
8 August 1980, Volume 209, Number 4457 

Focus on Polar Resea 

A. L. Was 

Polar research in the sense of modern 
science as opposed to exploration came 
of age with the International Geophysi- 
cal Year (IGY) 1957-1958 [biology was 
not included as a formal IGY program 
(1)]. Greatly expanded knowledge of the 
polar regions was obtained from the 
IGY. Investigators also came to recog- 
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km2 (about 10 percent of the world's 
oceans), is characterized by the Antarc- 
tic Ice Sheet (actually two joined ice 
sheets abutting along the Transantarctic 
Mountains, the East Antarctic Ice Sheet 
with a maximum known thickness of 

Lrch some 4000 meters and the smaller, partly 
marine-based West Antarctic Ice Sheet) 
covering an area of 13.5 x 106 km2 and 

ihburn representing 90 percent of the world's 
ice (2), has almost no land fauna or flora, 
and has no indigenous human popu- 
lation, its only inhabitants being visiting 
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Summary. A few of the scientific challenges of polar research are reviewed, with 
stress on the work being done by U.S. investigators. The accomplishments that have 
been made are impressive, but much remains to be done. An evaluation of future 
research goals and priorities in science per se and in the national interest is not at- 

tempted, but a research strategy for the future, presently planned by the National 
Research Council's Polar Research Board, should contribute to this end. 

nize how little they really knew about 
this subject. A useful review of the state 
of knowledge was published a decade 
ago (2). Despite all the subsequent ad- 
vances, many key challenges remain 
today, some old, some new, and some 
with dramatic implications for the future. 
In this article, I focus on some of these 
challenges. 

The discussion stresses research being 
done by U.S. investigators. For the Arc- 
tic, this research is broadly divided 
among a number of agencies and private 
groups. For the Antarctic, the responsi- 
bility is centered in the National Science 
Foundation (NSF) Antarctic Research 
Program, under whose auspices the 
many advances to date have been made. 

It is sometimes useful to distinguish 
between disciplinary and problem-ori- 
ented challenges. Both types of studies 
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both disciplinary and problem-oriented 
studies will be undertaken by the Nation- 
al Research Council's Polar Research 
Board (PRB) during the next few years 
and that these programs will be suffi- 
ciently searching to help guide polar re- 
search to the year 2000 (3). 

The term "polar" is here broadly in- 
terpreted to apply primarily, but not ex- 
clusively, to high-latitude regions within 
the Arctic and Antarctic circles (Figs. 1 
and 2). There are obvious and highly sig- 
nificant differences between the two po- 
lar regions (1, 4). The Arctic comprises 
an ocean of some 14 x 106 square kilo- 
meters surrounded by land, has no large 
grounded ice masses except the Green- 
land Ice Sheet (some 1.8 x 106 km2 in 
extent), is characterized by an appre- 
ciable land fauna and flora, and is in- 
habited in many places by indigenous 
peoples as well as by immigrants from 
the south. By contrast, the Antarctic 
comprises a continent surrounded by the 
Southern Ocean totaling some 36 x 106 

The Atmosphere 

"The apparent stability of our current 
climate is due in part to the efficient re- 
sponse of the polar heat sink to varia- 
tions in energy input. If we are to under- 
stand climate, we must therefore under- 
stand the heat balance at high latitudes 
and the processes which can modify it" 
(5, p. 3). Yet our knowledge of the pro- 
cesses is quite incomplete. During the 
first International Polar Year in 1882- 
1883, the second in 1932-1933, and IGY 
in 1957-1958, strong meteorological pro- 
grams were carried out in both the 
Northern and the Southern Hemi- 
spheres. From this research and the data 
obtained from the number of weather 
stations now operating in both the Arctic 
and the Antarctic, it might be thought 
that polar weather and the role of the po- 
lar regions in the world's weather ma- 
chine would be well understood. This is 
not the case; the polar atmosphere-ice- 
ocean system is far too complex (6). 
Quite aside from the difficulty of fore- 
casting polar weather because of the still 
considerable distances between stations, 
especially in the Antarctic, it has been 
suggested (7) that the weather machine is 
much more sensitive to happenings in 
the polar regions than was formerly be- 
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lieved. An important factor is a positive 
feedback mechanism in which albedo, 
snow cover, and temperature partici- 
pate. 

A startling possibility is that the 
world's weather over periods as short as 
10 to 102 years may in some way be mod- 
ulated by the Antarctic (8). That the Ant- 
arctic may have a critical bearing on 
longer term worldwide climatic changes 
over 103 to 105 years, as a result of hypo- 
thetical surging (implying internal forc- 

ing factors) of the Antarctic Ice Sheet (9- 
11) or ice sheet disintegration by ex- 
ternal factors (12-14a), is being given in- 
creasingly serious attention (15, 16). As 
advanced by Wilson (9), large-scale ice 
sheet surges could increase the albedo of 
the Southern Ocean sufficiently to re- 
duce world temperatures and start 
Northern Hemisphere glaciation; smaller 
events would perhaps influence shorter 
term temperature fluctuations (11), Wil- 
son's hypothesis has been questioned on 

several counts, including the apparent 
stability of the Antarctic ice sheets dur- 
ing at least the past 50 x 103 years (17). 
The fact that climatic changes in the 
Southern Hemisphere since 14 x 103 

years ago (10) or even 0.5 x 106 years 
ago (18) appear to have preceded those 
in the Northern Hemisphere is consist- 
ent with the importance of the Antarctic 
in such changes; however, a lead time in 
climatic change does not necessarily 
support the view that the Antarctic was 
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the forcing factor, since the lag could re- 
flect a difference in reaction time to a 
common event (16, 19). 

Clearly, polar climatic changes are im- 
portant in reconstructing worldwide cli- 
matic changes and their variation with 
latitude, information that bears strongly 
on the still unknown causes of such 
changes. At least recent temperature 
changes appear to have been larger in 
both polar regions than elsewhere (20). 
Evidence on paleoclimates can come 
from numerous sources-sedimentol- 
ogy, paleontology, palynology, paleo- 
sols, glacial geology, periglacial (frost- 
action) features, and ice cores (discussed 
below in connection with the cryo- 
sphere). All these avenues of investiga- 
tion are being actively pursued. 

Another important focus for research 
is the variation in the carbon dioxide 
(CO) content of the atmosphere (21). 
There is reason to believe that the in- 
creasing emission of CO2 will cause 
warming (16, 22-24). Furthermore, ac- 
cording to some investigators, the 
amount of CO2 could double by early in 
the next century, leading to an average 2? 
to 3?C warming of the world's climate, 
an increase that might be three to four 
times greater at the poles than in the 
tropics (25). A recent National Academy 
of Sciences report estimates ". .. the 
most probable global warming for a dou- 
bling of CO2 to be near 3?C with a prob- 
able error of ? 1.50C" (22, p. 2). Other 
estimates range from an average global 
warming of 1? to 4"C to an increase of 
between 2?C and > 7?C (26) at high lati- 
tudes. Considering all anthropogenic ef- 
fects, an estimate of a > 10?C increase in 
polar regions by the year 2050 has been 
cited as reliable "within a factor of about 
two" (26, p. 74). Changes approaching 
these magnitudes would have drastic cli- 
matic implications for the extent of Arc- 
tic sea ice and the movement of ships. 
With a significant decrease in sea ice, 
further changes in climate would likely 
ensue over a much wider region with at- 
tendant economic implications. In the 
Antarctic, warming could cause breakup 
of blocking ice shelves and might lead to 
ice sheet advances, perhaps sufficient to 
raise sea level by 6 m within two cen- 
turies (25), although this estimate is 
speculative. The recent trend in polar 
areas is toward cooling instead of warm- 
ing (27), and the relationship between 
CO2 and climate is replete with unan- 
swered questions, including an apparent 
significant discrepancy between current 
theory and experiment (28). In any 
event, the polar regions clearly consti- 
tute a special focus for monitoring 
changes in atmospheric CO2 and climate. 
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The dynamics of polar climate and the 
role of the polar regions in climatic 
change are the focus of a PRB review 
chaired by Dr. J. Murray Mitchell, Jr., as 
a contribution to the current U.S. Cli- 
mate Program. 

The upper atmosphere may influence 
the lower atmosphere in a number of 
ways, for example, the coupling of upper 
atmosphere winds to lower atmosphere 
energy. "The high atmosphere boundary 
could effect the propagation and attenua- 
tion of the larger planetary waves be- 
lieved to be important in determining cir- 
culation behavior" (29, p. 416). The Ant- 
arctic continent is especially well located 
for such studies, in part because of its 
near-spherical ice surface offset from the 
geographic axis (29). 

A unified view of the electrodynamic 
system of the atmosphere-ionosphere- 
magnetosphere requires a coordinated 
scientific effort to study the energy trans- 
fer processes in the high-latitude magne- 
tic field line regions of the magneto- 
sphere-ionosphere system. The impor- 
tance of such an effort is highlighted by a 
priority recommendation of the Ntional 
Research Council's Geophysics Re- 
search Board (30). 

Electrical coupling between the upper 
and lower atmospheres is an important 
element in atmospheric dynamics (31). 
Two important sources of the geoelectric 
field (typically 100 to 200 volts per meter 
at the earth's surface) are global thunder- 
storm activity and interactions of the so- 
lar wind with the magnetosphere. The 
Antarctic continent provides a number 
of sites, including Vostok and the South 
Pole (Fig. 2), that are well suited for 
studies of both the tropospheric and the 
magnetospheric sources and any cou- 
pling between them. 

The Arctic and Antarctic are critical 
regions for the study of radio communi- 
cations and solar-terrestrial physics. Ra- 
dio signals can be drastically affected by 
charged particles that are emitted during 
solar flares and are responsible for mag- 
netic storms. These particles, which also 
cause auroras, are best studied at high 
latitudes. Moreover, "If magnetospheric 
processes such as auroras can be under- 
stood, they may provide clues to other 
plasma phenomena; for example, those 
that have until now prevented the practi- 
cal harnessing of fusion plasma process- 
es" (2, p. 153). 

Some very low frequency electro- 
magnetic signals, lightning caused or 
artificially generated, are injected into 
the ionosphere and the overlying mag- 
netosphere and flash between hemi- 
spheres along the earth's magnetic field 
lines, interacting with other particles and 

leading to ionization, x-rays, and optical 
effects. Such enhancement of ionization 
and x-rays affects radio propagation and 
can cause the signals from VLF stations 
communicating with submarines and 
ships to vary in intensity. Some of the 
processes are best studied at matching 
high-latitude conjugate points in each 
hemisphere where paths converge to- 
ward the ground (32, 33). Harmonic radi- 
ation from electrical power transmission 
lines, for instance in Quebec, can leak in- 
to the magnetosphere to behave in this 
manner as discovered by readings in the 
Antarctic (34). Such upper atmosphere 
disturbances can produce ". . . modula- 
tion of ionospheric currents which in 
turn can induce excessive voltages in 
power lines, causing power blackouts" 
(33, p. 132). 

The Hydrosphere 

We do not have adequate knowledge 
of the physical, chemical, or biological 
oceanography of either the Arctic Ocean 
or the Southern Ocean. We also know 
little about the bottom sediments of 
these oceans, discussed below in the sec- 
tion on the lithosphere. 

In physical oceanography "at the 
longer time scales of tens of years to cen- 
turies, account must be taken of the 
abyssal circulation of the ocean and the 
processes leading to the sinking of water 
to greater depths in the polar regions. 
The problems involved will have to re- 
main in the realm of research for the 
present due to the difficulty of observa- 
tion" (24, p. 47).-With respect to the 
Arctic, "a real understanding of currents 
in the Arctic Ocean and their driving 
forces will exist when it is possible to 
predict how the circulation would be al- 
tered by changes in winds, ice cover, 
precipitation, and entrance size. An abil- 
ity to predict seems to lie far ahead" (2, 
p. 59). Moreover, "to significantly im- 
prove the understanding of the Arctic 
Ocean heat budget and the controlling 
processes . . [it will be necessary to] 
carry out synoptic mappings of meso- 
and large-scale (i.e., 101-103 km) salinity 
and temperature fields in the upper 1,000 
m. Available coverage is not synoptic 
and is grossly inadequate both in the hor- 
izontal and vertical" (5, p. 88). 

The problems are legion, although the 
situation has improved since 1970 (35), 
and important data resulted from the re- 
cently concluded Arctic Ice Dynamics 
Joint Experiment, in which sea-ice 
camps were used to examine air-sea-ice 
interactions in the Beaufort Sea (36). 
One of the pressing needs ". .. is for 
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better information on the ice and sea- 
water exchange between the Arctic and 
Atlantic Oceans, which takes place be- 
tween Greenland and Svalbard [Fram 
Strait]" (2, p. 59), as stressed in 1970 (2) 
and recently reemphasized (5). Such 
work is becoming a focus for cooperative 
efforts between Canadian, Scandinavian, 
and U.S. scientists (37). Temperatures of 
the subpolar North Atlantic Ocean dur- 
ing the last few million years bear signifi- 
cantly on theories of Northern Hemi- 
sphere glaciation; whether the ocean was 
warm or cold affords a possible test of 
opposing views. Thus a rapid buildup of 
ice is expected as the result of warm wa- 
ter adjacent to snow- and ice-covered 
coasts-a past condition consistent with 
isotopic evidence and rather similar to 
contemporary conditions (38). 

The Arctic Ocean is of considerable 
strategic interest (39), and, because nu- 
clear submarines are capable of oper- 
ating beneath the protective ice cover of 
the Arctic Ocean, oceanographic data to 
facilitate or detect such operations are of 
great interest. The acoustical character- 
istics of different Arctic water masses 
are one type of such data. 

The Antarctic Circumpolar Current 
(or West Wind Drift) is the world's larg- 
est ocean current, yet it is still imperfect- 
ly understood (40, 41). The Antarctic 
Convergence (or Polar Front Zone), 
where cold Antarctic water dips beneath 
warmer, more saline water from the 
north, is one of the Southern Ocean's 
most important features. Lying mainly 
between 50?S and 60?S (42), it forms the 
northern boundary of the Southern 
Ocean and promises to become a critical 
boundary for international conventions 
related to the Southern Ocean, yet the 
seasonal variations in the position and 
structure of the Antarctic Convergence 
are not well known. Although bottom 
water originating in the Antarctic ac- 
counts for far more than half of the bot- 
tom waters of the world's oceans, its exact 
mode and place of origin remain a prob- 
lem (2, 40). 

The situation in biological oceanogra- 
phy is similar. The living resources of the 
polar oceans are coming under increas- 
ing scrutiny with respect to the world's 
food supply. Various international agree- 
ments have been drawn up to control 
fishing and whaling. A convention on 
sealing has been undertaken by the Ant- 
arctic Treaty Nations, but otherwise a 
regime to control the living resources of 
the Southern Ocean is still pending (42a). 
Such agreements and the United Nations 
Conference on the Law of the Sea re- 
quire detailed scientific information, 
much of which is still lacking for the po- 
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lar oceans. Lack of scientific information 
on the number of bowhead whales in the 
Arctic and on their reproduction has led 
to bitter confrontations between the In- 
ternational Whaling Commission and 
Alaskan Eskimos, and even between dif- 
ferent agencies of the U.S. government 
(43). The adaptation of fishes to cold is of 
considerable interest, and new informa- 
tion on how some fishes adjust to water 
at temperatures below 0?C is now be- 
coming available (44). The relations be- 
tween ecosystem stability, diversity, and 
productivity in the polar oceans are com- 
plicated and different from those nearer 
the equator. A study of these factors 
should contribute significantly to our 
knowledge of the polar oceans and also 
to ecological theory (45). Insights into 
Antarctic life below ice shelves 400 to 
600 m thick and 430 to 475 km from the 
open Ross Sea were recently obtained 
from an examination of crevasses and as 
a result of drilling through the Ross Ice 
Shelf (46). 

With recognition of the need for sound 
management of the Southern Ocean eco- 
system, enactment of a Convention for 
the Conservation of Antarctic Marine 
Living Resources has become a focal is- 
sue for the Antarctic Treaty Nations 
(47). The realization that the potential 
yield of protein-rich Antarctic krill (Eu- 
phausia superba) may be two to three 
times that of the present annual produc- 
tion of fishes from the world's oceans 
has led a number of nations to investi- 
gate the exploitation of this resource 
(48), although the economic problems 
accompanying commercial harvesting 
are considerable (49). Krill is a critical 
element in the Antarctic food chain for 
fishes, whales, seals, penguins, and 
some other birds, yet details of its life 
cycle and actual abundance and the ef- 
fect of its exploitation on the rest of the 
food chain remain to be determined (50), 
including competitive effects between 
marine mammals and fisheries (51). 
Study of almost the entire marine eco- 
system is therefore of high priority, and 
the International Council of Scientific 
Unions' Scientific Committee for Ant- 
arctic Research (SCAR) and Scientific 
Committee on Ocean Research (SCOR) 
proposed an international program (BIO- 
MASS) to aid in this effort (52). A Na- 
tional Research Council committee, 
chaired by Dr. John H. Steele and repre- 
senting the Ocean Sciences Board and 
the PRB, has just been appointed to re- 
view and recommend the nature of the 
U.S. research participation. 

The difficulty of navigating in ice is an 
obvious deterrent to research in the po- 
lar oceans. In the Arctic, sea-ice plat- 

forms supplemented by aircraft opera- 
tions have been used for special cov- 
erage; although this procedure has cer- 
tain advantages for some programs, it is 
impractical for others. In the Antarctic, 
most of the U.S. work has been restrict- 
ed to largely ice-free sectors as in the 
Drake Passage research (53) of the Inter- 
national Southern Ocean Studies pro- 
gram (54). Only the ice-strengthened 
ARA Islas Orcadas (formerly the USS 
Eltanin), which has been operated jointly 
by the NSF and the Instituto Antarctico 
Argentino, and the small wooden ship, 
Hero, operated by the NSF, have been 
available for research where ice is com- 
mon. Now returned to the U.S. Navy, 
the Eltanin/Islas Orcadas has been de- 
commissioned and would require major 
overhaul before she could resume Ant- 
arctic service; moreover, the Hero, now 
aging, is too small for much of the nec- 
essary work. The powerful U.S. Coast 
Guard ice breakers are not designed as 
research vessels, nor is research support 
normally part of their mission. As a re- 
sult, the present U.S. oceanographic re- 
search capability in polar waters is at a 
nadir as compared with a number of 
other nations, just at a time when 
some oceanographic problems in pack- 
ice areas are becoming increasingly 
urgent. 

A host of scientific problems, associat- 
ed with other parts of the polar hydro- 
sphere (lakes and streams), are not ad- 
dressed here, except for one particular 
finding. In the Wright Dry Valley of Ant- 
arctica where the mean annual air tem- 
perature is about -20?C, the water tem- 
peratures near the bottoms of some lakes 
with a perennial ice cover are as high as 
25?C (Lake Vanda). This condition is due 
not to volcanic heat but to the generally 
snow-free ice cover transmitting and 
trapping solar radiation that heats dense 
saline water, which remains on the bot- 
tom storing the energy (55). 

The Cryosphere 

The ice sheets characterizing Green- 
land and the Antarctic are similar to 
those that covered large parts of North 
America, Europe, and Eurasia at various 
times during the Pleistocene (104 to 
1.8 x 106 years ago). The East Antarctic 
Ice Sheet developed much earlier, prob- 
ably in the Middle Miocene (10.5 x 106 
to 15 x 106 years ago), and the West 
Antarctic Ice Sheet presumably some- 
what later, although there is evidence of 
some glaciation in the Ross Sea region of 
West Antarctica as early as the Late 
Oligocene (22.5 x 106 to 30 x 106 years 
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ago). By the Early Pliocene (3 x 106 to 
5 x 106 years ago), the continent was 
largely ice-covered and has probably re- 
mained so since then with some varia- 
tions in the extent of the ice (16, 19, 56, 
57). 

The idea that the Antarctic ice sheets 
might be subject to surging or dis- 
integration was noted above in the sec- 
tion on the atmosphere. In the case of 
the West Antarctic Ice Sheet, which is 
believed to be less stable than the East 
Antarctic Ice Sheet, it has been esti- 
mated that large-scale events could raise 
world sea level by 3 to 6 m (14a, 16) and 
that smaller events during the past 6 x 
103 years may have raised sea level re- 
peatedly by some 2 m within periods of a 
few hundred years (11). However, such 
Antarctic events have not been demon- 
strated. There is increasing evidence that 
the combination of changing earth-sun 
relationships as formulated by M. Milan- 
kovitch coincides with, and may be a 
fundamental cause of, glacial climates 
(58, 59). Yet the mechanism and quan- 
titative adequacy of the effect pose major 
difficulties, and the nature of the climatic 
changes responsible for the present ice 
sheets and for the growth and decay of 
the Pleistocene glaciers are still problem- 
atical. The moisture sources and mecha- 
nisms permitting the growth of the 
Northern Hemisphere ice sheets also re- 
main to be established (38). 

The present ice sheets are a store- 
house of information. Drilling has led to 
the recovery of cores that contain a strat- 
igraphic record of climatic change as de- 
termined from variations in the isotopic 
ratios of 180 to 160, which in turn relate 
to temperature and sea-level changes as 
controlled by the growth of ice sheets 
and the return of their water to the 
oceans upon deglaciation. The story is 
far from simple (60). Furthermore, ice 
cores contain a record of variations in at- 
mospheric dust from volcanic eruptions 
that may be a factor in climatic change 
(16, 61). It has been suggested that chem- 
ical dating of ice cores and the analysis 
of the nitrate concentration may provide 
information on solar activity during the 
past 50 x 103 years (62). If there were 
significant changes, they might induce 
glacial climates. Ice cores are also valu- 
able in an evaluation of global pollution 
effects, including the possibility that Arc- 
tic haze is due to industrial smog (63). 

Because drilling is very expensive, a 
key question is how extensive a coring 
program should be. One must determine 
exactly where a core should be drilled 
and to what depth to maximize the infor- 
mation and minimize the cost. There are 

648 

various complicating factors. Because of 
ice flow, the present location of the ice is 
not the same as the location where the 
ice originated as snowfall. Furthermore, 
the dynamics of ice sheets are in- 
completely known. In the case of the 
West Antarctic Ice Sheet, about 90 per- 
cent of the ice is drained by 21 glaciers 
(13), and recent observations of Byrd 
Glacier show that velocities can be as 
high as 800 m per year (at the grounding 
line), which is within the lower velocity 
range of surging alpine glaciers and sug- 
gests a potential surging mode (64). 
These and allied problems are to be ex- 
amined by the PRB Glaciology Com- 
mittee under the chairmanship of Dr. 
Charles R. Bentley. 

The former extent of Pleistocene ice 
sheets is least well known in polar re- 
gions. A question that has recently 
emerged is the extent of former marine- 
based Arctic ice domes and of ice 
shelves formed of glaciers that extended 
into the fringing ocean as floating or 
grounded ice. Perhaps an Arctic Ice 
Sheet covered a large part of the Arctic 
Basin, representing considerably greater 
glaciation than formerly thought (65); 
there is also evidence to the contrary 
(66). Greater glaciation of the Arctic Ba- 
sin would change estimates of the vol- 
ume of Pleistocene ice, although in the 
case of a floating ice sheet not the 
amount of postglacial sea-level rise. 

Sea ice covers most of the Arctic 
Ocean all year and, along with icebergs, 
comprises a wide belt of seasonally 
changing perimeter surrounding the Ant- 
arctic continent. The floating ice in both 
regions is a highly significant climate fac- 
tor. "The ice problem is complex, in- 
volving ocean currents, and will only be 
solved by successful modelling based up- 
on observation" (24, p. 47). The floating 
sea ice of both regions is also a major 
hindrance to navigation. In the Arctic, it 
is of current concern in connection with 
the exploration and exploitation of hy- 
drocarbons, not only because of the diffi- 
culty of navigation but also because of its 
potential effect on fixed installations on 
the ocean bed. The power of moving 
pack ice is awesome. Unfortunately, the 
mechanics of floating ice are not well un- 
derstood, another problem that demands 
attention. 

The possibility that Antarctic icebergs 
could be towed to arid regions to provide 
a source of freshwater has received con- 
siderable attention (67) but, as has been 
noted (68), rather little hard-headed re- 
search. Some icebergs derived from 
shelf ice have been reported to have a 
surface area up to about 7000 km2 (69), 

much too large for towing, but calcu- 
lations suggest that towing icebergs on 
the order of up to 2 km long and 0.5 to 2 
km wide to arid parts of Australia war- 
rants further research and possible test- 
ing (70). 

Permafrost (ground at a mean annual 
temperature below 0?C for a period of 2 
years or more) commonly contains ice 
and is therefore also part of the cryo- 
sphere. In polar regions permafrost ex- 
tends to depths exceeding 500 m in 
places (71) and can pose serious diffi- 
culties for engineering projects, as in the 
construction of the trans-Alaska pipe- 
line. Here the problem was the high tem- 
perature of the oil and the need to avoid 
unacceptable pipe stresses that could be 
caused by the melting of ground ice as 
the result of pipe burial. The inverse 
problem is presented by the proposed 
cold-gas pipeline, which could induce 
freezing and frost heaving of the ground 
that might cause unacceptable stresses. 
The discussion reflects our still inade- 
quate knowledge of three-dimensional 
coupled heat and mass transfer in freez- 
ing soils. 

The recent discovery of offshore (sub- 
sea) permafrost presents difficulties for 
oil and gas exploration along the Arctic 
coast of Alaska, and similar difficulties 
will probably occur off other polar coasts 
where hydrocarbons are sought. To de- 
termine the full extent and depth of such 
permafrost occurrences is another focus 
of contemporary research (72). 

The Lithosphere 

Innumerable unresolved problems 
pertain to the lithosphere in both polar 
regions. The unconsolidated sediments 
of the Arctic Ocean and Southern Ocean 
provide evidence of prime importance on 
climatic changes. Acquisition of deep 
cores is a priority research need to re- 
solve problems relating to the timing and 
extent of pack-ice cover during late Ce- 
nozoic time. This in turn has implica- 
tions for the nature and causes of climat- 
ic change. 

Surface samples and shallow cores (up 
to 3.8 m long) have been recovered from 
the Arctic Ocean. Of these, only two 
cores contained sediments older than 
Pliocene (73). The sedimentological and 
paleontological information obtained has 
been variously interpreted as indicating 
that the Arctic Basin was free of per- 
manent pack ice in the interval from 0.7 
x 106 to 2.4 x 106 years ago and that af- 
ter this time four to six fluctuations of 
permanent versus seasonal pack ice oc- 
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curred (74), or that pack ice has been 
continuously present for the past 3 x 106 
or 3.5 x 106 years (57, 73). 

Those parts of the Southern Ocean 
that are relatively free of pack ice have 
been the sites of significant drilling as 
part of the NSF Deep Sea Drilling Proj- 
ect. This drilling penetrated deeply 
enough to obtain a highly interesting Ce- 
nozoic record that sheds light on the cli- 
matic history of that period (57), but 
places where the pack ice is heavier, as 
over the continental shelf, ". .. are less 
well surveyed than any portions of the 
World's ocean with the exception of the 
Arctic Ocean .... If an informed esti- 
mate of the potential of offshore Antarc- 
tic resources is a goal of the U.S., then 
an extensive program of exploration sur- 
veying is required for 95% of the conti- 
nental shelf and adjoining areas" (75, p. 
B8). 

There are many questions regarding 
the earlier history and structure of the 
lithosphere in both polar regions. In the 
Arctic, the structure of the ocean basin is 
not known in detail. Work is going for- 
ward, especially from sea-ice platforms 
as in the Lomonosov Ridge Experiment 
(76), but much remains to be done. 

"Scientific problems that relate to the 
continental margins bordering the Arctic 
Ocean must be assessed differently from 
those of other continental margins. So 
little is known of the area, and the work- 
ing conditions are difficult. We know at 
least one order of magnitude less about 
Arctic marine geology and geophysics 
than about any other areas. Not even the 
broad tectonic framework of the area has 
been adequately described. We urgently 
need to collect basic geological and geo- 
physical data on the margins and in the 
deep basins. Collecting data in the Arctic 
is complicated by the extreme difficulty 
of working in a hostile environment, 
much of which is ice-covered. More than 
anywhere else, there is need for coopera- 
tive programs in the Arctic, not just be- 
tween individuals and organizations but 
also between nations" (77, p. 102). Strat- 
igraphic and structural data are being ea- 
gerly sought because of their bearing on 
exploration for hydrocarbons. 

Geologic research in the Antarctic 
since the IGY has virtually confirmed the 
hypothesis that the continent was once 
part of Gondwanaland, a supercontinent 
that broke up during the Mesozoic era 
(from 2.25 x 106 to 65 x 106 years ago) 
and whose other fragments are now rep- 
resented by Africa, Australia, India, and 
South America (78). However, some im- 
portant aspects of the supercontinent re- 
construction remain controversial (79). 
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Because the continent is 98 percent 
ice covered, many aspects of Antarctic 
geology are very poorly known (80). The 
structural relations between East and 
West Antarctica pose a large-scale prob- 
lem, and there are many smaller ones. 
Information on possible mineral re- 
sources is very scarce. There is reason to 
believe that the sediments of the conti- 
nental shelf may contain large hydro- 
carbon resources and that some of the 
continental areas, such as the Dufek 
Massif, may contain valuable mineral de- 
posits, but there has been too little ex- 
ploration to permit more than reasonable 
speculation (81). 

The Biosphere 

Some deficiencies in our knowledge of 
the biosphere were cited in the section 
on the hydrosphere. There are many oth- 
ers. Among the biological challenges 
pertinent to both polar regions is how the 
various terrestrial life-forms have adapt- 
ed to their environment (4, 82). Among 
the problems relevant to the Arctic are 
the circumpolar distribution of certain 
plant species and the endemic nature of 
others (83). The existence and migration 
routes of early Tertiary temperate- to 
warm-temperature floras and faunas, in- 
cluding alligators, at high Arctic latitudes 
raise interesting questions, since the lati- 
tudes were apparently similar to today's 
and entailed a polar light-dark regime 
(84). The reasons for the disappearance 
of a number of Pleistocene mammals, 
such as Bison priscus (giant bison), Cer- 
valces (giant deer), Mammuthus primi- 
genius (woolly mammoth), Mastodon 
americanus (mastodon), and Symbos 
(woodland musk-ox), in Alaska and else- 
where are not known (85). Possibly, as in 
northeastern Asia (86), they were unable 
to survive the postglacial warmth and at- 
tendant vegetational changes, which in 
much of Alaska represented mainly a 
change from grassland (or Arctic steppe) 
to coniferous forest (87). Ancient hunt- 
ers could be another factor (88). 

Of more immediate concern is the na- 
ture of scientific information necessary 
for the institution of sound management 
practices for northern forests and wild- 
life, and sound estimates of agricultural 
potential in the north to meet possible fu- 
ture needs. For instance, the develop- 
ment of mold-resistant strains of winter 
wheat may well increase the northward 
range of this grain in the near future (89). 
Another concern is the effect of oil spills 
on Arctic vegetation (90). In ecosystem 
studies, the Tundra Biome Program of 

the International Biological Program has 
done much to stimulate biological work 
in the Arctic and to define critical re- 
search needs (91). Among these is the 
need for better data on the amount of 
carbon and the carbon flux in the tundra 
and boreal forest; the quantities involved 
may bear critically on the estimates of 
CO2-induced climatic change (92). 

The study of Antarctic birds, espe- 
cially penguins, is reasonably advanced. 
Penguins spend most of their life at sea 
but nest on land; the emperor penguin 
(Aptenodytes forsteri) withstands tem- 
peratures during the Antarctic night as 
low as -60?C. Seals are primarily sea 
mammals, but they pup on land and have 
been known to wander far inland. Aside 
from the above, native land life is essen- 
tially limited to one wingless insect (Bel- 
gica antarctica, a midge confined to the 
Antarctic Peninsula), various species of 
Collembola and mites [some having a 
freezing tolerance of -60?C or lower 
(93)], two species of flowering plants 
(confined to the Antarctic Peninsula), 
and some lichens, mosses, and aquatic 
algae including the prominent Nostoc; a 
remarkable collection of blue-green al- 
gae and other microorganisms inhabit 
the near-surface zone of some rocks (94). 
As a natural laboratory for the study of 
primitive life at the limits of tolerance, 
the Antarctic has few equals. As such, 
studies conducted in the Antarctic are 
relevant to space research as well as to 
our planet. 

Peoples 

One of the currently active and highly 
controversial research areas is the peo- 
pling of the Americas. It is generally con- 
ceded that immigration was from Asia to 
Alaska, but when and even how are de- 
batable. It appears that immigration into 
Alaska would have been possible from 
about 104 to 2.8 x 104 years ago during 
the last glaciation, when lowered sea lev- 
el for most of the period exposed the 
Bering Land Bridge. Beginning some 104 
to 1.4 x 104 years ago as glaciers re- 
ceded, peoples presumably moved south 
along an ice-free corridor between the 
Cordilleran Ice Complex and the Lau- 
rentide Ice Sheet (95). However, there is 
considerable uncertainty about the tim- 
ing (96) and even about the necessity of a 
late Wisconsin corridor (97). Moreover, 
it has not been demonstrated that immi- 
gration could not have occurred across 
the Bering Strait on winter ice or possi- 
bly in skin boats during interglaciations 
when glacial barriers would have been 
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absent. There is suggestive evidence that 
people were in North America by 2 x 
104 years ago or even earlier (96, 98), 
and the entire problem is clearly a major 
research challenge. 

Another challenge is the rapidly 
changing life-styles of native peoples in 
the Arctic, especially the North Ameri- 
can Eskimo. Ancient customs have been 
endangered or abandoned, as defense in- 
stallations, mining, and oil exploration 
and exploitation became part of the Arc- 
tic scene. Snowmobiles have replaced 
the dogsled, and larger settlements are 
replacing small native villages. Drug 
abuse has become a problem in places. 
Settlement of the Alaskan native land 
claims has brought financial resources 
to native cooperatives, and the natives 
have developed a voice (99) and political 
clout that are significantly influencing 
how things are handled in the Arctic. All 
these developments entail societal ques- 
tions requiring careful study. 

In the Antarctic new socioeconomic 
issues are surfacing. Women scientists 
and staff are now a part of what had been 
a man's world, and adjustments are 
being made. Tourism is now a factor 
with its attendant problems of inter- 
ference with busy scientists and un- 
wished responsibility for the safety and 
welfare of the visitors. 

International Aspects 

Both the Arctic and Antarctic are po- 
litically sensitive areas. In the Arctic, de- 
fense considerations are overriding be- 
cause of strategic implications. The prin- 
cipal Soviet naval base is on the Kola 
Peninsula from which nuclear sub- 
marines with long-range nuclear missiles 
have wide maneuverability beneath the 
Arctic sea ice and close access to the 
North Atlantic (39). Delicate issues arise 
over continental shelf rights around 
Svalbard (Fig. 1), over which Norway 
has sovereignty but which has been in- 
ternationalized by the Svalbard Treaty 
(100). Such political considerations are a 
deterrent to cooperation between East 
and West in Arctic research, especially 
oceanographic research. In the Arctic, 
unlike the Antarctic, the diversity of 
problems and interests has thus far pre- 
vented a succinct, comprehensive, and 
public statement of U.S. policy that 
might help to guide Arctic research and 
affect decisions such as the closing of the 
Navy's Arctic Research Laboratory 
(101). 

Long-standing national claims are 
temporarily muted in the Antarctic 
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Treaty under a formula by which claims 
are held in abeyance without prejudice 
during the life of the treaty. This treaty, 
which grew out of the spirit of scientific 
cooperation during the IGY, runs until at 
least 1991, when a review conference 
can be called for by any of the signatory 
nations (102), and will continue there- 
after unless abrogated. Because the 
treaty is silent on resource exploitation, 
SCAR (103) has been active in furthering 
conservation measures, and the signa- 
tory nations have debated the issues at 
recent treaty conferences. The political 
issues are complex (102, 104, 105). The 
prospect of possible future economic 
benefits from krill harvesting and mineral 
exploitation is already putting strains on 
the treaty's future, not only from the sig- 
natory nations (106) but also from other 
countries that are tempted to regard 
these nations as an exclusive club with 
selfish motives (105, 107). To help re- 
solve issues before they might become 
acute, the signatory nations are working 
on a conservation regime for the South- 
ern Ocean (42a, 47, 102, 105). It is antici- 
pated that a subsequent step will be con- 
sideration of a regime to control any fu- 
ture exploration and exploitation of min- 
eral resources including hydrocarbons 
(42a, 105). Whether significant deposits 
exist is still unknown but the possibility 
appears reasonable, and in preparation 
for a regime to control the exploitation of 
mineral resources a series of studies has 
been carried out on possible environ- 
mental effects of exploration and ex- 
ploitation (108). These studies demon- 
strate the need for rather specific infor- 
mation, presently lacking, on the biol- 
ogy, climatology, geology, geophysics, 
and physical oceanography of Antarctica 
before a number of the questions can be 
satisfactorily answered. The nature of 
the resources and the economics of pos- 
sible mineral exploitation with appropri- 
ate environmental safeguards will pre- 
sumably determine the extent to which 
any exploitation will occur (109). Some 
influential environmental groups would 
make Antarctica a World Preserve 
closed to all mineral exploitation until 
protection of the marine and terrestrial 
ecosystems is assured (110). 

Policy goals for U.S. research in Ant- 
arctica have been summarized as follows 
(111, p. 96): 

"1) To maintain the Antarctic Treaty 
and insure that this continent will contin- 
ue to be used for peaceful purposes only 
and shall not become an area or object of 
international discord. 

"2) To foster cooperative scientific re- 
search for the solution of worldwide and 

regional problems including environmen- 
tal monitoring and prediction and assess- 
ment of resource potential. 

"3) To protect the Antarctic environ- 
ment and to develop appropriate mea- 
sures to insure equitable and wise use of 
living and non-living resources. 

"4) To promote the free exchange of 
information. 

"5) To maintain a suitable presence in 
Antarctica which continues to provide 
leadership in development of the area 
and which preserves U.S. rights and pro- 
tects future national interests in Antarc- 
tica." 

From a scientific viewpoint (111, pp. 
77-78), 

"... the national interest in Antarc- 
tica has important . . significance be- 
yond that expressed in the statement 
of national policy. This stems from our 
understanding that Antarctica: 

"-exerts a major influence on how 
the world's oceans and atmosphere be- 
have...; 

"-may contain significant living and 
mineral resources, the scientific under- 
standing of which is an important base 
line for developing wise international 
management; 

"-provides an outstanding opportu- 
nity and environment for international 
cooperation and research support ... ; 

"-because of its remoteness from the 
heavily populated areas of the world, 
provides a unique site for long-term base 
line measurements related to environ- 
mental pollution problems." 

Thus far, the potential economic con- 
siderations that arise from the self-inter- 
ests of nations have not significantly 
hampered but may actually be furthering 
international scientific cooperation in 
Antarctica. If economically significant 
mineral resources are actually found, the 
treaty will be put to a severe test. The 
hope is that, by meeting potential prob- 
lems now, the framework for handling 
future, more severe problems will be 
strengthened so that the treaty will con- 
tinue and this unique example of inter- 
national cooperation, which includes 
both the East and West, can be perpetu- 
ated. In the meantime, national interest 
on the part of the treaty nations would 
seem to dictate their continuing in- 
volvement in the effort to fulfill this 
hope. 

Thus, in both the Arctic and Antarctic, 
scientific research has political and eco- 
nomic implications, and the resulting fi- 
nancial support has given impetus to re- 
search, especially in the Antarctic. Suc- 
cess in this opportunity to advance both 
science and national self-interest through 
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international cooperation in Antarctica is 
a challenge, both for governments and 
individual scientists, that has far-reach- 
ing implications for both polar hemi- 
spheres. 

Note added in proof: A preprint of an 
important article bearing on the polar at- 
mosphere-ice-ocean processes was re- 
ceived after this article was in galleys 
(112). 
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