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The seemingly large fraction of lineations at 
low latitudes during Mariner 9 (2) reAects 
the existence of large gaps in high-resolution 
image coverage between 45"s and 55"s (3), 
where most of the lineations during the 
Viking mission were detected. 

Dark filamentary lineations were first ob- 

Possible Tomado-Like Tracks on Mars 

Distinct atmospheric conditions suggest that dark, ephemeral, filamentary lineations 
on the martian surface may be formed dpring the passage of intense atmospheric 
vortices. 

served (I )  in a large crater in Hellespontus 
(Fig. 3) and interpreted as linear seif dunes 
associated with an adjacent dune field. Ve- v IKING ORBITER IMAGES REVEAL 

well-defined, dark filamentary lin- 
eations in numerous locations on 

the martian surface. Although similar mark- 

tected onlv in isolated locations in the north verka (2) concluded that such an analogy 
was unreasonable because the lineations (i) 
are highly variable in time, (ii) typically 
show a crisscross pattern, and (iii) cross 
crater walls. He suggested that the lineations 
were most consistent with an origin by 

with a g&eral absence in equatorial lati- 
tudes. A high-resolution image of lineations 
between Argyre and Hellas Planitia (Fig. 1, 
a and b) reveals a density of 55 to 60 per 
thousand square kilometers, probably typi- 
cal of the density in most areas. 

ings were previously interpreted as linear 
seif dunes (1) or joint patterns (2), newly 
recognized characteristics, including a more 
complete recognition of their spatial and 
temporal distribution, make these interpre- 
tations unlikely. The occurrence of such 
lineations is controlled more strongly by 

preferred erosion of, or deposition within, 
joints. We believe that this suggestion is 
unlikely because the markings (i) cross fea- 
tures, local structural trends, ar~d topo- 
graphic obstacles without deflection (Fig. 
1); (ii) vary in location from year to year 
(Fig. 3); (iii) are insensitive to regional 
structural grain; (iv) are larger thari most 
terrestrial joints; (v) have grossly similar 
orientations on a hemispheric to global 

The occurrence of both the lineations 
observed in this study and those observed 
during Mariner 9 (2) depends strongly on 
season: in the southern hemisphere they 

seasonal atmospheric conditions th& by 
surface or boundary layer processes. Conse- 
quently, formation by tornadic-intensity 
vortices may provide the closest analogy. 

The filamentary lineations are from 2 km 
to at least 75 km long and less than 1 km 
wide. Most are straight to curvilinear, and 

were visible only from midsummer into 
early fall. After formation they were rapidly 
modified and were no longer visible by 
midfall. In the northern hemisphere linea- 
tions appear from early to midsummer. By 

some have obvious   on topographically ini- 
tiated gaps in their path (Fig. 1, a and b). 
The lineations are sharplv defined and do 
not have resolvable relief. Although some 
cross crater walls and other scarps, they are 
not initiated or terminated by such obsta- 
cles. Many crisscross at relatively low angles, 
and they generally have a similar average 
orientation: east to west in the southern 
hemisphere, and both northeast to south- 
west and east to west in the northern hemi- 
sphere. The lineations occur on smooth 
intercrater plains and the floors of some 
craters where the surfaces generally appear 
partially stripped of sediment cover. 

Although the lineations are found at lati- 
tudes from about 65"s to 75"N and almost Fig. 1. ( a  
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all longitudes (Fig. 2), most occur in several 
distinct locations in the southern hemi- 
sphere. Poorly defined lineations were de- ct r iprcd  a1 
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scale; and (vi) cross materials that would not 
be of sufficient strength for joint expression 
(for example, ejecta facies). 

Five characteristics of the lineations indi- 
cate that they are the result of  a local, 
ephemeral, and intense atmospheric phe- 
nomenon: (i) absence of topographic and 
structural control on  their occurrence; (ii) 
their seasonal nature; (iii) variation from 
year to  year in location and overall distribu- 
tion; (iv) fornlation in one direction with- 
out destruction of other nonparallel linea- 
tions; and (1,) gaps along the lineation. O n  
Earth, intense atnlospheric vortices, such as 
dust devils and tornadoes, have high winds 
that can redistribute coarser material into a 
narrow band, thereby producing ground 
[narks (4). Local accumulations of such 
coarse material 011 Mars would appear dark 
relative to  surrounding finer grained materi- 
al (5). The prediction of dust devils as an 
atmospheric phenomenon on  Mars was con- 
firmed when they were identified during 
midsummer in the northern hemisphere (6). 
Although these vortices on  Mars should 
efficiently entrain large amounts of relatively 
coarse-grained material (7, martian dust 
devils that were observed did not leave 
obvious tracks. Dust devils much larger than 
those reported would therefore seem neces- 
sary for producing lineations. 

Certain characteristics of  the lineations are 
inconsistent with formation by dust devils. 
Dust devils result from atmospheric condi- 
tions that occur close to the ground and are 
therefore sensitive to  surface topography 
(8). Thus it is unlikely that they could 
produce tracks crossing large topographic 
obstacles, and only gaps much smaller than 
those observed would be expected in their 
paths (8). In addition, terrestrial dust devils 
are rarely obsewed for distances up to 65  

km, and their ground widths are much less 
than the martian lineations (8 ) .  

Atmospheric conditions may provide 
clues for the origin of the lineations. During 
early spring in the southern hemisphere 
surface temperatures, atmospheric water 
content, and relative humidity climb as peri- 
helion is approached (Fig. 4). This results in 
atnlospheric instability as warm saturated air 
develops at the surface under colder air. The 
regular passage of baroclinic waves, which 
occurs from late summer into spring (9- l l ) ,  
increases atmospheric instability. These con- 
ditions are short-lived, however. By mid- 
spring in the south, dust storms usually 
begin to occur (9, 12), and large quantities 
of dust are injected into the atmosphere. 
Such storms, which can form through early 
summer, produce a generally stable atmo- 
spheric temperature profile because the dust 
absorbs some of the incident sunlight, there- 
by reducing surface heating (13). Stabilinr in 
the early southern summer is accentuated by 
relatively d n  conditions due to  higher tem- 
peratures and the absence of a large atmo- 
spheric water source (14). Lineations begin 
to appear toward the end of summer (Fig. 
4) when the absolute amount of water vapor 
remains moderate (14, 1.5). Falling tempera- 
tures lead to saturation since the ability of  
the atmosphere to  hold water is reduced. 
Concurrently, both high insolation (sun an- 
gle about 60") and a clear atmosphere (13) 
result in efficient surface heating but poor 
atmospheric heating. Such conditions lead 
to formation of a deep convective layer (16) 
and tropospheric instability enhanced by the 
resumption of  baroclinic wave passage. 
With the onset of  fall, decreasing insolation 
results in a rapid decline in surface tempera- 
tures and atmospheric moisture content (14) 
and stability is restored. 

North 

South South 

Fig. 2. Distribution map of filamentan markings (black shaded areas). Major features indicated are as 
follows: E, Elysium Mons; IP, Isidis Planitia; SMP. Syrtis Major Planitia; OM, Ol!rmpus Mons; OC, 
outflow channels; VM. Valles Marineris; TH, Tharsis region; ,41', Argyre l'lanitia; HP, Hellas l'lanitia; 
and the north (NPC) and south (SPC) polar caps. The dashed line in the southern hcmispherc denotes 
the n~axirnum extent of the  seasonal polar cap (19). 

" L L, 

Viking 2 lander in the northern hemisphere, 
pressure excursions of approximately 0.5 
mbar were detected (11, l a ,  with similar 
conditions expected in the southern hemi- 
sphere. High wind speeds and turbulence 
should accompany passage of these systems 
because the associated pressure change is a 
significant fraction of  the total surface pres- 
sure (11). Baroclinic wave passage may trig- 
ger con\recti\le uplift of unstable air as cooler 
air above descends along the front and 
spreads out over the surface, wedging the 
warm saturated air aloft (4).  

Of the atmospheric conditions listed, 
those leading to dust devil formation require 
(i) the presence of a deep adiabatic layer, (ii) 
an extremely superadiabatic layer near the 
surface ( l a ) ,  and (iii) weak surface winds 
(8 ) .  O n  Mars, such conditions should devel- 
o p  when high insolation coincides with a 
clear atmosphere and an absence of baro- 
clinic waves. In the south, this may occur 
during the summer between dust storms (in 
the north, midspring until late surnmer); 
near the equator, it occurs throughout the 
year except after dust storms. Lineations, 
however, appear to form during periods of 
baroclinic wave passage and high atmo- 
spheric instability. Although these condi- 
tions d o  not preclude dust devil formation, 
the occurrence of  turbulence and shear asso- 
ciated with the baroclinic waves reduces the 
probability. 

O n  Earth, baroclinic wave passage 
through an area of instabilin can trigger 
convective uplift and strong shear leading to 

Fig. 3. Terrain map depicting change 111 position 
and orientation of lineations 011 the floor of crater 
Proctor in Hellespontus (332"W, 48"s) bet\veen 
the Mariner 9 (dotted lines) and Viking (hea\?r 
solid lines) missions. Map was complctcd from 
registered Mariner 9 image R229109807499 and 
Vilung image 5lOA46, respectlvelp, both ob- 
tained during carl!; fall. 



tornadic-intensi~ vortex formation. On 
Mars in the late summer, the occurrence of 
atmospheric instability, a deep convective 
layer, and onset of baroclinic wave passage 
represent a similar situation. Could martian 
conditions lead to formation of similarly 
intense vortices and therefore the observed 
lineations? Extended con\rective uplift of 
unstable surface air on Mars can occur in the 
deep convective layer with or without the 
addition of small amounts of latent heat that 
would be released by water condensation. 
As recently reviewed (4) ,  high winds associ- 
ated with baroclinic wave passage result in 
large vertical shear over low-relief surfaces 
and the formation of horizontal vortex 
tubes. Interaction benveen a sustained con- 
vective updraft and the vortex tubes can 
result in vertical tilting of the vortex tubes. If 
the relative winds veer with height, vorticity 
can become parallel to the relative flow and 
result in the formation of a midlevel mesocy- 

Fig. 4. Atmospheric conditions present at 45"s 
through a martian year. L, refers to the aerocen- 
tric longitude of the sun, with L, 270 being the 
summer solstice and L, 90 being the winter 
solstice in the southern hemisphere. Lineations 
form in the period between the dashed lines 
labeled LF. (a) Surface temperatures from (10) 
based on a model developed by H. H. Kieffer of 
the U.S. Geological Survey. (b) Atmospheric 
water vapor present and corresponding relative 
humidity, from (10) as determined by B. hl. 
Jakosky and from (14), respectively. (c) Atmo- 
spheric optical depth from (10) based on data 
analyzed by J. B. Pollack and other groups. (d) 
Surface record of atmospheric pressure at Viking 
Lander 2 (226"W, 48"N) from (17). Occurrence 
of baroclinic waves (BW) and the second dust 
storm of 1977 (DS) are indicated. 

clone, which then can build down to the 
surface and strengthen. It is believed that, 
on Earth, this process, driven by latent heat 
release rather than extended d n  convection, 
leads to tornadogenesis (4). On Mars, a 
paucity of images in desired locations may 
explain the absence of lineations during 
similar conditions in the early spring. Be- 
cause such vortices are controlled by pro- 
cesses well above the surface, they are rela- 
tively insensitive to topography and may 
exhibit large nontopographically initiated 
gaps in their paths. The rapid disappearance 
of the lineations by midfall may be the result 
of burial by dust either from atmospheric 
fallout or associated with the expanding 
polar cap. 

Although the seasonal effects of such \.or- 
tices will be small, they would be significant 
over time in the absence of other processes 
and climatic changes. Thus, intense vortices 
may contribute to the stripping of the 
northern martian plains and the accumula- 
tion of coarse materials inferred to comprise 
the circumpolar and crater floor dune fields, 
but the low albedo of much of the northern 
martian plains may prevent easy detection. 
On Earth, tornadic-intensity vortices com- 
monly leave distinctive tracks whose appear- 
ance is similar to that of the martian linea- 
tions (4). A high-resolution imaging s!istem 
as proposed for the Mars Observer mission 
could resolve these ground tracks, thereby 

providing indirect evidence of such phe- 
nomena and revealing their importance over 
time. 
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Fish Oil Prevents Insulin Resistance Induced by 
High-Fat Feeding in Rats 

Non-insulin-dependent diabetes mellitus is an increasingly prevalent disease in West- 
ern and developing societies. A major metabolic abnormality of non-insulin-depen- 
dent diabetes is impaired insulin action (insulin resistance). Diets high in fat from 
vegetable and nonaquatic animal sources (rich in linoleic acid, an w-6 fatty acid, and 
saturated fats) lead to insulin resistance. In rats fed high-fat diets, replacement of only 
6 percent of the linoleic 0 - 6  fatty acids from safflower oil with long-chain polyunsatu- 
rated w-3 fatty acids from fish oil prevented the development of insulin resistance. The 
effect was most pronounced in the liver and skeletal muscle, which have important 
roles in glucose supply and demand. The results may be important for therapy or 
prevention of non-insulin-dependent diabetes mellitus. 

R EDUCED POTENCY OF INSULIN AC- only diabetes but also heart disease and 
tion, or insulin resistance, is a fea- obesity (2 ) ,  and direct links between insulin 
ture of non-insulin-dependent dia- 

betes mellitus ( 1 ) .  ~l~~ influence of diet on L. H. Storlien, E. W. Kraegen, D.  J. Chisl~olrn, D. G. 
Bruce, W. S. Pascoe, Ganran Institute of Medical Re- 

insulin action in target tissues such as mus- search. St. Vincent's Hoso~tal, Darlinehurst. NSW 2010 
L, L ,  

cle, adipose, and liver is poorly understood, Division ofFood Research, Commonwealrh 
but the high fat intake in the Western style Scientific and Industrial Research Organisation, North 
diet is considered a major contributor to a R ~ d e >  NSw 2113 

number of disease states. These include not *To wl~om correspondence should be addressed 
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