to Martian atmosphere studies with PACS.

Observations of the Martian atmosphere in the ther-
mal infrared and sub-millimeter allow one to study the
atmosphere’s vertical structure. The vertical distribu-
tion of water vapour in the atmosphere is a key as-
pect in these studies. Column-integrated amounts of
water vapour were estimated by several authors using
data from space missions such as Viking (Clark et al.,
1976), MGS (Smith, 2002), Mars Express (Fedorova
et al., 2006). Their temporal and spatial variations were
also described. However, the observational data for ver-
tical profiles of water vapour are very limited.

Our present knowledge of the H2O vertical profile
comes from diverse models of the Martian atmosphere
(for example, (Forget et al., 1999; Sonnemann et al.,
2010)). The only observational sources are ground-
based observations of the H2O 22 GHz and HDO 226
GHz lines (Encrenaz et al., 1991; Clancy et al., 1996) and
solar occultation experiments from the Mars Express or-
biter (Fedorova et al., 2009). These observations show
that the altitude of the minimum in the water vapour mix-
ing ratio (so-called hygropause) varies between 10 km
(aphelion) and 50 km (perihelion). Potentially Herschel
has the capability to confirm or disprove this seasonal
asymmetry of the water vapour mixing ratio with a sen-
sitivity an order of magnitude higher than the previous
measurements. It will be a strong constraint for models
describing the general circulation of the Martian atmo-
sphere (Forget et al., 1999; Hartogh et al., 2005).

In the present work we discuss retrievals of water
vapour vertical profiles using PACS observations. After
reduction and calibration the observational data result
in the Martian far-infrared spectra in 55–210 µm range.
An example subset of such is shown in Fig. 1.
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Figure 1: An example subset of PACS spectrum of Martian
atmosphere observed on 23 June 2010. A number of spectral
features due to CO and H2O are detected.

Description of the techniques used

We use a forward and inversion model to solve the ill-
posed problem of finding the vertical water vapour pro-
file that fits the observed spectra. Our model has been
developed on the basis of MOLIERE-5 (Microwave Ob-
servation LIne Estimation and REtrieval, Urban et al.
(2004)). Being a modular application, the MOLIERE-
5 forward model consists of modules describing spec-
troscopy, radiative transfer, and instrumental character-
istics. Besides the "forward model", MOLIERE-5 also
provides a "retrieval model" for the retrieval of profile in-
formation from radiometric measurements at millimeter
and sub-millimeter wavelengths. The theoretical basis
of the inverse method for atmospheric sounding is well
described for example, Rodgers (1976).

In our model, the atmosphere spans from 0-120.0 km
with a vertical resolution of 1.5 km. In this initial anal-
ysis, the temperature and pressure profiles are based on
the results of Mars Climate database (Forget et al., 1999).

MOLIERE numerically integrates the following ex-
pression for each atmospheric layer along the line-of-
sight of the considered instrument (in our case PACS):
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Iν(sr) = Iν(se)e
−τ(se,sr) +

∫ sr

se

αν(s)Bν(T )e
−τ(s,sr)ds.

(1)
We denote the specific intensity of radiation that

reached the sensor at position sr at a frequency ν as
Iν(sr) and that is entering the atmosphere at the position
se (at the direction of line-of-sight) as Iν(se). The line-
of-sight geometry for simulated PACS observations is
calculated according to the Herschel - Mars geometry
during the PACS observations (i.e. at UTC 01:46:20 on
23 June 2010, Ls = 108.28◦). Spectroscopic data for
molecular compounds were taken from the HITRAN
2008 molecular spectroscopic database (Rothman et al.,
2009).

The modelled intensity of radiation Iν(sr) that reaches
the sensor is then convolved with the antenna response
and channel sensitivity of PACS to produce synthetic
spectra. Instrument modelling was performed accord-
ing to the PACS observer manual.

MOLIERE uses the linear least-squares method based
on the Optimal Estimation Method (OEM, see e.g.,
Rodgers (1976)) to combine statistical a priori knowl-
edge of the variability of the searched parameters with
the information provided by the measurement (in our
case - PACS measured spectra). We calculate the for-
ward model and the OEM inversion model iteratively
using the Levenberg-Marquardt scheme, which allows
us to solve non-linear inversions.

Preliminary results

Fig. 2 shows an example of a preliminary water vapour
vertical profile. We consider this retrieval to be prelim-
inary because of two following reasons: first, we have
used a certain wide spectral range of the PACS data,
and the spectral features of additional atmospheric com-
pounds such as CO and the instrumental ripples on the
continuum are not properly considered in the analysis.
Secondly, we have used vertical temperature profiles av-
eraged over 30 sols. We plan in future to use exclusively
H2O spectral lines for the retrievals. Also, we will in-
corporate vertical temperature profiles more suitable for
the date of observation. In addition, we need to improve
the accuracy of the continuum level determination of
PACS measured spectra, which easily introduce a sig-
nificant error on the retrieved H2O profile. Since Mars is
a too bright source for a normal operation of the PACS
detectors, only a very special observing mode can be
applied. Nevertheless the absolute calibration errors are
rather high. Note that the original absolute amplitude
of PACS measurements are incorrect because of the de-
tector’s self-curing effect against too high infrared flux
from Mars.

Fig. 3 shows averaging kernels for the preliminary
retrieval. The averaging kernels show the sensitivity

Figure 2: An example retrieval of water vapour vertical profile
using PACS spectrum of Martian atmosphere observed on 23
June 2010.

Figure 3: Averaging kernels for the retrieval from Fig. 2.
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of the retrieved state to the true state for a particular
layer, in other words we can assess the quality of a
retrieval from the amplitudes of the averaging functions,
and also estimate the effective vertical resolution on the
retrieved information from their broadening widths. We
can see, that with this first try run we are able to asses
the information about atmospheric layers below 30 km.
This is mostly limited by the spectral resolution of PACS.

We will present further analysis of PACS data, in-
cluding by using careful baseline/continuum evaluation
for the observed spectrum and more careful model of the
instrument.
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