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Three Mars Years: Viking Lander 1 
Imaging Observations 
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The Mutch Memorial Station (Viking 
Lander 1) touched down on Mars on 20 
July 1976 and successfully completed 
2245 Mars sols or 3.3 years of operation 
before contact was lost on 13 November 
1982 (1, 2). In this article we discuss the 
imaging and meteorological observations 
(3 ,4 )  that are pertinent to understanding 

ing the scene in color and high-resolution 
modes (5). A considerable amount of 
meteorological data were also collected 
(4). In addition, images were obtained in 
support of acquisitions of soil samples 
for the biology, molecular analysis, and 
inorganic chemical analysis experiments 
(6). Samples were collected with a sur- 

the other three images was designed so 
that 54 separate frames were acquired 
over one martian year, with a repeat 
period of 1 year. Thus the imaging se- 
quence was designed to monitor both 
short-term (tens of sols) and yearly 
changes. An important aspect of the im- 
ages that repeated on a yearly cycle was 
that they were acquired at  nearly the 
same solar incidence, emission, and 
phase angles, thereby minimizing photo- 
metric effects that complicate the search 
for changes in surface brightness and 
color. 

Meteorological data returned during 
the automatic mission included atmo- 
spheric pressures and temperatures sam- 
pled approximately once an hour, an 
hourly temperature reading from a sen- 
sor located on one of the footpads, and 
wind velocities sampled approximately 
once every few hundred seconds. 

Summar& The Mutch Memorial Station (Viking Lander 1) on Mars acquired 
imaging and meteorological data over a period of 2245 martian days (3.3 martian 
years). This article discusses the deposition and erosion of thin deposits (ten to 
hundreds 01 micrometers) of bright red dust associated with global dust storms, and 
the removal of centimeter amounts of material in selected areas during a dust storm 
late in the third winter. Atmospheric pressure data acquired during the period of 
intense erosion imply that baroclinic disturbances and strong diurnal solar tidal 
heating combined to produce strong winds. Erosion occurred principally in areas 
where soil cohesion was reduced by earlier surface sampler activities. Except for 
redistribution of thin layers of materials, the surface appears to be remarkably stable, 
perhaps because of cohesion of the undisturbed surface material. 

the relation between weather systems 
and the manner in which surface materi- 
als are redistributed. We begin with a 
summary of the strategy used in monitor- 
ing the martian environment from the 
Mutch Memorial Station. We then exam- 
ine changes in surface contrast induced 
by aeolian phenomena, describe evi- 
dence for stripping of centimeters of 
disturbed soil in selected regions, and 
discuss the probable weather systems 
that caused the changes. We end with a 
sectiori on implications for the evolution 
of the martian surface. 

Monitorilig Strategy 

Acquisition of imaging data for the 
first 43 sols was directed toward cover- 
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face sampler capable of reaching 3.7 m 
from the lander and covering 160" in 
azimuth (Fig. 1). Before being stowed on 
Sol 639, the surface sampler was also 
used to expose materials beneath rocks, 
to investigate physical and magnetic 
properties, and to construct five piles of 
surface materials in order to  monitor 
wind erosion (3). 

On Sol 921 the lander was pro- 
grammed to an automated state in which 
an image of the surface and sky, together 
with meteorological data and engineering 
information, were recorded on a tape 
recorder and transmitted directly back to 
Earth roughly once a week. Five images 
covering selected parts of the scene were 
acquired during each 37-sol period. Two 
of the images were acquired in color and 
repeated every 37 sols. Acquisition of 

Contrast Changes in Surface Materials 

The major meteorological events of 
the first year of observations were two 
global dust storms, one beginning in the 
northern fall and one in the northern 
winter. Each storm lasted about 100 sols 
(3). Atmospheric optical depths were 
measured by cameras before, during, 
and after the storms by directly imaging 
the sun. The maximum optical depths 
exceeded values of 5 to 8, as  compared 
to 0.5 before and after the storms (3). In 
addition to the global storms, a local 
storm passed over the site on Sol 423 (7), 
but without significantly altering the sur- 
face. Images acquired at similar lighting 
conditions before and after the two glob- 
al storms show that the surface was 
discernibly brighter and redder after the 
storms had cleared, probably because of 
the deposition of a dust layer, tens to 
hundreds of micrometers thick (3). 

The time line for images acquired with 
similar lighting conditions can now be 
extended over three martian years (8). 
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The location of one such image set is 
shown in a panoramic view of the land- 
ing site in Fig. 2 and as  side-by-side 
comparisons of the 3 years of data in Fig. 
3. The minimum brightness values for 
each frame in Fig. 3 occur in shadows 
cast by rocks, that is, areas illuminated 
only by skylight. The minima are statis- 
tically indistinguishable for the four 
frames (9). The similarity in minimum 
brightness values indicates that the ex- 
tent of atmospheric attenuation and scat- 
tering of sunlight by aerosols were simi- 
lar. Thus, variations in brightness and 
contrast among the images must be due 
to  differences in the reflectance of sur- 
face materials. 

The images in Fig. 3 show a surface 
that was initially dark, with a moderate 
amount of contrast. The surface then 
became brighter and contrast was re- 
duced after the first winter and the two 
global storms. A number of regions were 
then disturbed by surface sampling activ- 
ities. These disturbed areas are evident 
as darker regions in the frame acquired 
at the end of the first year. By the end of 
the second year these disturbed regions 
had lost most of their contrast relative to 
surrounding regions, suggesting the addi- 
tion of a second thin layer of bright dust 
by deposition from a dust storm or  
storms during the second year. Such an 
inference is supported by the presence of 
strong diurnal and semidiurnal pressure 
oscillations during part of the second 
winter, oscillations that imply a global 
dust storm but one of lower intensity 
than those of the first year (10). The 
visual impression gained by comparing 
images acquired at  the end of the second 
as opposed to the third year is that the 
scene became darker and the contrast 

Fig. 1. Overhead view of Land- 
er 1 and immediate surround- 
ings. Location of trenches, 
places where rocks were 
pushed, and piles ( P I ,  P2, and 
so on) constructed by the sur- 
face sampler are shown. The 
sampler was turned off on Sol 
639 and the features produced 
during the various experiments 
were monitored until Sol 2245 to 
evaluate aeolian processes on 
Mars. 

increased sometime between the second 
and third years. This impression is cor- 
roborated by quantitative examination of 
the distribution of brightness values for 
the four frames, which show a 30 percent 
decrease in brightness and a 50 percent 
increase in contrast between the second 
and third years. If the observations over 
the 3 years are interpreted in terms of 
deposition and removal of thin layers of 
dust, then erosion of the bright dust 
layers dominated the third year. 

Changes in Surface Morphology 

Approximately 2% martian years after 
landing, the station witnessed significant 
changes in surface morphology that can 
be attributed to high winds. The changes 
in scene contrast and brightness dis- 
cussed in the previous section were 
caused by the redistribution of dust lay- 
ers perhaps tens to hundreds of micro- 
meters in thickness. On the other hand, 
changes in morphology would indicate a 
greater extent of redistribution, since 
such changes must be at  least several 
millimeters in dimension to be discerned 
by the cameras. Five conical piles of soil 
(11) were constructed by the surface 
sampler during the first year. These piles 
were imaged during the remainder of the 
mission to detect morphological changes 
and thus to  calibrate the rate of soil 
erosion by winds. During construction, 
fines dropped from the surface sampler 
formed dark-appearing deposits on the 
downwind side of the piles, but the bulk 
of the materials formed cones 3 to 5 cm 
tall and 5 to 10 cm wide. 

The first conical pile was constructed 
with fine-grained material during the 

dust storms of the first year. The site was 
chosen to be out of the turbulent wake of 
the lander, under the assumption that the 
highest wind velocities correspond to the 
direction inferred from wind tails seen 
extending from many rocks. The dark- 
ened surface around the pile disappeared 
within a few hundred sols, probably be- 
cause of deposition associated with fall- 
out from the global dust storms. The last 
high-resolution picture of pile 1 was tak- 
en on Sol 921, and no changes in mor- 
phology were discernible. Thus, pile 1 
survived both the global and the local 
storms of the first year. 

Conical pile 4 was constructed next to 
a rock, partly covering it with soil mate- 
rial (Fig. 4). The initially darkened sur- 
face disappeared within 100 sols. The 
relief and form of the pile appeared un- 
changed in pictures taken just before the 
second winter (Sol 921). The next picture 
of the pile, taken during the third winter 
(Sol 1765), shows that its relief had been 
reduced and its form altered during the 
third winter. Changes in the pile indicate 
that eroding winds came from an easterly 
direction. In addition, a number of soil 
clods 4 to 5 mm in diameter that were 
deposited on the surface as a result of 
sampler activities were also removed. 

Conical piles 2 and 3 were constructed 
on a rock and among rocks and pile 5 
was constructed nearby with relatively 
blocky material (Fig. 5). Pile 2, which 
was perched precariously on the edge 
of an 18-cm-high rock, did not have a 
darkened surface but rather fines were 
draped over the left side and on top of 
the rock. The darkened surfaces associ- 
ated with piles 3 and 5 disappeared with- 
in a few hundred sols. The shape and 
form of these three piles and surrounding 
fine-grained deposits appeared to be un- 
changed on Sol 921 as  well as on Sols 
1543 and 1601. However, the deposits 
were almost entirely removed sometime 
between Sol 1601 and the next time the 
area was imaged, on Sol 2068. For pile 3,  
only a residue composed of a few clods 
was left, while a small mound of frag- 
ments was left a t  the site of pile 5 .  Pile 2 
material was completely removed. 

If it is assumed that piles 2, 3 ,  4, and 5 
were altered as  a result of the same wind 
event, then the change must have oc- 
curred between Sols 1601 (piles 2, 3, and 
5 unchanged) and 1765 (pile 4 changed). 
Significant wind erosion during the third 
year is also demonstrated by the changes 
in brightness and contrast, which show 
that the bright dust layers from dust 
storms were largely removed during the 
third winter (Fig. 3). 

Significant changes occurred else- 
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where on the surface during the third meters appeared in several places. Near face was lowered. Rims of two small 
winter. Fragile soil clods and platy frag- pile 2, a fragment several centimeters trenches were extensively eroded, and 
ments were destroyed or removed near wide and perched atop a larger one was the shape of a small impact crater was 
one of the footpads. Ripple-like bed rotated; nearby soil clods were reduced altered. Importantly, a small (about 3- 
forms with a wavelength of several centi- and partly removed, and the local sur- cm-wide) rock or clod was moved some- 

Fig. 2 (left). Panoramic view by camera 2. showing the location of one of the regions that have been monitored repeatedly during the mission. The 
3 years of data for this region are shown in Fig. 3. (Frame A168, acquired on Sol 28.) Fig. 3 (right). Lander 1 frames acquired with the red di- 
ode on Sols 28, 615, 1313, and 1942, with nearly identical lighting conditions. Trenching and other activities occurred after the two global dust 
storms of the first year. Note the small rock or clod, about 3 cm across, that was moved between Sols 1313 and 1942. (Frames A168, H196.5063, 
and 5153.) 

Fig. 4 (left). Sequence of six images covering pile 4 before and after time of construction. Note the contrast reduction from Sols 351 to 799. 
Between Sols 921 and 1765 the contrast increased add the pile shape changed. (Frames D1831317, E0541356, E0821351, 11591799, 30071921, and 
313011765. where the numerator is the frame number and the denominator is the Sol of acquisition.) Fig. 5 (right). Sequence of images 
showing the removal of piles 2.3,  and 5 between Sols 1402 and 2068. The left-hand image was acquired in the high-resolution mode (0.04"). while 
the right-hand images were acquired in the low-resolution mode (0.12"). These data, together with a high-resolution image acquired on Sol 2209, 
document the removal of the piles, alteration of trenches, and extensive wind erosion of that part of the surface modified by surface sampler 
activities. (Images 3013, 5081, and 5171 .) 
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time between Sols 1720 and 1757 (Fig. 3). 
The movement of the rock. the alter- 
ations of the conical piles, clods. trench- 
es, and other features, and the increase 
in scene contrast demonstrate that an 
erosion event or events of substantial 
magnitude occurred during the third win- 
tet season, probably between Sols 1720 
and 1757. 

Short-Term Changes in Scene Radiance 

There are no direct measurements of 
atmospheric opacity beyond Sol 921, 
when the last image of the sun was 
acquired. There are, however, a number 
of images of the sky and surface that 
were acquired with similar solar inci- 
dence, emission, and phase angles that 
can be used to monitor changes in over- 
all scene radiance caused by changes in 
atmospheric opacity. For instance, Fig. 
6 shows a sequence of three frames 
acquired during the third winter on Sols 
1705, 1742, and 1853. Radiance is rough- 
ly two times lower for the middle frame 
than for the other two. In addition, the 
relative brightness of the sky increases 
upward in the middle frame, whereas it 
decreases upward in the other two 
frames, suggesting a change in the abun- 
dance and vertical distribution of atmo- 
spheric dust. The decrease in radiance 
corresponds in time to the approximate 
range of sols when the contrast of the 
scene increased, the piles were eroded, 
the rocks moved, and a ripple morpholo- 
gy appeared. 

Similarly, images acquired on Sols 
2209 and 2230 show a decrease in radi- 
ance as compared to a frame acquired on 
Sol 2201. The last data from the lander 
were received on Sol 2245, and insuffi- 
cient image data were collected to docu- 
ment surface changes that may have 
occurred near the end of the mission. 

Imaging Results and Temperature, 

Pressure, and Wind Velocity Data 

Meteorological data corroborate that 
the late winter season during the third 
year was unusual. The period roughly 
between Sols 1720 and 1760 was a time 
of low temperature, small diurnal tem- 
perature variation, and a cyclic pattern 
of pressure variations with large ampli- 
tudes. The pressure data are plotted in 
Fig. 7 for a relatively quiet period in the 
Sol 1600's and for the 1720 to 1760 
period. The 2-sol period in the pressure 
data for the Sol 1700's probably repre- 
sents the passage of baroclinic waves 
with a zonal wave number of 4 to the 

north of the landing site. The pressure 
trace also demonstrates a significant di- 
urnal solar tide associated with heating 
of atmospheric dust. The pressure varia- 
tions were among the most prominent 
recorded during the mission. 

During the first 2 years of observa- 
tions, peak wind velocities were associ- 
ated with pressure cycles having the 
greatest amplitudes (10). It is possible 
that when the phase of the 2-sol period 
wave and the solar tide combined favor- 
ably, winds could have exceeded 30 
mlsec at the 1.6-m height of the meteo- 
rology boom (12). Thus it would appear 
that the changes at the landing site oc- 
curred during a relatively rare period 
when meteorological conditions favored 
strong surface winds. Partial failure of 
the wind velocity sensor has precluded 
extraction of reliable wind velocity mag- 
nitudes for this period of the mission. 

Fig. 6. Sequence of lander images acquired 
with the red diode of the I-m-wide boulder 
Big Joe on Sols 1705. 1742, and 1853. The 
ratios of brightness values for the three scenes 
are about 1.0/0.4/0.8. The lower radiance on 
Sol 1742 was probably due to the abundance 
of aerosols (dust) in the atmosphere. (Frames 
JI22, 3127. and J142.) 

Wind Velocities and 

Redistribution of Materials 

The wind shear stress or friction ve- 
locity needed to erode loose material 
under martian conditions is fairly well 
known from both experimental and theo- 
retical analyses (13). For the atmospher- 
ic conditions that prevailed during the 
third winter, the minimum friction veloc- 
ity needed to erode loose soil with a 
variety of particle sizes would be ap- 
proximately 1.7 mlsec. The equivalent 
velocity at the height of the meteorology 
sensors depends on the surface rough- 
ness, which is poorly defined because of 
the abundance and variable spacing of 
blocks. We estimate that winds of 25 to 
30 mlsec would be needed to initiate 
particle motion in loose soil (14). When 
winds reach this magnitude. particles 
with diameters of approximately 0.2 mm 
could be entrained. Larger particles 
would be too massive to be entrained, 
while smaller particles would remain 
immobile, either because of cohesive 
forces or because they are within the 
laminar part of the boundary layer. Most 
likely, peak winds exceeded the mini- 
mum values of 25 to 30 mlsec during the 
period when the scene was extensively 
modified. 

Upon entrainment, some particles will 
bounce or saltate along the surface. 
some will be camed into suspension, and 
some will travel in a surface creep mode. 
The maximum particle size carried in 
suspension depends on the relative niag- 
nitudes of the upward wind velocity 
component as compared to the particle 
settling velocity. Scaling from wind tun- 
nel experiments (151, and assuming that 
the vertical component of wind velocity 
is propdrtional to friction velocity, we 
estimate that particle sizes smaller than 
about 0.10 mm, once entrained, would 
be carried aloft when winds reached the 
minimum friction velocity needed for 
entrainment. The friction velocity would 
have to be three times above threshold to 
suspend sizes corresponding to the most 
easily moved particles. Thus it seems 
probable that loose soil clods and any 
lithic fraglilents of the appropriate size 
(about 0.2 mm) would begin to saltate 
once the threshold velocity is reached. 
Presumably, once the most easily moved 
particles begin saltating, smaller parti- 
cles would be stirred and carried away in 
suspension. The saltating particles may 
also have disrupted the larger (4- to 5- 
mm) clods and modified other parts of 
the scene. 

It is of interest to compute a rough 
estimate of the rate of erosion of the 
piles. The rate of removal of loose mate- 
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rial is thought to scale as the cube of the 
friction velocity, multiplied by a term 
relating the difference between the maxi- 
mum and the threshold friction velocities 
(16). If, for example, the peak gust were 
only 10 percent above the threshold ve- 
locity, we calculate that the piles should 
have been removed in only a few sec- 
onds. Thus we suggest that a wind gust 
only slightly above threshold, and per- 
haps lasting only seconds, could have 
initiated saltation and redistributed a 
considerable amount of loose debris. 
The rest of the site should have been 
significantly deflated by the strong wind. 
The lack of such deep scouring (centime- 
ters in depth) implies that the natural 
scene must be considerably more cohe- 
sive than disturbed areas. Perhaps the 
cohesion of the undisturbed soils re- 
stricts events of such magnitude to the 
outer few hundred micrometers of loose, 
fine-grained soil. It  seems that the natu- 
ral scene resists significant modification, 
a t  least for the events witnessed by the 
station over its 3-year observation peri- 
od. 

Concluding Remarks 

The picture that emerges for geolog- 
ic processes and weather after slightly 
more than 3 years of observation is one 
punctuated by episodic events (Fig. 8). 
On arrival of the spacecraft in the early 
northern summer, the scene was dark 
and contrast was high. Then two global 
dust storms occurred, with fallout from 
these storms blanketing the surface with 
bright red dust. During the fall and win- 
ter of the second year an additional thin 
layer of dust was deposited from global 
storms. During the winter of the third 
year the bright dust deposits were erod- 
ed and regions disturbed by the surface 
sampler were significantly modified. In 
the final images during the fourth fall the 
scene was again dark, suggesting that 
another storm was in progress. 

From the imaging data it appears that 
tens to hundreds of micrometers of mate- 
rial are removed and deposited at the 
landing site over the course of a martian 
year. For  a very brief interval over the 3 
years, winds also reached sufficient ve- 
locity to erode several centimeters of 
disturbed materials. Apparently, much 
greater wind velocities are needed to 
reconfigure the morphology of the natu- 
ral scene at the centimeter scale. As 
discussed, the reason may be that much 
of the soil is too cohesive to  be eroded, 
even under the most extreme conditions 
observed during the lander mission. 

In summary, the lander data imply that 
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only rarely, under present environmental 
conditions, do winds reach sufficient ve- 
locities to  disrupt the general scene. It is 
possible that once this happens, and the 
soil cohesion is disrupted by saltating 
particles, the soil deposits covering the 
scene may be eroded in tens of seconds. 
Thus the rare high-velocity event may be 
responsible for changing soil morpholo- 
gy, while winds at  or only slightly above 
threshold may be responsible for redis- 
tributing thin surface layers. For  the 
kinds of materials at the landing site, 
such events may occur so  infrequently 
that their probability is comparable to  or 
smaller than the probability of the atmo- 

spheric pressure increasing or  decreas- 
ing significantly as  the obliquity of the 
spin axis changes over the lo5-year 
obliquity cycle (17). With a higher atmo- 
spheric density (about five times the 
present value) at high obliquity, thresh- 
old friction velocities would be closer to 
1 misec and thus more easily attained. 
Erosion and deposition may then be 
much more common. It is possible, for 
instance, that the crusted surface ex- 
posed beneath the retrorocket by engine 
exhaust (3) is an erosional disconformity 
that is episodically reached when winds 
scour to centimeters in depth during pe- 
riods of higher atmospheric pressure. 

I Low scene radiance 7 
1720 1730 1740 1750 1760 

Mutch Memorial Station Sols 

Fig. 7. Plots of atmospheric pressure for Sols 1600 to 1640 and 1720 to 1760. The earlier period 
corresponds to an interval when no surface changes were detected from imaging data, while the 
latter period corresponds to the time frame when the overall scene radiance decreased, contrast 
increased, the piles were eroded, and other areas were modified. The enhanced pressure 
oscillations for the latter period are probably due to baroclinic waves (2-sol period) and an 
increased diurnal amplitude due to solar tidal heating associated with suspended dust particles. 
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Fig. 8. Chart chronicling the timing of major scientific and engineering events associated with 
the mission. The ordinate is measured in degrees of subsolar longitude, with 0' representing the 
northern spring equinox position. The subsolar longitude is the angle between the vector 
connecting the sun and Mars at this position relative to the vector connecting the two bodies at 
any other position. The lines trending diagonally relate the number of sols after landing to the 
subsolar longitude. Atmospheric aerosol content was monitored from the lander by imaging the 
sun to obtain optical depth until Sol 921 and by monitoring pressure, temperature, and scene 
radiance for the remainder of the mission. Note the clustering of dust storms. Images for years 0 
to 3 are displayed in Fig. 3 .  Significant changes in scene morphology occurred between Sols 
1720 and 1757. 
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Relaxed Cellular Controls and 
Organelle Heredity 

C. William Birky, Jr. 

DNA molecules carrying small but vi- 
tally important sets of genes have been 
demonstrated in the chloroplasts of 
plants and algae, and in the mitochondria 
of protists, fungi, plants, and animals (1- 
3). The inheritance of these mitochondri- 
al and chloroplast genes has been studied 
in all of the eukaryotic kingdoms, so that 
it is now possible to identify the truly 
general features of organelle gene trans- 
mission, segregation, and recombination 
(4). Of special interest and importance 
are phenomena that are characteristic of 
mitochondria1 and chloroplast genes and 
distinguish their behavior from that of 
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genes in the nucleus. They are often 
transmitted from only one parent, and 
alleles segregate during mitotic cell divi- 
sions. Much effort has been devoted to 
analyzing the cellular and molecular 
mechanisms which underlie and explain 
these phenomena. 

There is still no general agreement 
about these mechanisms or about their 
evolutionary significance. Several differ- 
ent hypotheses have been proposed, 
none of which is sufficiently general to 
encompass the phenomena seen in dif- 
ferent organisms. However, recent ge- 
netic studies have suggested an underly- 
ing theme that relates the inheritance of 
organelle genes to  a lack of stringent 
cellular control over the behavior of or- 
ganelles and organelle DNA. 
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Phenomena to Be Explained 

The most important and singular fea- 
tures of organelle heredity are uniparen- 
tal inheritance and vegetative segrega- 
tion (4). These phenomena are illustrated 
by crosses of green and mutant white 
chloroplasts in the geranium (3) (Fig. 
1A). When a plant with green plastids in 
its germ-line cells is crossed to a plant 
with mutant white germ-line plastids, 
three kinds of zygotes are produced, in 
varying proportions: (i) uniparental (ma- 
ternal) zygotes, which develop into 
plants with only green plastids; (ii) uni- 
parental (paternal) zygotes, which give 
rise to  plants with only white plastids 
(these plants die as seedlings); and (iii) 
biparental zygotes, which produce varie- 
gated plants having sectors of green and 
white cells. The first two classes show 
uniparental inheritance in that they de- 
velop into plants that contain chloroplast 
genes from only one parent. 

The young plants arising from biparen- 
tal zygotes have mixed cells that contain 
both green and white plastids; but each 
cell in the mature variegated plant is 
homoplasmic (homozygous for cytoplas- 
mic genes), containing only green or only 
white plastids. These cells are the result 
of vegetative segregation-that is, the 
segregation of wild-type and mutant al- 




