Small-area balance records (I8, 19)
show year-to-year variations that are
consistent with random local variations
due to chance positions of buried snow
sastrugi and drifts. At “Old Byrd Sta-
tion,” 11 km beyond the southwestern
end of the traverse, Gow (/8) found
no significant net trend in balance since
A.D. 1650, although at the South Pole
Giovinetto and Schwerdtfeger (19)
found that balance increased signifi-
cantly after A.D. 1830. Certainly the
climate must have changed at the end
of the Wisconsin/Wiirm glaciation (8).
A real decrease in balance near Byrd
Station probably implies a change in
the nature and movement of air masses
onto the continent, which in turn may
be due to an increase in the extent of
sea ice (20) some time after the end
of the Wisconsin/Wiirm glaciation. If
the decrease in mass balance was as-
sociated with a major change in the
temperature of the air over the surface
of the ice sheet, then from the oxygen
isotope record of Johnsen et al. (8) the
nonequilibrium must originate in the
end of the Wisconsin/Wiirm glacia-
tion.

Changes in the form of the West Ant-
arctic ice sheet will have important
effects on sea level and on the East
Antarctic ice sheet. A drop in ice level
may allow more ice to exit from East
Antarctica through the bedrock trough
west of the Pensacola Mountains (6).
The present nonequilibrium, if appli-
cable to all of West Antarctica, would
raise sea level by 6 mm per century,
a figure very much smaller than the ob-
served rate of sea level rise of 120 mm
per century (21).

Several factors could have caused
the nonequilibrium, and it is not pos-
sible to discriminate between these
factors on the basis of the present data.
This result cannot be automatically ap-
plied to other ice sheet drainage sys-
tems, especially in view of the reported
(22) thickening in central Greenland
and the reported (23) thinning in
northern Greenland.

IAN M. WHILLANS
Institute of Polar Studies,
Ohio State University,
Columbus 43210

References and Notes

1. R. P. Southard, Jr., Antarct. J. 3, 111 (1968);
G. Dewart and I. Whillans, ibid. 5, 111
(1970); I. M. Whillans, ibid. 7, 111 (1972).

. W. F. Budd, D. Jenssen, U. Radok, Univ.

Melbourne Meteorol. Dep. Publ. No. 18 (1971).

. H. T. Ueda and D. E. Garfield, Int. Ass. Sci.

Hydrol. Publ. No. 86 (1970), p. 53.

. W. F. Budd, Aust. Nat. Antarct. Res. Exped.

Publ. No. 108 (1969), p. 21.

A. J. Gow, Int. Ass. Sci. Hydrol. Publ. No.

86 (1970), p. 78.

6. M. B. Giovinetto, ibid., p., 347.

7. G. deQ. Robin, ibid., p. 141,

2 NOVEMBER 1973

“ A W

8. S. J. Johnsen, W. Dansgaard, H. B. Clausen,
C. C. Langway, Jr., Nature 235, 434 (1972).

9. A. T. Wilson, ibid. 201, 147 (1964).

10. J. Hollin, Int. Ass. Sci. Hydrol. Publ. No. 86
(1970), p. 363.

11. T. Hughes, J. Geophys. Res., in press.

12. L. Lliboutry, Nature 202, 77 (1964); J. Weert-
man, Can. J. Earth Sci. 6, 929 (1969); T.
Hughes, Science 170, 630 (1970).

13. C. R. Bentley and N. A. Ostenso, J. Glaciol.
3, 882 (1961).

14. W. E. LeMasurier, in Antarctic Geology
and Geophysics, R. J. Adie, Ed. (Univer-
sitetsforlaget, Oslo, 1972), pp. 251-259.

15. L. Lliboutry, J. Glaciol. 7, 21 (1968).

16. G. deQ. Robin, C. W. M. Swithinbank, B. M.
E. Smith, Int. Ass. Sci. Hydrol. Publ. No.
86 (1970), p. 104.

17. A. J. Gow and T. Williamson, Earth Planet.
Sci. Lett. 13, 210 (1971).

18. A. J. Gow, U.S. Army Cold Regions Res.
Eng. Lab. Res. Rep. 197 (1968).

19. M. B. Giovinetto and W. Schwerdtfeger,
Arch. Meteorol. Geophys. Bioklimatol. Ser.
A 15, 227 (1966).

20. J. O. Fletcher, Bull. At. Sci. 26. 40 (1970).

21. R. W. Fairbridge, in Encyclopedia of Ocean-
ography (Encyclopedia of Earth Sciences
Series, vol. 1), R. W. Fairbridge, Ed. (Rein-
hold, New York, 1966), pp. 479-485.

22. H. Seckel and M. Stober, Polarforschung 6,
215 (1968).

23. D. Raynaud and C. Lorius, Nature 243, 283
(1973).

24. 1 thank G. Dewart for permission to use his
ice thickness results and C. Bentley, C. Bull,
T. Hughes, and M. McSaveney for their
helpful comments and criticisms. This work
was supported under NSF grant GV-26137X
awarded to the Ohio State University Re-
search Foundation and the Institute of Polar
Studies. Contribution No. 250 of the Institute
of Polar Studies.

20 April 1973; revised 15 August 1973 ]

Glacial-Postglacial Temperature Difference Deduced from
Aspartic Acid Racemization in Fossil Bones

Abstract. The magnitude of the temperature increase that occurred in conti-

nental regions following the termination of the last glaciation has been determined
from the degree of racemization of aspartic acid in fossil bones of known age.
The results indicate an increase of 4°C for the Mediterranean coast and 5° to

6°C for East Africa. These estimates are believed to be reliable within 1°C.

The two methods generally used to
estimate the climatic changes that oc-
curred on the earth during glacial
cycles are determination of 180/16Q
ratios in calcareous fossils and analysis
of pollen and faunal distributions. How-
ever, because these methods reflect the
influence of a number of factors, the
absolute magnitude of the temperature
difference in various regions between
Pleistocene glacial and interglacial
cycles cannot be unequivocally ascer-
tained in most cases. Both temperature
fluctuations and isotopic changes in sea-
water resulting from storage of greater
amounts of isotopically light water in
continental ice sheets during times of
extensive glaciation affect the 180Q/160
ratios found in calcareous fossils (7).
Since both effects are in the same direc-
tion, it is not at present clear what

combination of these factors produced
the observed 180/160 ratios. Pollen (2—4)
and faunal (5) studies provide a general
indication of the types of vegetation
and animals that were present at a par-
ticular time, and therefore suggest what
kind of general climate might have pre-
vailed in the region. However, paleo-
ecological evidence cannot give ac-
curate estimates of prevailing tempera-
tures, but only a general indication of
whether the climate was warmer or
cooler.

Recent studies have shown that the
racemization reaction of amino acids
can be used to estimate paleotempera-
tures (6, 7). Only L-amino acids are
usually found in the proteins of living
organisms, but over long periods of
geological time these L-amino acids
undergo slow racemization, producing

Table 1. Carbon-14 ages (based on collagen fraction), p/L aspartic acid ratios, and average
racemization rate constants (k,s,) in fossil bones. Analyses were carried out on primary
(dense) pieces of bone. Porous bone pieces (such as vertebrae) have a greater surface area
and thus are more likely to be contaminated with amino acids introduced by groundwaters,
and so forth. Indeed, D/L ratios were found to be generally lower in porous pieces.

Radiocarbon Kasp
Location Sample D/L age (105
(years) year-1)
Muleta Cave, Majorca, Spain UCLA 1704C 0.222 8,570 = 350 1.72%
0.206
UCLA 1704D 0.273 16,850 =+ 200 125
UCLA 1704E 0.293 18,980 = 200 1.22
Lukenya Hill, Kenya UCLA 1709C 0.154 2,120 = 60 4.02
UCLA 1709B 0.500 17,700 = 760 2.71
Olduvai Gorge, Tanzania UCLA 1695 0.316 17,550 = 1000 1.48

;This rate constant represents the average value obtained from analyses of two different pieces of
one.
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the nonprotein D-amino acids (8).
This racemization reaction depends on
both time and temperature; thus, if one
of these variables is known, the reac-
tion can be used to calculate the other.
If paleotemperatures are evaluated by
using other information, the extent of
racemization of amino acids can be
used to estimate the age of fossil
materials found in certain environments
(9-11). Conversely, with radiocarbon-
dated fossils, the racemization reaction
can be used to estimate the average tem-
perature a sample has experienced since
it was deposited. By determining the
amount of racemization in a radiocar-
bon-dated hippopotamus bone, it was
possible to show that the average tem-
perature of a warm spring (Florisbad)
in South Africa has been nearly con-
stant for the past 40,000 years (7).
A similar study with radiocarbon-dated
shells from the southeastern United
States has suggested a very large drop
(approximately 15°C) in the average
temperature in this area during the last
glacial (6).

The most useful amino acid for
paleotemperature studies is aspartic
acid since it has one of the fastest
racemization rates of any of the stable
amino acids (12). At 20°C, the half-
life in bone for the aspartic acid race-
mization reaction is 15,000 to 20,000
years (11, 13). Thus, in the time in-
terval datable by radiocarbon, a sub-
stantial amount of racemization of
aspartic acid takes place. In compari-
son, at 20°C only a small amount of
epimerization of isoleucine occurs dur-
ing the time span covered by radio-
carbon (10). We report here paleo-
temperatures deduced from the aspartic
acid racemization reaction for a cave
on the Mediterranean island of Majorca
and for two areas in East Africa.

The racemization of aspartic acid
can be written as

L-aspartic acid k:;p p-aspartic acid (1)
asp

where k,, is the first-order rate con-
stant for the reversible interconversion
of the p and L enantiomers. The kinet-
ics and mechanism of amino acid
racemization in bone has been studied
and reported elsewhere (I10). The
equation expressing the D/L aspartic
acid ratio as a function of time (z)
has been shown to be (11)

1+ p/L

L Sy

) — 014 = 2kaet  (2)

Sample preparation and D/L aspartic
acid analyses were carried out as de-
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scribed by Bada and Protsch (11). The
radiocarbon ages were determined at
the radiocarbon laboratory of the Uni-
versity of California, Los Angeles, on
the collagen fraction, which was iso-
lated and purified from the bones by
the method described by Protsch (14).

The procedures used to calculate
paleotemperatures can be divided into
three steps. First, an “average” rate
constant is determined for each sam-
ple by substituting the measured b/L
ratio and #C age in Eq. 2. Next, the
“average” temperature the sample has

n
o
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July mean
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Fig. 1. Climatic variations during the last
30,000 years estimated by using various
techniques. (a) July mean temperature
in the Netherlands deduced from pollen
data (2). (b) Mean winter temperature
for the Mediterranean derived from *Q/**0
ratios in marine mollusks (20). [A similar
curve is given in (20) for the mean sum-
mer temperature.] (c) Oxygen isotopic
changes in an ice core from Camp Cen-
tury, Greenland (24); 50 is the per mil
enrichment in *0. (d) Temperature his-
tory model used in our calculations. The
shape of this model is based on the re-
sults given in Fig. 1, a to ¢; AT is the
glacial-postglacial temperature difference.

experienced throughout its history is
calculated from the known tempera-
ture dependence of the racemization
rate constant. And finally, the differ-
ence in “average” temperature for two
samples spanning the termination of
the last glaciation is fitted to a simple
model of the earth’s temperature his-
tory for the past 20,000 years in order
to determine the magnitude of the
temperature increase which has oc-
curred. Table 1 gives the locations, 14C
ages, D/L ratios, and rate constants for
the samples studied.

Since we are interested in determin-
ing differences rather than absolute
temperatures, the following equation
can be used to calculate the difference
in average temperature (AT) of any
two samples (15)

T=T.—T.= @%‘Lﬂ InCks/ kr)
a

3)

where E, is the Arrhenius activation
energy for the racemization reaction,
R is the gas constant, and k; and k,
are the rate constants for the two sam-
ples. The temperature dependence of
the rate of racemization of amino acids
in bone has been determined. By study-
ing the epimerization of isoleucine in
bone at elevated temperatures, Bada
(10) found E, = 33.4 kcal/mole. Fur-
thermore, recent results (I3) indicate
that the Arrhenius activation energies
for the amino acid racemization reac-
tion in bone are the same for aspartic
acid, alanine, glutamic acid, and iso-
leucine. Hence, the value determined
for E, from the isoleucine data is ap-
plicable to the aspartic acid racemiza-
tion reaction.

To solve Eq. 3 it is necessary to sub-
stitute in precisely known values for
the temperatures (7T, and T,). The
temperature difference (AT) is, how-
ever, quite insensitive to the actual
values used (approximately 0.01°C for
a 1°C change in absolute temperature).
Since we are only interested in tem-
perature differences, an approximate
estimate of temperature suffices to solve
the equation. For the Muleta Cave site,
the mean temperature at present (and,
by implication, for the past 10,000
years) is 19°C (16). Substitution of
this value and the rate constants from
Table 1 for samples UCLA 1704C
and UCLA 1704D into Eq. 3 gives
the difference in average temperature
that these two fossil bones have experi-
enced throughout their history as
1.60°C.

The final step in our calculation is
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to fit these average temperatures to a
simple model and solve for the magni-
tude of the temperature changes in that
model. The average temperature T; of
sample i is defined by

N Y
T = —F—
Jat
in which the integral is taken through-
out the history of the sample. The dif-
ference in average temperature for two
samples is then

(4)

T e Jranyar  [Ti(yar

T = Tz
. fdt fd;
(&)

The value of AT is already known from
Eq. 3 and the model we select gives
us a general idea of temperature as a
function of time. The solution of Eq.
5 will give the magnitude of the tem-
perature changes in the model.

The model for temperature history
of the past 20,000 years is shown in
Fig. 1d. Its form is based on the
curves deduced from pollen and iso-
topic analyses (reproduced in Fig. 1,
a to c¢) by other investigators. The
quantity we want to solve for is AT,
the increase in average temperature
which occurred at the termination of
the last glaciation. In our model, the
equation for temperature as a function
of time is simply

T t T, t < 10,000 years
® = T, — AT ¢t > 10,000 years
(6)

where T, is the present temperature.
For the pair of samples, UCLA 1704C
and UCLA 1704D, substitution into
Eq. 5 gives

10,000 16,850

[ Tt + [ (1, — aT)dt
_ 0 10,000
—1.60 = 16,850 -
Jar
°
8,570
[ Toat €550
0 ,8
8510 — _(16,850 AT M

[ at

0
the solution of which vyields AT =
3.9°C. A similar calculation for the
other pair of Muleta samples (UCLA
1704, C and E) gives AT = 3.7°C,
and the Lukenya Hill pair gives AT =
4.7°C.

Only a single sample is given for
Olduvai Gorge in Tanzania, so this
calculation differs slightly from the
others. The rate constant for this sam-
ple is calculated to be 1.48 X 10-5
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year—1. It is known that the present
mean temperature for the cave on
Majorca is 19°C (16) and that the
aspartic acid rate constant at this tem-
perature is 1.72 X 10—5 year—! (from
UCLA 1704C). Substitution of these
values into Eq. 3 gives an average
temperature at Olduvai Gorge over the
past 17,550 years of 18.25°C. The
present mean temperature at Olduvai
is 21°C (I7) so the drop in average
temperature was 2.75°C. Substitution
into Eq. 5 gives a temperature change
of 6.4°C. This AT is less reliable than
the Muleta or Lukenya Hill results
since it depends on a knowledge of the
current mean temperature at the site.

In principle, any pair of samples can
be used to solve the foregoing series
of equations. There is, however, a prac-
tical limit, so that the best results
should be obtained when one sample
in the pair has a substantial postglacial
history while the other goes well back
into the last glaciation. On the other
hand, if the length of time is too great,
short-term fluctuations in the actual
temperature might cause us to under-
estimate the magnitude of the tem-
nerature change because the calcula-
tions are based on average tempera-
tures. The samples chosen are about
the best that could be selected, al-
though a larger number of samples
would, of course, produce better tem-
perature estimates.

A quantitative evaluation of errors
in these results is possible, although it
will necessarily be slightly different for
each sample, depending on its age and
the extent of racemization. We have
stated that the error introduced by
the mathematical approximations prob-
ably amounts to less than 0.1°C. An-
other principal source of error is lim-
itations on the precision and accuracy
of age and D/L aspartic acid measure-
ments (I8). The statistical counting
errors in the 14C age determination re-
sult in an error of =# 0.2°C. However,
these are difficult to interpret, since
1C determinations require large sam-
ples and several bones while amino acid
analyses use much smaller quantities.
A precision of 5 percent in the mea-
sured D/L ratio corresponds to an er-
ror of = 0.5°C. Finally, there are
errors which likely arise from the model
we used in the calculations. On the
basis of deep-sea sedimentation rates,
Broecker et al. (19) have estimated the
termination of the last glaciation at
about 11,000 years ago. Using 11,000
years as the termination of the last
glaciation in our model would increase

the estimated AT by 0.5°C. A change
in the model to allow a gradual in-
crease in temperature from 12,000 to
8,000 years ago will have a negligible
effect on the estimate. Overall, we be-
lieve our results give an estimated tem-
perature increase which is reliable to
1°C.

The results obtained here indicate
an increase in average temperature of
about 4°C for the western Mediter-
ranean coastal regions, following the
termination of the last glacial. Using
the oxygen isotopic ratios of marine
shells (food refuse) found in caves
along the Mediterranean coast, Emi-
liani et al. (20) estimated an increase
of 5° to 6°C in the average yearly tem-
perature. Duplessy et al. (21) esti-
mated a 4°C difference between the
glacial and interglacial temperatures
from the oxygen isotopic composition
of a stalagmite found in a cave in
southern France. Our results from the
Muleta Cave bones agree fairly well
with both of these estimates.

On the basis of ancient snow lines
of equatorial East African mountains,
Flint (22) roughly estimated a dif-
ference of 5° to 7°C in mean annual
temperatures between glacial and post-
glacial times. The vegetation history of
various East African highland regions
suggests that the mean annual tem-
peratures during the last glacial may
have been 5° to 8°C lower than
present-day temperatures (4, 23). Our
estimate is 5°C for the more reliable
sample (Lukenya Hill) and as much
as 6°C for the less reliable one (Oldu-
vai Gorge).

Temperatures deduced from aspartic
acid racemization appear to provide an
independent verification of the result
derived from other evidence that con-
tinental temperatures were several de-
grees cooler during the last glacial. Al-
though we have processed a limited
number of samples, the results are in
reasonable agreement with what we
believe to be the most reliable esti-
mates of other methods. The aspartic
acid racemization reaction should pro-
vide an important new tool in quanti-
tative evaluations of the temperature
variations that occurred in continental
areas during the upper Pleistocene.

Roy A. SCHROEDER
Scripps Institution of Oceanography,
University of California, San Diego,
La Jolla 92037

JEFFREY L. BaADA

Scripps Institution of Oceanography,
Institute of Marine Resources,
University of California, San Diego

481



References and Notes

1. C. Emiliani, J. Geol. 63, 538 (1955); ibid. 74,
109 (1966): Science 154, 851 (1966); ibid. 168,
822 (197 =+ N. Shackleton, Nature 215, 15
(1967); C. H. Hendy and A. T. Wilson, ibid.
219, 48 (1968); W. Dansgaard and H. Tauber,
Science 166, 499 (1969).

2. T. Van der Hammen, G. C. Maarleveld, J.
C. Vogel, W, H. Zagwijn, Geol. Mijnbouw 46,
79 (1967).

3. T. Van der Hammen and E. Gonzales, Leidge
Geol. Meded. 25, 261 (196 =* M. Tsukada,
Proc. Nat. Acad. Sci. U.S.A. 55, 543 (1966).

. M. E. S. Morrison, J. Ecol. 56, 363 (1968).

. R. E. Moreau, in African Ecology and Human
Evolution, F. C. Howell and F. Bourliere,
Eds. (Aldine, Chicago, 1963), pp. 28-42; K.
P. Oakley, Frameworks for Dating Fossil
Man (Aldine, Chicago, 1968), pp. 3340,
95-96; A. Mclntyre, Science 158, 1314 (1967);
W. W. Wiles, in Progress in Oceanography,
M. Sears, Ed. (Pergamon, Elmsford, N.Y.,
1967), vol. 4, p. 153.

6. R. M. Mitterer, in Advances in Organic
Geochemistry, H. V. Gaertner and H.
Wehner, Eds. (Pergamon,
1973), pp. 441-452.

7. J. L. Bada, R. Protsch, R. A. Schroeder,
Nature 241, 394 (1973).

8. P. E. Hare and R. M. Mitterer, Carnegie Inst.
Washington Yearb. 65, 362 (1967); P. E.
Hare and P. H. Abelson, ibid. 66, 526
(1968); P. E. Hare and R, M. Mitterer, ibid.
67, 205 (1969).

9. J. L. Bada, B. P. Luyendyk, J. B. Maynard,
Science 170, 730 (19" =+ J. F. Wehmiller and
P. E. Hare, ibid. 173, 907 (1971); J. L. Bada
and R. A. Schroeder, Earth Planet. Sci. Lett.
15, 1 (1972); K. K. Turekian and J. L. Bada,
in Calibration of Hominoid Evolution, W. W.
Bishop and J. A. Miller, Eds. (Scottish
Academic Press, Edinburgh, 1972), pp. 171-
185.

=+ J. L. Bada, Earth Planet. Sci. Lett. 15, 223
(1972).

1=+ and R. Protsch, Proc.
Sci. U.S.A. 70, 1331 (1973).

12. J. L. Bada, Advan. Chem. Series No. 106
(1971), p. 309; J. Amer. Chem. Soc. 95, 1371
(1972).

13. , K. A. Kvenvolden,
Nature, in press.

wn s

Nat.

Acad.

E. Peterson,

Elmsford, N.Y., -

4. R. Protsch, thesis, University of California,
Los Angeles (1973).

15. The difference in ‘‘average” temperatures
calculated from Eq. 3 is not quite the same
as arithmetic mean difference since the
rate constant is not directly proportional to
temperature. However, for small temperature
intervals the deviation is not large. For
example, for a 5°C increase in temperature,
the average temperature estimated from a
racemization rate constant would be less
than 0.04°C higher than the mean temperature.

16. J. L. Bada, S. Clark, J. Ostrom, K. K.
Turekian, in preparation.

17. M. D. Leakey and R. L. Hay, personal com-
munication.

18. The accuracy of 1C ages will be affected by
secular changes in the 1C production rate.
These changes are given for the past 7000
years in D. Lal and H. E. Suess, Annu. Rev.
Nucl. Sci. 18, 407 (1968). From this evidence
we conclude that the maximum error in any
of our ages would be 1000 years.

19. W. S. Broecker, K. K. Turekian, B. C.
Heezen, Amer. J. Sci. 256, 503 (1958).

20. C. Emiliani et al., in Isotopic and Cosmic
Chemistry, H. Craig, S. L. Miller, G. J. Was-
serburg, Eds. (North-Holland, Amsterdam,
1964), p. 133.

21. J. C. Duplessy, J. Labeyrie, C. Lalou, H. V.
Nguyen, Nature 226, 631 (1970).

22. R. F. Flint, Geol. Soc. Amer. Bull. 70, 343
(1959).

23. R. E. Moreau, Proc. Zool. Soc. London 141,
395 (1963); J. A. Coetzee, Nature 204, 564
(1964).

24. W. Dansgaard, S. J. Johnsen, J. Mgller,
C. C. Langway, Jr., Science 166, 380 (1969).

25. We thank H. Craig and K. Turekian for

helpful discussions, and R. Protsch and R.

Berger for providing the Lukenya Hill samples

and for the radiocarbon dating of the Muleta

Cave bones. We also thank L. Deems for

technical assistance. Acknowledgment is made

to the donors of the Petroleum Research

Fund, administered by the American Chemi-

cal Society, and to the L. S. B. Leakey Founda-

tion for support of this research. Collection of
the Muleta Cave bones was funded by Na-
tional Geographic Society. R.A.S. is a Scripps

Industrial Associates predoctoral fellow.

14 June 1973 ™

Ocean Current Monitoring Employing a New Satellite

Sensing Technique

Abstract. The very-high-resolution radiometer on the NOAA-2 (National
Oceanic and Atmospheric Administration) satellite has recently obtained imagery
in the visible channel containing sunglint over a major portion of the coastal
waters off the eastern seaboard of the United States. An abrupt change in surface
roughness has been observed at the shoreward edge of the Gulf Stream Current
from Florida to Cape Hatteras that results from the opposition of waves propa-
gating against the flow of the Gulf Stream.

The Gulf Stream has been observed
by satellite radiometers under relatively
cloud-free conditions since 1966 (I).
In virtually every case the differenti-
ating signature of this current has been
a thermal boundary measured in one
of the thermal infrared (IR) water-
vapor windows (that is, at wavelengths
near 4 or 11 um). The NOAA-2 (Na-
tional Oceanic and Atmospheric Ad-
ministration) environmental satellite
obtains global imagery operationally
from a scanning radiometer (SR)
sensitive in both the visible and IR
wavelengths. A very-high-resolution
radiometer (VHRR) being developed
by NOAA for future operational use
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is also carried on NOAA-2 (2). From
the satellite’s near-polar, sun-synchro-
nous orbit, the VHRR provides limited
coverage of the earth in the IR region
with a 1-km resolution; observation
times are during daylight at about
0900 local time and at night at about
2100 local time. During daylight, visi-
ble imagery with a resolution of 1 km
is also provided. The visible and IR
detectors are sensitive at 0.6 to 0.7 um
and 10.5 to 12.5 pm, respectively. The
VHRR-IR imagery is particularly use-
ful in coastal areas where fine detail
is needed to define coastal surface
temperatures.

On 29 April 1973, the NOAA-2 satel-

lite obtained imagery of the eastern
seaboard of the United States. The
simultaneous visible and IR VHRR
images are shown in Fig. 1. The IR
display (Fig. 1B) shows the relatively
cold clouds and land surfaces as light
areas (less radiant energy reaches the
radiometer) and the warmer regions,
such as the Gulf Stream (temperature
about 25°C), as darker areas. Land-
ward of the thermal front of this cur-
rent, the cooler coastal water (about
18°C) contrasts with the warmer land
of the southeastern and mid-Atlantic
states.

What is truly remarkable, however,
is that it is also possible to locate this
current boundary in the adjoining visi-
ble image (Fig. 1A). The entire front
of the Gulf Stream from Florida to
Cape Hatteras is delineated by a rough-
ness contrast, highlighted by the so-
lar reflection. Contrasting reflectances
have been observed in satellite photog-
raphy in the past but over very limited
areas. For example, it has been shown
that anomalous dark patches are in-
dicative of calm surface conditions
where short-wavelength capillary waves
are absent (3). These conditions pre-
vail beneath high pressure ridges and
occasionally in conjunction with up-
welling. Attempts have been made to
relate the size and intensity of the
sunglint pattern to surface wind speed
(4, 5). Under more extreme condi-
tions, brightness contrasts have been
observed where local winds are quite
strong. This phenomenon results when
winds that originate overland, where
topography channels the flow offshore,
cause rough and choppy seas. Such
conditions are well known along the
Pacific Ocean shores of Mexico and
Central America (for example, the
Gulf of Tehuantepec) (6).

Scanning radiometer images of sun-
glint are much different from those
obtained by satellite cameras (7). The
vidicon cameras on the earlier weather
satellites obtained approximately 12
essentially instantaneous pictures along
the sunlit portion of each pass. In
about nine of these photographs,
wherever cloud cover permitted and
a water surface was being viewed, one
nearly circular sunglint would appear
at the specular point. On NOAA satel-
lites presently in use a SR obtains
data as it scans from left to right
through the nadir. An image |is
built up scan line by scan line in a
fashion analogous to that used to
generate a television picture. The ge-
ometry of the scanning mode of the
SR and VHRR and the near-polar
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