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Syvstematic Mariner 9 monitoring of the space and time distribution of Martian bright and
dark markings, the streaks and splotches, indicates a range of global correlations. The time-
variable classical dark markings owe their configurations and variability to their constituent
streaks and splotches, produced by windblown dust. Streaks and splotches are consistent wind
direction indicators. Correlation of global streak patterns with general circulation models
shows that velocities ~50 to 90 m/sec above the boundary layer are necessary to initiate grain
motion on the surface and to produce streaks and splotches. Detailed examples of changes
in Syrtis Major, Lunae Palus, and Promethei Sinus are generally consistent with removal
of bright sand and dust and uncovering of darker underlying material as the active agent
in such changes, although dark mobile material probably also exists on Mars. The generation
of streaks and the progressive albedo changes observed require only threshold velocities of
about 2 m/sec for about 1 day at the grain surface. We propose that the dark collar observed
following the north polar cap in its retreat is produced by the scouring of bright overlying
dust from the polar peripheral ground by winds driven by the temperature differences
between frosted and unfrosted terrain. The stability of bright streaks and the variability
of dark streaks and splotches, as well as their contrast, can be the result of size differences
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of the constituent particles.

One of the principal objectives of the Mariner
9 mission was to examine, at high resolution
and extended time baseline, the surface albedo
variations on Mars. The preliminary resuits of
this investigation have been presented by Sagan
et al. [1972; here called paper 1]. The time-
variable Martian dark areas and representative
semitone areas were found commonly to be
resolved into two kinds of fine structure: streaks
and splotches. Most streaks emanate from
craters, although some begin at positive relief
features. Bright streaks tend to be long and
narrow; dark streaks, shorter and broader.
Typical streak lengths are tens of kilometers.
Splotches are irregular markings that exhibit
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a significant tendency to be located inside
craters, often asymmetrically against a crater
wall. Larger splotches may wash over crater
ramparts onto adjoining terrain.

A large variety of splotches and streaks have
been systematically observed during the mission.
In many cases, all three photometric angles
were held nearly constant so that true variations
in the albedo of these markings could be sepa-
rated from changes in shadows and the effects
of the surface scattering function. These ob-
servations were designed to detect relative
albedo changes within the field of view. No
conclusions are based on absolute photometry.
Major variations in splotches and dark streaks
were uncovered with a characteristic time scale
for variations of <2 weeks. Variations on a
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time =cale of 1 day were sought: such rapid
variations must. he relatively uncommon, as
none were discovered. No variations of bright
streaks, either in production or dissipation, were
found. In several places, most notably Syrtis
Alajor, the configuration of dark and bright
streaks corresponds remarkably well to the
classical earth-bazed configuration of the dark
area that the streaks constitute. Observed time
variations in the distribution of such streaks
correspond to regions in which the albedo
variations were previously obszerved from earth.
Paper 1 proposed that the distribution and
time variation of streaks and splotches are the
causes of the classical seasonal and secular vari-
ations of Martian albedo markings.

Two principal hypotheses were proposed in
pre-Mariner 9 daye to explain these variations:
hiology and windblown dust. Although con-
vincing evidence against biological explanations
are not forthcoming, mainly because a wide
range of properties can be proposed for hypo-
thetical Martian organisms, the evidence of
paper 1 iz strongly in favor of windblown dust
producing streaks and splotches and their time
variations. A range of explanations of the streaks
and splotches was mentioned in paper 1. For
example, bright streaks might be produced by
bright dust trapped in negative relief dust sinks
(such as crater bottoms) in the waning stages
of the dust storm, and subsequently deflated
by strong gusts. Or fine dust deposited uniformly
by a dust storm may subsequently be stirred
up, suspended, and hlown away because of
collisions with saltating grains everywhere but
in the lee of crater walls, where the wind
velocities are low. Examples of both of these
cases on a smaller seale are known in Antarctic
dry valleys [Morris et al., 1972]. Alternatively,
dust darker than the mean albedo of a given
area might be layered down by the wind from
a prevailing direction everywhere but in the
lee of crater ramparts. But in these cases, as
with other explanations of the streaks, they
will point in the direction of the wind flow. Thus
it was proposed in paper 1 that the streaks
may be natural wind vuanes and possibly
anemometers placed on the Martian surface.

In this paper, we present global maps of the
streaks, streak-gplotch correlations, and a com-
parison of wind flow patterns deduced from
these maps with results on the general eirculation

of the Martian atmosphere. We derive a new
=ry o

extimate of the wind vedlocities neces
initiate dust movement on the Martian surfacc,
exhibit detailed examples of variations in three
recions of Mars, and present new conclusions
on the mechanisms of wind-initiated albedo
changes.

CLoBAL STREAK AaPps

The entire surface of Mars was mapped for
sireaks, hoth bright and dark. Mapping was
hazed primarilv on Ozalid mosaies of wide-
angle pietures prepared by the Astrogeology
Branch, U8, Geological Survey. These pictures
are a convenient source, allowing easy mapping
of streaks that traverse wide-angle picture
boundaries, but they also limited our effective
minimum detectable streak length to about
10 km. There are many smaller streaks
on narrow-angle pictures, but Mariner 9
did not provide adequate narrow-angle cover-
age of Mars to permit useful high-resolution
streak mapping. The mosaies cover the time
interval between revolutions 101 and 222, corre-
sponding to L., = 320° to 353°, or late summer
in the southern hemisphere. Our results apply
only to this seazon.

Quite different results may apply to other
scazons, inasmuch as only the appearance of
dark streaks, never the removal of dark streaks
nor the appearance of bright streaks, was
obzerved during this time interval. Such a
situation cannot continue indefinitely if Mars
is to maintain the general appearance to earth
that it has exhibited for more than a century.
On the other hand, the frequency of alteration
of streaks observed must represent some inte-
gration of streaks produced recently and streaks
produced at some more remote times, perhaps
of the order of 1 year in the past.

Streaks were mapped by four coauthors of
this paper, and there was significant overlap
among their counts fo guarantee no major
personal systematie errors. The relative number
of marginal streaks proved to he few, primanly
cazes on the border hotween short =treaks and
long splotehes spilling over crater walls, The
final streak maps were carefully proofed against
the original compilations. In the present study,
we are concerned only with the weather vane,
not with the hypothesized ancmometer, aspect
of the streaks. Accordingly streak lengths are
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displayed on two scales: the short arrows corre-
spond to streaks <60 km long; the long arrows
correspond to streaks >60 km long. Dark
streaks are represented by solid arrows, bright
streaks by dashed arrows. The results are dis-
played in Figure 1 in Lambert conformal and
Mercator maps. There are areas where the
number of parallel streaks was so great in a
given small area that representation of each
streak on maps of this scale would have heen
impossible (cf. paper 1, Figure 16). In such
regions of great arrow density, only a repre-
sentative sampling of streaks is indicated. No
loss in generality for streak direction results
from this convention.

Figures 2 and 3 show the streaks in Mercator
projection on earth-based albedo and Mariner
9 topographic maps, respectively. The existence
of the north polar hood and an apparently real
paucity of streaks in the south circumpolar
region for the L, of these observations is the
reason for the blank areas in the north and
the absence of streak maps for regions south
of —65°. In Figures 2 and 3, only the prevailing
streak direction within each 10° x 10° grid
square is shown. Where there are two prevailing
directions, both are shown. As is indicated in
the rosette diagram for the Solis Lacus region
(Figure 4), one or two prevailing directions are
almost always a good approximation. Where
there is a notably high density of streaks in a
grid square, it is represented by a thick arrow.
Wind directions have been plotied for both
bright and dark streaks, which in some regions
give concordant and in other regions discordant
directions, probably because they have been
produced at different times.

InrpLIcATIONS OF THE STREAK Maps

We have previously shown (paper 1, Figure
16) that the configuration of Syrtis Major
corresponds well to the distribution of con-
stituent dark streaks. In Figure 5 we similarly
plot the distribution of streaks in the vicinity
of Solis Lacus, a well-known seasonal and
secular variable. The earth-based outline of
Solis Lacus, cirea 1969, after the Lowell Ob-
servatory cartography, also is shown. Con-
sidering the variability of this feature, the
agreement between the classical configuration
and the locus of streaks is excellent, consistent
with our previous conclusions. We propose that
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marked secular changes in Solis Lacus [e.g.,
Antoniadi, 1930, p. 140] are due to extraordinary
wind regimes, redistributing fine dust in this
area. Other factors being equal, small dark
regions surrounded on all sides by bright areas
should be more susceptible to eolian secular
changes [Pollack and Sagan, 1967]. Ultimately
a reconstruction of several different wind re-
gimes, a kind of eolian stratigraphy, should
be possible from data such as that exhibited
in Figure 5. We return to this subject else-
where.

In addition to specific cases, such as Syrtis
Major and Solis Lacus, we see from Figure 2
that the global distribution of streaks corre-
sponds well to the general configuration of dark
areas as viewed from earth. In these figures
there are many cases where two different flow
directions are in evidence. We interpret these
as the remnants of the flow regimes in the
Martian atmosphere at two different epochs,
probably two different seasons. It also is possible
that a subset of flow directions belongs to the
great 1971 dust storm and is not typical of
wind patterns in the absence of global storm
systems.

In the latitude band between 20°XN and 20°S
(regions MC-S to MC-23) there is a clear
tendency for the flow to be from the NE north
of the equator and from the NW south of the
equator. This pattern corresponds to the zonally
averaged surface wind caleulated by Leory and
Mintz [1969] for southern hemisphere summer.
It also appears in the wind field maps derived
from the Mariner O infrared interferometer
spectrometer {Iris) experiment (Figure 6). The
Iris wind flelds are determined from the
pressure-temperature profiles obtained by in-
version of the infrared emission spectrum. The
results above the surface boundary laver diz-
played in Figure 6 were derived by J. A.
Pirraglia [cf. Hanel et al., 1972; Conrath et al.,
1973] from temperatures during the dust storm.
An approximate dynamical theory is used. It
ix especially important for our purposes that:
(1) topography is neglected, and (2) the results
are most uncertain cloze to the equator. Winds
at the equator are probably overestimated. The
general configuration of the flow pattern is
probably correct, however, and the agreement
between the caleulated winds and the streak
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Fig. 1. Streak maps of Mars. Solid arrows represent dark streaks; dashed arrows represent
bright streaks. The arrow length is about four times the streak length, but is approximate.
The shortest arrows shown (2° of latitude long) represent streaks <60 km in length. Regions
of the planet north of 50°N could not be mapped for streaks because of obscuration by the
polar hood. The absence of streaks in these regions, evident in Figures 1 and 2, may not be

real.
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Fig. 1. (continued)

orientations in the Ilatitude band =%£20° i«
remarkably good.

At equatorial latitudes the calewlated winds
are strongest and are practieally steady. At
higher latitudes their magnitudes are less and
the direction variezs during u diurnal cvele,
Pirraglia’s calculation isolutes the lurge-seale
steady winds from the diurnally varving winds.

We know thar there is a runge of other winds
expected on Mars, including slope and obstacle
winds driven by the large clevation differences
[Gierasch and Sagan. 1971 Sagan et al., 1971 ;
Blumsack, 19711 and winds driven by the
large temperature gradient between  frosted
and unfrosted polar ground [Leovy et of.. 1073].
We miight expert sueh winds to dominate at
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higher latitudes, and the steady component that
Pirraglia calculates to dominate at low latitudes.

The streak maps (Figures 1 to 3) support
this contention. The flow indicated at high
latitudes does not correspond to that predicted
either by Pirraglia or by Leovy and Mintz,
An interesting regularity at higher latitude
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is the indication of a steady easterly flow
component at latitudes 20° to 40°S. This is
the latitude range and initial direction of flow
of the great 1971 global dust storm, and it is
possible that this flow component is a marker
of that storm.

Other peculiarities may he connected with
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topography. There is the appearance of radijal
flow away from a region centered at 5°N,
110°W. This is the area of Tharsix, the highest
region on Mars. The flow markers suggest
wind transporr downhill here, although this is
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not the predicted flow direction in the vicinity
of such elevations in current theories during
davtime. Such downhill flows are common on
earth at night, however, owing to radiative
covling of the ground. A divergence or bifur-
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cation of the flow patterns near 20°8, 110°W,
seems to be connected with the presence of
rough terrain there (Figure 1c); the winds
appear to move to avoid the rough region.
The preceding results provide us with a new
estimate of the threshold velocity necessary
to initiate grain motion on the Martian surface,
There is a modest variation among various
recent estimates of the eritical veloeity V above
the surface boundary layer necessary to initiate
grain motion on the surface. Sagan and Pollack
[1967, 1969; sece also paper 1] estimated this
veloeity at about 65 m/see for a 15-mb surface
pressure level, about $0 m/sec for 10 mb, and
about 110 m/sec for 5 mb. Golitsyn [1973]
proposed that these values may be reduced by
about 30¢. by introducing sharp roughness
gradients.  Hess  [1972], recalculating  the
problem, derives V for an 8-ml surface pressure
to be between 33 and 60 m/see, depending on

the velocity distribution function through the
boundary laver. Yet another independent esti-
mate by Gierasch and Goody [1973] is about
30 m/sec for a surface pressure of 5 mb. The
range among these models is about a factor of
2 for comparable surface pressures for the
threshold velocity V., to initiate grain motion
at the ground but rises to a factor of almost
4 for the velocity above the boundary layer
due to differences among the models in the
assumed functional form of the veloeity dis-
tribution through the boundary layer. Dis-
tinguighing among these results is a matter
of some importance for understanding the
generation of dust storms and eclian transport
on Mars. It also has a more practieal im-
portance: Lower velocities present no problem
to a lander mission such as Viking, whereas
the higher velocities pose grave hazards.

The existence of a 40° wide equatomal

Fig. 2. Prevailing streak direct
Lowell Observatory earth-based a
areas.
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