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Abstract. Ice crystal clouds are markers of the areas where water
vapor reaches condensation in the martian atmosphere. Crystal
veils are detected over the martian surface by telescopic polarime-
try. A survey involving 30 yr of observations covered repetitively
the whole cycle of martian seasons. Crystal atmospheric loading
abundances were derived and seasonal variations were plotted
over 9 selected zones of the planetary disk. Comparison with the
Viking MAWD water vapor column abundance measurements of
1976-78 displays a clear correlation for the northern hemisphere
when the N-polar cap sublimation releases H,O in the atmos-
phere, and the effect must be a very repetitive cyclic seasonal
event. Cirrus-like clouds which assemble around the southern area
in winter to produce the S-polar hood disclose no such correlation
with H,O abundance and are probably made mainly of CO, dry
ice crystals. The south polar cap sublimation period coincides
often with dust storm occurrences in the southern hemisphere,
which disturb the crystal clouds investigations in this time and
area.
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1. Water vapor observations

Water vapor in the atmosphere of Mars was first detected by
balloon flights and high mountain observations (Dollfus 1963,
1965a) and then by high resolution spectroscopy (Kaplan et al.
1964; Tull 1970; Shorn 1971; Tull et al. 1972; Barker et al. 1970;
Barker 1976; Jakosky & Barker 1984). More precise quantitative
measurements were conducted with spacecrafts MARS-5 (Moroz
& Nagip 1975), and MARINER 9 with the IRIS instrument
(Hanel et al. 1972). Finally, the Mars Atmosphere Water Detector
MAWD experiment of the VIKING orbiters enabled a regional
and seasonal analysis of the water vapor content of the martian
atmosphere, from 1976 to 1978, for more than a martian year
(Jakosky & Farmer 1982).

The amount of vapor, expressed in units of precipitable
microns of water (prum) is very variable and ranges from
100 prum above the North pole in summer to about 0 prum during
the polar winter. From the MAWD measurements, Jakosky &
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Farmer (1982) constructed a diagram of the distribution of water
vapor as a function of latitude and season, in which North-South
sections of the amount of H,O are placed one below the other at
intervals of time corresponding to 15° in the orbital areocentric
longitude L. They derived also contour plots of the amount of
water vapor as a function of latitude and season L.

The global amount of water integrated for the whole martian
atmosphere was found to decrease by almost a factor 2 from
L;=110° (Northern summer) to 360° (Northern spring), (Farmer
& Doms 1979). The removal of H,O from the atmosphere should
be the result of condensation-sublimation processes at the poles,
and also of absorption-adsorption processes at the ground-
atmosphere interface (Jakosky 1983).

There was a strong water vapor release around the North pole
at the end of the recession period of the polar cap by late northern
spring, and then a spreading of this water vapor southward until
late summer (Jakosky & Farmer 1982). There was no clear
tendency detected for the inverse mechanism in the other hemis-
phere. The Northern hemisphere held at least twice the amount of
vapor as the Southern hemisphere. The measurements in the
Southern hemisphere were disturbed by dust storm occurrences,
however.

2. Water vapor modeling

A model has been developed by Davies (1981), in an attempt to
simulate the martian water vapor seasonal behaviour.The simple
assumptions are that the latitudinal distribution of water is
controlled by sublimation and condensation of the surface ice
deposits near and at the poles, and that water vapor is transported
by a mixing process. The water vapor holding capacity of the
atmosphere is calculated on the basis of the vartical structure of
the atmosphere and of the surface temperatures derived from the
VIKING-IRTM experiment. The mixing coefficient is fitted
under reasonable assumptions. The two dust storms which
occurred in the Southern hemisphere in 1977 at L;=205° and
again at L;=275° were assumed to limit their effects to a
speeding up of the meridional mixing. Accordingly, the mixing
coefficient was increased by a large amount in the relevant epochs
and areas. The initial total amount of water injected into the
model to be submitted to the seasonal and latitudinal compu-
tational treatment was 40 prum uniformly distributed over the
surface.
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With those assumptions and relevant fittings, the model
accounts for the presence of a large permanent water ice cap at the
arctic pola and for its paucity at the South pole. The North polar
cap is understood to be a source for the large water vapor
abundance observed in the summertime and for its spreading
southward. It is computed that, if there had been no seasonal dust
storms in the southern hemisphere, there could have been more
water vapor detected in the southern summer.

Exchange with the ground surface is also of importance,
however. Jakosky (1983a-Db) investigated the seasonal exchange
of water between the atmosphere and the regolith, and developed
a model with reasonable assumptions for the diffusivity and the
adsorption coefficient. There is a balance between the two
processes of evaporation-deposition by the icy caps at the poles
and by the regolith of the ground.

3. Other relevant data

The annual cycle of water vapor in the martian atmosphere was
additionally documented by the Earth based spectrographic
observations from McDonald Observatory (Barker et al. 1970;
Barker 1976), particularly those collected in the more extended
period around the Viking MAWD survey time (Jakosky & Barker
1984). The general trend confirmed a rise in the global vapor
abundance during northern summer, and a decline during the
remainder of the martian year.

In 1969, observations showed that the vapor abundance
increased during the southern summer also. The suggestion was
that this excess vapor had sublimated from the south polar cap
water ice, assuming that a protecting layer of CO, dryice is usually
thick enough to cover the water ice permanently, but that it
disappeared that year for a while, allowing the ice to release a
substantial amount of water into the atmosphere. Such critical
circumstances could be particularly sensitive to the erratic
behaviour of the dust clouds.

Fogs and hazes have been considered as markers of the
areas where water vapor reaches condensation in the martian
atmosphere. They were analyzed by James (1978) and by French
et al. (1981) in the Mariner 9 and the Viking orbiter images, but
they found no obvious correlation with the water vapor abun-
dance recorded by the MAWD instrument. Neither the local nor
the global abundances of water vapor were found to have a
controlling influence on the frequency of fog occurrence. There
was a tendency for more fogs or hazes in the Southern hemisphere,
especially around summer solstice, in the area and season which is
perturbed by dust storms. However, the survey concerned small
and localized features.

At a larger scale, the white clouds observed at the telescope
allow a more global mapping of the areas where water vapor
reaches condensation. An attempt by Wells (1967, 1979) was
based upon the record of characterized transient white features
obtained by classical telescopic observers from 1858 to 1958. The
seasonal distribution of clouds was found to be bi-modal, with a
maximum in the northern hemisphere in summer, and another in
the southern hemisphere which may coincide with the dust storm
period. A similar plot by J. Beish, published in Sky and Telescope
(April 1988) does not match the statistics by Wells. Discrimination
between crystal clouds is not always easy in such kind of analysis
based upon visual and a fortiori photographic images and
confusion in the statistics is difficult to avoid, along with other
observational biases.
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Fig. 1. Ground surface of Mars through a clear atmosphere: phase angle
dependence of the degree of linear polarization P. From measurements by
J.H. Focas, E. Bowell, and A. Dollfus

4. Cloud characterization by polarimetry

A way to trace the presence of veils in the martian atmosphere and
to discriminate between dust veils and crystal is by optical
polarimetry. In the absence of clouds and through a clear martian
atmosphere, the light which is reflected from the planet is slightly
linearly polarized and this effect is produced by the solid surface of
the planet. The degree of polarization is phase angle dependent as
shown in Fig.1. The date are from ground-based telescopic
observations, in orange light (Dollfus & Focas 1969).

Measurements over areas which are covered by white clouds
thick enough to screen completely the martian surface usually
depart from this curve and follow the trend of Fig. 2 (from Dollfus
1957, 1961, 1965, plus more recent observations).

The curve of Fig.2 can be interpreted in terms of cloud
physics. Rainbow effect on liquid droplets produces a strong
positive polarization around phase angle 40° which is not found,
so liquid aerosols are excluded. But ice crystal clouds formed in
the laboratory when air is blown over an open flask containing
liquid nitrogen produce a polarization with a same phase angle of
23° for the polarization inversion, which is compatible (Dollfus
1957, 1961). An extension of the polarization curve to phase angle
90°, not feasible with ground-based observations because of
orbital geometry constraints, was achieved with the photo-
polarimeter VPM on-board the martian orbiter MARS-5 (Ksan-
fomaliti et al. 1975), and supports an interpretation in terms of
transparent 10—100 um size crystals (Santer et al. 1985). Water ice
is suitable, although CO, crystals may not be excluded.

Dust veils, when dense and opaque, produce the polorization
curve C of the Fig. 3 (Dollfus et al. 1984a, b). A good simulation is
obtained with irregular absorbing grains in the few tens of microns
size range (Santer et al. 1985), and this identification is consistent
with the classical explanation by rock dust lifted off the ground by
wind. There are also some very transparent veils made of smaller
solid particles. They are too faint to be observed directly, but were
detected by the anomalies that they induce in the polarization
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Fig. 2. White opaque martian clouds: phase angle dependence of the degree of
linear polarization. From measurements by J. H. Focas and A. Dollfus
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Fig. 3. Dust veils in the martian atmosphere: phase angle dependence of the
degree of linear polarization. C —Opaque yellow dust clouds from measurements
by A. Dollfus. D — Faint transparent dust hazes from measurements by S.
Ebisawa.

(Ebisawa & Dollfus 1990). They produce the curve D in Fig. 3.
They may not be rare but are seldom observed polarimetrically.
Dust clouds will not be considered in the present analysis.

The three curves A, B and C for ground surface, crystal clouds
and dust veils respectively, are compared in Fig. 4. They differ
clearly, except around phase angle 22° where they happen to inter-
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Fig. 4. Comparison of the curves of polarization A, B, and C from Figs. 1-3

sect. Departure from curve A toward or in excess of curve B is
indicative of the presence of crystals in the martian atmosphere.
When a faint haze is densifying, there is first a small departure
from curve A toward curve B. Thus, the polarimeter allows the
detection of tenuous veils too faint to appear on visual or
photographic record. As the haze thickens and begins to be
detectable visually or on photographic images, the departure
increases further and may overshoot curve B. However, if the
brightness of the visible cloud feature increases further still,
enhanced multiple scattering within the cloud reduce the polari-
zation and the departure begins to decrease, until it returns, for
bright opaque clouds, to the value of curve B.

In addition, polarimetry can discriminate unambiguously
between crystal clouds and dust veils, where there is no easy
identification by imagery. In Fig. 4, any departure from ground
surface reference curve A is diagnostic of atmospheric features,
either dust or crystals depending on the sign of the departure.

For example, the observation of Fig. 5 was recorded on
September 18, 1971. At a phase angle of 2927, the polarization by
the soil surface is expected to be about + 6 in units of 10~ 3. There
are indeed large areas over the disk with polarization within +4
and +7 1073, indicative of regions with a nearly clear, clean
atmosphere. At the morning limb (at right), there is a strong
departure reaching +19 1073, diagnostic of a faint crystal haze.
The veil is tenuous enough to escape direct detection, except very
near the limb, and is yet just dense enough to produce a
polarization larger than the value for dense opaque clouds.
Conversely, over the Hellas Planitia area, at upper left in Fig. 5,
there is a degree of polarization of +5 10~ 3 which is too small and
is indicative of dust loading of the atmosphere all over the Hellas
basin.

5. Cloud survey by polarimetry

The polarimetric measurements upon which the present analysis is
based were collected with Lyot type visual fringe polarimeters.
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Fig. 5. Example of a polarimetric observation of Mars. The degree of linear
polarization is expressed in units of 103, Visual fringes polarimeter with the
100 cm telescope at Meudon Observatory, by A. Dollfus. Orange filter. Sept. 18,
1971 at 20"30™ UT. Phase angle = +29°7. Disk diameter =21.1 arcsec. Central
meridian =353°

The survey used here extended from 1954 to 1973. A fringe
polarimeter was first adapted to the 60 cm Pic-du-Midi reflector in
1948, and enabled measurements on localized areas as small as
2 arcsec in size over the planetary disk (Dollfus 1957).

Between 1948 and 1958, about 4000 polarization measure-
ments have been recorded (Dollfus 1961, 1965b; Focas 1961;
Dollfus & Focas 1969). From 1954 to 1960, the Pic-du-Midi work
was complemented with observations from the Athens Ob-
servatory, Greece, by J. H. Focas who added more than 1000
localized measurements over the martian disk. Finally, a com-
bined survey was coordinated between Pic-du-Midi, Athens and
Meudon Observatories and, by 1969, more than 6000 measure-
ments were made available.

For the favorable apparition of 1971, fringe and photoelectric
polarimetric measurements were combined, involving 4 tele-
scopes, at Meudon and at Pic-du-Midi. 801 localized measure-
ments were collected over 9 months and 81 polarization maps were
constructed (Dollfus etal. 1984a). The same effort was re-
conducted for the 197374 apparition, with the contribution of
S. Ebisawa at Tokyo, Japan. 38 polarization maps in five wave-
lengths, covering 9 nights, plus global photoelectric measure-
ments on 75 nights were recorded. (Dollfus et al. 1984b).

After 1974 and up to now, the main polarimetric program was
taken over by S. Ebisawa at Tokyo and Meudon Observatories.
These east observations have not been included in the present
analysis.

6. Data selection and display

For the present purpose of sensing the seasonal behaviour of
crystal clouds in the martian atmosphere, seven periods were
selected among this extensive material, namely the Mars appa-
ritions of 1954, 1960, 1963, 1965, 1967, 1971, and 1973. Their
combination properly covers the full cycle of martian seasons.
In order to document the effects of latitude, hemisphere and
time of the day, nine zones were chosen on the apparent planetary
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disk. They are sketched in the insets of Figs. 6 and 7. The three
areas along the morning limb (at left on the disks, with North up)
are intended to characterize the presence of crystal clouds in the
atmosphere early after sunrise, at three different latitude ranges:
boreal, equatorial and austral. The three zones along the evening
limb similarly characterize atmospheric crystal condensations
during the second part of the day, before sunset. There is also a
zone around disk center for clouds near the equator around
noontime, and again two other midday zones at higher latitudes.

For each of these nine zones, all the measurements available
among the seven selected martian years have been accounted.
Data characterizing dust veils have been dismissed or otherwise
indicated. Table 1 displays the number of measurements available
for each zone and year, with a total of 1218 measurements. These
measurements were plotted at their relevant phase angle in 63
diagrams of polarization (a diagram per zone for each year), of the
type illustrated In Figs. 6 and 7 referring to years 1971 and 1954.
The polarization curve for the undisturbed martian surface
(Fig. 1) and for the opaque white clouds (Fig.2) have been
reproduced on each diagram as solid and dashed lines respectively.
The martian seasonal parameter L, has also been indicated at
bottom, along with the limits for the terrestrial months for the
corresponding years.

When a measurement fits the solid curve for the martian
surface, it is plotted as a circle which attests for a clear sky. Those
measurements which are displaced towards or in excess of the
dashed line are reported with filled circles and considered to attest
to the presence of crystal clouds in the martian atmosphere, at the
location and season considered.

When a veil was noted visually during the sequence of
polarimetric observation, the measurement has been plotted as a
V in the graph. The visual watch was not systematic however, so
the presence of a dot does not necessarily mean that a veil could
not be seen. The direct visual veil inspection helped to solve some
ambiguities, for instance when the degree of polarization was
found to be between the two curves representing surface and
clouds, or when these two curves were close together. The
remaining ambiguities have been plotted as crosses.

7. Data analysis

As an example, we discuss here the observations of 1971. The
measurements are reported in Fig. 6a—c. For L;=210°, thereis a
polarimetric crystal cloud disturbance along the morning limb,
extending at all latitudes, (in each of the upper curves of the three
Figs. a, b, and c) reported with symbols ¥ because the veil was also
noted visually. At that time of the year, crystals were somewhat
present in the atmosphere until noon, as indicated by the dots in
the three midday curves of Figs a, b and c, although the veil was no
longer noted visually.

Other morning hazes are noted around L,=228°, again all
along the limb (on the three upper curves of Figs. 6a—c). In the
equatorial zone, features were also present all day long until sunset
(Fig. 6b). For the more northern and southern latitude ranges, the
presence of crystals until late evening is uncertain (there are
crosses or no observations in the bottom curves of Fig. 6a and c).

Between L,=238° and 263°, there were almost no airborne
crystals at noontime in the equatorial regions (circles and crosses
on the midday curve in Fig. 6b). Evening veils occurred at the
equatorial and austral latitudes (bottom curves in Fig. 6b and c)
but few extended to higher northern latitudes (circles on bottom
curvein Fig. 6a). Condensations also appeared along the morning
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Fig. 7a—c. Same as Fig. 6, but for the Mars apparition of 1954. Observations at
Pic-du-Midi by A. Dollfus
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limb occasionally, between L,=248° and 256°, and markedly
beyond L,=256°. At L,=263° however, the 1971 dust storm rose
at once and extended over the entire planet in a few days (all curves
in Fig. 6a—c).

An unusual polarization was observed at evening limb for
equatorial and southern latitudes near L;=250°, corresponding to
very thin hazes of small particles of the type represented by the
curve D, in Fig. 3.

A similar type of discussion applies for the six other obser-
vational periods selected. Only the curves for 1971 and 1954 are
reproduced in the present paper.

8. Crystal cloud abundance

On the basis of these data, a quantitative estimate of the crystal
particles loading in the martian atmosphere was attempted. For
each of the nine zomes selected, the polarimetric anomalies
attributed to crystal clouds were first classified into 3 categories,
corresponding respectively to polarization departures larger than
the value for dense opaque clouds (the dashed line), or around this
value, or between this value and the polarization produced by the
undisturbed surface reference. Then, an ambiguity remained,
because a small anomaly may correspond either to a tenuous haze,
which is highly polarizing because of the low level of multiple
scattering and optically thin enough not to screen the planetary
surface noticeably, or to a dense opaque cloud with its polari-
zation reduced by intense multiple scattering. Discrimination is
however possible with the help of visual or photographic data
when available, or by considering the context in which the cloud
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Table 1. Number of polarimetric measurements used, tabulated by year of

martian apparition and by area on the disk

Areas 1954 1960 1963 1965 1967 1971 1973 Total
per area
Boreal morning 5 4 S 11 11 41 3 80
Boreal midday 48 31 42 23 21 40 7 212
Boreal evening 5 9 12 12 14 34 3 89
Equat. morning 21 6 5 15 15 36 4 102
Equat. midday 67 28 45 77 60 50 26 353
Equat. evening 9 5 9 23 10 38 1 95
Austral morning 17 6 0 4 1 44 4 76
Austral midday 64 0 2 14 0 50 8 138
Austral evening 8 3 4 13 4 41 0 73
Total 244 92 124 192 136 374 56 Total
per apparition 1218

features evolve. For instance, during periods of intense occurrence
of veils, a small polarization departure preferentially suggested the
densification of a feature rather than its fading. Remaining
ambiguous cases were rejected. Clouds which were directly
observed visually or identified on photographs, but not subjected
to a polarimetric measurement, have also been considered in the
discussion.

On these bases, a new classification scheme was derived, with
the distinction of four “grades” tentatively representing the
abundance of crystals in the martian atmosphere. Features of
grade 4 appears to be those seen at the telescope as white optically
thick clouds. Those of grade 3 correspond to fainter hazes.
Features of grade 2, fainter still, are those that could sometimes be
scrutinized visually if very near the limb. Grade 1 corresponds to
hazes only detectable by polarimetry.

This crystal abundance parameter, the estimated ““ grade”, was
averaged over intervals of 5° in L and plotted as a function of Lgin
Fig. 8a—c. In these figures, the data pertaining to the seven
selected Mars apparitions have been combined, in order to
reconstruct a variation pattern of atmospheric crystal abundances
over a full martian cycle of seasons. The corresponding zones of
measurements are indicated at right. The presentation of the
planet as seen from the Earth is sketched along the L axis at
bottom. A letter V indicates that a cloud was explicitly observed
visually in the relevant zone. Letter C indicates that the polar cap
deposit was visible on the ground, although the areas selected for
the polarization measurements avoided the deposit itself.

9. Seasonal variation in crystal abundance

Starting from equinox at L;=0 (Fig. 8a), the spring period in the
northern hemisphere corresponds to the regression of the North-
ern polar cap, which takes place until L,=140°. Before L,=80°,
some ephemeral crystal condensations are noted at morning limb
on the graph at top. These hazes have a tendency to vaporize
before noon, as indicated by the low values on the graph at center.
But the trend is for a recondensation in late afternoon before
sunset, as shown on the bottom graph. Hazes can occasionally be
seen visually, essentially along the evening limb, (letters V). After
L,=100°, there is a period of intensive crystal formation in the
atmosphere, with features present all along the day, often

observed as white veils along the limbs. The display vanishes after
L,=140° but occasional transient faint crystal loading occurs in
the boreal hemisphere until late northern autumn. Then, around
L,=250°, the so called polar hood assembles and covers the whole
northern polar area with an opaque veil. This well characterized
feature overcasts the pole during the whole winter. The polari-
metric measurements reported here however, intended to avoid the
hood itself. Outside and along this white veil, the graphs at top and
bottom in Fig. 8a indicate an atmosphere that was usually clear
and devoid of crystal condensates. But temporary extensions of
the hood edge toward lower latitudes produced significant surges
in the graph at center. After L,=340°, the areas observed
polarimetrically included the edge of the polar hood.

The austral hemisphere analysis is based upon Fig. 8c. Start-
ing at L = 180° with the beginning of the regression period for the
southern polar cap, there is first a progressive clearing observed
for the midday atmosphere (central curve). Crystal condensations
do occur along the morning and evening limbs, often as visible
white features along these limbs, but they are not seen at noon.
The end of this period corresponds to the onset of dust storms in
these areas which, some martian years, develop very opaque and
extensive veils. After L,=280° and during the entire southern
summer season, atmospheric crystal loading analysis is seriously
hampered by the dust raised into the atmosphere, and measure-
ments become hardly meaningsful. After L;=0° and during the
first half of the southern autumn, there is some episodic formation
of crystal veils. And at L="70°, intensive crystal cloud features are
displayed which persist all day long from sunrise to sunset. This
period prepares the onset of the southern polar hood which
apparently results from the coalescence of precursor conden-
sations at lower latitudes (the pre-polar hood), that eventually
gather around the pole to form the hood itself (Ebisawa & Dollfus
1987; Ebisawa 1988, 1989). Finally it is this hood that is recorded
in the measurements between L,=140° and 180°.

Over the equatorial zone (Fig.8b), there is a period of
intensive crystal condensation between L;=70° and 170°, during
which dense white veils may be seen to occur from morning limb to
evening limb across the planetary disk. This display coincides with
the condensations in the boreal hemisphere that resulted from the
vaporization of the North polar cap. It also coincides with the
features observed in the southern temperate latitudes which
precede the onset of the South polar hood. A second period of
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