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Preface

In July 1957 invitations were extended to colleagues and former students of Professor
Rossby, to submit scientific contributions for a special volume to commemorate Professor
Rossby’s sixtieth birthday anniversary, 28 December 1958. A month later, on 19 August 1957,
Professor Rossby died suddenly after a heart attack, in his office at the Institute of Meteor-
ology in Stockholm. His death, at the age of 58, deprived the world of science and his many
friends of a man who, by force and charm of personality, power of intellect, and indomitable
spirit and energy was a central figure in the explosive development of meteorology that has
taken place during the past three decades.

Fate thus has altered the title of this volume, but not its purpose, which is to provide a per-
manent testimony of the remarkable impact of a man who has been an enormous source of
inspiration as a teacher and an international leader in science and scientific cooperation.

The five persons whose names arc listed below are responsible for the organization of the
Rossby Memorial Volume, and for any defects which may be found in the final publication.
Apart from the editorial work, which has been carried out cntircly by Dr. Bolin, the most
difficult aspect of our responsibilitics has been the selection of contributors. The aim which
guided us in this selection was to seek contributions that could be grouped around the gen-
eral theme “The atmosphere and the sca in motion’ — the subtitle of the Volume, which ep-
itomizes the scientific work of Professor Rossby. However, the number of close collcagues
or former students who could make suitable contributions was so great that we were for-
ced to exclude many prominent names in order to satisfy the rather stringent requirements of
cconomy.

During the months preceding his death, Professor Rossby completed an article entitled
Aktuella Meteorologiska Problem, which was published in the 1956 yearbook of the National
Science Research Council of Sweden. This essay which has been translated into English by Staff
Members of the International Meteorological Institute in Stockholm, is presented here in its
entirety, under the title ’Current problems in mcteorology.” Written for the non-specialist,
it is a penetrating appraisal of many of the dominant problems of meteorology and exempli-
fies the characteristically broad sweep of Professor Rossby’s vision.

We wish to express our appreciation to all those whose contributions made this Volume
possible. We are particularly grateful to two of Profcssor Rossby’s life-long associates, Pro-
fessor Tor Bergeron of the University of Uppsala and Professor Horace R. Byers of the Uni-
versity of Chicago, for their biographical sketches.

March 1959
BERT BoLIN JULE G. CHARNEY
The University of Stockholm Massachusetts Institute of Technology
ARNT ELIASSEN ' GEORGE W. PLATZMAN
Institute of Theorctical Meteorology, Oslo The University of Chicago

HENRY STOMMEL
Woods Hole Oceanographic Institution
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Current Problems in Meteorology*

C.-G. RossBY

Introduction

The following survey of current problems in
meteorological research deals primarily with the
classical problem of meteorology, the quantitative
analysis of the state and motion of the atmosphere
based upon the laws of physics. In addition we
shall discuss some recent problems concerning
the role played by the atmospherc as a carrier of
insoluble minecrals, soluble condensation nuclei
and industrial pollutants, problems of importance
for understanding the role of the atmosphere in
certain geological processes, and as a milicu for
the biological processes at the surface of the
carth. Investigations on such problems in the
past have been considered to be of peripheral
intcrest to meteorology, partly because the feed-
back of these windborne substances on the
general circulation of the atmosphere is usually
insignificant. It has, however, become apparent
lately that one of the important tasks for applied
meteorology will be to forecast the effects of
large-scale diffusion processes in the atmosphere.
In addition, a systematic study of the distribu-
tion of air-borne particles can give us valuable
information conccrning the tracks of individual
air particles, and thercby also the dynamics of
the atmosphere. Such information cannot always
be obtained through thc analysis of the daily
metcorological observations at our disposal. For
these rcasons more attention lately has been
devoted to trajectory and diffusion problems in
the atmosphere.

One essential criterion which will show that the
classical task of meteorology has been solved
will be our ability to compute objectively the
future state and motion of the atmosphere on the
basis of theoretical principles; in other words
to issuc numerical forecasts of the weather.
By and large this means trying to find an answer
to the question: “What will the wind direction,

1 This article 1s a translation of *““Aktuella metcoro-
logiska problem», published in Svensk Naturvetenskap
1956 by the Swedish Natural Science Research Council,

wind speed, pressure ctc. be at a given place at a
given instant in the future?” The diffusion
problem, on the other hand, which more and
morc engages the attention of meteorologists,
can be formulated in a prognostic question of
the type: “*Where will a given air particle be at
a given instant in the future?” To the extent that
it is possible to solve these two problems with
the aid of the basic cquations of hydrodynamics,
the diffusion problem means one additional time
integration and therefore puts far greater de-
mands on the accuracy of both theory and
meteorological observations.

It is hardly necessary to stress that the following
survey is both incomplete and subjective in the
choice of problems discussed. The incompleteness
is a result not only of the lack of space but also
depends upon the fact that it is hardly possible
any longer for one meteorologist to acquire
detailed knowledge of the whole front along
which meteorological research is carried out
today. This research includes a large number of
special problems and problems of a local charac-
ter which are of great theorctical and practical
importance. Such questions have been disregard-
ed here for the problems of a morec global
character.

In the first part of the review certain problems
concerning the atmosphere as a whole and its
interaction with the ocean are briefly considered.
A discussion of the general circulation of the
atmosphere follows, and in this connection an
analysis of the present status of numerical fore-
casting is given. In connection with problems of
forecasting, certain aspects of trajectories in the
atmosphere are presented, followed by a discus-
sion of some circulation and diffusion problems
in the field of atmospheric chemistry. The review
is concluded with some brief comments con-
cerning the possibility of controlling some
atmospheric processes artificially. The mutual
dependence of various branches of geophysics as
well as the similarity of the problems in these
different fields is everywhere stressed as being
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particularly true for meteorology, oceanography,
hydrology and geochemistry. Sooner or later
these intimate connections must be considered by
those who have the responsibility for the future
training of geophysicists and for the planning of
purposeful and responsible geophysical research.

In the preparation of the following review the
writer has received many valuable suggestions
and critical comments from his associates at the
International Meteorological Institute in Stock-
holm, in particular from Dr. BERT BoLiN, who has
been in charge of the work in numerical fore-
casting at the Institute for a number of years,
and has also played a role in other research
activities at the Institute.

Planetary problems of balance and circulation

A. Radiation balunce and heat storage

During the decades which have passed since
meteorology first took shape shortly after the
beginning of this century, the network of meteoro-
logical stations which is at our disposal for the
study of the daily changes in state and movements
of the atmosphere, has been extended in an im-
pressive way. It is now possible to give a rather
satisfying picture of the air movements of the
troposphere and the lower stratosphere twice a
day over the major part of the northern hemi-
sphere. At the same time our knowledge of the
dynamics and physics of the atmosphere has to
some dcgree become more profound. In spite of,
or perhaps because of this better knowledge, one
finds that certain fundamental postulates, which
earlier were regarded as so self-evident that they
were not even dealt with in thc meteorological
textbooks, now must be looked upon as rather
uncertain. The heat balance of the atmosphere
serves as a good cxample.

The solar radiation falling perpendicularly
upon a surface of one square centimeter at the
outer edge of the atmosphcre, amounts to about
1.95 cal min~L, This value, the ‘“solar-constant”,
is of course uncertain, as it is determined by
extrapolation to the outer border of the atmos-
phere from measurements within the atmosphere.
lHowever, for the particular estimates which arc
given here, this uncertainty can be regarded as
unimportant. Because the surface of the earth is
four times greater than its cross-section, it follows
that about 0.49 cal cm~2 min~! is available to
maintain the circulations of the atmosphcre and
the sea. It is gencrally supposed that between 30 and
40 per cent of this amount of energy is reflected
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back to space as short-wave radiation by the
upper surfaces of the clouds, snow covered areas,
to some degree by the sea surface, and finally
by the atmosphere itself (Rayleigh scattering). The
exact amount of the total reflection is still un-
certain, The remaining amount of energy, of the
order of 0.3 cal cm 2 min~!, thus represents the
effective solar radiation which keeps the air (and
the sea) in motion. It is assumed, usually without
discussion, that our planet as a whole is in radia-
tion balance with its surroundings, so that the
same amount of energy, 0.3 cal cm~2 min !, thus
will be sent back to space as long wave (infrared)
radiation from the earth’s surface, from the
upper surfaces of the clouds and, even of more
importance, by the water vapour in the atmos-
phere. How precisely the equilibrium condition
must be maintained is, however, uncertain and
should, as the following calculations indicate,
depend strongly upon the timc interval taken
into consideration.

In three extremely interesting papers at the end
of the 1920’s G. C. SimpsoN investigated the
radiation balance of the atmosphere and cal-
culated the geographical and yearly variation of
the outgoing long-wave radiation. Simpson found
that this outgoing radiation was very evenly
distributed both in space and in time, and that
within the accuracy of the computations the
total outgoing radiation from our planct as a
whole, during each of the months of the ycar, was
balanced by the total effective incoming solar radia-
tion. Simpson does not deal with the total amount
of heat stored in the sca and the solid surface of
the carth, and thesc questions arc generally
ignored by the metcorologists studying the radia-
tion balance. Thus the good agreement between
the calculated incoming and outgoing radiation
indicates that it is possible to neglect variations
of the stored heat even for as short a period as
one year or even a few months, as long as one
limits oneself to the entirc planet. This result is
rcally rather astonishing, if one takes into ac-
count the great uniformity in spacc and time of
the outgoing radiation found by Simpson. Such
uniformity indicates that the atmosphere is rather
incapable of adjusting locally the outgoing radia-
tion to the very great variation in space and time
of the incoming effective solar radiation.

Qualitatively Simpson’s result may be ex-
plained in the following way. The intensity of
long-wave radiation in the atmosphere is deter-
mined primarily by the vertical distribution of
water vapour and temperature. The minor devia-
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tions, which are due to carbon dioxide absorp-
tion and emission may be neglected in a first
approximation. If one disregards a gap between
8.5 p and 11 u in the absorption spectrum of
water vapour where Simpson considers a cloudless
atmosphere to be completely transparent, the
water vapour atmosphere is rather opaque, and
therefore the major part of the radiation which
goes out into space must be emitted from the
middle or upper parts of the troposphere and
from the upper surfaces of clouds. Because of the
permanent convective mixing in the atmosphere
and the upper limit of the water vapour con-
centration, which for each temperature is de-
termined by the saturation vapour pressure, the
vertical distribution of water vapour will be very
closely tied to the vertical temperature distribu-
tion; as a matter of fact Simpson starts his cal-
culations from an empirical formula, by which
the relative humidity is uniquely determined by
the temperature. The temperature at the top of
the clouds is supposed to be the same everywhere.
Since the outgoing radiation, because of the
atmosphere’s absorption, in this way almost
entirely cmanates from the upper parts of the
water vapour atmosphere where the temperature
is given, it does not matter at what height above
the surface this layer is situated, or in other
words, what temperature there is at the earth’s
surface. Thus, outgoing radiation flow is almost
uniquely determined.

Since Simpson’s time much work has becn
done on a detailed study of the selective absorp-
tion spectrum of water vapour and in developing
graphical mecthods for reliable calculations of the
atmospheric long-wave radiation flow from the
observed vertical temperature and humidity
distribution. The leading name in this branch of
rescarch was for many years W. ELSASSER.

A fundamental advantage of these graphical
methods is that they eliminate the analytic con-
nection between the water vapour and tem-
perature distribution, which served as a starting
point for the calculations of Simpson. It has been
shown above that this forms a constraint which
hinders the local adjustment of outgoing radia-
tion to the incoming solar racdiation. On the
other hand one must remember that the connec-
tion between temperature and water vapour con-
tent is an empirical, statistical fact, which there-
fore ought to show up even in graphical estimates
based upon observations of the vertical stratifica-
tion. Thus it is rather doubtful whether these
more refined methods now available can lead to
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large fundamental differences from the uniformity
and the lack of adaptation of the outgoing radia-
tion as found by Simpson. A few years ago
H. G. HouGHTON published a new computation
of the annual heat (radiation) balance, based
upon recent data concerning cloud distribution
and light reflection, and applying Elsasser’s
graphical method to the upper-air data now
available from a rather great number of radio-
sonde stations. According to Houghton both the
incoming and the outgoing radiation are con-
siderably higher than the results of Simpson
indicate, but the question concerning the ability
of the atmosphere to adapt to the outgoing long-
wave radiation to the effective incoming radia-
tion remains unanswered.

In the study of post-glacial climatic fluctua-
tions, it has been assumed to be of great importance
to know how the radiation exchange between
our planet and space adapts to possible variations
of the solar constant. Simpson’s answer is that
as the outgoing radiation can hardly be modified
to any great extent, the adaptation must take place
in form of variations in total cloudiness in such a
way that increasing incoming radiation causes
increasing cloudiness by increasing evaporation
from the sea surface, thus causing greater reflec-
tion of incoming radiation. This conclusion
seems at first to be rather surprising when con-
sidering the relatively small changes of the pla-
nctary cloud cover from winter to summer. On
the other hand, as a support of his hypothesis,
Simpson develops an extremely interesting com-
parison between the radiation balances of the
planets Venus, the Earth and Mars. If the cloudi-
ness is expressed in terms of tenths of the total
cloudiness, one finds that this figure varies
from 10/10 on Venus, to about 5/10 on the Earth
and 0/10 on Mars. The resulting differences in
the ability of these plancts to reflect the in-
coming radiation of the sun (albedo) is to a
large degree enough to compensate for the
differences in the incoming radiation depending
on the mean distance of the planets from the
sun,

Our knowledge of the variations in the total
solar radiation which rcaches the outer border
of the atmosphere, is for obvious reasons very
rudimentary, but it is likely that variations of
one or a few per cent of the total energy occur.
The greatest part of this variation is probably to
be found in the ultra-violet part of the incoming
radiation, which is absorbed almost totally in
the upper parts of the atmosphere and therefore
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is not directly able to influence the lower atmos-
phere and its circulation. Variations in the ab-
sorbed solar radiation must, because of the
extremely low density of the atmosphere at these
high altitudes, lead to strong local temperature
fluctuations. Many attempts have been made to
construct mechanisms by which such fluctua-
tions in their turn could influence the circulation
of the troposphere. These efforts have not yet
led to the goal, but considering the strong
vertical stability which characterizes the lower
layers of the stratosphere (15—35 km) it is very
unlikely that variations of the temperature and
structure of the higher atmosphere should have
any noticeable influence on the circulation of the
troposphere. But it ought to be pointed out that
this personal opinion of the writer is not shared
by all metcorologists.

It has already been observed that Simpson’s
work does not touch on the possibility of secular
changes in the stored heat. The yearly cycle of
the heat which is stored in the solid earth’s
crust and the sea, was dealt with for the first
time extensively in 1934 and 1935, by F. BAUER
and H. PHiLLIpPS, who considered the heat balance
of the atmosphere in a renewed treatment along
the same lines as Simpson, but starting from much
more accurate values of the parameters. Bauer and
Phillips assume, however, that the local storage
has an annual cycle prescribed in such a way
that the net accumulation for one year vanishes
everywhere. Because of the very low heat con-
ductivity of the earth’s crust, variations in its
heat storage must be rather unimportant, which
is shown for instance by the fact that the tem-
perature climate of isolated desert regions follows
the sun very closely. The ability of the atmos-
phere to store heat is also rather limited. As an
illustration it can be mentioned that if during
one year 1°; of the total effective solar radia-
tion, i.c. 0.003 cal cm~2 min—, should be stored
instead of being sent back to space, this would
lead to an increase of the mean temperature of
the atmosphere of about 6.3° C, but as the
capacity of the atmosphere to absorb water
vapour from the sea would increase at the same
time, the resulting temperature increase would
probably amount to only half this value.

The magnitude and character of the variations
of the total heat, both realized and latent, stored
in the atmosphere is not known. In spite of the
well organized international meteorological net-
work there is at present no international organiza-
tion responsible and equipped for the enormous
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statistical work which current computations of
this kind would demand.

In the surface layer of the sea the perpctually
shifting winds cause mixing and a vertical homo-
geneous layer of water, the medium depth of
which is of the order of magnitude of 50—100 m.
If the heat capacity of this layer is taken into
account, it is found that a storage of 1 per cent
of the effective incoming solar radiation would
Iead to a mean temperature increase in the entire
storage layer (the atmosphere plus the homo-
geneous surface layer) of only a few tenths of
a degree.

It is not difficult to demonstrate that the
storage of heat in the turbulent surface layer
ought to be taken into account in local radiation
balance computations. For this purpose onc
can choose the surroundings of Bermuda,
where the advection of warm and cold water
masses is of very secondary importance. It is
easily found that the excess of the incoming,
effective solar radiation in the warm season is
more than sufficient to explain the increase with
time of the heat stored in the surface layer, which
reaches its maximum about three months after
the summer solstice. At the same time Simpson’s
tables, as well as Bauer's and Phillips’ calcula-
tions, show that the outgoing radiation in that
part of the world is practically independent of the
season.

The hcat stored in the surface layer of the occan
in the southern hemisphere is decreased at the
same time as the heat storage in the northern
hemisphere is increased, and the surface layer is
perhaps of minor importance of the total heat
balance of the earth, which would very well
agree with the results of Simpson. Considering,
however, the difference between the hemispheres
in regard to the distribution of land and sea, it is
not self-evident that such an equalization occurs.

The role of the sea as a secular heat reservoir
assumes quite a different character at the moment
that one takes up the question of secular changes
of the total heat balance, taking into account the
circulation of the deeper layers. An elementary
calculation gives the result that even as much
as 1 % of the total incoming heat radiation could
be stored in a layer of 1,000 m thickness in the
interior of the sea, without producing a tem-
perature increase greater than 0.015° C per year;
for thicker layers the temperature increase would
become proportionally smaller. — These deeper
layers are insulated from the atmosphere by stably
stratified warmer watermasses near to the sea
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surface and are not able directly to restore the
radiation balance by means of an increased eva-
poration and cloud formation. The figure men-
tioned above should be increased by 50 per cent
in order to correct for that part of the earth’s
surface which is covered by continents and
continental shclves, but the correction is of
course unimportant for these rough estimates.

The deep water is produced along the borders
of the Antarctic, especially along the Atlantic
sector and during the colder season possibly
even in some limited regions of the northern
Atlantic near Greenland. Furthermore it is
certainly nccessary to take into account that
water in the northern parts of the North Atlantic
is forced into the deep ocean by the prevailing
wind system in the whole North Atlantic Ocean,
which ordinarily forces the surface water to the
north. The decp water masses formed in this way
gradually spread to the other occans by the
Antarctic circumpolar currents, and finally end
up in the Pacific Ocean, where the ‘‘oldest™
water masses arc found. The cycle is probably
closed by the very slow mechanical mixing of the
superimposed warmer laycers with the stagnated
deep layers, which in this way are able to risc
to the sea surface again. As the intensity of the
mechanical mixing must necessarily decrcase
with increased tempcrature contrast between the
surfacc water and the dcep walter, i.c. with in-
creascd vertical stability, it is not unlikely that the
intensity of the whole thermohalinc cycle men-
tioned above must undergo strong and probably
rather irrcgular, slow fluctuations. The total
volume of the water masses normally taking part
in this cycle is not known, but its order of
magnitude lics probably between 10 and 100
million m® per second, corresponding to acircula-
tion period for the whole sea of 4,000 years in
the former and 400 years in the latter case. A
period of about 400 years fits fairly well into
the valucs which have been deduced e.g. from
instantaneous ‘‘age measurements’ of the deep
sea with the aid of C'-analyses and from esti-
mates of the oxygen consumption in the deeper
layers of the sea.

On the basis of these (admittedly loose)
estimates, one is probably justified in expressing
the following two suggestions: )

a) The assumption that our planet as a whole
stands in firm radiation balance with outer space
cannot be accepted without reservations, even
if periods of several decades are taken into ac-
count.
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b) Anomalies in heat probably can be stored
and temporarily isolated in the sea and after
periods of the order of a few decades to a few
centuries again influence the heat and water-
vapour exchange with the atmosphere.

If this latter assumption is correct, it does not
seem unlikely that thc problem of post-glacial
climate fluctuations lasting a few hundred years
can take on new aspects. But it must be pointed
out that if these anomalies in heat which are
stored in the interior of the sea are gradually
distributed in greater water masses, they must,
when they finally reach the sea surface again, be
characterized by very small temperature ampli-
tudes. How such exceedingly small variations in
temperature could possibly have a significant
influence on the atmosphere is still an unan-
swered question. It is perhaps more likely that
the changes by no means take place at a constant
rate but fluctuatc so that the contrast in tem-
perature between the surface water and the deep
water shows strong variations with time.

Considering what has been said above, it is
obvious that measurcments or rcliable estimates
of the heat exchange between our planet and
outer space must be looked upon as a major
question for meteorologists and occanographers
interested in the global circulation systems of the
sea and atmosphere and their fluctuations. Our
knowledge of long-wave radiation streams which
penetratc the atmosphcre is yet too uncertain
to permit more reliable numerical estimates of
their intensity. For casily understandable reasons
oceanography has not yect become a synoptic
science, and large parts of the interior of the
sea arc yet too littlc explored to permit any
computations of secular variations of stored
heat. An attempt to examine the possible existence
of such variations is, however, being made during
the International Geophysical Year by measure-
ments in some parts of the Atlantic Occan, which
were investigated by the Mcteor Expedition in
the 1920's.

It is obviously of great importance for both
meteorology and oceanography that some pre-
paratory instrumental work has been started in
order to mcasure the total heat exchange of the
earth with space by means of satcllites, which
will be sent up during the International Geo-
physical Year. In order to determine the heat
exchange it is necessary to measure simultane-
ously not only the incoming radiation (the solar
constant) and thc earth’s albedo (reflection
power), as was originally planned, but also the
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total outgoing longwave radiation. As we are
mainly interested in what are probably very
small differences between the amounts of in-
coming and outgoing radiation, the technical
difficulties are enormous, but as the problem is
now accepted as being of fundamental impor-
tance, certainly intensive work will be con-
ducted in order to solve the problems connected
with such measurements.!

B. Carbon dioxide and its cycle

The circulation of water between the surface
and the deep layers of the sea, and especially
its period of circulation, is of fundamental im-

deep layers, is able to absorb slowly or quickly
the excess of carbon dioxide constantly supplied
to the atmosphere.

It has been pointed out frequently that man-
kind now is performing a unique experiment of
impressive planetary dimensions by now con-
suming during a few hundred years all the fossil
fuel deposited during millions of years. The
metcorological consequences of this experiment
are as yet by no means clarified, but there is no
doubt that an increase of carbon-dioxide content
in the atmosphere would lead to an increased ab-
sorption of the outgoing infrared radiation from
the earth’s surface thus causing an increase of
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Fig. 1. In this diagram by G. S. CALLENDAR an attempt is made to illustrate the increase, 1n recent
years, of the content of carbon dioxide in the atmosphere by means of obscrvational scries which were
critically selected. The continuous ascending line represents the theoretically estimated content of carbon
dioxide under the assumption that none of the carbon dioxide liberated through combustion is stored in

the sea or in increased vegetation,

portance when studying another global meteoro-
logical problem of great interest to climatology,
i.e. the increase of the carbon-dioxide content
of the atmosphere. This increase seems to be a
result of the steadily increasing consumption of
fossil fuel in the last 50 to 100 years. How large
this increase really is must to a great degree
depend upon whether the sea, particularly the

! In this connection 1t ought to be mentioned that
Simpson’s as well as Houghton’s calculations of the out-
going long-wave radiation from different latitudes have
been corrected by multiphication with a factor common
for all latitudes and chosen in such a way that complete
balance 1s obtained between the total incoming and
outgoing radiation. Considering the imperfection of the
methods of calculation this procedure 1s, of course,
completely justified, as the deviations resulting from the
computations have no physical sigmficance, what-
soever. On the other hand, it must be emphasized that in
fact real deviations of this order of magnitude (1—3
per cent) could be of outstanding importance from the
paleo-chimatological point of view.

the mean temperature of the atmosphere. As we
know, SVANTE ARRHENIUS was first to point out
that variations in the carbon-dioxide content of
the air, resulting from the volcanic activity of
the earth, could explain the variations in climate,
which characterize the geological history of our
plante. Quite recently G. N. Prass calculated
that, assuming all other factors to be constant,
a doubling of the carbon dioxide in the atmos-
phere would lead to a mean air tempcrature
increase of about 3.6° C, while a reduction of
the carbon dioxide to half its value would lower
the temperature by 3.8° C. Tt is almost certain
that these figures will be subjected to many strong
revisions, depending mainly on the fact that
those complicated processes, which finally de-
termine the mean temperature of the atmosphere,
cannot be dealt with as independent, additive
phenomena. For instance, a higher mean tem-
perature caused by carbon dioxide must lead to

14
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an increase of atmospheric water vapour content
and therefore of the infrared absorption by the
water vapour but probably also to an increased
cloudiness.

Has there really been a considerable increase
in the content of carbon dioxide in the air during
the very much expanded industrial activity of
the last decades? In 1940 G. S. CALLENDAR thought
it possible to show that the carbon-dioxide
content of the atmosphere had increased by ap-
proximately 10 per cent since the beginning of
the century. The observational material at this
disposal was very extensive but of very uneven
quality with a highly unsatisfactory geographical
distribution of the observation sites (most of
them were situated at places in central Europe,
which were highly polluted by industrial activity).
Callendar selected the series of observations that
he thought were most reliable and representative,
but an inspection of the material used with its
enormous spread gives a strong impression of
the uncertainty which necessarily characterizes
his estimates. In a paper published recently, how-
ever, and based on a critical review of older as
well as more recent data Callendar maintains his
opinion about the rapid increase of the atmos-
pheric carbon dioxide.

An increase by 10 per cent of the total carbon-
dioxide content of the air would, according to
Callendar, approximately correspond to the
amount of carbon dioxide liberated through the
consumption of fossil fuel during the three or
four first decades of this century. In order to
explain this high value of the increase of carbon-
dioxide content, one must assume that only a
very small fraction of the amounts released to
the atmosphere has been absorbed in the sea
in spite of the fact that the capacity of the marine
reservoir is about sixty times greater than that of
the atmosphere. Thus one is immediately faced
with a great number of difficult problems. How
should measurements of the total carbon-dioxide
content of the atmosphere be conducted in the
best way? How should measurements or estimates
be made in order to gain increased knowledge of
the carbon-dioxide exchange at the sea surface.
Finally, how rapid is the exchange between the
surface layer and the deep sea?

For almost two years a small group of Scandi-
navian scientists has maintaincd a network con-
sisting of 15 stations on the Scandinavian
peninsula, Denmark and Finland from which
air samples for carbon dioxide analysis have been
taken three times every month. The sampling

stations and times are chosen to suppress the local
sources of error as much as possible. Nevertheless
it is found that the carbon-dioxide content varies
so much with the origin of the prevailing air
masses that it possibly could be used as a dia-
gnostic, synoptic clement. It is not unusual to
find variations of 10 per cent across a well-
developed front. Therefore it seems almost hop-
eless to arrive at reliable estimates of the atmos-
pheric carbon-dioxide reservoir and its secular
changes by such measurements in limited areas.

In order to overcome this difficulty to some
extent it has been suggested that regular carbon-
dioxide analyses of the air near the surface should
be performed in some synoptically inactive parts
of the world far from industrial regions, the sea,
and densely vegetated regions where also the
assimilation could influence locally the values
obtained. Carbon-dioxide determinations in the
free atmosphere and in desert regions, mainly in
the not yet too heavily industrialized southern
hemisphere ought thcrefore to be of special
interest, but they must, of course, be made con-
currently and during a great number of years in
order to establish secular changes in the total
carbon-dioxide content of the atmosphere.

As a contribution to the study of these im-
portant problems, a rather extensive observa-
tional program will be conducted during the
International Geophysical Year. In addition to
the rather modest Scandinavian network meteo-
rologists and oceanographers have planned an
extended network of synoptic carbon-dioxide
stations in North and South America, the Artic
and the Antarctic. Carbon-dioxide determina-
tions will furthermore be made on a great number
of islands in the Pacific and the Atlantic, and on
mountain stations in North and South America.
Furthermore, there will be regular flights along
certain meridians in order to determine the
carbon-dioxide content in the free atmosphere.

In spite of the rich material which will thus
be collected, it is very likely that great difficulties
will be encountered in every attcmpt to compute
the content of carbon dioxide in the atmosphere
and its secular changes from such scattered
observations. For this rcason it is of special
interest that a new, perhaps more promising
method, is being developed based upon com-
parative determinations of the content of the
atmosphere and the biosphere of radioactive
carbon (C'). The first attempt to determine the
secular change of the carbon-dioxide content of
the atmosphere by this method were made by

15
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H. Suess in 1953, and the problem has later been
taken up by others.

In principle, this method is based upon the
fact that the carbon dioxide, which 1s brought to
the atmosphere by the combustion of fossil fuel,
must be free from radioactive carbon, the half-
life of which is 5,568 ycars. By comparison of
the C'! content of annual trece rings from the
middle of the last century with the youngest
annual rings in trees recently felled one can thus
determine whether the assimilated carbon di-
oxide originates from the earlier ‘“natural”
carbon dioxide reservoir of the atmosphere, in
which the C't content represents an equilibrium
between the production and decay of radioactive
carbon, or from the extra supply of ‘*‘dead”
carbon dioxtde which originates from the fossil
fuel consumed.

The method has the great advantage that it is
very likely to eliminate local synoptic variations
in  the atmospheric carbon-dioxide content.
However, the industrial consumption of in-
dustrial fuel shows very great geographical varia-
tions with a minimum in the southern hemisphere.
Therefore it is obvious that definitive conclusions
concerning sccular variations can be drawn only
when samples from widely separated parts of the
world have been analysed.

It should perhaps be stressed that investiga-
tions concerning such problems as the total
variation of the hcat stored in the sea, or of the
total content of carbon dioxide in the atmosphere,
biosphere or the sea, mean a completcly new
class of questions in theoretical meteorology and
oceanography. In thesc investigations one is
hardly interested in geographical distributions.
As a first approximation the problem consequent-
ly may be reduced to systems of simultaneous
ordinary and usually nonlinear differential cqua-
tions, which express the interplay between the
different reservoirs. Under special conditions
thermomechanical systems of this type are able
to maintain nonlinear oscillations of finite ampli-
tude, as if their self-regulating properties werc
defective in some way. E. Eriksson and P.
WELANDER have recently suggested that the com-
bined carbon dioxide system should be charac-
terized by such oscillations. Their result depends
to a great extent on some much debated assump-
tions about the interior properties of the system,
but it is obvious that the possible existence of
such oscillations in the total heat balance
system, including the heat storage in the sea,
would be of great climatological interest.
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C. Tritium and the hydrologic cycle

Water vapour, which evaporates from the sea
surface, is transported over the continents by
maritime winds to condense and finally pre-
cipitate as rain or snow. A part of this pre-
cipitation is perhaps temporarily stored in lakes
or in the ground water and another part is
restored to the atmosphcre by the transpiration
of vegetative cover or by evaporation from the
ground, but on the average as much water must
flow into the sea by streams and rivers as the net
amount which 1s brought inland by the maritime
wind systems. A carcful analysis of this com-
plicated hydrologic cycle with its many epicycles
is an important prerequisite for a rational treat-
ment of climatology. In some highly industrialized
regions in the world, where in recent years the
industrial per capita consumption of water has
increased very rapidly, the knowledge of the
hydrologic cycle has become of incrcasing practi-
cal importance, e.g. in connection with the many
experiments now performed in order to increasc
the water supply by artificially initiated precipita-
tion or by suppression of the evaporation from
lakes and reservoirs.

The cvaporation from the sea is supposed to
be of the order of 2—3 mm water per day. A
systematic estimate of average supply of water
vapour in the atmosphere has not been made,
but should Icad to a value of one or a few gem 2
Thus the residence time of water vapour in the
atmospherc as a whole must be of the order of
a few days or at most onc week. It is, however,
obvious that the small fraction of the water
vapour evaporated from the sea which is brought
over the continents and s stored in the ground
water, must have a circulation time of quite
another order of magnitude. W. F. LiBBy and
his students have recently shown that radioactive
tritium (H?%), which is normally formed in the
atmosphere by cosmic ray activity and which is
furthermore produced in much greatcr amounts
by hydrogen-bomb explosions, could be used for
determinations of the average storage timc of
water as ground water.

Tritium has a half-time of 121, years and is
very well suited for studying such cycles, the
circulation times of which are of the same order
of magnitude. Libby and his collaborators de-
termincd the tritium content of the precipitation
in Chicago and of Muississippi-river water in the
years 1953 —56. Shortly after thc hydrogen-bomb
explosion *‘Castle” in spring 1954 the tritium
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content rose by a factor of 102, and then began
to fall exponentially to a value, which, however,
was much higher than the one observed before
“Castle”. The exponential decrease of the
*Castle” tritium in the precipitation indicates an
average residence time of *‘Castle™ tritium in the
atmosphere of about 40 days. This value is cx-
plained by Libby to be due to the fact that the

After the bomb explosion the tritium content
in the Mississippi stayed at a fairly constant high
level for almost one year. From this value and
from an estimate of the total amount of tritium
per unit area, produced by the bomb, it is easy
to calculate the total amount of ground water per
unit area, assuming total mixing. With the aid
of the ycarly precipitation values one is then able

.
2300}
®
b O CHICAGO RAIN
LA ®OTTAWA RAIN
soof- ° o0 © MISSISSIPP)
°g
o, %
o
e ®
i [
H o o* v
z 100~ vo
-
e
«
H
¢
< »
M
© .
. oe
L od - ?;
.
2 o4 +®%e 3.
o ® - °
° & . L
°© e o =]
® % ® & © Q
) o “@c ® o
cee ° o o Be o
v 50, 06% oo o o 0°
£ L) ¥
o oo o %)
° 1 L ° A 1
1903 1.4 1955 9%

Fig. 2. The picture shows the result of a series of tritium analyses of ramn and river water from the Missis-
sippi Valley in the ycars 1953 -1956. After the hydrogen bomb-cxploston *“Castle™ in 1954 the concentiation
of tritrum increased by a factor of one hundred. A great part of the tritium produced in the explosion was
probably transported up nto the stratosphere 1n the form of 1ather large droplets which in a few months
sank back nto the troposphere; the washing out in the troposphere probably took only a few days From

a paper by F. BroiMANN and W. F. LiBny.

main part of the tritium produced in the explo-
sion is transported far up into the stratosphere
as water vapour, where it is condensed in
relatively large droplets or crystals. Within a
few months these nuclei then fall down through
the tropopause 1nto the troposphere, where after
a few days they are precipitated in the usual way
as rain. In contrast, it ought to be mentioned
that very finely distributed, minute radioactive
particles or material in the gascous state is as-
sumed to nced several years to penetratc the
stable border layer between the stratosphere and
the troposphere, but this extremely important
problem cannot yet be considered fully analysed.

17

to calculate the average residence time of ground
water (about cight years). Starting from a com-
parison of the tritium content of the Mississippi
water and the precipitation a few months after
the Castle explosion, it 1s finally possible to
calculate whether the rain in the Mississippi
Valley has its origin in the maritime wind
systems or from water vapour locally brought
back to the atmosphcre by evapo-transpiration.
In this special case BLGEMANN and LisBy have
the opinion that about 33 per cent of the pre-
cipitation originates from evapo-transporation.

It is obvious that tritium and some other
natural or artificial radioactive clements could
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give valuable information about numerous cycles
which take place entirely or partly in the atmos-
phere. Various objections can be raised against
the special interpretations and figures given by
Begemann and Libby in the investigation men-
tioned above, but this only means that a com-
pletely satisfying interpretation of these radio-
activity measurements requires collaboration
between meteorologists, hydrologists and geo-
chemists. To be able to utilize the extraordinary
possibilities and obligations, produced by radio-
chemistry, it is, however, nccessary to establish
satisfactory laboratories for systematically plan-
ned, routine determinations of the tritium content
of precipitation.

The general circulation of the atmosphere

The main task for meteorology is of course
to describe the general circulation of the atmos-
phere, its variations and superimposed secondary
systems of motion in accordance with the basic
principles of hydrodynamics and thermodynamics.
A rational solution of this problem must be con-
sidered as a necessary prerequisite condition for
building up reliable numerical theories of progn-
osis. On the whole, in order to be able to
formulate thc problems to which one is led
through the study of available data, it is necessary
to give a brief description of the observed circula-
tion in the atmosphere. Due to the geographical
distribution of the observational material this
description must refer mainly to the northern
hemisphere. A series of charts and diagrams are
reproduced in this article in order to givc the
reader a clearer picture of the planetary circula-
tion and the superimposed larger and smaller
disturbances which together give rise to the never
ceasing variation of the motion of the atmosphere.
This marked variability of the obscrved state of
motion deserves a few introductory comments.

During the time of onc year the earth and its
atmosphere reccive more heat from the sun in
the equatorial regions than is sent back to space,
while the opposite is true in high northerly and
southerly latitudes. In order to transport the
cxcess heat from the equatorial regions to the
regions of outgoing radiation in the north and
the south, it is necessary to have an exchange of
air between the tropics and the polar regions.
The intensity of this exchange of air varies of
course with seasons and with the amounts of
heat which must be transported to the polar
regions, and reaches its minimum in the summer
hemisphere.

During the summer the continents (and thereby
the lowest layers of air) are heated more than the
surrounding seas, where part of the incoming
excess heat is stored in the homogeneous wind-
mixed surface layer having an average thickness
of 50100 m. Opposite conditions prevail during
the winter. This temperature contrast between
continents and sca gives rise to a ‘“monsoon
circulation™ which changes sign at the transition
from summer to winter with inflow of maritime
air over the peripheral parts of the continents
during the summer and with outflow of con-
tinental air across the coasts during the winter.

The external factor which ultimately controls
the planetary circulation and the monsoon
systems, i.e. the solar radiation which during the
course of one day passes a unit area just outside
the atmosphere exposed at right angles to the
sun’s rays (the gcometric insolation), varies
slowly and regularly with the seasons but beyond
this it probably shows only insignificant energy
variations in thc parts of the spectrum which
reach the atmospheric layers (-7 20 km above
the surface) we arc interested in. However, the
character of the resulting circulations varies from
week to week and even from day to day. A
certain instability is thus “built in” in the
dynamics of the atmosphere. This instability
means that one certainly can hope for the pos-
sibilities of developing theories and methods in
order to analyse objectively, and forecast nu-
merically, the propagation and further develop-
ment of already existing transient systems of
motion, in any case thc larger and more long
lived ones, but probably very great or almost
insuperable difficulties will arise in finding general
methods for forccasting the development of
entircly new systems. The speed of progress
toward the solution of this latter problem be-
comes ultimately an economic question, the
answer to which will depend upon the scientific
and practical importance of the solution, upon
the access to scientific talent, and upon the availa-
bility of the required observations.

The simplest picture of the general circulation
is obtained by studying the air currents in the
upper part of the atmosphere, i.e. at the 500-mb
surface or higher. During the colder scason west
winds usually dominate and the strongest currents
are normally observed in middle latitudes. Super-
imposed on these west winds one finds a number
of quasi-horizontal wave-shaped disturbances
(varying from 3 to 7), which genecrally move
slowly eastwards while constantly changing shape.

18
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Fig. 3. This picture shows a characteristic flow pattern at the 300-mb level during a period of well-developed
zonal wind. The thin lines give the topography of the 300-mb surface at intervals of 400 feet. They can also
be interpreted as streamlines. The heavy lines are drawn for constant wind speed at intervals of 20 knots.
Regions of wind speed greater than 100 knots are indicated by shading. (From a paper by W.J. HUBERT.)

In spite of the very regular variation of the
geometric insolation with latitude, the tem-
perature contrast between the pole and the
thermal equator is not uniformly distributed
over the earth’s surface but is usually concentrat-
ed in a few narrow zones (“‘fronts™) oriented
almost parallel to the prevailing winds. In
intimate connection with this property of the
temperature field, it is found that the air currents
still higher up at the border between troposphere
and stratosphere have the character of narrow
bands with a width of 300 km to 700 km, in
which the wind velocity at times can reach values
of 100 m sec! or more (jet streams).

It is worth while to observe that in the in-
dividual cases where it has been possible to
determine the horizontal velocity profile across
individual well-developed jet streams, it is almost
always found that the wind speed increases more

and more rapidly when approaching the center
of the strecam, where the derivative of the velocity
changes sign almost discontinuously. Especially
during the summer, “jet streams™ are observed
in which the motion also is concentrated ver-
tically to a thin layer at the transition between
stratosphere and troposphere.

By and large it seems that the circulation of
the middle troposphere varies between two
extreme types. On the one hand is a zonal type
(“*high index™) with a well-developed and fairly
broad westerly current in middle latitudes with
insignificantly developed long waves. Oppos-
ite this is a meridional type (‘“low index”),
characterized by the compression of the west-
wind belt to one (or scveral) narrow bands (jets)
and a displacement southwards, with the super-
imposed long waves now reaching very large
horizontal amplitudes. The last phase in this
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Fig. 4. The temperature distribution at the S00-mb level during a period when the circumpolar circulation
was characterized by a well-developed five-wave pattern. Isotherms are drawn at intervals of 5° C, and
the different temperature intervals are marked by different shading. The solid and dashed heavy lines
indicate the positions of the strongest windbelts (from a paper by F. DEFANT.)

process seems to be that the meandering waves
finally break up in closed cyclonic or anti-
cyclonic cells at the same time as a new west-
wind belt starts to develop far northward. The
time scale for this whole “index cycle™ is of the
order of magnitude of 3—6 weeks, but it must
be emphasized strongly that the description given
above is extremely simplified.

The wave shaped quasi-horizontal disturbances
of the fronts at the ground, which for the first
time were thoroughly described accurately by
metcorologists during the years around 1920,
thereby giving rise to modern synoptic meteoro-
logy, are often a much shorter wave length than
the long waves which dominate the circulation at
the 500-mb level or higher. The long waves cor-
respond more to a family of cyclones in the
Norwegian terminology while the individual
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frontal waves usually move considerably faster to
the cast or northeast than the long upper-level
waves. The latter follow a frontal zone embedded
in the south-westerly current on the east side of
a long wave in the free atmosphere. This dif-
ference in dimension between the two types of
quasi-horizontal waves (long waves and frontal
waves), however, is not always well marked.
Owing to the long waves, the cut-off cyclonic
and anticyclonic cells and the individual frontal
waves, the horizontal circulation in middle (and
high) latitudes is of a very irregular character.
A fairly rough estimate shows that at least in
the lower troposphere the necessary exchange of
heat between lower and higher latitudes, to a very
great extent, has to take place thro ughcold
(northerly) and warm (southerly) air currents
which move side by side. Farther south, in the
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Fig. 5. Pressure distribution at sea level during a period of strong zonal motion in the
middle troposphere (“‘high index™). The exchange of air between diflerent latitudes 1s insigni-
ficant and the temperature anomalics weak in this weather situation (from H. ¢, Wit rr,

Descriptive meteorology, Academic Press 1944)

trade-wind belt, the prevailing circulation in the
lower part of the troposphere takes a much
simpler and more stable and symmetric shape,
with flow towards the hcat-cquator (the inter-
tropic convergence zone) close to the surface by
northcasterly winds and outflow by south-
westerly winds in the higher levels.

To what extent can 1t now be said that the
thermodynamic and hydrodynamic processcs,
which finally give risc to these extremely com-
plicated, closely linked circulation systems, really
are understood? The answer depends to a great
extent on what 1s meant by an explanation. The
speculations and the thcories regarding the
general circulation and its thermo-hydrodynamics
goes back to the first half of the cighteenth
century, when G. HADLEY in a classic work gave
the first explanation for the almost permanent
trade-wind systems. According to Hadley, the
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air close to the ground n the equatorial regions
must ascend 1o higher levels because of the
maximum nsolation n these latitudes  and
thereby be replaced by colder air which streams
in towards the cquatorial zone from the north
and the south. This inflow 15 symmetric with
respect to the earth’s axis and the inflowing air
masses therefore seek to conserve their mitial
absolute rotation around the ecarth’s avis. The
friction at the ground or sea surface gives rise
to a certain equalization of the rotation between
the atmosphere and the earth but a certain lag
15 unavoidable and as a result, the air masses
which flow towards the cquator are characterized
by casterly wind components. Thereby north-
easterly trade winds are crcated north of the
heat-equator and southerly trade winds south of
it. The compensating air masses which higher up
are transported from the equatorial regions
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Fig. 6. Pressure distribution at sea level during a period of weak zonal motion in the middle
troposphere (“low 1ndex’). In this situation there 1s a strong exchange of air between high
and low latitudes near sea level; strong cold-air outbreaks from the north and warm air
from the south appear side by side at the same latitude (from H. C WiLLeir, Descriptive

Mectcorology, Academic Press 1944).

northwards (or southwards) must therefore at
some distance from the equator give rise to south-
westerly (or northwesterly) winds.

In analyscs of Hadley's type, the general cir-
culation 1s considered to be the direct result of
convection between an axially-symmetric heat
source and two symmetrically situated cold
sources to the north and to the south. The con-
vective circulation is modified by the earth’s
rotation but remains symmetric if the effects of
the symmetric distributions of land and sea and
the resulting monsoon systems are disregarded.
It is obvious that in each theory based on thesc
starting points such phcnomena as the long waves
and their products in the form of cut-off cyclonic
and anticyclonic cells must be considered as
disturbances, whose main task at most can be to
consume the kinctic energy which constantly is
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created through the primary symmetric convee-
tive circulation.

H. Jerrrrys indicated in the 1920°s that every
attempt to construct symmetric models of the
general circulation must lead to fundamental
theorctical difficultics. In modern terminology
the objections may be summarized in the fol-
lowing way: The earth's rotation around the
vertical, which in a striking way 1s demonstrated
by the slow turning of the plane of the Foucault
pendulum, exerts a strong influence on the
horizontal strcams of the atmosphere which tend
to be deflected in opposite direction relative to
the earth’s own rotation. Thus, every newly
formed air current in the northern hemisphere
is deflected a little to the right. This deflection
causes 1n turn a piling up of air, i.e. leading to
high air pressure on the right side of the stream
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and to low air pressure on the left side until the
resulting pressure gradient across the current
prevents further deflection. This adjustment of
the pressure distribution to the state of motion
is a fundamental property of the atmosphere and
leads to the fact that the streamlines of the air
by the large follow the lines of equal pressure

ing that similar laboratories have becn established
at a number of other institutions. Among other
things, Fultz studied the relative motion of a
thin rotating fluid with a free surface bounded
by concentric walls, the outer hcated and the
inner cooled. As long as the velocity of rotation
is low and the temperaturc difference between

Fig. 7. Vertical scction through the atmosphere along the meridian 90” W. The dashed lines show the
temperature distribution and the sohd lines indicate the speed 1n metres per sccond of the wind component
perpendicular to the section. In the picture two frontal zones are indicated by two sloping pairs of solid
heavy hines. A concentrated speed maximum of more than 80 m.s~!1s situated at the 200-mb level, approxi-
mately at the latitude where the mamn front cuts the 500-mb level (from a paper by E. PALMEN).

(isobars). Tt is now easy to see that a symmetric
convection cell in the northern hemisphere with
southerly motion at the carth’s surface and
northerly motion in higher levels must be ac-
companicd by the air pressurc at the sea surface
everywhere rising to the west while at higher
levels it must rise to the east. Because of the
necessarily cyclic continuity in the air pressure,
such an axially-symmetric pressure adjustment
obviously 15 not possible. The adjustment must
therefore in one way or another lcad to a break-
down of the symmetric convection regime and a
transition to an asymmctric regime, in which
northerly and southerly air streams exist side by
side at the same level.

What has been said above may be illustrated
in a very eflective way with the aid of the model
experiments which have been set up during the
years after the war in order to study the dynamics
of rotating fluids under the influence of heat-
and cold sources. This research was first develop-
ed at the University of Chicago under direction
of D. FuLtz but the results have been so stimulat-

the walls high, the resulting circulation in the
fluid is symmetric and corresponds to Hadley's
picture of thc trade wind circulation. For a
given valuc of the velocity of rotation, which
in each case is determined by the temperature
difference between the walls, the symmetric
solution becomes unstable.

In the top surface layer horizontal, slowly
progressive waves arc now formed which in shape
resemble the long waves in the free atmosphere.
For a given tempcrature difference the wave
number increases with the angular velocity of the
system. Since the angular velocity of the carth’s
rotation around the vertical, which is the critical
parameter for the circulation of the atmosphere,
increases from infinitely low values in the equa-
torial regions to a maximum valuc at the poles,
it is rcasonable a priori that convective circula-
tions of the Hadlecy type can be developed 1n the
equatorial regions, while the circulation in higher
latitudes nccessarily must be characterized by
asymmetry and of northerly and southerly cur-
rents side by side at the same level. In the asym-
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metric type of circulation the “disturbances”, i.c.
the horizontal long waves — and their forms of
degeneration, the closed cyclonic and anticyclonic
cells—play quite a different role than the one
which they must be allotted, if one starts from the
symmetric Hadley circulation as the primary

mentum in the zones where the strongest west-
winds occur,

This complicated interaction with respect to
energy and momentum between the observed
disturbances of the atmosphere and the zonal
motion has in recent ycars been clarified through
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Fig. 8. Distubution of zonal wind velocity and of temperature with latitude at the 200-mb level for the same
section and same day as in preceeding figure The picture shows a4 concentrated jet stream with @ masimum
wind speed of 85 m.s ' at 39 ' N (from a paper by E PALMEN).

phenomenon. As a matter of fact it is found in
the asymmetric case that the cold and warm air
masses, which side by side build up the big dis-
turbances, represent sources of potential energy.
When this energy is released through sinking of
the cold air, at least part of the available energy is
used to build up and maintain the zonal west-wind
current. It is also found that because of their
asymmetric cliaracter the disturbances are able
to transport angular momentum with respect to
the carth’s axis (west-east momentum) in north-
south direction. The transport varies with latitude
and leads to an accumulation of west-east mo-

’

two big “‘book-keeping™ studies of the general
circulation at the Massachusetts Institute of
Technology under the direction of V. STARR and
at the Univensity of California under the direc-
tion of J. BJERKNES. With the aid of the large
amounts of aerological material now available,
these two groups have, for the northern hemis-
phere, statistically investigated the balance of
both angular momentum and energy and especi-
ally the relative importance of the direct Hadley
circulation and of the quasi-horizontal, asym-
metric disturbances for the maintenance of the
zonal west-winds in middle latitudes.
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Fig. 9. The water in this rotating dishpan is heated from
below at the rim of the pan and cooled through evapora-
tion at the free surfacc. The temperature difference
between the center and the rim thus obtained in this
particular experiment 1s great; the pan rotates slowly
counterclockwise. The result 1s a symmetric circulation
with counterclockwise spiral shaped inflow at the free
surface, and clockwise spiral shaped outflow along the
bottom (picture by D. FuLtz, University of Chicago).

Fig. 10. In this experiment the
water is heated from below at
the rim of the rotating pan, and s
cooled by means of a coolant at
the center. The temperature con-
trast between the outer and inner
side 1s 1n this case fairly small,
while the rotation velocity (coun-
terclockwise) 1s great. A symmetric
circulation between the periphery
and the center 1s no longer possible;
a system of almost stationary
horizontal waves forms which
resemble in many particulars the
long waves in the atmosphcre
(picture by D. FuLTz, University
of Chicago).

C.-G. ROSSBY
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Fig. 11. Schematic representation of the rclationship between the flow pattern in the middle of the tropos-
phere and at the ground, as deduced from data for North Amcrica. The picture shows a long wave at
the 500-mb level, represented by means of solid black lines which indicate the height above sea level of
this surface. The temperature distribution at the 500-mb level 1s indicated by the dashed black isotherms.
A depression of the 500-mb surface (1.e. low pressure 1n a fixed level) and low temperatures go together.
In this case the center of the wave can be assumed to be situated in the Mississippi valley. The strongest
wind at the 500-mb surface blows along the green band. This strong current is often characterized by weak
disturbances which move very rapidly eastwards and is in some degree reflected in the wind and pressure
distribution at the ground. These disturbances are indicated by purplc lines and arrows in the dircction of
the motion. A front (blue and red line) is observed further south at the ground which separates the cold
air 1in the north and north west and the warm air in the south (red). Along the surface front a series of polar
front waves move northeastwards, where they are retarded and occluded when the warm air is hfted from
the ground. The vertical motion in the 500-mb surface is indicated by bluc and red arrows.

Tt must be emphasized that the statistical in-
vestigations referred to above leave a number of
fundamental questions unanswered, among others
the problem of why the atmospheric circulation
tends to swing between a predominantly zonal
(“*high index”) and a predominantly meridional

(“low index™) type of motion (‘“‘index cycle™),
climatologically so different from each other: the
meridional type of motion is characterized by
strong positive and negative temperature ano-
malies side by side in the same latitude, while the
zonal type is associated with a considerably
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weaker but zonally distributed temperature ano-
malies of which the most important may be the
temperature deficit in high latitudes. It is known
that certain winters are mainly characterized

the variations in the index cycle, i.e. variations
in its amplitude and frequency, can be explained
without resorting to extra-terrestical factors, for
example through coupling between the atmos-

Fig. 12. Schematic representation of the consecutive stages of the break-down of a zonal flow in the 500-mb
surface; the devclopment takes placc during a period of cight to ten days and the chart picture can be
assumed to extend from the Mississippi Valley in the west to the Ural Mountains in the east. The flow in
the 500-mb surface 1s indicated by the thin black contour hines, and the temperature distribution by the
colours. The strongest current coincides with the white band, in which the temperature contrast between
the warm air in the south (red) and the cold air in the north (blue) 1s concentrated. The long waves move
castwards towards Europe where the westwind is considerably weaker. In this weaker flow the waves
retard, and at the same time their horizontal amplitude grows approximately in the same way as surface
waves do on their way towa.rds shallow water. (From a paper by BERGGREN, BoLIN and RossBy.)

by zonal and other mainly by meridional cir-
culation types. H. C. WILLETT even goes sO
far as to describe the post-glacial climatic varia-
tions as a consequence of the first and some-
times the second type of circulation domi-
nating during a long sequence of years. It is
therefore of fundamental importance to try to
clarify the role which these oscillations between
zonal and meridional types of motion (‘‘index
cycle”) play in the dynamics of the atmosphere,
and still further to investigate to what extent

pheric circulation and the above-mentioned,
probably variable, slow thermohaline cycle in the
ocean.

NORMAN PHILLIPS recently has made an attempt
to approximate the index cycle by means of a
theoretical-numerical investigation of the circula-
tion in a hypothetical atmosphere bounded to
the north and to the south by rigid walls, heated
in the south and cooled in the north through a
net supply of heat which is independent of time
but varies linearly with latitude. The basic equa-
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tions are nonlinear and it was therefore necessary
to perform all computations with a high-speed
electronic computer of large capacity. In spite of
this the problem required a machine time of
about thirty hours. In the beginning of the com-
putations the atmosphere is assumed to be at
rest relative to the earth’s surface. After a time
interval which in nature should correspond to
130 days, the system was characterized by a zonal
flow with a fairly concentrated west-wind belt
in the upper parts of the troposphere. At that
instant Phillips puts random disturbances into
the system in which all scales are represented
and the numerical computations are continued.
Then it appears that disturbances of a certain
scale begin to dominate and finally waves are
developed which in a striking way resemble the
long waves of the atmosphere with respect to
dimensiors, structure and further development.
When it has been possible to perform computa-
tions of this type for a whole index cycle, in-
cluding the cut-off processes and the devclop-
ment of a new zonal current, the road may be
open for numerical forecasts of the general state
of motion of the real atmosphere for one or
perhaps two weeks. However, it should be
emphasized that such forecasts necessarily must
be of a very general character and can hardly
give more than very general statements con-
cerning weather and wind.

The dynamics of the long waves and the index
cycle do not stand alone as insufficiently under-
stood phenomena. The same is true for the
concepts of atmospheric fronts and frontal waves
with which the Norwegian meteorological school
started its victorious progress. The discovery
of the fronts gave the practical working meteoro-
logists a diagnostic tool of extremely high effi-
ciency when the object was to follow individual
air masses and especially the tracks of individual
precipitation areas. With a starting point from
the meteorological observations at the earth’s
surface, one was led to consider the fronts as
borders between air masses of different tem-
perature in relative motion to each other; a well-
developed west-east surface front thus usually
was represented as the border between a westerly
warm air stream to the south and a cooler air
stream with easterly or weaker westerly motion
to the north. This picture was assumed to be
valid at higher levels with the cooler air wedge-
shaped pushed in below the warmer and lighter
air mass. T. BERGERON developed early an at-
tractive theory for the origin of fronts (fronto-
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genesis) as a final result of certain horizontal
fields of motion (fields of deformation) by which
the isotherms in certain areas must be packed
together, but this theory did not explain why
the surface fronts are characterized not only by a
temperature but also by a wind discontinuity. A
dynamic theory for frontogenesis was never for-
mulated by the Norwegian school.

The problem of frontogenesis has lately again
come under study owing to the extension of the
network of meteorological observations in the
vertical direction with the aid of radiosonde and
radar wind soundings. The higher one goes in
the troposphere, the more one finds that the
frontal zones, and their strong concentration of
the horizontal temperature gradient, coincide with
the arcas with the strongest winds, i.e. the fronts
are no longer to be considered as borders between
air masses in differential motion. The motion is
instead concentrated in or in the vicinity of the
frontal zone itself. The picture thus obtained
from the new aerological material leads to a
more satisfactory agreement between our con-
cepts of the structure of the frce air streams and
the quasi-permanent sea currents. Both the Gulf
stream and the Kuroshio stream may thus be
considered as concentrated streams, in which
the strong motion coincides with a zone of strong
contrast between the warm water masses over
the open sea and the cooler water masses above
the continental shelf.

It can be demonstrated without too much
difficulty that the horizontal wind velocity (in
the sea the current velocity) as a result of the
earth’s rotation must increase with height pro-
portionally to the horizontal temperature gradient
across the direction of the flow from the right
to the left. This elementary rule does not, how-
ever, explain the tendency of the temperature
field to bring together the contrasts betwecn high
and low latitudes to a few narrow zones and
thereby giving rise to fronts and the extremely
concentrated jet streams in the upper troposphere.
There can hardly be ary doubt that the carth’s
rotation in combination with the vertical stability
of the air must be responsible for the fact that
the free atmosphere at a certain distance from
the earth’s surface prefers to flow in such narrow
bands rather than in broad rivers, but a satis-
factory theory for this fundamental phenomenon
is still missing.

The theoretical studies of frontal waves (polar-
front cyclones) are in a similar state. The surface
maps show that in an early stage they rapidly
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move along the frontal zone, usually from south-
west to northeast, and that their horizontal
amplitudes at the same time grow rapidly. The
increase of the amplitude, however, is accom-
panied by a strong retardation in the phase
velocity of the waves. This finally leads to a state,
where two successive tongues of cooler air reach
each other. The wave thereby loses its character
of a wave and is transformed to a quasi-stationary
vortex, which gradually rolls up the front. Ac-
cordingly, the theoreticians of the Norwegian
school considered the frontal wave as an unstable
surface wave, generated in the sloping boundary
surface between two media with different motion
and density. During the 20s and ’'30s much
labour was devoted to creating a satisfactory
theory for such surface waves, but it can hardly
be said that the results correspond to these
efforts. It is true that the surface fronts have
served as the diagnostic tool whereby it has been
possible effectively to demonstrate the existence
of frontal waves, but this is far from saying that
the surface front is the dynamically decisive factor
in the generation of thesc waves. At great heights
above a frontal zone along which rapid frontal
waves move, a well-developed jet stream usually
is found. Analyses of observations from the free
atmosphere in this region show that the jet
undergoes marked changes in structure with the
passage of individual frontal waves below. It
seems fairly unlikely that surface waves generated
in the lower levels of thc troposphere could in-
fluence the structure of the winds at the base of
the stratosphere, especially because these surface
waves often seem to come from the southwestern
part of the frontal zone, where the frontal
surface is almost horizontal and the available
potential energy supply therefore is very limited.
For these and other reasons it seems much more
probable that the origin of the frontal waves is
to be found in some kind of progressive trans-
versal vibrations in the jet which later show up at
the surface through the resulting displacements
of thc surface front and associated vertical
motions.

Weather forecasts

Considering our limited knowledge of the pla-
netary and secondary circulation systems of the
atmosphere, it is rather obvious that very much
—maybe the most—still remains to be done con-
cerning the development of methods for circula-
tion and weather forecasts based on physical
principles. In the beginning of this century V.

BJERKNES defined the main problem in theoretical
meteorology the computation of the state and mot-
ion of the atmosphere at a given instant from ob-
servations of the corresponding state and motion
at a previous time. Bjerknes was possibly the last
great representative of the classical school in
theoretical physics, which flourished in the nine-
teenth century, and which was governed by
almost unlimited belief in the equations of me-
chanics and their immediate application to
problems in nature. Later students of this school
have too often depended upon a rather sterile
manipulation of the linearized partial differential
equations, which became their chief tool. Bjerk-
nes, on the other hand, had exceptional ability
to think simply, to see the basic problem and to
create enthusiasm around himself. His work
became of cxtraordinary importance, partly be-
cause his strong belief in the formulation of the
problem gave theoretical studies in the following
decades a well defined goal, and partly because
he, as preparation to a systematic attack on the
forecast problem, succeeded in carrying through
an important rationalization of the methods by
which we describe the three dimensional distribu-
tion of the scalar and vector quantities, which
together determine the physical statc of the
atmosphere.

The basic hydrodynamic and thermodynamic
equations can all be written in such a form that
the left side represents the instantaneous change
in time at an arbitrary fixed point of one of the
atmospheric variables (for example, the momen-
tary change in time of the atmospheric pressure
at a given point, or the instantaneous increase
of the force of the west-wind component at the
5,000 m level over a certain place) while the right
side consists of a rather complicated, nonlinear
combination of the different variables of state
for the same point, and their space derivatives
in horizontal and vertical directions. The right
sides of the equations consist, therefore, of
quantities which in principle can be measured
without the change of the system in time. With
certain assumptions it is possible to transform
these differential equations to difference equa-
tions. By doing this we replace the time and
splace derivatives with differences of finite
magnitude (for example, | hour for the time
increment, 300 km for the horizontal space
differences and 1 km for the vertical increments).
We shall later return to a discussion of the
principles on which the choice of these units is
based. The meteorological problem is then given,
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and consists of describing the change in time of
the state of the atmosphere by the values of the
fundamental parameters, hour after hour in the
three dimensional network so defined.

It has already been pointed out that the right
side of the atmospheric equations consists of
measurable quantities, and it is therefore possible,
in principle, to compute the expected changes in
the succeeding hour from the momentary dis-
tribution in the network. By adding these changes
to the original values one gets a new distribution
in the net and the procedure can now be repeated
until one gets a 12- or 24-hour prognosis. This
is in fact the method now used in the routine
numerical weather prediction services.

A heroic and isolated effort to perform a
numerical integration of the atmospheric equa-
tions along the lines indicated above was at-
tempted in 1922 by L. F. RICHARDSON. In a great
work of continuing value he made a profound
analysis of the physical processes which the
atmospheric equation must express and then pre-
pared, through very laborious hand computa-
tions, a 12-hour prognosis for the British Isles.
The agreement between the observed and com-
puted state was very unsatisfactory. According
to Richardson this depended upon the fact that
the prognostic equations are of such a type that
the computed changes always appear as small
differences between terms of equal magnitude;
consequently it should be necessary to know the
meteorological initial values with an accuracy not
available at this time, and which cannot be
obtained, or aimed at, even now. The fact that
12- and 24-hour prognoses of a conventional
type are rcgularly prepared in weather centrals
all over the world and that these, by and large,
give satisfactory results means that the changes
in the atmosphetic circulation possibly do not
depend to a great extent upon the fact that, for
example, the wind velocity is given with an ac-
curacy of 0.1 m sec 1. The rcasons for the failure
of Richardson’s prognosis must therefore be more
fundamental.

Real progress in the problem of numerical
prediction did not come until after the last
World War and has now resulted in the prepara-
tion of numerical forecasts as a daily routine in
Washington and on a himited scale also in Stock-
holm; similar centrals for numerical predictions
probably will be started in the near future in
Dunstable (the headquarter of the British weather
service), in Frankfurt, Oslo and Tokyo. It is of
interest to investigate, a little more closely, the
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historical background for the fast development
in this field in recent years.

The weather maps supply thc material on
which theoretical meteorologists finally must base
their considerations. As late as the 1930’s, the
national weather services used synoptic surface
maps of a rather limited geographical extent.
In Scandinavia these maps in general covered
Europe and part of the neighbouring Atlantic
Ocean. A certain telegraphic exchange of observa-
tions between North America and Europe took
place, and certain weather services, in particular
the German one, paid some attention to the
daily maps for the northern hemisphere. How-
ever in general the transatlantic observational
material played only a rather insignificant role in
the daily European weather service, among other
things for the practical reason that the scarcity
and poor quality of the ship observations from
the Atlantic made it almost impossible to con-
nect the dectailed pattern on the maps in Europe
with the corresponding patternsin North America.
Daily observations from the upper atmosphere,
where the atmospheric flow patterns have a some-
what simpler and more large-scale character,
werc missing almost entirely. Attention was
therefore almost exclusively concentrated on the
small-scale waves on the polar front and their
motion.

The German meteorologists were an exception
in this respect as shown by the fact that they
introduced, very early, the concept of “Gross-
wetterlage™. This term indicates that the frontal
zones, to which the individual frontal waves are
bound, do not always have the same posi-
tion, but are displaced slowly and change ori-
entation and intensity in connection with the
displacements of the quasi-permanent centers of
action of a mixed planetary and monsoonal
character (for cxample the Azores high, the
Islandic low). The concept “Grosswetterlage™
mcans naturally an understanding of the fact that
horizontal circulation system of quite different
dimensions can exist at the same time in the
atmosphere, the smaller superimposed on the
larger and partly steered in the direction of their
movement. But the German 1deas were never put
on a rational theorctical foundation and were
therefore rather unimportant for the coming
development.

Apart from this exception, it is very striking
that articles and textbooks in the years bctween
the two world wars hardly touch the question
of the scale of atmospheric phenomena. Why do
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the travelling cyclones at the surface of the earth
have radii of the order of magnitude 103 km and
not 102 or 10* km? Questions of this type were
never brought forward. This is perhaps easier
to understand if one remembers that the dense
network of surface stations, organized through
the initiative of V. Bjerknes at the end of the
First World War, was based on the fundamental
assumption that detailed observations from a
limited region could replace data from a more
extended, but sparser net.

In the later part of the 1930’s a research project
was organized at the Massachusetts Institute of
Technology, the main purpose of which was to
develop methods, if possible, for the extension
of the weather forecasts in time from one or two
days, to five days or a week.

The scientists responsible for this project im-
mediatcly recognized that since an individual
frontal wave can develop within a weck, move
several thousand kilometers, and finally dissipate
slowly as a dying cyclonic vortex, it was rather
hopeless to try to cxtend the period of validity
for conventional forecast methods without at the
same time radically changing their character.
Starting from thoughts of this kind, which guided
the Germans to introduce the concept “Gross-
wetterlage”, but otherwise independently, they
thercfore decided to eliminate the transicnt and
small-scale phenomena on the maps from morc
slowly moving large scale circulation systems.
This was achieved by forming progressive five-
day time averages of five consecutive daily syn-
optic surface maps. In this way the pattern
obtained on the map showed only the larger
phenomena and their slow changes and displace-
ments. These larger systems still had the character
of closed cyclonic and anticyclonic systems, but
it was alrcady evident at this point that an extra-
polation of the pressure ficld to the 5-km level
in the middle troposphcre most often showed a
system of slow progressive waves superimposed
on a westerly current in middle latitudes.

The horizontal flow systems found in this way
have linear dimensions of the order of 5,000 km.
The vertical extension of the troposphere and
the lower part of the stratosphere, which seems
to be closely coupled in a dynamic sense with the
troposphere, is around 20 km or 1/250 of the
horizontal scale. It was therefore rather natural
to try to formulate a precliminary theory for the
motion of these large systems as if they repre-
sented inertial motions in a shallow, two-dimen-
sional layer covering the surface of the earth. The
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dynamics for the inertial motions in a two-
dimensiondl layer of this kind can be condensed
to a single equation (the vorticity theorem),
which expresses the fact that individual fluid
elements conserve their absolute vorticity around
the vertical. This absolute vorticity consists of
the vorticity of the fluid element relative to the
earth and the vertical component of the vorticity
of the earth itself. The latter has a maximum at
the pole and is zero at the equator. The fact that
the absolute vorticity is conserved during the
motion mecans therefore that a fluid element
which moves to the south experiences an increase
in vorticity relative to the earth and vice versa.
The distribution of vorticity can be determined
from a given velocity field and consequently the
distribution at a later time (for example one hour)
can be computed with the aid of the vorticity
theorem discussed above. The distribution of
vorticity obtained in this way determines in turn
the new wind field, and from this one can com-
pute the distribution of vorticity in the following
time interval. Apart from certain difficulties at
the boundaries of the region considered, a two
dimensional fluid in inertial motion represents a
dynamically closed system, the future motion of
which in principle can be computed from a single
cquation, the vorticity theorem. This equation is
linear with respect to the time derivative but non-
linear with respect to the horizontal derivatives
of the velocity ficld. This theorem is still the
basis for the numerical forecasts prepared
routinely.

At this time theoretical meteorology was still
governed by intensive experiments to find solu-
tions to lincarized atmospheric differential equa-
tions of such character that they could be used
to describe the phase, speed, structure, and ampli-
tude changes of frontal waves. In thase investiga-
tions the complete three-dimensional character of
the atmospheric flow pattern was usually stressed.
After Richardson’s cxperiment in 1922 little
thought was given to the idca of integrating the
general atmospheric ecquations of motion through
numerical hand computations. Even the brutally
simplified, purely two dimensional picturc of the
large-scale atmospheric motions developed by the
group working at the Massachusetts Institute of
Technology leads to an equation requiring ex-
tremely extensive numerical computations if a
stepwise integration from an arbitrary initial
situation is tried. It was therefore necessary to
work with still simpler models which one could
believe to have some similarity to the observed
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smoothed motions in the atmosphere. A theory
for certain simple, transverse horizontal waves
superimposed on a zonal current, constant in
time and space, was developed. Systematic ex-
periments were performed in order to apply this
theoretical mode] to the atmosphere. Equations
thus derived for the phase velocity of the long
atmospheric waves, and especially for the de-
pendence of this velocity on the force of the zonal
wind and the wave length, proved to be of certain
practical use in the study of thc motions as
observed on the upper-lcvel maps of limited
geographic extent, which by now, in the begin-
ning of the 1940’s, were possible to construct. The
observed motion on the upper-level maps deviated
so often from thc simple wave type, however,
that one was forced to look for other very ap-
proximative methods for the integration of the
vorticity equation from arbitrary initial values,
but these received very limited application and
will not be further discussed here.

In the real atmosphere the stationary long
waves are above all formed in the lee of the large
mountain ranges (the Himalayas and the Rocky
Mountains), and over the western part of the
oceans as a result of the very violent thermal
contrasts to which the zonal current is exposed
when passing from the centinent to the ocean.
The dimensions of these stationary waves are
determined by the intensity and the width of the
zonal current and by the latitude. When the
wind decreases or increases the forced wavcs are
displaced to the west or to the east. It is above
all important that the theory based upon the
vorticity theorem leads to a specific expression
for the linear dimensions of thc large-scale
horizontal flow pattern in which the frontal zones
and the frontal waves are embeddcd. For the first
time one began to realize how different the
atmospheric flow patterns on different scales are.
The energy spectrum of the atmospheric motions
caught the interest of the meteorologists.

This extension of the perspective of the meteo-
rologists would' not by itself have led to general
numerical forecasting methods, but the occurrence
at the same time of the development of fast
electronic computers caused outstanding mathe-
maticians and hydrodynamicists to consider seri-
ously the possibilities of numerical integration
of the general hydrodynamic equations of motion.

A small group of theoreticians with a mathe-
matical and hydrodynamical meteorological
education was collected in the late 1940’s at the
Institute for Advanced Study in Princeton. This

group was assembled by the late mathematician,
J. voN NEUMANN, for a serious$ attack on the me-
teorological integration problem. First among
these collaborators must be mentioned J. CHARNEY
and his younger colleague, N. PHILLIPS, mentioned
earlier in this article. After some years of orienta-
tion it was obvious that the preliminary numerical
integration experiments had to be restricted to
the large atmospheric flow patterns, which to a
first approximation possibly could be treated as
if thc atmospherec was a two-dimensional fluid
in inertial motion. Starting from this assump-
tion the first four numerical 24-hour predictions
were computed and published in 1950, It is
perhaps worth while mentioning that every pre-
diction meant ncarly ten million clementary
numerical operations and required a computa-
tion time of about 24 hours. Corresponding
computations for a region of the same size today
require cnly a few minutes.

If one wants to approximate the atmosphere
by a two-dimensional fluid layer, it is obvious
that one must make a dictionary, so to speak, for
translating the initial situation in the real three
dimensional atmosphere to a corresponding situa-
tion in the hypothetical two dimensional model
and for translating the final prediction to an
expression for the state of the real atmosphere
after 24 hours. The MIT-group had intuitively
supposed that the motions at the 500-mb level,
which by and large divide the atmosphere hori-
zontally into two layers of equal mass, could be
supposed to behave as if they represent the
motions in a two-dimensional fluid layer. Char-
ney now succeeded in giving a rational explana-
tion for this choice of the 500-mb level.

Numerical predictions, which can be computed
with the aid of the vorticity equation for an
“equivalent” two-dimensional atmosphere, are
in general somewhat more reliable than the con-
ventional prognoses, especially in the northwestern
part of Europe, where sharp thermal contrasts
and strong orographic perturbations of the
horizontal motion of the atmosphere do not play
a dominant role. In Sweden, the computations
are carried out for 24, 48 and 72 hours, but at
this latter time the errors become in general so
great that the predictions often loose practical
meaning. The numerical predictions offer a
further advantage which should not be forgotten.
Knowledge and experience, formulated in a
rational way, can once and for all be incorporated
in the computational program, while a meteorolo-
gist working in a traditional way in his predictions
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must constantly keep old accepted methods in
mind as he at the same time must be aware of
new methods and results. This later difficulty is
especially noticeable in educating new meteorolog-
ists in the conventional predicition techniques.

The two-dimensional (in meteorological ter-
minology, “barotropic”) forecasts do not give
the weather directly but only the large-scale per-
turbations on the 500-mb surface, which, how-
ever, to a large extent govern the motion of the
active wcather systems and also, but to a less
extent, their development. The changes between
“nice” weather and precipitation depend upon
the vertical motion of the air; sinking motion
leads by and large to a disappcarance of the
clouds, rising motion to formation of clouds and
precipitation. The fact that the two-dimensional
modecl is able to describe the very large scale
flow systems rather well, means that the vertical
motions conneccted with these systems arc ge-
nerally small. Usually the rule is valid that the
vertical motion in thc atmosphere becomes
greater, the smaller the horizontal extension of
the synoptic system is; one finds in fact the very
strongest vertical velocities in thunderstorms,
where vertical and horizontal dimensions are
approximately the same. The long waves and
closed cells which are treated by thc barotropic
forecasts may therefore be looked upon as the
“infrared”, degencrated and practically speaking
purely two-dimensional part of the whole rich
spectrum of atmospheric motions.

Even these relatively simple barotropic sys-
tems offer, however, great problems for the
theory of numerical prediction, partly of a
surmountable technical nature, but also of a more
fundamental nature. When barotropic predic-
tions are made for a region of limited geo-
graphical extent, the solution to thc theoretical
prediction problem is not completely given by the
vorticity equation itself. One needs, furthermore,
certain information concerning the state of
motion at all points on the closed line which en-
closes the region considered, and then in prin-
ciple information must be available during the
entire time over which the prediction is com-
puted. Because in general the wind has a com-
ponent across the artificially drawn boundary
line, new air masses with varying vorticity are
constantly imported and exported, and becausc
these changes of the vorticity distribution in the
forecasting region influence the velocity distri-
bution, one has to know the vorticity transport
across the boundaries of the region, i.e. one has
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to know the vorticity and the normal component
of the wind at all points on the boundary during
the entire prediction interval. This information
is, however, not available (for in that case the
prediction problem would already be solved), and
one must therefore make certain plausible as-
sumptions concerning the boundary conditions
(for example, the normal component of the wind
and vorticity transport across the boundaries
remain unchanged during the prediction interval).
The errors which are introduced in the system
through an arbitrary assumption of this kind
increasc in time inwards over greater and greater
arcas, and it is therefore nececssary to start the
computations with data from a very much larger
region than the onc for which one wishes a
reliable prediction. The problem could besolved
perhaps by extending the computations to the
greater part of the northern hemisphere with the
boundaries located in the inactive subtropical
highs. But here one meets with other difficulties,
first of all deficiencies in the observational net-
work, poor telecommunications from remote
regions and finally limitations in the capacity and
speed of the electronic computers available to
meteorologists.

A rclatively small number of the radiosonde
stations, which give us our initial material for
the numerical predictions, measure wind spced
and wind direction. Methods of prognoses are
therefore based upon the assumption that the wind
ficld and the quantities derived therefrom, for
example the vertical component of the relative
vorticity, in general can be computed with suf-
ficient accuracy from the pressure field, assuming
the validity of the previously discussed balance
between the horizontal pressure gradient, and the
deviating force arising from the rotation of the
earth. In such a balanced statc the wind blows
along the lincs of equal pressure in the horizontal
plane (the isobars) and its force is proportional
to the magnitude of the horizontal pressure
gradient (‘‘gcostrophic wind”). The assumption
made above means that the pressure field every-
where and at all times immediately and com-
pletely adjusts to the wind field in such a way
that the propertics of the latter can be computed
with sufficient accuracy from the pressure field.
An cxact theorctical analysis shows that the
adjustment in the purcly two dimensional case
certainly is immediatc but deviates in a charac-
teristic way somewhat from the ‘‘geostrophic”
adjustment defined above, and if one tries to con-
sider these deviations, certain new difficulties
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Fig. 13. In the upper part of this figure a square grid is superimposed on a 500-mb map. The following
picturcs show the progressive deformation of the square grid during four consecutive 12-hour intervals,
computed under the assumption that the material points, which originally coincided with the corner points
in the squarcs, follow the motion in the 500-mb surface. If onc systematically describes the state of the
atmosphere by means of a fixed net, which with regard to grid size, coincides with the original grid, certain
details 1n the statc between the grid points cvidently must disappear as time passes. The figure indicates
also one of the reasons that the aerosols released 1n a limited rcgion, sooncr or later tend to strctch into

narrow bands (from a paper by P. WELANDER).
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arise with respect to the boundary conditions.
The question about the ‘geostrophic™ adjust-
ment is, however, far more important in connec-
tion with the three dimensional models of atmos-
pheric motions which are being developed now
for possible use in the numcrical prediction ser-
vices, but it would carry us too far to enter into
this problem here.

For the determination of the vorticity changes
at a given point, thc wind and the gradient of
vorticity computed with the aid of values at the
surrounding grid points are used. It is obvious
that a time derivative obtained in this way is not
representative for a time period longer than it
takes the air to travel from the nearest 'grid
points to the grid point in question. This mcans
that the ratio between grid size and time unit
must never be smaller than the maximum wind
velocities which we experience in the atmosphere.

The grid size in the network depends upon
several factors of practical and theoretical nature.
The initial distribution of the meteorological
paramcters in the net must bc obtained from
some kind of interpolation procedure between
the aerological stations, and it is not economical
to introduce a finer grid than necessary for
extracting the information needed f{rom the
original observations. The finer the grid size one
introduces, and thc more details one trics to
describe, the greater the risk is that the two-
dimensional theory, on which the computations
are based, becomes insufficient and must be
replaced by a three-dimensional prognostic
theory. As yct a reliable theory of this kind does
not exist. In this case the time steps must further
be decrcased, and this may mean that the capa-
city of the computer is surpassed and that the
time necessary for the computations becomes too
long. It is such considerations which have led
to the choice of 300 km and 1 hour as suitable
units in space and time.

If one assumes purely two-dimensional motion
and then from a series of consecutive 500-mb
maps computes the individual displacements of
air particles, which originally coincide with the
corner points in a square of the grid, one finds
that the circumference of the elementary region
defined in this way is already very much deformed
in 12 hours and usually stretched to a narrow
band which falls between the points in the fixed
grid. From this it follows that detailed picturcs
of the same order of magnitude as the grid size
very soon are lost, and that the methods therefore
by and large are limited to giving information
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and predictions about systems of such large
dimensions that they extend from the beginning
over a great number of grid intervals.

It is usually assumed that turbulent friction in
the atmosphere will destroy the available kinetic
energy in a few days. (The estimates vary, but
generally a week is assumed to be more than
enough for this purpose.) In spite of this strong
dissipation, onc often observes in the 500-mb
surface some nearly stationary systems—for ex-
ample closed cyclonic and anticyclonic cells,
which can be followed or observed for several
weeks. In order to understand this persistcnce
completely, one must assume that such systems
give rise to some kind of transversal circulations
or vertical motions through which a part of the
potential encrgy can be released to cover frictional
losses. In such a casc the prediction theory now
in use gives correct results only by neglecting the
dissipation as well as the addition of ecnergy.

It has already been pointed out that the
synoptic systems, which are directly responsible
for the changes in weather from day to day, are
of a considerably smaller scale than thc long
waves or cut-ofl cells which can be treated by
means of the barotropic thcory. In order to
understand these smaller systems better it is
necessary to pay attention to the vertical motion
of the air. This has been attempted by dividing
the atmosphere in a number of horizontal layers
and applying a somcwhat generalized vorticity
theorem to each of thcse. The generalization
means that if onc considers the fact that in a re-
gion where the troposphere has rising currents, the
lower layers are characterized, because of mass
continuity, by convergent flow, and the upper
layers by divergent flow. In regions where there
is sinking motion the distribution of horizontal
convergence and divergence is opposite. Diver-
gence and convergence in turn influence the vorti-
city distribution in such a way that convergence
increases the vorticity, divergence decreases it.
By means of thermodynamic arguments and as-
suming geostrophic balance and hydrostatic
equilibrium at all levels, it is finally possible to
form a closed dynamic system. The resulting
prediction theory has been tested for some time
on a routine basis in Washington. Using this
theory rather unexpected sudden cyclonic deepen-
ing has been successfully predicted at the surface
of the earth, but in certain other cases the results
of the theory have been rather misleading. It is
probable that the defects so far lie in our under-
standing of the dynamics of these smaller
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systems. Every numerical theory must for prac-
tical reasons and in order not to include a number
of phenomena which arc meteorologically un-
interesting, make a selection of the terms in the
hydrodynamic equations which should be in-
cluded in the computations. Such a selection

To this the fact must be added that the now
existing, three-dimensional net of observations
over the northern hemisphere is still in large
areas too sparse for describing smaller atmos-
pheric systems, which in this connection are
most important. In the United States efforts have

Fig. 14. The electronic computer
BESK has been used to analyze the
obscrvations from the 500-mb surface
at a given time, and the result has
been projected in form of a conven-
tional 500-mb map on the screen of
a cathode ray tube, connected to
BESK. The e¢lectronic computer may
in the future take over the job of
sorting and checking incoming obscr-
vations, analyzing them and projecting
the result of the analysis on such
screens. In principle 1t would be
possible to correct the analysis
continuously by means of the latest
observations to arrive and at the
samc time project on another screen
a prognostic map for a later time
(for example 24 hours). Such con-
tinuously corrected analyses and
prognostic maps should lead without
doubt to significant improvements
n the quality of the weather predic-
tions (from a paper by B. Roos and
M. EATON).

presupposes, however, previous and thorough
knowledge of the structure and dynamics of the
system. It is by no means certain that a complete
general selection of the sort mentioned above can
be made, in other words it is quite possible that
the observed threc-dimensional smaller systems
in the atmosphere represent a whole series of very
different phenomena from the dynamic view
point. Comparisons of certain patterns at the
base of the stratosphere and the characteristic
systems in the lower layers of the troposphere,
support this hypothesis. The modern aerological
network in this respect has done very much
to eliminate dogmatic and conventional thinking,
which to a large extent dominated synoptic
meteorology between the wars.

The progress in the elaboration of a rational
theory for detailed wind and weather predictions
of shorter duration (up to 24 hours) may be
rather slow for the reasons mentioned above.

been made to solve the practical prediction
problem of the violent tornadoes which plague
the Middle West. This has been done through the
organization of a coordinated net of surface
stations furnished with radar equipment having
a range of several hundreds of kilometers. This
is cutting the Gordian Knot instead of untying
it. On the other hand it is quitc probable that
observations from this net will make a valuable
contribution to our understanding of the morpho-
logy and dynamics of the tornadoes.

With respect to the part of the atmospheric
spectrum which lies between the dimensions of a
tornado and the large barotropic disturbances,
there is at present no such short cut. It is, how-
ever, of interest to point out that recently at White
Sands, New Mexico, using a rocket at a height
of approximately 100 miles, a photograph was
obtained mapping a well-defined cloud system,
organized as a cyclonic vortex, the existence of

36



C.-G. ROSSBY

which was unknown at the time the photograph
was made. Shortly afterwards the system gave
very violent local rains and floods. The example
demonstrates the fact that we as meteorologists
working with conventional tools are constantly
hampered by the structure-dissolving, frog’s-eye
view, which is forced upon us. On the other hand
photographs from great heights might help us to
develop a bird’s eye view. It is naturally still
too early to say to what degree such photographs
from rockets and satellites can be applied to
routine operations. It is not unreasonable that
a suitable combination of an extended radar net-
work with photographs or other measurements
taken from suitable platforms at great heights
will be of great importance for solving the
practical problem of issuing short range, detailed
weather predictions.

Very great progress has been made lately in
the problem of letting electronic computers take
over the very laborious job of analyzing daily
synoptic maps. The 500-mb maps, which form
the basis for the numerical forecasts in Stock-
holm, are being analyzed by the electronic com-
puter in such a way that the preceding day’s
24-hour prediction is selected as the start for
and the first approximation to the day’s map.
This approximation is then corrected by means
of observations from the day in question. During
the lJast winter in Stockholm conventionally
analyzed maps have been introduced into the
prediction scheme only once a week. In principle
one can incorporatc in the objective numerical
analysis, all the rational empirical rules which
the experienced synoptician uses in the map ana-
lysis. In Washington the teleprinter tapes which
contain the mctcorological observations arc in-
troduced dircctly into the electronic computer
which sorts the data wanted, checks them for
internal consistency, discards faulty obsecrva-
tions, and then stores approved observations in
the machine for final analysis. The development
of a method for numerical analysis of the surface
map with its much more detailed structure is of
course an extremely laborious problem but not
unsolvable.

Regarding the fundamental barotropic prog-
nosis there is at present no principal reason why
one could not combine the meteorological com-
munication net (the teleprinter lines) with an
electronic computer, and this in turn with two
television screens in such a way that the incoming
observations could be automatically sorted and
analyzed in the machine, and the current maps
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so obtained shown on one television screen, while
at the same time the other screen shows the
probable situation 24 or 48 hours later.

Distribution of matter in the atmosphere

A. Air trajectories

It was already pointed out in the introduction
to this article that the role of the atmosphere as
a carrier and distributing agent for matter such
as maritime salts, dust, and industrial pollutants,
including radioactive debris, is likely to demand
the attention of the meteorologists to an ever
increasing degree. The fundamental dynamic
problem connected with these questions is to
determine the future path (trajectory) that will
be followed by an air particle which, at a given
moment, is situated at a given point. It may seem,
at first, as if one would have solved this problem
once the principles of numerical forecasting have
been established. The solution could then be
found simply by moving the air parcels hour after
hour according to the instantaneous values of
wind speed and direction provided by the nu-
merical forecasting procedure. The general fore-
casting problem in three dimensions has, admit-
tedly, not been solved so far, but the general
character of the flow at the 500-mb level by now
is reasonably well understood, and one could
possibly utilize this to compute trajectories of
particles that stay in the 500-mb surface and move
within it with the speed and direction of the wind.
Such trajectories would by no means represent a
projection onto the 500-mb surface of the real,
three-dimensional, air trajcctories. The horizontal
winds normally exhibit a marked variation in the
vertical both with regard to speed and direction.
Air particles with the same horizontal coordinates
of origin may, conscquently, follow widely dif-
ferent paths depending upon the level at which
they are moving. It has already been pointed out
that the simplified theory of 500-mb forecasting
is inherently incapable of giving accurate in-
formation regarding isolated details at the fixed
points of the basic grid. Attempts to verify baro-
tropically forecast wind at prescribed points will,
accordingly, in general give quite discouraging
results. This, in turn, implies that the agreement
between the *‘real” 500-mb trajectories and those
computed barotropically may be entirely un-
satisfactory even in cases where a good forecast
of the development of the atmospheric circula-
tion has been produced. This has been de-
monstrated effectively in the computations of
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500-mb trajectories that have been made recently
by D. Diuric and A. WiN-NIELSEN of the Inter-
national Meteorological Institute in Stockholm.

One of the greatest difficulties encountered in
studies of this kind lies in the determination of
the “real” trajectories that are to be compared
with those computed from the forecast. Aero-
logical observations are in most places made only
twice a day and many stations do not report
winds at the 500-mb level. 1t is therefore necessary
to construct the “real™ trajectories on the basis
of weather maps that are, in some suitable way,
interpolated between the observed twelve-hourly
maps. It will also, in general, be nccessary to
utilize geostrophically computed wind in addi-
tion to the observed ones.

We have already mentioned P. Welander’s
investigation of the deformation fields in the
500-mb level. His case, as well as those com-
puted lately by D. Djuric and A. Wiin-Niclsen,
shows that alrcady within twelve hours the paths
computed for neighbouring points in the basic
grid diverge widely. As a result, one finds that
a square defined by four such points in the initial
statc will in general soon be deformed into a
long strcak covering the same total area. We
cannot expect to be able to forecast the exact
position of such a streak very accurately but there
is no reason to doubt the existence in nature of
such strong deformation ficlds, as have been
indicated in the investigations mentioned. It
secems likely then that acrosols released over a
limited arca would spread in the form of narrow
bands without necessarily losing too much in
concentration. The deformation fields, and thus
the tendencics to form streak-patterns, are even
stronger in the uppermost parts of the tropos-
phere and in the lowest stratospheric regions,
where the strongly concentrated jet streams
occur.

The lack of direct observations of air tra-
jectories clearly constitutes a primary difficulty in
all attempts to attack the problems mentioned
here. However, during recent ycars some data of
this type have been collected by the meteoro-
logical agencies of the U.S. Armed Forces. Use
has been made of free balloons equipped with
automatic control gear designed to kecp them at a
predetermined constant pressure lcvel, moving
with the winds at that level. The position of the
balloons was then determined at regular intervals
with the aid of radio direction finders. This
observational material has not been made generally
available so far for detailed analysis, but it
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should in due time give valuable information
regarding the possible systematic deviations of
the actual winds from those computed geo-
strophically. Investigations of air temperatures,
and other properties such as humidity, measurcd
along the trajectory of such balloons undoubtedly
would increase our knowledge about the vertical
motions connected with the larger synoptic
systems as well as about the importance of the
radiation balance for changes in air tempera-
ture.

It is regrettable from many points of view that
such an extremely valuable observational pro-
gram should lie in the hands of military authori-
ties. The problem of distribution of matter 1n
the atmosphere will no doubt be of fundamental
importance to all of us. It is unlikely that it could
be solved completely in a theoretical way or with
the aid of conventional aerological observations.
It seems desirable, therefore, and it will no doubt
prove nccessary sooner or later to conduct
trajectory experiments regularly through the
agencies of the international civil meteorological
organization, WMO.

The spreading of aerosols, naturally, takes
place not only through the purely advective pro-
cesses discussed above, but also through various
processes of turbulent diffusion. The velocity of
vertical diffusion in the middle and upper parts
of the troposphcre is controlled in general by the
mcchanical turbulence brought about by the
vertical wind shear and the consequent relative
motions of the superimposcd air layers. This
mechanical turbulence is suppressed to some
extent by the static stability in the vertical that
is found generally in the atmosphere. The order
of magnitude of the more or less isotropic tur-
bulent mixing can be expressed through a kinc-
matic cocfficient of diffusion, the magnitude of
which is normally found to lic between 105 and
10% cm? sec™L. This coefficient has the dimensions
of length times velocity, and could be looked
upon as representing a characteristic dimension
of 10 to 100 metres and a characteristic velocity
of 1 mj/sec in the turbulent elements. In the
relatively limited arcas dominated by thermal
convection, both of these numbers have to be
multiplied by onc power of ten. It is evident
from these numbers that isotropic mechanical
turbulence cannot play the decisive role in the
spreading out of acrosols that have been
introduced into the atmosphere over areas of the
scale of hundreds of kilometres and depths of
one or several kilometres.
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Turbulence of characteristic scales much larger
than the above mentioned occurs in the atmos-
phere also. This turbulence must necessarily be
anisotropic, because of the dimensions and
stability characteristics of the tropospherc. We
know, however, too little about its structure to
be able to make definite statements regarding its
importance. Tt seems likely, for thcoretical
reasons, that cylindrical turbulent elements with
their axis oriented along the direction of the
wind should form in the vicinity of well-developed
jet streams. This idea is supported by observa-
tions of analogous concentrated currents in the
ocecans, e.g. the Gulf Stream. Anisotropic tur-
bulence of this kind will probably lead to a ten-
dency of aerosols to concentrate in narrow hori-
zontal streaks in regions of concentrated upward
motion.

It has been pointed out before that the rotation
of the earth tends to cause a certain dynamic
stability of the large-scale horizontal motions of
the atmosphere. This is shown above all in the
capability of the atmosphere to build up quickly
a balance between the horizontal pressure gra-
dient and the deflective force caused by the inter-
action of the wind and the earth’s rotation. It
is probable that this stability exerts a strongly
damping influecnce on the occurrence of turbu-
lence elements with a vertical axis and charac-
teristic dimensions of the order of magnitude of
10 to 100 km. The resulting gap in the turbulence
spectrum will increase the tendency to develop
streakiness of the atmospheric distribution pat-
terns.

B. Distribution and circulation of maritime salts

The previous discussion has been primarily con-
centrated on the prognostic problems connected
with the streaky distribution in the upper layers
of the troposphere of acrosols from instantanc-
ous, geographically limited sources. During recent
years the attention of meteorologists has also
turned to certain climatological distribution pro-
cesses in the lower troposphere, involving more
or less permanent sources of aerosols. The local
processes connected with the transport of air
pollutants from individual industrial sources be-
long among others to this class. We shall confine
ourselves here to somewhat more general ques-
tions concerning the redistribution by the wind
of salts originating from the sea. Such qucstions
arc not only of meteorological interest but have
also given rise to a series of significant micro-
chemical and geochemical problems.

When the wind over the sea is strong enough
to form white-caps, air is captured by the col-
lapsing wavecrests and rises to the surface after-
wards as tiny bubbles. When these bubbles burst,
a jet of water is ejected into the air where it
breaks up into small droplets. Some of these
droplets fall back to the water surface. Others
are carried away with the winds and after eva-
poration produce new salt particles. These
particles of maritime salts can act at some later
time as condensation nuclei and are therefore of
essential importance in the formation of clouds.

The northwestern part of Europe is ventilated
by and large by winds from the sea, carrying both
water vapour and sea salts. The rain falling from
the clouds in these maritime air currents sweeps
out a part of the salt particles in the lower air
layers. The intensity of this washing-out is pro-
portional to the number of salt particles per unit
volume as well as to the intensity of the precipi-
tation. Consequently, the amount of precipitated
salts will, by and large, decrcase with increasing
distance from the coast. This elementary result
can be verified easily by studying the chemical-
climatological maps recently constructed for north-
western Europe. The basis for these maps is data
obtained from the chemical analysis of monthly
samples of precipitation, collected at a great num-
ber of stations. These stations are organized and
supported by the Royal College of Agriculture
and the International Institutc of Meteorology
in Stockholm in collaboration with a number of
foreign organizations and scientists.

In earlier geological considerations these air-
borne salts have in general been neglected. It has
been assumed generally that salts which were
transported to the sea by the rivers consisted of
the products of chemical crosion. Provided this
reasoning were correct and the transport of salts
into the sea by running waters werc known and
could be assumed constant, we could estimate
the age of the oceans. Such an estimate has been
made, yielding a value of about 60 million years.
This absurdly low age makes the entire reasoning
doubtful. We must ask ourselves whether the
transport by the rivers really represents a supply
of products of chemical crosion.

ERrik ERIKssON of the International Institute of
Meteorology in Stockholm has made an effort
to throw light on this problem by comparing the
quantities of chlorides supplied to the soil by
precipitation  with those transported to the
sea by the water courses of Sweden. Some 30
years ago, water samples collected from a large
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Fig. 15. Weight ratio of chloride and sodium ions in
precipitation during the calendar year 1955.

number of places in the Swedish river system
were chemically analyzed. By multiplying the
measured concentrations of chlorides with the
yearly amount of outflow one can easily determine
the transport of chlorides at each place. These
values can be reduced to the loss of salts per
annum per unit area by a division by the area of
the corresponding drainage basin. In this way
it is possible to obtain data for a hydrological-
chemical map indicating the removal of chlorides
in kilograms per hectare per annum.

The general outlines of this map coincide
strikingly with the map of chlorides supplied by
precipitation and by contrast are apparently
independent of the character of the bedrock. One
feels therefore strongly tempted to conclude that
the salt content of the rivers must to a large
extent consist of salts transported over land by
the winds and thereafter carricd back to the sea.
A fact which contradicts this hypothesis is, that
the quantities removed arc in general two or three
times as large as thosc supplied by the pre-
cipitation. Eriksson has tried to overcome this

difficulty by pointing out that the Swedish forests,
especially those of conifers, may during dry
periods “filter” the winds thus collecting a con-
siderable part of the aerosols of the lowest
atmospheric layers, which are constantly renewed
by a supply from the west. Experiments have
been carried out at the Institute of Forestry as
well as abroad, which support this hypothesis.
It is, however, not yet possible to make a reliable
estimate of the quantities of salts collected in
this way over a unit area,

For the arid and semi-arid zones, espccially
for those having no drainage to the sea, the
supply of salts to the soil by sporadic rain showers
and by direct gravitational sedimentation can
gradually lead to a destruction of the soil and
existing water reservoirs. Western Australia is at
the present fighting these problems. The collec-
tion of reliable data concerning the precipitated
salts are of great practical interest. In addition
the systematic observations of the chemical
composition of the precipitation, carried out
during recent years in northwestern Europe,!
have given rise to a renewed discussion of the
geological history of the great salt deserts. Tt has
been generally assumed earlier that the salt
deposit of the deserts is built up by marine
invasions. Considering, however, the large
amount of salts which, during geological ages,
were transported into these areas by the winds
and precipitated there, one can no longer exclude
the possibility that much of thesc salt deposits
is due to the accumulation of airborne salts.

C. The circulation of sulphur and ammonia

Compared with the apparently simple and easily
interpreted geographical distribution of the actual
sea salts transferrcd to the soil by precipitation,
the maps for other elements, as for cxample
sulphur and ammonia, show a far more com-
plicated pattern. Sulphur found in the sea water
has an average volume proportion compared to
sodium of 0.08. Since precipitation usually
contains rather large quantities of sulphur it has
been assumed that these originate from sources of
industrial pollution. The quantities of sulphur
transferred to the soil from precipitation over
Denmark and Sweden decrease in a fairly regular
way with increasing distance from the Western
Ocean, apart from some entirely local dis-

1 A similar chemical network has been in operation
in North Amecrica for about one year under the leadership
of CHRISTIAN JUNGE.
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Fig. 16. Distribution of sulphur from precipitation
during the year of 1955 (mg/m?). Notice the high con-
centration in southwestern Sweden which probably can
be explained as a combined effect of maritime sulphur
and sulphur from the industrics in western Europe.

turbances.! One can try to eliminate the sulphur
of maritime origin in the precipitation by sub-
tracting from the latter the fraction (i.e. 0.08) of
the simultaneously transferred amounts of sodium
corresponding to the sulphur contribution of the
seas. The resulting map will still show a fairly
smooth decrease of the “non-maritime” amounts
of sulphur from southwest to northeast. A tongue
of high concentration extending from southern-
most Sweden northwards indicates with good
probability that there is an airborne contribution
to Sweden’s sulphur provision from Germany’s
industry. This map ncvertheless gives rise to
certain questions of geochemical importance. If
the industries and coal combustion of the British
Isles and Western Europe are really responsible

! Tt should be pointed out that the northwest European
chemical network was organized for the study of distri-
bution phenomena on a synoptic scale and that the sta-
tions have in general becn established at places where
one could hope to avoid effects from purely local pollu-
tion sources.
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for this “non-maritime” part of the sulphur
transfer, it seems difficult to understand the
strong concentration of the horizontal gradients
over Scandinavia, several thousands of kilo-
metres away from the sources of pollution in
question. One can hardly avoid the impression
that one part of this *“non-maritime” sulphur,
after all, emanates from the sea. Hcreby we
arrive at the question of whether the process
discussed above is the only onc capable of trans-
ferring chemical components from the sea to the
air. One possibility put forward much earlier is
that a major part of the maritime sulphur leaves
the sea as hydrogen sulfide (H,S). The shallow,
so-called *‘shelf-areas’ should be in this case the
most important source areas of this hydrogen
sulphide.

The examples shown above demonstrate the
wide geographic separation of the sources of the
various chemical substances in precipitation. The

Fig. 17. Non-maritime sulphur in precipitation during
the month of May 1955. The maritime part has been
eliminated by subtraction of a correction, which was
computed from the sodium in precipitation and with
the aid of the existing weight ratio between sulphur and
sodium n the occan. Note the tongue of high sulphur
content, probably from western Germany, extending
northwards through southern Sweden,
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relative chemical composition of precipitation
should therefore vary with the origin of the air
mass from which it precipitates. The chemical
composition of precipitation during a certain
time interval could possibly be used in this way
as an indication of the predominant circulation
pattern during the same interval. In pcat-bogs,
nourished exclusively from the air, certain con-
stituents of the precipitation are so intimately
bound to organic matter that a chemical strati-
fication is formed in the course of the years. This
should to some degrce reflect the composition
of precipitation at the time of formation of the
strata. By coordinated determinations of the
chemical structure of geographically well-dis-
tributed, ‘‘air-nourished” (ombrogenous) peat-
bogs possibly one should be able to obtain a
picture of the relative chemical composition of
precipitation, and thus also changes in the typc
of circulation during different postglacial periods.
Extensive experiments in this direction have been
started during the summer of 1957 by the Inter-
national Institute of Mecteorology in Stockholm
under the leadership of E. Eriksson. The study
of the extensive material, which not only has to
be analyzed chemically but also dated with the
aid of C1* and pollen analysis, has not yet becn
completed. It should, however, be pointed out
that from a study of an “‘air-nourished” peat-bog
in southern Halland, SANTE MATTSON has been
able to prove that the well-documented climatic
deterioration which occurred approximately
simultaneously with the transition from the
bronze-age to the iron-age, is clearly reflected in
the vertical chemical stratification of this peat-
bog.

Since nitrogen compounds are of interest to
agriculturalists and forestcrs, these compounds
have been investigated in detail since the middle
of the last century or still earlier. Several, and in
some cases fairly long, serics of measurements
were made at agricultural experimental stations
such as Rothamstcad in England. As a rule,
these measurements have been carried out without
attention to meteorological viewpoints, and there-
fore cannot yield the necessary information we
need for a fairly complete analysis of the circula-
tion of nitrogen compounds. Such an analysis
should also lead us far beyond the boundaries of
meteorology. E. HUTCHINTON during recent years
has made valuable contributions to the discussion
of this question in articles on the bio-geochemistry
of nitrogen compounds.

Already in thc middle of the last century T.
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SCHLOSING suggested that the ammonia in pre-
cipitation originates in the sca, and that after
having taken part in the organic circulation in
the biosphere, this ammonia is transported back
to the sea by the rivers in the form of nitrates and
of nitrogeneous organic decay products. Schlo-
sing’s theory was abandoned when it turned out
that the nitrogen content of maritime air masscs
was lower than that of continental air masses.
The discovery of nitrogen fixing bacteria on
legumes indicates that the sources of the am-
monia in the atmosphere and precipitation
should be sought in the cultivated arcas of the
continents.

The data which now are available from the
chemical-climatological networks in northwestern
Europe and in the USA have not yct been
analyzed conclusively. The fairly irregular pattern
of the maps for ammonia in the precipitation in
Sweden indicates that the greater part of the cir-
culating quantities of ammonia passes through
fairly short, locally controlled circuits, during
which the quantities of ammonia liberated by
decay processes rcturn directly to the atmos-
phere as gases. This impression of local control
is strengthened by some material from America.
Chr. Junge recently found that the precipita-
tion over southeastern United States, south and
east from a line connecting the Mississippi delta
withVirginia, contains exceedingly small quantities
of ammonia. This part of the country is, however,
charactcrized by certain acid, red soils, whosc low
pH apparently prevents the ammonia liberated
by decay processes from returning to the atmos-
phere. Thus, the advection of ammonia from
more distant parts of the country seems to play
a relatively insignificant role.

No doubt one must presume the existence of
a slower circulation, involving much larger
regions of the world, but reflecting considerably
smaller concentrations than produced locally, in
addition to these shortlived, local circuits. Spo-
radic analyses of the precipitation in tradewind
zones at island stations, more than 2,000 miles
away from the ncarest continent, have yielded
values of ammonia concentration which are
comparable to those obtained from eastern
Swedcn in the absence of strong local sources of
pollution. One must therefore probably assume
that small quantities of ammonia arc liberated
at the sea surface in gaseous form and eventually
precipitated over thc continents as Schlosing
suggested. We still do not know the periods of
these different cycles and of the magnitudes of
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quantities of ammonia involved finally. It should
be of considerable bioclimatological interest to
settle the question whether at present there is a
balance between bacteria-controlled processes
which fix ammonia and those which reconvert
nitrogen compounds into molecular nitrogen.

The amount of nitrates in precipitation is in
general considerably lower than the content of
ammonia. Nitrogen bound in the nitrates
amounts roughly to 509, of the nitrogen in
ammonia compounds. This number is, however,
by no means constant and the two elements are
distributed in an entirely different way. It has
often been assumed that a great part of the
nitrates in precipitation is created by direct oxida-
tion of nitrogen in air by lightning discharges.
Hutchinson has tried to determine this effect by
comparing the concentration of nitrates and
ammonia in precipitation obtained from rain with
and without simultaneous lightning discharges at
certain stations in Oklahoma, where thunder-
storms are both common and intense. The
results are not convincing and the effectiveness of
thunderstorms as producers of nitrates is still
an open question. In Sweden the largest con-
centration of nitrates is found in the precipitation
from the west coast: the gradients in toward the
center of the country are stcep and more con-
centrated than in the case of the ‘‘proper” sea
salts. The circulation of the nitrates must be
considered as an unsolved problem.

Keeping in mind that probably the nitrates and
the ammonia in the precipitation are formed in
completely different ways, an investigation has
been made at the International Institute of
Meteorology in Stockholm of the relative abun-
dance of the stable isotopes N' and N!% in am-
monia and in nitrates, respectively. This should
indicate systematic differences with regard to
fixation. The results are almost entirely negative.
However, this should only indicate that the
amount of rccently fixed nitrogen is small in
comparison with the total quantity of nitrogen
in the circulation of ammonia and nitrates in the
biosphere.

We have pointed out above the geochemical
and bio-geochemical questions arising from the
study of the chemical composition of the pre-
cipitation obtained from the chemical-climato-
logical nctwork. These questions, however, are
closely connected to certain physical-chemical
problems. These problems deal partly with the
exchange at the sca surface itself and partly with
the processes acting on condensation nuclei after
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the latter having been carried up into the air
by turbulent winds. One typical problem is the
relative abundance of chloride versus sodium
ions in precipitation in Sweden. The mass ratio
of these two ions is 1.8 in sea water and 1.5 in a
solution of pure sodium chloride. On the
Swedish west coast it is found that the cor-
responding ratio in the yearly precipitation is
closer to 1.5; the ratio decrcases systematically
with increasing distance from the west coast
attaining values between 1.0 and 0.8 in the
eastern parts of central Sweden. It is likely that
the results obtained during different years would
be different depending on the prevailing circula-
tion. The general characteristics of these results,
however, are always the same. The simplest
explanation is, of course, that the salt-transport-
ing westerlies become enriched with other sodium
salts from the ground during their movement
inland over Sweden. This viewpoint especially
has been maintained by the German chemist and
oceanographer K. KALLE, who has studied thor-
oughly the obscrvational material from the two
first ycars of thc Swedish chemical network.
Another possibility is that the nuclei of con-
densation are subjected to certain processes which
lead to a partial elimination and substitution by
other ions of chloride. Based on certain ob-
servations collected on board German sub-
marines and over central Europe during the
second world war, H. CAUER some ycars ago
suggested that the small quantities of ozone
normally present in the lowest atmospheric layers
could contribute to a chain of events which
eventually results in small amounts of gaseous
hydrogen chloride in the atmosphere. According
to Cauer, the chloride ions of condensation nuclei
should hereby be substituted by carbonate or
bicarbonate ions from atmospheric carbon di-
oxide. It is now regarded for theoretical reasons
as well as from conclusions based upon certain
experiments arranged to varify this hypothesis,
that atmospheric ozone is considered not to
play the role suggested by Cauer. It is, however,
of some interest to point out that Junge claims
to have found frec hydrogen chloride in air
samples from Hawaii, which previously had been
deprived of their condensation nuclei.

D. The exchange of matter at the sea surface

A comparison of the ratio between chloride and
sodium ions for different types of circulation has
indicated that, especially during the late autumn
in the presence of humid, southerly or south-
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westerly winds, one can obtain valucs of the
mass ratio of these two ions which exceed 3.0
whereas an analysis of air samples (with con-
densation nuclei included) should in similar
circumstances have yielded values of 4.0 or more.
Values of the chloride content of the air in the
neighbourhood of the Black Sea have during
recent years been published by Russian investi-
gators who indicate values of the order of magni-
tude of 100 micrograms per cubic meter of air as
far as 100 km, or more, from the coast. The ratio
of chloride ions to sodium ions in the water of
the Black Sca hardly deviates from the cor-
responding ratio in the oceans. Its water masses,
being very stably stratified and only slowly
renewed, on the other hand contain large quan-
tities of hydrogen sulphide below a depth of
200 m. The possibility has been suggested that
the uppermost layer of water could be ‘“‘swept
aside” by powerful storms, thus giving the
hydrogen sulphide in the lower layers a chance
to diffuse into the atmosphere. This hydrogen
sulphide must, with the cooperation of the sun,
fairly quickly become oxidized to SO, and
further on to SO, which may be able to expel
the chloride ions from condensation nuclei,
leading to a formation of gaseous hydrogen
chloride. This latter may in its turn be carried
over long distances, while the corresponding con-
densation nuclei, now mainly sodium sulphate,
should precipitate fairly quickly.

It is evident from what has been said here that
the chemical constituents of cloud water and
precipitation have left the sea in different pro-
portions than those characteristic for sea water.
It has been pointed out already that small
quantities of ammonia as well as gaseous hydro-
gen sulphide probably escape to the atmosphere
in gaseous statc. There may exist an additional
process which could lead to differentiation in
the delivery of marine salts to the atmosphere.
The sea surface is, in the presence of weak winds,
often characterized by the existence of a thin
organic film, probably consisting of certain fatty
acids. These fatty acids possess the property of
being able to bind cations, such as calcium and
magnesium, to a higher degree than sodium and
potassium. During the generation of bubbles,
which has been described carlier, a part of the
organic film is carricd off with the droplets. As
a result this should carry calcium and mag-
nesium into the air in higher proportions than
their abundance in sea water. We still do not
know the importance of this differentiated trans-
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port of salts. It is, however, conspicuous that the
content of calcium in precipitation, to which we
should by and large like to ascribe the wide-
spread occurrence of highly calcine rocks over
continents, is equally high along thc western
coast of Scandinavia and farther in over the
country. Similarly, the occurrence of organic
matter in the snow over Finland, far away from
sources of pollution, has been interpreted as a
proof of the regular formation of organic films
on the sea surfacc, and removal of it by the
bubbling process.

From what has been said above it should be
clear that the transport of salts from the sea to
the air is by no means a simple mechanical process
as carlier supposed. A final example of the
physical-chemical problems connected with this
process can be found in the hydroxylioncon-
centration (pH) of precipitation. Sea water is
basic having a pH of about 8.0. The precipitation
at Scandinavian coastal stations has a fairly
stable pH between 4.5 and 5.0. Farther inland
this value incrcases slowly, becoming at the same
time more variable geographically and with time.
The low pH near the coast cannot be ascribed
to carbonic acid in the air, which, being in
cquilibrium with cloud droplets and precipitation,
should not be able to depress the pH from 8.0 to
less than about 5.7.

Attempts to control atmospheric processes

With our increasing understanding of the
structure and motion of the atmosphere meteoro-
logists have been looking also into the possibilitics
of influencing or controlling some atmospheric
processes. It has become more and more apparent
that water supply will become the most important
limiting factor for economic development in
many parts of the world. It is hardly surprising,
thercfore, that the atmospheric cycle of water
vapour has been the object of some very intensc
research, culminating in certain field experiments
designed for the development and the testing of
methods to interfere, locally, with this cycle.
For some ten ycars experiments have been con-
ducted to stimulate the local releasc of pre-
cipitation. The next step was taken a few years
ago considering the problem of evaporation from
natural and artificial water reservoirs, and the
possibility of reducing this evaporation with the
aid of certain surface films. An investigation of
the possible utilization of similar methods on
snow fields also has recently been initiated. The
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results gained so far along these two lines of
rescarch on the hydrologic cycle are rather
modest and, in particular rcgarding the release
of precipitation, to some extent debatable. The
potential economic importance even of limited
advances in this field of work is, however, so great
that, in spite of temporary setbacks, the experi-
mental work in this field may be expected in the
long run to intensify rather than die away.

Our possibility to stimulate, artificially, the
local release of precipitation is ultimatcly de-
pendent upon the apparent fact that, while the
normal atmospheric condensation process is
extremely efficient, this seems not always to
be the case. This is indicated by the fact that
not all clouds give rain or snow. Condensa-
tion nuclei, mainly salt particles of maritime
origin, are normally abundantly present in the
lower air strata. Cooling of the air caused by
lifting or by radiation, results in condensation
of the atmospheric water vapour onto these
nuclei. The numerous cloud droplets formed in
this way are quite small (typically around 10
microns diameter) and have too low a velocity
of fall to cause measurable quantities of pre-
cipitation to fall out (about 1—2 cm/sec). The
release of precipitation thus requires some special
process capable of converting a large number of
cloud particles into a much smaller number of
raindrops. The raindrops arc normally of the
order of millimeters in diamecter and have fall
speeds up to 6—7 m/scc. An efficient process for
the release of precipitation should accordingly be
capable of quickly combining all the water in a
large number (up to a million) of cloud droplets
into a single raindrop.

It was suggested by BERGERON in a classical
paper in 1933 that the natural release of precipita-
tion should depend almost completely on the
occurrence of a limited number of ice crystals in
a cloud otherwise composed of supercooled
water droplets. These snow or ice crystals would
then grow rapidly because of the difference in
saturation water vapour pressure over liquid
water and ice. This difference reaches its maxi-
mum of about 0.27 mb at a temperature of
— 12° C. Finally, when the crystals have grown
sufficiently to start sweeping up the surrounding
cloud droplets due to their higher fall velocity,
the growth is accelerated rapidly and the particles
fall out as snow, sleet or rain, according to the
temperature conditions in lower air layers. This
theory was quite generally accepted, and it
agreed, by and large, with the experience gathered

at middle latitudes. There is in fact little doubt
that the heaviest rains fall from clouds reaching
well above the 0°-isotherm.

Some doubt regarding the general validity of
the Bergeron theory arose during and after
World War 1I as a result of the meteorologist’s
acquaintance with tropical conditions. Experience
accumulated clearly indicating that large amounts
of rain may be released from clouds that never
reach the atmospheric freczing level. The quite
detailed investigation of the meteorological con-
ditions of the Hawaiian Islands that has been
made during the last ten years has added par-
ticularly valuable data regarding this type of
precipitation. It is, however, not only at the
lower latitudes that the Bergeron theory has had
to give way to some extent. Special radar equip-
ment has been utilized especially in the U.S.A.
and Great Britain to study the development of
rain, particularly in convective clouds. The level
and time of the formation of raindrops is easily
distinguishable as the intensity of the radar echo
is strongly dependent upon the size of the re-
flecting particles. It has been observed on many
occasions that the first raindrop echo occurred
at levels where solid phase cloud particles could
not possibly have existed, and that the echo, i.e.
the region occupied by rain drops, spread
vertically upwards as well as downwards.

Naturally, the results briefly indicated above
only mean that in addition to the Bergeron
process some other mechanism must exist that
is capable of a rapid transformation of cloud
droplets into raindrops. LANGMUIR, and before
him FinpriseN, has suggested that this could
happen if cloud droplets of different sizes collide
and coalesce because of their different fall
velocities. The larger more rapidly falling drops
are in this way capable of collecting a large
number of the smaller droplets, thereby growing
into raindrop size. With this theory in mind a
number of thcoretical investigations have been
madec of the efficiency with which this sweeping
up of smaller droplets takes place (collection
efficiency). The fact that many clouds do not
produce precipitation indicates that some sta-
bilizing factors may exist in nature that tend to
countcract, or at least to slow down the coal-
escence process. Such a stabilizing influence is
exerted e.g. by unipolar electric charges. In
general, one gets the impression that rapid
formation of rain only occurs when a sufficiently
wide spectrum of droplets is present in the cloud
already from the beginning. Some workers (A.
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Fig. 18. Effcct of cloud seeding by means of dry-ice pellets upon a supercooled stratus cloud (photograph
by Dr. V. SCHEAFER).

Woobncock in particular) maintain that this criti-
cal width of the droplet spectrum is produced in
nature by the presence in the population of con-
densation nuclei of (comparatively) very large
sea salt particles, ‘“giant nuclei”. The droplets
formed on such nuclei would grow much faster
than the major part of the cloud droplets because
of the depression of the equilibrium vapour
pressure caused by the dissolved salts.

The theoretical estimates that have becn made
of the collection cfficiency are highly dependent
upon special assumptions e.g. about the aero-
dynamics of the collision process. It is hardly
surprising, in view of this, and keeping the above
mentioned stabilizing influences in mind that the
theoretical results gained so far have been some-
what contradictory, and that they can hardly be
used as a sound foundation for extensive and
costly field experiments. One has further not
distinguished, in the theoretical investigations,
between collision and coalescence. The assump-
tion that each collision leads to coalescence can-
not be accepted without experimental support,
in particular since organic matter in the condensa-

tion nuclei may change the physical surface
properties of the water and so may influence the
coalescence process. It seems necessary therefore
thoroughly to reconsider the theoretical investiga-
tions madc so far and to conduct an extensive
and systematic program of experimental studies
particularly of the coalescence process. Such in-
vestigations made with the aid of ultra high
speed motion cameras and other spccial equip-
ment would be highly desirable in order to guide
us out of the chaos of the moment to a point
where we get a more clear and reliable picture
of the microphysical processes in the interior of
the clouds.

Accepting the Bergeron theory one should be
able to stimulate the release of precipitation from
clouds consisting of supercooled droplets by in-
troducing ice crystals into the supercooled layers
or by causing some of the droplets to freeze with
the aid of special freezing nuclei (artificial cloud
secding). A similar process (natural cloud seed-
ing) occurs in nature, according to Bergeron,
when tiny snow crystals from higher clouds fall
or get mixed into a supercooled water cloud
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thereby rapidly transforming it into a precipitat-
ing system.

The carliest controlled experiments of this kind
were carried out in 1948 by LANGMUIR and
ScHaereR  at  Schencctady. They ‘‘seeded” a
relatively thin supercooled stratus layer from an
airplane simply by spreading out dry ice particles
in an easily recognizable pattern. Each dry ice
particle rapidly cools the air in its vicinity past
the point where droplets freeze spontaneously
and leaves a trail of ice crystals behind it as it falls
through the air. In this way the proper initial
conditions for a Bergeron type precipitation
rclease were set, and 15 to 20 minutes later
the effect could be clearly observed as a nearly
complete dissipation of the cloud in the seeded
arca, while ground observers reported a light
snow fall. Several experiments of similar character
have been performed since then, and the possi-
bility of dissipating thinsupercooled stratus layers
in this way is clearly established, which might
be of some value for aviation purposes.

One cannot, however, say that the possibilities
of releasing precipitation artificially in amounts
significant to agriculture or hydroelectric power
production have been demonstrated to the cxtent
that they have been accepted by most meteoro-
logists. A vertical column of air at North Eu-
ropean latitudes rarcly contains more than one
gram of precipitable water per cm? of which
only a fraction could be condensed out without
excessive lifting of the air. It is thus necessary
to have large convergence of the air in order to
produce significant amounts of precipitation from
layer type clouds. However, once such large scale
convergence is present, then it is also highly
probable that precipitation would be released in
a natural way cither through natural freezing of
the droplets in the upper parts of the clouds or
through the constantly proceeding process of
coalescence in the turbulent interior parts of the
growing cloud system. The latitude for artificial
influence on the precipitation process thus be-
comes very narrow. One is more or less forced, in
spite of our incomplete knowledge of the micro-
physical processes in the clouds, to adopt the
idea that once the convergence necessary to
produce intense precipitation is present, then
nature has at its disposal not onc but several
microphysical processes for its releasc. If, on the
contrary, this convergence does not exist, then
the amounts of precipitation that could be
released artificially would normally be quite
insignificant, It has been suggested that the

release of latent heat caused by the precipitation
process should be sufficient to cause intensified
vertical development of the cloud and in this way
would set up the convergence necessary for in-
tensive precipitation formation. This requires
that the vertical structure of the atmosphere be
characterized by a certain potential lability while
at the same time the natural disturbances in the
air have to be so weak that a release of the
available energy does not occur. It is quite certain
that such conditions exist, but it is also quite
certain that they are exceptions.

The difficulties mentioned above are quite well
illustrated by thc work on the release of pre-
cipitation from convective clouds that has been
performed at various places. Experiments with
this type of clouds have been carried out on a
large scale both in Australia and in the U.S.A.
To attempt a release of precipitation from widely
scattered cumuli by dry ice seeding from air-
plancs is obviously both a time consuming and
a costly way of operation. It was therefore a very
important step forwards when B. VONNEGUT, one
of Langmuir’s collaborators, in 1947 discovered
and demonstrated the capability of microscopic
silver iodide crystals to cause a rapid transforma-
tion of a supercooled water cloud into a cloud of
glittering ice crystals. The silver iodide was tried
becausc of the similarity betwecn its crystal shape
and dimensions with those of ice, but the actual
way in which it works is not yet completely
understood. Smoke of silver iodide can be pro-
duced by generators placed at suitable points on
the ground. It is then cxpected that turbulence
and the general vertical motion of the air would
carry it up into the critical supercooled cloud
layers, wherc it could initiate a Bergeron type
precipitation release. The weakness of this rela-
tively simple and inexpensive method of cloud
seeding obviously lics in the impossibility to
control the distribution of the smoke and thus
to direct the silver iodide crystals to a specified
cloud.

The attempts that have been made so far to
release precipitation from convective clouds with
dry ice or silver iodide, have given a few positive
and highly dramatic results, but the majority of
the experiments has been rather inconclusive.

In one of the earliest Australian experiments
conducted by G. C. BoweN and P. SQUIRES one
single cloud out of a population of several
hundred apparently similar cumulus clouds was
treated with dry ice. A few minutes later strong
vertical development of the treated cloud was
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observed together with typical signs of trans-
formation into an ice cloud in its upper parts.
No other cloud in the neighbourhood exhibited
the same type of development.

It is found in most cases, however, that sooner
or later also some untrcated clouds will undergo
the same devclopment as the seeded ones, and it
becomes necessary to resort to long scries of
cxperiments carefully designed for statistical
analysis in order to decide the efficicncy of the
seeding operations. It is thus probable that some
possibilitics exist to accelerate the release of
precipitation from convective clouds, and in that
way to influence the distribution of showers, but
we do not at present possess any mcthod of
estimating the efficiency of such operations. In
spite of all these difficulties commercial enter-
prises have bcen operating for some time in the
semiarid parts of the southwestern USA attempt-
ing to promote convective release of precipita-
tion. Even a minor incrcase in rainfall may of
course be of immense value on a cattle ranch
and may motivatc rather expensive experi-
mentation cven if that does not produce any
considerable rise in the precipitation over larger
areas.

Of all weather systems the orographic pre-
cipitation, i.c. rain or snow from humid air that
is forced to rise and cool on the passage over hills
or mountain ranges, probably offers the best pos-
sibility for control. The orographic cloud cover
stays on the upwind side of the obstacle and
above its highest parts as long as the humid wind
presists. If the stratification of the air stream is
relatively stable, then the clouds get quite thin
and they are readily dissipated in the subsiding
air stream on the lee side of the mountain. Under
suitable circumstances a series of lee waves may
occur, each carrying a stationary cloud onits crest.

It may well happen under these circumstances
that the time spent by an individual cloud
particle in traversing the cloud is quite short. If
at the same time the cloud is quite thin and thus
free from strong vertical turbulence clements,
then there will not be time enough for the
coalescence mechanism to build up the droplets
to raindrop size. Such orographic cloud systems
are relatively common. In Sweden onc may find
them for example in western Jimtland, where mari-
time air flows into the country through relatively
low passes in the Scandinavian mountain range.

Stable orographic clouds of this type and oc-
curring at temperatures from —10° C up towards
0° C always consist of supercooled droplets
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under natural condition. It should be possible to
cause a certain release of precipitation from such
clouds with the aid of silver iodide smoke
released from ground generators on the windward
side of the mountain. Preliminary plans for such
experiments in the Ovik mountains in Jimtland,
Sweden, have been worked out by F. LUDLAM as
leader of the cloud physics group at the Inter-
national Meteorological Institute in Stockholm,
but personnel shortage has inhibited the further
development of the project.

Extensive attempts to increase orographic pre-
cipitation have been running during several years
in the Sierra Nevada range in California, spon-
sorcd by the hydroelectric power interests. The
correlation between the run-off from two catch-
ment areas, one seeded and the other not seeded,
is being used for estimating the efficiency of
operation. A positive result should show up as an
anomaly in the relation between the total run-ofl
from the two basins. It is unfortunately impossible
to find two basins with a perfect correlation
between the run-off data, and so a number of
years are required to establish the results firmly,
cspecially as the cffect looked for is relatively
limited.

Nothing has been mentioned above about the
rather primitive and preliminary experiments
that have been performed so far in order to
stimulate the release of precipitation from warm
clouds, i.e. clouds that do not reach the 0°C
isotherm. It ought to be mentioned, thercfore,
that a team from the University of Chicago con-
ducted by prof. H. BYErs has bcen experimenting
with shallow cumulus clouds in the West Indian
trade wind region. They have tried to stimulate
the coalescence process by injecting water into
the clouds, but their results have to be looked
upon as so far rather inconclusive. One has tried
in other parts of the world to stimulate the relcase
of precipitation by injection of “‘giant™ salt nuclei
but the results of these experiments are also open
to dcbate. In gencral one gets thc impression
that the whole ficld needs somc investment in
the form of new ideas.

It has been known for considerable time that
cvaporation from water surfaces can be reduced
under laboratory conditions by the application
of monomolecular films of certain organic
substances, particularly polar ones with straight
carbon chains. Somc experiments using fatty
acids in particular were performed in the
twenties. In 1943 Langmuir and Schaefer pub-
lished a paper in which the properties of fatty
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alcohols in this respect were described. Parti-
cularly cetyl alcohol, i.e. the fatty alcohol with
a saturated chain of 16 carbon atoms, exhibits
the properties of rapid spreading combined with
a relatively strong effect of evaporation suppres-
sion. This result brought up to the possibility of
decreasing the evaporation losses from natural
and artificial water reservoirs. In 1953 this
problem was taken up by a team conducted by
W. W. MaNsrieLD of the CSIRO in Australia.
Systematic experiments of the same kind have
later been taken up in Kenya and also since
1955 in the southwestern U.S.A. under super-
vision of the Bureau of Reclamation,

Cetyl alcohol is a waxy substance and it emits
spontaneously a monomolecular film when it is
kept in contact with a water surface. It is thus
possible to apply such a film to a dam reservoir
by allowing it to spread from small beads of the
substance floating on the water. It will in general
prove more feasible, however, to dissolve it in a
volatile solvent substancc and then simply to
pour it out in suitable amounts on the surface.

Various properties of the film material other
than its capability of suppressing evaporation are
of course also important, e.g. the persistence of
the film against the action of wind and waves
and its possible effect on water quality and bio-
logical conditions. The information on these
points is incomplete, but it indicates that the
cetyl alcohol is harmless both to water quality
and to lake biology but that wind and waves
tend to break the film up and to carry it away
so that a continuous renewal is necessary as long
as the wind is blowing.

Reliable data on the field efficiency of the
method are not available yet, but an average
reduction of the evaporation by 18, has been
reached in pan experiments according to oral
communications from the U.S. Geological Sur-
vey.

Recently K. GrROTH in Sweden suggested the
use of similar methods on snow surfaces. Con-
siderable evaporation losses may occur from
snow surfaces during the melting period, especi-
ally where Fochn effects are common. In northern
Sweden thc evaporation losses are estimated
to bc approximately 109, of the accumulated
snow cover while the corresponding figure in
some regions of the Sierra Nevada and the south-
ern part of the Rocky Mountains is stated to be
near 50 %.

The application of cetyl alcohol to snow in-
volves several new problems including the
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question of whether the film would spread under
the low temperature conditions found at the
snow surface. In order to overcome this difficulty
Groth suggested that the fatty alcohol should be
mixed with a pigment, ordinary red iron oxide.
The pigment particles would then serve as ab-
sorbers of solar radiation and thus help in
supplying the energy necessary for the film
formation. The effect of the application of this
mixture is a complex one consisting of a change
in the albedo and at the same time of a shift in
the energy budget in favour of the melting of
the snow. Some ficld experiments have been
carried out to study the possibilitics of the
method, but the marginal character of the eva-
poration losses under Swedish conditions make
a quantitative evaluation virtually impossible. Tt
would be highly desirable in view of this, to try
out the method in a suitable region of the
Rockies or the Sierra Nevada.

The method mentioned may of course be used
also with the aim of speeding up melting of the
snow cover. It may compete favourably in this
application with the well known methods of
spreading coal dust or gravel onto the snow,
partly because the substance is hydrophobic and
thus stays on top of the melting snow layers,
where it is most useful, partly because of the
small amounts required (50 kg/km?), which is a
great advantage when larger areas are to be
treated and which may thus outweigh the higher
cost of the material. In addition the coal dust
method is bound to introduce evaporation
losses.

It is useful for some purposes to divide the
hydrometeorological processes in the atmosphere
into three classes: The microphysical processes,
concerning the constitution and history of in-
dividual cloud particles, the mesophysical pro-
cesses, covering the development of individual
clouds, their culmination and final dissipation,
and finally, the macrophysical or synoptic pro-
cesses dealing with the cyclones and anticyclones
and the cloud systems connected with them. The
very brief discussion above has indicated that
interference on the microphysical level may have
mesophysical consequences, but there exists no
rcliable and gencrally accepted evidence for
similar effects on the synoptic scale. Admittedly,
Langmuir has maintained that certain experi-
ments in periodic cloud seeding performed in
the southwestern U.S.A. had caused the rclease
of precipitation in the Mississippi Valley to occur
with the same period (one week) as the seeding
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operation and with a lag of two or three days.
However, most meteorologists have not been
preparcd to accept these results at face value.
If it were really true that one could control the
development of the synoptic systems through
relatively limited micrometeorological manipula-
tions, then this would indicate an extraordinary
sensitivity to small disturbances to be a charac-
teristic of thesc systems. Such a lability is con-
tradicted, however, by the fact that their develop-
ment can be forecast quite successfully in most
cases even with methods that completely neglect
the microphysical processes. It stands clear in
any case that the interconnections between the
various scales of atmospheric processes in this
and other respects is badly in necd of a thorough
and systematic investigation. One may ask one-
self if it would be possible to turn the whole
question upside down and to procced in a
dircction exactly opposite to the present path of
the cloud physicists. In other words would it be
possible in some way to try to interfere with the
gencral circulation of the atmosphcre and in that
way indirectly also with the meso- and micro-
meteorological processes? It should be pointed
out in this connection that we already have some
observational evidence and experience that in-
dicates the possibility of unintentional or inten-
tional human interfercnce with the general
circulation mecchanism of the atmosphere and
consequently on the climate at the carth’s surface.
One indication of that kind has alrcady becn
discussed, namely the cffect on the mean tem-
perature of the atmosphere of the increased car-
bon-dioxide content caused by the continuously
increasing consumption of fossile fucl. Another
example was set by the eruption of the volcano
Krakatoa in 1883. Fine dust particles from this
single eruption were thrown all the way up into
the stratosphere. Because of their small velocity
of fall and the strong lateral mixing at these
levels, the particles spread quite cvenly around
the earth increasing the reflectivity of the upper
atmosphere to solar radiation to such an extent

that for several years the average yearly tem-
perature was depressed by an amount between
one half and one dcgree C below its normal
value.

The gencral circulation of the atmosphere is
driven by the temperature contrast between the
polar and the equatorial regions that is main-
tained by the radiative cnergy exchange between
the earth and space. The Krakatoa eruption
indicated that this temperature contrast could be
adjusted by the spreading out in suitable regions
of the stratospherc of finely divided dust thereby
increasing the reflection losses of solar energy in
these regions. Another way of affecting the
radiation balance would be to cover the polar
caps with coal dust. It is true that great progress
has been made in the studies of the hydro-
dynamics and thermodynamics of the atmos-
phere, but we are as yet far from the point where
we could forecast morc preciscly the probable
consequences for the synoptic and the meso-
meteorological processes of such a hypothetical
experiment. Our understanding of the gencral
circulation of the atmosphere is increasing rapidly,
however, and the expenses that would go with
a large scale experiment of changing the albedo
of the earth do not seem unsurmountable. It is
perhaps not surprising then that some very
outstanding scientists consider the question of
climatic control to be a rcal and practical task
for meteorological research. As an example the
highly judicious mathematician J. von Neumann
who was cited already earlier in this presentation,
made this statement in 1955: “‘Probably inter-
vention in atmospheric and climatic matters will
come in a few decades and will unfold on a scale
difficult to imagine at present.”” (Fortune, June
1955.) Most metcorologists would be reluctant
perhaps to accept von Neumann's forecast today,
but one should remember that during the last
decades the technological development has time
after time shown the dreams of a visionary mind
to be closer to reality than the common sense
judgement of the realists.
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The Young Carl-Gustaf Rossby

By TorR BERGERON

When only a youngster, Carl-Gustaf Rossby and
one of his schoolmates made a Sunday trip on
skis in the surroundings of Stockholm, their
home town. Carl-Gustaf was in no way an athletc
and certainly not a trained skicr, but when they
came to a well-known ski-jump (at Lilla Fiskar-
torpet) he just darted down the slope, and did
not give up until he could pass the jump ...
and make it! He had never done anything of the
sort before.

Such was, in a way, the character of his lifc,
the mark of his personality. Many, if not most,
of his decisive steps in life as 2 man and a scientist
were daring jumps into the unknown that succecd-
ed, and admirably so.—His pluck was rcmark-
able. To be ‘“brave” when one ignores the
danger, or lacks enough imagination and sensi-
tivity to perceive it, is no real bravery. We all
know, though, that with Rossby there was no
lack of imagination; moreover, he had a very
sensitive disposition and his constitution was not
robust. But his spirit was strong, his gifts and
interests manifold, and thanks to his cxtra-
ordinary ambitions he also managed to accom-
plish his multifarious intentions. His indefatigable
brain was exceedingly receptive and yet capable
of producing a wealth of fruitful ideas, two
faculties that do not often go togcether.

*

Carl-Gustaf Rossby’s father was a Stockholm
engincer, quiet and jovial, and a good ncgotiator.
His mother—still living at 84- -was thce daughter
of a well-to-do pharmacist at historic Visby, the
romantic capital of the island of Gotland in the
Baltic Sea. Carl-Gustaf was the cldest of four
brothers and a sister, and he was in many rc-
spects his mother’s son, inheriting her keen and
mobile brains and an intellectual tradition of the
old Gotlandic pharmacy. The writer can still re-
member her as a youngish lively and ready-witted
lady.

The four brothers have all done well in intel-
lectual professions, but there is no doubt that
the eldest differed fundamentally from the others.
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He must have led a life a little aside from that of
ordinary boys, not being good at sports and
having so many qucer interests: music, geology,
botany etc.—Gotland is famous for its orchids,
and Rossby became an orchid-fan. Those of his
American friends whom he took to Gotland
can vouch for that.—Together with three school-
mates, kindred spirits, he formed a small private
*club” where all sorts of intellectual sports were
pursued. They kept together all throughout
school, and even later, meeting for endless
discussions of music, literature, art, science and
politics; thus, Darwinism and religion were
treated at length and in detail. He had a way-—
so his old schoolfriend tells, and those who
knew him from Bergen will confirm—to vindicate
any rather absurd or extreme statement to the
bitter end ... and then suddenly to give in, or
sometimes even to go over to the opposite view,
with a most amiable and puckish smile. e could
give long *‘lectures™ in subjects unknown to him,
and when found out he would laugh.

Not only was Rossby very interested in botany
but also in music. He liked to play the piano,
and played it often as quite young. And yet
this writer, having the very same interests,
never camec to know anything about Carl-
Gustaf’s studies or accomplishments in these
fields. Occasionally, though, he would display
a surprisingly good judgement of music we had
heard together, without betraying his famiharity
with this art.—His great ambition when grown
up seems to have induced a strong desire not to
give himself away when he suspected himself not
quite up to the mark. This may also explain why
nobody outside the circle of his family and
schoolmates knew of his heart-weakness, until
rather late. He had acquired it as a boy, after
a rheumatic fever, and it had exempted him
from military scrvice.

He was not at all secrctive in the negative
sense of the word, but evidently he possessed
a strong natural pride, which had built up a
reserve around such parts of his personality and
life that he from some reasons wanted to keep
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for himself. This is perhaps why, in later years,
he showed a marked dislike to references to his
young days at Bergen.

In the spring of 1917 C.-G. Rossby passed his
matriculation examination, and in spite of his
intense interests in natural science he did it on
the Latin side. But he had evidently studied the
modern side subjects too, since he could pass
this complementary examination just one week
later. — Now, many ways opened to young
Rossby; the choice was evidently not an easy onc

young Carl-Gustaf Rossby, when on the 20th
June 1919, not yet of age, he entered the circle
around the famous Vilhelm Bjerknes at Bergen,
Norway. He was then still without any knowl-
edge of Meteorology; therefore, it would be
intercsting to learn how he had been induced to
become V. Bjerknes’ Carnegie assistant.

In the last ycar, before coming to Bergen,
Rossby had pursued his studies of Mechanics
(with Prof. Ivar Fredholm, famous for his work
on integral equations) and of Astronomy. —

The Bergen Weather Service, 14 Nov. 1919.

An attic-room, Allégaten 33, formerly a wealthy man’s house, bestowed on Mcteorology in
1918. — At thc barograph: J. BIERKNES, chief.-— At the left hand table (from left to right):
T. BrrGeroN, C.-G. RossBy, S. ROSSELAND, junior meteorologists.— At the other tables:

The technical staff.

since he had interests in most fields of learning.
He first chose one of the most human of all:
medicine. However, due to ccrtain personal
events, his progress in this career was suddenly
interrupted, and he turned to the mathematical
sciences. In less than a year he acquired his bache-
lor’s degree (filosofic kandidat) with Astronomy,
Mathematics and Mechanics as subjects, a phe-
nomenal result since this study was supposed
to take three years and it often lasted much
longer.

These then were some important constituent
parts of the mental equipment and education of

But nobody seems to know any longer what had
first brought him into contact with the field where
he later could reap his laurels. The following
conjecture, though, is certainly better than a guess.
Even at the University, Rossby evidently differed
considerably from his comrades, not only by his
receptivity, but also by not being afraid of talking
and asking. His professors could not help noticing
this very young, very eager and very inquisitive
student. One of the professors of mathematics
was Ivar Bendixon, a close friend of V. Bjerknes’
ever since the latter’s days at the Stockholm
University in 1893—1907. V. Bjerkncs, in the
winter of 1918/19, was talent-scouting Sweden
for students willing to join the sprouting Bergen
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School at its work, since Norway, at that time,
could not provide a sufficient number of them.
Bjerknes may have asked Bendixon to recom-
mend a really keen young student, and Rossby
will have been the one answering to the descrip-
tion... So Bendixon’s choice, if this conjecture
is right, made history in Metcorology.

Already Rossby’s first days at Bergen revealed
to us what a remarkable addition our synoptic-
hydrodynamic tcam had reccived. This boy of
20 had an amazing persuasive and organizing
faculty; his far-reaching ideas and high-flying
plans often took our breath away. Soon he was
also able to make practical suggestions of value
for the experimental weather scrvice that was
connected with the Geophysical Institute at
Bergen (having J. Bjerknes and his father V.
Bjerknes as chiefs, respectively). This does not
mean, however, that Rossby was “‘practical” in
the commonplace sense of the word—among his
family and schoolmates he was rather rcgarded
as “impractical”, i.e. not so dexterous with his
hands and the like. In fact, the practical map
work was not his favourite job or speciality even
at Bergen,

At that time, instead, one saw glimpses of the
talent that gives part of the clue to his great
influence and rise to fame within Meteorology.
—Several young Swedish Carnegie assistants
boarded with the Bjerknes family during the
eventful year 1919—when the Polar front and
Life cycle of cyclones were discovered—serving
also as hands in the ncw Weather Service in the
same building. Before Christmas some of us
werc to leave Bergen, and we wanted to present
our landlady, Mrs. Bjerknes, with a pair of
silver candlesticks. Our speaker on the occasion
was, of course, Rossby, although he was the
youngest of us; the gift was delivered with a
masterly little speech.—Many other incidents
could be told, from that time and later, showing
his budding eloquence and power to persuade
people to do the things they least of all had
intended to.

However, it is also evident that Rossby had
not yet, at Bergen, found the time and place,
and the branch of Metcorology, where his
special capacity as a scientist and organizer could
prosper. The work at Bergen, being to a great
extent of a practical-technical kind, could not
satisfy Rossby’s searching spirit, in spite of the
fact that within this very group of young men at
the Weather Service the foundations of the

ergen School were then laid by the discoveries
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mentioned above—a challenging and fascinating
task in itself.

It will not reduce the greatness of Carl-Gustaf
Rossby, when we state that he made no direct
contribution to this scientific development.
Several reasons concurred to this result. Firstly,
he was entirely a blank page meteorologically
when he turned up at Bergen.—True enough it was
favourable to Metcorology that the triumvirate V.
Bjerknes, J. Bjerknes and H. Solberg knew so
little of classical meteorology when they started
to reform our science; thanks to this circum-
stance their minds were open to innovations
On the other hand, they had received a good
training in treating meteorological data from
their time in the Leipzig School 1913/17. Rossby
did not even possess this minimum knowledge
beforehand.—Decisive in this respect, though,
was most likely the fact that Rossby had no
great faculty for, or interest in, scanning, combin-
ing and mapping all the concrete data appearing
on synoptic maps, or at following the evolution
of the sky. His map analyses at Bergen were
gencrally most summary, to say the least.—His
forte appeared, instcad, alrecady then in being
a constant source of penetrating general ideas,
especially in the more hydrodynamical part of
geophysics, in being a master to concentrate on
things of main importance, and in making him-
self and other people work with these problems
and develop these ideas.

In many ways V. Bjerknes was the ideal teacher
of theoretical hydrodynamics, a ficld that later
proved to take possession of Rossby’s ingenium
and interest to an extent that Weather Service
never could have donc. However, during Rossby’s
Bergen year, 1919/20, hydrodynamics were push-
ed a little aside cven with V. Bjerknes, in favour
of the technical and empiric-physical work of
the advancing Bergen School. Moreover, thanks
to his receptive mind, Rossby had probably
managed to absorb the main aspect of V. Bjerk-
nes’ theoretic-hydrodynamic message already dur-
ing this one year.

Thus, in the summer of 1920 Rossby was
ready to leave Bergen and to go over the hills
and far away, where he might learn more and
Jater be his own master.—At first, though, he
did not go very far: only to Leipzig, to the
Geophysical Institute, founded and furthercd by
V. Bjerknes in the period 1913/17. Thereby, he
became cven more closely attached to this kind
of meteorology, and his later development show-
ed that he, after all, bore the stamp of V. Bjerknes’
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general attitude towards our science, and that
the Bergen year had left a lasting impression on
him. He also kept and deepened the contact
with his Bergen mates during a life-time.

It would be entirely wrong to believe that
Rossby was uninterested in the empiric side of
the Bergen work. Already when visiting Bergen
again in the summer of 1922 — after a stay
at the Prussian Aerologic Observatory of Linden-
berg — he tried to induce J. Bjerknes to start
some aerologic ascents from a flat island out-
side Bergen. This was apparently one of the
few occasions when Rossby's persuasive power
did not work. — The interest in organizing
direct aerology appeared earlier and more mani-
fest with him than with any one clse of the
Bergen group. This is amply proved by his very
first scientific publication, dated Dec. 1922:
Den  nordisha aerologicns  arbetsuppgifter.  En
dterblick och ett program (Tasks of Scandina-
vian Acrology. A retrospect and a program).
In this paper he proposes a nctwork of aero-
logic stations around the Norwegian Sea that
has not becn realized until during the very
last years — and onc station of it is even now
missing: Trondheim! This farsighted project of
Rossby’s was put forth when he had been only
three ycars in Meteorology, and at a time
when Arctic aerology was still non-existent.
—The study of the Polar-air cap as a whole and
its dynamics was already then a pet theme of
his, at discussions and speculations. These early
idcas thus, later, in a ripened shape formed
an important part of the basis of the Chicago
School work.

Part of the period 1922—1925 Rossby worked
at the Swedish Mecteorological and Hydrological
Institute (Stockholm) as a junior meteorologist.
His hibernation in a service of this type, which
hardly could satisfy his very speculative, active
and restless nature, was evidently made endurable
by simultaneous studies at the University of
Stockholm. He continued to work at Mechanics
with Professor Fredholm. The Swedish *licentiat™
degree (corresponding to a Ph.D.), achieved in
1925, meant a thorough education in this field
and gave Rossby an indispensable fundament
and tool for his later scientific work.

He would not have been the man he was, had
he not during these years also taken part in some
more or less unusual, or even risky entcrprises.
There may have been several, but two of them
are wecll-known: the voyage in 1923 with the
oceanographic vessel *‘Conrad Holmboe” through

the pack-ice near East Greenland (which might
have ended then and there), and the summer-
cruise around the British Isles on the training-
ship “af Chapman” in 1924. These diversions
were not sufficient, though, to prevent Rossby’s
biggest “‘ski jump”—over to the U.S. in 1926 on
a one-year fellowship from the Swedish-American
Foundation. — That onc year had grown to more
than 20 ycars when he again becamec more than
a transient visitor in his old country.

Carl-Gustaf Rossby’s truc fortitude was united
with, or even conditioned by, his extraordinary
enthusiasm. Togcther with a very marked intellec-
tual and speculative disposition it determined his
actions and development throughout life to or-
ganize and carry out work based on brilliantidecas
and schemes begotten in the world of thought.
This is the kind of ambition that hurts nobody
and may help many, and together with Rossby’s
well-known personal charm it worked wonders.
He was born to be a leader.

Rossby’s further development—on the basis
sketched above—and life-work in his new country,
and back in Sweden, will be described in the
following article. Therefore, only certain feat-
ures from this later epoch, having roots in
his youth and background, will be touched here.
—In 1935 the writer met him again in Sweden.
Rossby was now a man with an established
position in the U.S. and an American family,
his wife already an invaluable support to him.
He was no longer the slender and almost over-
sensitive youth of some 15 years carlier, but some-
what stocky and ripened—still full, though, of
boyish enthusiasm.—These were the concrete
data and outward appearances. But was there
also an inward change as to his scientific standing?

Yes, there was.—Unlike the rest of us, Rossby
had had the pluck of breaking away altogether from
the tradition of his young days at Bergen, which
had by now, at last, in a way become fashion in
Meteorology. (The air-mass methods were offi-
cially introduced into American weather scrvice
in 1930.) This time he performed the real scicn-
tific *'ski-jump” into the unknown. Instead of
becoming an apostle of the Bergen School in
the U.S., his zeal had driven him to try to
start something of his own over therc; and this
attitude was clearly visible alrcady during this
visit to Sweden. He was evidently well on his
way to lay the foundation of a new School in
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Meteorology that might partly replace, partly
supplement the Bergen School.

To the Bergen School the Polar front was (at
that time) still the central concept, to which all
its other entities were more or less attached. In
a lecture at Stockholm in 1935 Rossby, on the
other hand, positively declared that he offered
another basic system for the middle-latitude
weather processes, where the upper westerly air-
flow was the fundamental entity, and where one
did not need the Polar front, The rest of his
system was at that time in many respects quite
different from what it became some five years
later, but the nucleus of his later truly Lagrangian
study of the jet-stream and its long waves was
already there.

V. Bjerknes, in his famous program of 1904,
had outlined the goal of our science. L. F.
Richardson had attempted, in 1910---1922,
strictly to apply these principles to onc trial case,
but had failed. Only Rossby, in 1938/40, could
achieve this next, much longed-for, break through,
thanks to his extraordinary combination of a
good mathematical-mechanical education, an in-
tensc desire to do better than his forcrunners, and
his ingenious faculty of ruthlessly simplifying a
problem until it becomes solvable —i.e. his
practical sense in the world of thought. One
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might even say that the very fact that Rossby
had failed to play a role in the Bergen School
and in the first significant meteorological advance
of this century, goaded him into making the utmost
of his great endowments and to found a new
School built on methods that suited his special
gifts, thereby initiating a second great meteoro-
logical advance.

Therc is still a long and dreary way to go in
Mecteorology before we can really begin to
compete with the other physical sciences as to
results, because our problems are so utterly
complex and unsurveyable. However, C.-G. Ross-
by has taught us the lcsson, afresh, that, tocensure
progress, theoreticians and empiricists must go
hand in hand at their work. Thanks to him we
have again been able to force a difficult section
of the road. He could achicve this because of his
rare combination of faculties and a life that
acted as a mighty stimulus to these gifts, thereby
also stimulating all those who came within his
sphere of action. By this capacity and by his
charming personality he won innumerable fol-
lowers and friends who shall always thankfully
remember the great scientist and man Carl-
Gustaf Rossby.



Carl-Gustaf Rossby, the Organizer

By HORACE R. BYERS

Carl-Gustaf Rossby not only was impatient with
the progress of metcorology but was determined
from the start that he personally had to do some-
thing about it. How could a man in his twenties
move weather services, foundations and uni-
versities into the kind of action he felt was
necessary? His stocky build and thinning hair
made him look older than his years, but ad-
ministrators were only slightly amused or down-
right annoyed by his unbounded, youthful
enthusiasm.

Some who have assessed his career maintain
that the free-going attitude of Americans toward
progress enabled him to make his way. This
factor may have helped at some points on his
route to success, but in the beginning he could
not have found a worse place for a young man
than the Central Office of the U.S. Weather
Burcau, where he first went in 1925 after finishing
his Swedish education. Under an accomplished
but short-sighted chief and lesser officials chosen
for their loyalty and administrative ability rather
than their scientific outlook, the Weather Bureau
put up an impecnetrable barrier to the young
Swede’s exuberant schemes. In fact, when he
left Washington after 21 years there, Rossby
was literally persona non grata to the Weather
Bureau and word went out to all stations to that
effect.

Rossby was undaunted. He had been making
some very valuable friends in Washington
through his personal charm, enthusiasm and
obvious knowledge of modern meteorology.
While still in the good graces of the Weather
Bureau after his first year in Washington, his
appointment as Research Associate in Meteor-
ology (assigned to the Weather Bureau) of the
Daniel Guggenheim Fund for the Promotion of
Acronautics was accomplished. The Fund needed
his help in planning flights such as those of
Richard E. Byrd. Harry F. Guggenheim, Prc-
sident of the Fund and Government aviation
officials such as I. M. Cone, Edward P. Warner,
Jerome C. Hunsaker and Francis W. Reichel-
derfer, saw in Rossby a man of great promise.
In 1927 Rossby’s carreer as an organizer began,
when he was appointed chairman of the Fund’s
Committee on Aeronautical Meteorology.

His first big organizing task came at the end
of that year when the Fund decided to establish
a model airline between San Francisco and Los
Angeles. Rossby was asked to develop an experi-
mental weather service for the arca. He walked
into the district office of the Weather Burcau in
San Francisco a few days after the letter warning
against him had been reccived from Washington.
The official in charge was the late Edward H.
Bowie, politically astute, more forward looking
than most of his cohorts and unimpressed by
the Washington bureaucrats, over most of whom
he held seniority. He chosc to ignore the letter
and welcomed the 29-ycar-old Rossby to the
Golden State.

With a generous expense account and an Army
airplane and pilot at his disposal, Rossby was in
his glory as he flew around the state setting up the
dense network of stations. The interest in the
future of aviation at that time, a few months
after Charles A. Lindbergh’s famous trans-
Atlantic solo flight, was intense. Rossby and his
Army pilot often were met at the edge of towns
by the mayor and president of the Chamber of
Commerce and driven to a banquet at the town’s
best hotel.

In the late spring of 1928 the system was ready
to be operated. It was then that the author of
this piece became associated with Rossby at the
weather collection center at the Oakland Airport.
Meanwhile, Rossby’s remarkable persuasive and
organizing ability, aided by an awakening of the
Weather Bureau as to what was going on and by
pressure from Washington officials, resulted in
the Bureau’s consent to operate the service for
the Guggenheim Fund. Later that summer
Rossby and the Fund presented the system
directly to the Weather Bureau, where it became
the model around which subsequent airways
weather services in the United States were built.
Rossby then stepped out; for even greater things
were about to happen.

In connection with the Daniel Guggenheim
Acronautical Laboratory which the Fund had
established at the Massachusetts Institute of
Technology, it was decided that a graduate course
of instruction in meteorology, aimed mainly at
training Navy officers, should be established.

56



H. BYERS

Rossby was appointed Associate Professor of
Meteorology, responsible to his friend Dr.
Edward P. Warner, Head of the Aeronautical
Engineering Course, at M.L.T. He left San
Francisco in September 1928 to take up his new
post in Cambridge, leaving Delbert M. Little,
Edward M. Vernon and the author to run the
operations at Oakland, with George M. French
holding up the Los Angeles end of the line at old
Vail Field.

Before starting at M.L.T., Rossby persuaded
Hurd C. Willett, a Weather Bureau cmployce
who had obtained his doctor’s degree in physics
with specialization in meteorology at Gceorge
Washington University under William J. Hum-
phreys, to join him as an assistant professor. The
two of them taught a group of four Navy officers
the first year. Later in the year the group was
joined by Chaim L. Pekeris, an M.L.T. civilian
student, who was later to become the first to
receive a doctor’s degree under Rossby, and who
is now a well-known theoretical geophysicist.

Rossby also used his persuasive powers that
year on Harriet Alexander, of Boston, and they
were married just at the beginning of the second
year.

The course in metcorology grew rapidly; Ross-
by became a full professor; a small body of
civilian students augmented the military group,
and the outstanding research under his guidance
was carried on. In describing the years with Ross-
by at M.LT., I can only repeat the words
used in an obituary piece written for the
American Mcteorological Society, as in the fol-
lowing paragraph.

“At M.LT. Rossby exhibited that leadership
for which he was famous. Those who studied
under him practically worshipped him. They
werc participating in his great crusade—to
bring modern meteorology to America where the
science had been existing in a stifling atmosphere
for many years. The experience of studying under
Rossby was most exhilarating. His lectures were
carefully prepared and given with cnthusiasm
and his informal discussions over luncheon or a
cup of coffee in the neighborhood lunch room
across the strect on Massachusetts Avenue were
nothing less than an inspiration.”

At M.LT. Rossby also directed his attention
to physical oceanography, which was in a state
of neglect in America. A friendly atmospherc for
this interest existed in connection with the
fisheries work in the Museum of Comparative
Zoology at Harvard under H. B. Bigelow and

Columbus O. D. Iselin. It was only natural that
with the founding of the Woods Hole Oceano-
graphic Institution Rossby became a part-time
associate. He insisted that his meteorology
students at M.L.T. should learn physical ocean-
ography, and some of his graduates, notably
Raymond B. Montgomery and Athelstan F.
Spilhaus have devoted part or all of their time
to this field. The great master himself retained his
interest in oceanography throughout his career
as is well known to readers of this volume. His
influence most certainly was felt in the decisions
involving the long sojourn in the United States of
the latc Dr. Harald U. Sverdrup.

In his years at M.L.T. Rossby found himself
engaged in the type of conflicts with administra-
tors which everywhere created turbulence in his
career. There was the question of an independent
department for meteorology in the face of a drive
by the administration to have fewer and larger
academic units; there were regulations con-
cerning degrees and other academic affairs which
Rossby applied only to the extent that he felt
they were good for the science of meteorology;
and there were the ever-present budgetary diffi-
culties. An academic institution could hardly be
bigenough to contain the great schemes of Rossby.

He found a partial outlet for his expansive
vision in the position he took in 1939 as Assistant
Chief for Research and Development of the
U.S. Weather Bureau. Having just been naturaliz-
ed as a U.S. citizen, he was not considered to
be cligible for the vacant position of Chief of
the Burcau. That post went to F. W. Reichel-
derfer who, with Rossby's help, began to build a
more modern Weather Bureau. Rossby found a
special interest in trying to improve the Bureau's
manpower situation. The lack of meteorological
training centers in the United States had resulted
in the staffing of the Burcau with poorly trained
personnel. Rossby inaugurated an intensified in-
service training program and used a variety of
devices to send qualified personnel to the exist-
ing meteorological schools—M.I.T. and New
York University, the latter organized in the late
1930s. With the invasion of Norway, J. Bjerknes
was more or less stranded in the United States.
Rossby persuaded him to remain and also con-
vinced the University of California that it should
build a Department of Meteorology around
Bjerknes. Thus the group in Los Angeles came
into being in 1940,

Meanwhile also in 1940, the University of
Chicago, influenced by the writer, established an

57



H. BYERS

Institute (later called Department) of Meteor-
ology and invited Rossby to come to Chicago
as its head. He left the Weather Bureau in 1941
to begin his famous Chicago period of ap-
proximately ten years.

Pearl Harbor and the United States involve-
ment in World War Il brought new scope to
Rossby’s activities. He was immediately in
Washington fighting for the kind of training
program for meteorologists which he knew the
military services necded. His activities in those
hectic days defy description. He became almost
a commuter between Chicago and Washington
and other military centers. The result was the
establishment of what was considered to be the
best military educational program of its time.
Thousands of young graduates were trained in
one-year intensified courses, about 1,700 at
Chicago alone under Rossby’s gencral direction.
The organization of the University Mecteorolo-
gical Committce which recruited the men and
guided the program was due to Rossby, with a
great deal of help from the renowned physicist-
geophysicist Joseph Kaplan and from Eldon L.
Johnson, now President of the University of New
Hampshire. The program was developed to in-
clude pre-meteorological studies in basic educa-
tion and science as well as the more advanced
professional course. Convincing the military that
this could be done best at universities was pos-
sible only through the Rossby charm.

This writer has the feeling that even to this
day administrators and colleagues in other de-
partments of the University of Chicago do not
believe that Rossby could have done high-grade
research work during this period of preoccupa-
tion with the world crisis. But the record shows
that he did.

In the middle of the war word came back from
the tropical regions that the young officers were
not prepared to cope with the strange metcoro-
logical problems of the low latitudes in which a
major part of the war was being fought. To
Rossby the obvious solution was to cstablish an
Institute of Tropical Meteorology. This was done
in the spring of 1943 at the University of Puerto
Rico with the help of the New Zealand tropical
specialist Clarence Palmer. After this start
Herbert Riehl rose to fame there, developing the
models of tropical disturbances. A nucleus of
Air Corps and Navy officers lcarned the tech-
niques there and the tropical weather problems
of the military were on their way toward solution.

Word came back from other areas of diffi-
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culties the young officers were having with
weather in unusual situations. Rossby organized
tcams of university meteorologists and better-
trained officers to “‘trouble-shoot™ and consult
in these areas, going to the most distant places.
The great master himself went on the trans-
Atlantic flights, then difficult and arduous, ap-
peared in Africa, Italy, the South Pacific and
points beyond, always full of ideas for improving
the situation.

With the close of the war, Rossby already had
plans under way for the post-war era. He and
some of his colleagues felt that the American
Metcorological Society necded recorganizing to
become a really high-grade scientific society, and
he set himself to this task with the usual vigor.
Among the personal effects found in his apart-
ment in Stockholm after his death is a log or
diary for the period October 1944 to January
1945 which is full of entries relating to the re-
organization of the Society. This is the only
diary, however brief, that he ever kept, and it is
recalled that his associates at Chicago wondered
at the time what possessed him to do such an
un-Rossby-like thing. We are thankful for it,
because it shows the agonizing details, the per-
sonal quibbling, the play and interplay of per-
sonalities involved when a man tries to do some-
ting momentous. He was highly successful, and
the Society and its Journal of Meteorology, as
existing today, were largely carved out by this man.

In connection with the American Meteoro-
logical Society he also saw that it was his duty
to provide greater opportunities in meteorology
for the vast numbers of young men who would
be leaving the military service. Industrial meteor-
ology as an outlet for this young talent attracted
his attention, and he spent many hours and days,
including much travel in thc interest of this
development. What success this field of applica-
tion has had in America is due to a considerable
extent to his efforts.

Among other organizing actions during this
period were those in connection with studies of
Hawaiian wecather and climate, in cooperation
with the Pineapple Rescarch Institute, starting
much valuable rescarch in that area. At Chicago
intense cfforts to bring world scientists together
again after their war-time separation resulted
in an amazing collection of meteorologists—
Palmén, Bergeron, Nyberg, Quéney, Van Micg-
hem for extended stays, Sekera, Bolin, Yeh,
Hsieh, Kuo and others of distinction. These were
the great days of the Chicago School.
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Then came the Stockholm period. Having made
his world-wide reputation, Rossby now was
listened to with great respect in his native land.
How different from his student days when all of
Sweden and even the world seemed to be against
this overly cager young man! He was now about
50 years of age and Sweden was good to him
and good for him. His organizing ability was
found helpful in assessing the country’s needs in
meteorological services and education and in
establishing research goals. But Rossby would not
stop there. He saw in Sweden the opportunity for
better international cooperation in a war-torn
world. The nced, as he saw it, was for an inter-
national institute of meteorology.

The work in organizing the International
Institute which he directed until his untimely
death, forms perhaps too reccnt a story to be
recounted here. Many of his efforts are only now
bearing fruit. The disappointments in obtaining
the kind of international recognition and support

he would have liked, the financial instability
accompanying the expansion at the breath-taking
Rossby rate, the indifference encountered in some
quarters, were more than compensated by the

. great success of the Institute as an international
force in meteorological research. The founding
of the high-grade geophysical research journal
Tellus was an accomplishment that will live as a
monument to his efforts.

During the months before he died, the great
master was thinking of other arcas where he
could practice his magic touch. He thought of
the Middle East. Yes, he was going to settle
somewhere in that area and found an institute of
mcteorology where the regional need for scien-
tific development could be met, and met by the
dynamic impact of Rossby. One can only con-
jecture as to what would have happened in that
rapidly awakening region had Rossby lived
another ten years.
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THE SEA IN MOTION

The Recent Warming of the North Atlantic

By J. BJERKNES

University of California, Los Angeles

Historical Note

Among the many problems that fascinated Rossby during his outstandingly active and dis-
tinguished research career the question of the mutual influence of atmosphere and ocean ranked
high. In recent ycars, when his planning for the future was no less active than before, he repeat-
edly spoke of a possiblc joint occanographic-metcorological project that would aim at building
a broad base for the subsequent establishment of a general geo-and-solar-physical theory for
climatic change. In the spring of 1957 at U.C.L.A. he suggested to me the Geophysical Institute
in Bergen, Norway, as the appropriate hcadquarters for that project. He wanted to sec it develop
in the town where Fridtjof Nansen and Bjorn Helland-Hansen (1917) had made their
pioneering maritimc meteorological study and where Rossby himself had reccived his first
spiration in research from V. Bjerknes. 1 was strongly moved by Rossby’s suggestion, promised
my support and, as a prcliminary step for my participation in the project, began collecting data
for the present article. Our next contact was to have becn somewhcre in Scandinavia in the fall
of 1957.

Abstract

The maximum rate of rise of sca surfacc temperature is found along the Gulf Stream
from Cape Hatteras to the edges of the Newfoundland Banks. It has persisted there
from the cighteen-nineties to the present. A belt from Ireland to the edge of the Labrador
current was not warmed up during the same period although 1t is traversed by the
northern branches of the Gulf Stream. North of that belt the warming started around 1920
together with the spectacular amelioration of climate in Greenland, Iceland and Scandi-
navia. Most of the observed secular changes in ocean temperature south of 50° N can
be interpreted as having been caused in part by increasing wind drag, which has specded
up the Antilles Current and the Gulf Stream and possibly also by the increasing thick-
ness of the warm surface layer in the arcas of increasing anticyclonic wind drag. Be-
tween 50° and 57° N the corresponding surface cooling, connccted with a thinning out
of the surface layer by increasing cyclonic wind drag, partly also assisted by increasing
cold winds from North America, must have been strong cnough to overcompensate the
advective warming in the belt from Ircland to the edge of the Labrador Current.

1. Data for the present study

The possibility of studying the fluctuations of
Atlantic sea surface temperatures has of late im-
proved appreciably through the publication by
Bullig in 1954 of the statistics covering sea
surface temperatures, winds, and cloudiness along
the Europe to South America shipping lane
during the periods 1906—13 and 1922—38, and

the pamphlet by RieHL (1956) presenting the
preliminary statistics on North Atlantic sea sur-
face temperatures observed on board ships having
reported to the U.S. Weather Bureau during the
period 1887—1936. The northern limit of this
coverage is 50° N. North of that line we have
available the statistics of sea surface temperatures
from 1876 up to the present published under the

65



J. BJERKNES

auspices of the Conseil Permanent International
pour I'Exploration de la Mer, in Copenhagen.
The latter valuable record goes back to the period
covered by the Hoffmeyer daily synoptic maps
of the North Atlantic region published jointly by
the Danish Meteorological Institute and the
Deutsche Seewarte in Hamburg. The present
surveys of the Conseil International are mainly
based on the data collected by the Danish
Meteorological Institute and published in its
Nautic-Meteorological Annual. The historical
summary used in this article was published by
SMED (1952).

The subject of the present essay is, first, a
condensed description of the observed sccular
change of temperature of the North Atlantic and,
secondly, an attempt at assigning the responsi-
bility for those temperature changes to a selec-
tion of known physical processes.

2. The trend of North Atlantic sea surface
temperatures

The more or less standard procedure in looking
for a climatic trend goes by way of forming over-
lapping time averages, preferably as long as 30
years if the data permit. Since the American data
collection does not cover more than 50 years,
and does have gaps during and after World War
1, the method of over-lapping averages is unsuit-
able. As a second choice we can compare a selected
test period ncar the beginning with one near
the end of the fifty years. Test periods of cight
years were selected, namely 1890—97 and 1926—
33. That choice trims the fifty years by thc first
threce and the last three years during which the
coverage was somewhat poor. The choicc of the
eight year length of the test periods was a matter
of convenience arising from the fact that the
German data cover two separate periods, one of
eight and onc of seventeen years. Anyway, ecight
year periods average out well enough the short
period ups and downs which we are not studying
at this stage.

The published material consists of sea surface
temperaturc anomalies computed for five-degree
squares. The anomalies refer to the fifty-year
average in those squares where a record of that
length is available, elsewhere to shorter periods.
An anomaly map therefore does not present a
quite homogeneous set of information, but the
difference between two anomaly maps illustrates
the real change from the one test period to the
other. Fig. 1 represents that kind of a map
showing the change of sea surface temperature

that has taken place between the two test periods
1890—97 and 1926—33.

The map shows in the low latitudes of the
western Atlantic and in the Sargasso Sea a
slight upward trend of less than 0.5° C. The rising
trend dates mainly from the period after 1920.

In marked contrast hereto the narrow region
of the Gulf Stream shows big positive trends of
temperature. In the particular section from Cape
Hatteras to the southern escarpment of the New-
foundland Banks the upward trend has lasted
since the beginning of the published data in the
late eighteen-cighties.

The drawing of the iso-lines of anomaly change
can of course be made in many different ways on
the basis of the quite open grid of data plotted
at the centers of five-degree squarcs. The admit-
tedly subjective solution given in Fig. 1 is based
on the assumption that the maximum positive
changes should be clearly aligned along the
average position of the oceanic polar front. OQur
analysis then inevitably arrives at values exceeding
two or even three degrees centigrade along the
center line of the zone of maximum rise betwecn
70° W and 50° W. Further quantitative refine-
ment in that part of the analysis can only be
achieved if it proves possible to make the statistics
of sea surface temperaturc apply to smaller
squares. In the region of great ship density ncar
40° N that would seem well feasible.

The warming of the Atlantic waters continues
in a tongue extending eastward from the cdge of
the Banks over toward the southern European
coast. The weak and diffuse branches of the Guif
Stream occupying that part of the Atlantic
apparently also profit by the secular warming of
the main stcm of the current.

Between 50° N and 57° N the trend in the sea
temperature has been slightly negative. That is,
in fact, the only region within the whole Gulf
Stream system where thc long range trend of
warming fails to show up. This belt of negative
trend of temperature is traversed by the strongest,
farthest left branch of the Gulf Stream system
which is heading for Iceland. The explanation
of the surprising lack of secular temperature
rise along that branch and its ramifications, will
be attempted in the following section.

North of about 57° N the trend in sea tem-
perature has been slightly upward. Actually that
secular change results from a brief but strong
upward trend in the nineteen-twenties which
overcompensates the accumulated effect of a
preceding long and slow downward trend. A
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Fig. 1. Streamlines of the Gulf Stream system, and isallotherms in 'C of annual sea surface temperature from
1890—97 to 1926 —33. Positions of present weather ships marked with capital letters.

somewhat similar brisk upward trend, starting as
late as 1920, is found in the Labrador current on
the Newfoundland Banks in close proximity to
the main stem of the Gulf Stream, where the
rising trend got under way at least thirty years
earlier, The surface temperature contrast at the
oceanic polar front south of Newfoundland was
thus rising from 1890 to 1920 and later became
more constant.

3. The physical interpretation

The primary energy for all meteorological and
oceanic processes comes from the sun. An in-
crease in the rate of delivery of that energy to the
ocean would raise its surface temperature and,
more indirectly, the temperature of the superja-
cent atmosphere. Such a process may perhaps
be responsible for most of the slow rise in ocean
temperature in the part of the low latitude belt
mapped in Fig. 1, but it is unlikely that any of
the bigger rises occurring in higher latitudes could
be simply a direct effect of increased insolation.
And it is of course quite impossible to interpret
the narrow strip of big temperature rises along
the oceanic polar front except as an effect of a
change in the oceanic circulation. Such a secular
trend in oceanic circulation is most likely dictated

by changes in atmospheric circulation, which in
their turn ultimately may have solar causes.

This article will only deal with a discussion of
the relationship between the secular changes of
atmospheric and oceanic circulations. The secular
change of the atmosphere circulation over the
North Atlantic from 1890-—97 to 1926—33 is
represented in Fig. 2 by the observed change
with time of sea level pressure. Denoting that
quantity by .1p, we have for the corresponding
secular change 1u, and v, of the two cartesian
components u, and v, of the annual average of
the geostrophic wind

N — x J2Ap
B 20sing dy
A
Avx o a4p

20 sin @ JIx

The relationship of the “anomaly wind” to the
isallobar field in Fig. 2 is thus the same as that
of the wind itself to the field of isobars. It is a
logical assumption, established by several earlier
researchers in this field, that the change in geo-
strophic wind with time should also provide the
explanation for most of the secular change of the
surface temperature of the ocean. The underlying
reasoning can briefly be summed up as follows.
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FIG 2
~—— AVERAGE ANNUAL PRESSURE 1926-33
MINUS - " 1890-97

}MB

Fig. 2. Change in mb of average annual sca level pressure from the period 1890—97 to that of 1926—33
(full hines), and average annual sea surface isotherms (dashed lines).

The wind stress exerted on a level ocean sur-
face produces in the northern hemisphere a water
displacement to the right of the wind direction.
In a closed anticyclonic wind system the water
displacement therefore converges toward the
center of the anticyclone until a tilt of the ocean
surface outward from the center has been built
up sufficiently to stop the water convergence.
The new mass distribution, with dome shaped
isobaric surfaces under the dome shaped ocean
surface, provides the field of force necessary to
keep the water mass in anticyclonic circulation.
Since the change to a new mass distribution was
caused by wind stress, it is justified to speak
of the resulting geostrophic ocean current as a
wind-driven one. A further adjustment to the
final steady state comes as shown by STOMMEL
(1948), from the tendency of the anticyclonic
water vortex and the corresponding mass field
to travel westward due to the local piling up of
water in northgoing geostrophic motion and
local depletion of water in southgoing motion
(change with latitude of the Coriolis factor). The
final anticyclonic water vortex is therefore cen-
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tered farther west than the center of the at-
mospheric anticyclone and maintains a jet-like
ocean current on its western and northern side.
In that way the Gulf Stream in the Atlantic, and
the analogous Kuroshio in the Pacific, are main-
tained indirectly by the prevailing anticyclonic
wind stress on the ocean surface in the latitudes
below 40° N. Both jet currents run along the
tilting “‘cold wall” of water masses not belonging
to the subtropical anticyclonic circulation. The
corresponding temperature discontinuity of the
Atlantic ‘“‘polar front” is scen in Fig. 2 in the
crowding of the annual ocean surface isotherms
from Cape Hatteras to the perimeter of the New-
foundland Banks. Since the whole large scale
current system is ultimately wind-driven, any
secular change in the winds, as represented geo-
strophically by Fig. 2, will be accompanied by a
slight secular change in the currents and in their
advection of heat. Later we will discuss how
the rate of heat loss down to the colder deep-
water also depends on the winds, but first let
us consider the direct advective effects.

The isallobars in Fig. 2 show, as far as the
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latitudes up to 50° N are concerned, a distribu-
tion of values rather like that of the map of
average annual pressure. Hence, the subtropical
anticyclone has been strengthened from 1890—97
to 1926—33, and to the original anticyclonic
wind circulation has been added an anomaly
circulation to strengthen the anticyclonic wind
drag on the ocean. The isallobaric gradient is
particularly strong around the western end of the
isallobaric high. The correspondingly strengthen-
ed winds run approximately parallel to the
Antilles current and the Gulf Strcam both of
which must have been secularly accelerated.
The pressure difference at sea level from
Bermuda roughly south-southwestward, to Port
au Prince (Haiti), west-northwestward to Hatteras

been the secular increase of the easterlies of low
latitudes, and the westerlies of middle latitudes,
exerting their drag over long stretches of the
corresponding ocean currents. In this connection
it may be of interest to remind of the observed
response of the Florida current to the annual
variation of wind velocity east of the Windward
Islands, where Atlantic water is forced through
the island chain into the Caribbean Sea. (DIET-
RICH & KALLE 1957, p. 442). To the annual
oscillation of these winds, from an average of
6 msec~! in June to one of 5 msec—! in Novem-
ber, corresponds, with about one month’s lag,
an oscillation of the Florida current from a
maximum of 140 to a minimum of 105 cmsec !
resulting from the build-up of excess ocean

1890—97 1926 - 33
Profiles p. diff. Geostr. wind p. diff. Geostr. wind
mb mscc™! | m? sec—? mb m sec™! | m? sec?
Bermuda—Port au Prince ....... 3.68 3.3 109 6.12 5.5 30.2
Bermuda—Hatteras ............ —0.05 0 0 3.16 3.2 10.2
Bermuda—Eastport ............ 2.80 1.7 2.9 6.24 3.8 14.4

and northward to Eastport (Me) increased from
1890—97 to 1926—33 as tabulated.

In the eightecn-nineties the average pressure
distribution was characterized by a bridge of
high pressure from Bermuda to the American
mainland, whereas later the average Bermuda
high was more separated from the mainland high.
The former type of pressure distribution is the
one used by HipAkA (1949) and Munk (1950) in
their attempts at constructing the large scale
features of the ocean currents from an assumed
purely zonal system of wind drags, westward in
the belt of tradewinds and eastward in middle
latitudes. Also that model leads to the jet struc-
ture of the Kuroshio, and of the Gulf Stream,
where they go through the latitude of zero wind
stress between easterlies and westerlies. Ac-
cording to the Bermuda—Hatteras data in the
above table an average wind stress in the direc-
tion of that northgoing current has been added
since the eighteen-nineties. The effect must have
been some added strength of that jet current and
the weaker northgoing current on its right flank
(the northward continuation of the Antilles cur-
rent).

However, of far greater importance must have

level in the Caribbean and the Mexican Gulf
(FuGLISTER, 1951). The strength of the current
between Florida and the Bahamas, and prob-
ably also its downstream continuation for a
considerable distance, thus responds to the fluc-
tuations of distant winds in the cquatorial
easterlies more or less independently of the local
winds.

The same must have been true for the secular
increase of the speed of the Florida current in
its response to the increasc of the trade winds,
which most likely must have taken place together
with the strengthening of the Bermuda high.
Quantitative estimates of that effect cannot be
made because of the lack of old, and sufficiently
complete, climatological records from the Wind-
ward Islands. The nearest substitute record of
sufficient length and completeness is that quoted
for the Bermuda-Port au Prince profile in the
above table. That profile, which cuts across the
Antilles current, shows indced a remarkable
secular increase of cross-profile geostrophic wind
from 3.3 msec-! in 1890—97 to 5.5 msec-! in
1926—33. If the wind drag on the ocean were
proportional to the square of that geostrophic
wind (actually that estimate is too high), it would
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have tripled during the interval under considera-
tion. The lack of corroborative evidence from
other station profiles compels us to accept these
figures with great caution, they may be off by a
wide margin of error.1) But the sign of the secular
increase can hardly be wrong.

The gradient of ocean surface temperatures
along the streamlines of the Antilles current, and
its northern continuation, is very weak, so that
an increasing speed of water motion will only
produce a small secular warming at fixed points.
This is shown clearly in Fig. 1 together with the
very much stronger local warming at the left
rim of the subtropical water along the Atlantic
polar front.

The strong secular heating recorded at the
Atlantic polar front may be due to: (a) the
increased warm water advection parallel to the
front in the jet maximum, where speeds up to
3 msec ! may occur, (b) a northward displace-
ment of the front, and (c), on the cold side of the
front, a possible increase of average temperature
due to increasing meandering. Our data at 5°
grid points are far too crude to enable us to
separate the threce effects. They have probably all

! Most likely the secular rise of pressure at Bermuda
has not been as great as shown in Fig. 2.

Axis of new
anticyclone

Warm layer -
Deep
H
cl &
312
0wl
; v
<
Warm layer
Deepwater
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Fig. 3.

been partly responsible for the production of the
maximum strip of local secular warming of 2°
or 3° C shown in Fig. 1.

In favor of (b), in particular, can be quoted,
first, that a very small displacement of the front
is sufficient to produce the observed temperature
rises and, secondly, that a component of the
secular change of winds is directed across the
front from its warm side in the section from Cape
Hatteras to the Newfoundland Banks. The part of
that front section which is situated over deep
water is known to be relatively mobile in its
meandering and could possibly adjust its average
position a little northward on a secular time scale
too. On the other hand, where the front follows
the brink of the continental shelf, or the escarp-
ment of the Newfoundland Banks its position
must be rather rigidly tied to bottom topog-
raphy.

Passing on to the region in Fig. 1 east of the
Newfoundland Banks we probably sce the advec-
tive effect of the branching of the Gulf Stream
toward the right of the main current. The secular
warming has there been greater than in the
Sargasso waters that flank the Gulf Stream to
the right over the first part of its course.

The zone of negative trend in sea surface tem-
peratures between 50° N and 57° N is also within

anticyclone

LATER
STEADY STATE

Zonal, vertical profiles showing schematically the crcation and

maintenance of maximum thickness of the warm oceanic surface layer
under the influence of anticyclonic wind stress, and minimum thickness of
same layer under cyclonic wind stress.

Full lines: sea surface and interior isobaric surfaces.

Dashed line: density discontinuity surface.
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the warm water advection of the Gulf Stream
system, as is visible from Fig. 1. The process, or
processes, responsible for the secular net cooling
therefore must have been quite strong and syste-
matic. In order to present a tentative explanation
of the secular cooling we must again digress a
little into oceanographic dynamic theory.

The wind can influence the sea surface tem-
perature also in other ways than by the pure
advection operating through the wind-driven
current. This second kind of influence comes
about through a change in the vertical tem-
perature distribution in the water masses near the
surface as shown in principle in Fig. 3.

An anticyclonic vortex in the ocean which is
decrcasing in intensity with depth must be of the
warm core type, in other words, the warm surface
layer must have maximum thickness near the
center. In that way the anticyclonic winds around
the Bermuda high do maintain in a permanent
fashion a downward bulge of the lower limit of
the warm surfacc water. Anticyclonic anomaly
winds, more or less concentric with the anti-
cyclonic ocean current, would add more depth
to the warm surfacc water at the center. That
inflation of the warm layer would tend to raise
very slightly the equilibrium temperature of the
ocean surface, because the water there would
have become a little less exposed to mixing with
the cold decpwater.

Conversely, a cyclonic current system decreas-
ing with depth will be characterized by minimum
thickness of the warm surface layer. The only
major cyclonic vortex of the North Atlantic
occan currents (excluding the Norwegian Sea) is
centered south of Greenland and corresponds to
the Iceland low in the atmosphere. The surface
water of the cyclonic vortex is mainly of old
Gulf Stream origin, but at the vortex center it
forms a very thin layer in accordance with the
above reasoning. It can be taken for granted that
a cyclonic anomaly circulation concentric with
the normal Iceland low would reinforce the
cyclonic vortex of oceanic flow and make the
layer of warm surface water thinner, thus ex-
posing the water at the ocean surface to more
mixing with the cold deepwater.

The above discussion of the closed circulations
of anticyclonic or cyclonic sense in atmosphere
and ocean can be further refined by taking into
account the variation of the Coriolis factor with
latitude. The oceanic vortex then establishes
itself a little to the west of the atmospheric vortex
as indicated in Fig. 3. It is also possible to extend

71

the rules for deflation or inflation of the surfacz
layer to apply to any system of surface stress
with cyclonic or anticyclonic vorticity such as is
produced, for instance, by troughs or ridges in
the atmospheric distribution of pressure anom-
aly.

If the wind stress had been directly propor-
tional to the geostrophic wind, the final wind-
driven current would have been the vectorial sum
of the initial wind-driven current and the current
propelled by the anomaly wind. In reality the
relationship is not quite that simple. If we
accept the old empirical rule that the stress on
the occan surface is proportional to the square
of the anemometer wind, it would be proportional
to a power of the geostrophic wind speed less
than two but higher than one. In cases of
cyclonically curved air paths and strong winds
typical of the cyclone belt, that power would be
shifted even more toward one. How much, can
only be decided by painstaking and extensive
statistical work with day-to-day data. In our
present discussion we must accept the makeshift
method of roughly superimposing the separate
stress effects of the initial average gcostrophic
wind field and that of the geostrophic anomaly
wind in order to make conclusions about the
altered stress effects at the end of the time
interval.

Applying such reasoning to Fig. 2, we can
conclude that the belt of cyclonic vorticity of the
anomaly wind, extending along the W—E
trough from Labrador to Ircland, must have
had the effect of deflating the warm surface
layer. The associated cooling by increased mixing
with cold water beneath, seems to be one of the
most important processes contributing to the
secular decrease of occan surface temperature
shown in Fig. 1 for the same belt. It 1s of course
to be expected that the deflation of the always
rather thin surface layer in the cyclonic area,
with subsequent churning under the influence of
strong winds, should make the surface tem-
perature much more sensitive to a change than
what may be observed in the case of the inflation
of an already rather thick surface layer in an
anticyclonic region with light winds.

Another contributing cooling effect of the
surface water lies of course in the direct transfer
of heat and moisture to the air of winter time
cold waves from North America. Actually, the
air advection from North America during the
time interval under consideration has increcased
relatively more in winter than for the year as a
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whole. The secular increase of the rate of heat
loss to the atmosphere must have had its maxi-
mum in the zones of maximum ocean-to-atmos-
phere heat transfers near the American coast
(SVERDRUP 1942, pp. 228—235, Jacoss 1951). It
has obviously below 50° N fallen short of com-
pensating for the secular increase in warm water
advection. North of 50° N the increasing cold
advection from the American continent, together
with increasing vertical stirring, produce a net
surface cooling despite the warm water advection
which most likely must bave been increasing
also in that zone.

North of the 57th parallel, where the secular
change of sea temperature again turns positive,
there is no definite cyclonic vorticity of the stress
of the anomaly wind. Around the southern point
of Greenland the stress vorticity is even strongly
anticyclonic and is accompanied by the biggest
temperature rises. In favor of a temperature rise
are also the easterly, and in part southerly,
anomaly winds, which may have produced
anomaly currents in the ocean of similar direc-
tions leading to more warm water advection
toward Iceland and Greenland. This kind of
development did not start until 1920, but was
thereafter accompanied by much stronger easterly
anomaly winds than those shown in Fig. 2
averaged for the whole period from 1890—97 to
1926—33.

4. Later trends

A few years after the end of the period investigat-
ed in this article World War 1I interrupted the
regular observation of sea surface temperatures
over the major portion of the North Atlantic. The
statistical treatment of the data collected after
1945 is available for the area north of 50° N
in the publications of Conseil Permanent Inter-
national pour I'Exploration de la Mer, but the
data from the area south of 50° N still await
publication. From the northern data collection
can be seen that the sea surface temperatures
near Greenland culminated in the early nine-
teenthirties, while from Iceland to the British
Isles the maximum water temperatures seem to
have occurred in the early nineteenforties. Despite
the irregular downward trend, following the
culmination, the general level of sea surface tem-
peratures remains well above the low recorded in
the northern areas around 1920.

Rodewald, in a series of papers from 1952 to
1956, has made ingenious use of the sea tem-
perature measurements on fixed weather ships for
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the purpose of extending the study of the climatic
change in the oceans up to present time. The
map he published in 1956 (RopEwALD, 1956,
p. 297), showing the distribution of approximate
average sea surface temperature anomalies around
1950, is very similar to Fig. 1 in this article. In
particular, the warming of the Gulf Stream
waters at weather ship D is shown by Rodewald
to have reached +1.5° C, while practically no
long range warming has taken place at weather
ship C (- 0.1° C) and J (+0.2° C) just north of
50° N. The warming of the Gulf Stream waters
south of 50° N and the lack of significant warming
in a belt north of 50° N have thus formed part
of a systematic trend of at least sixty years dura-
tion, from 1890 to the 1950’s. Rodewald’s
quoted map also shows that in the North Pacific
an analogous system of temperature anomalies
can be derived from weather ship data, probably
indicating that the same long trend has been
operating there as in the North Atlantic. It is,
by the way, not surprising that the Pacific shows
a pattern of secular change similar to that of the
Atlantic. Already since the studies of SCHERHAG
(1936) it has been known that all major centers
of action of the atmosphere, both highs and
lows, intensified together in the climatic change
that got started around 1920. But Rodcwald’s
recent work with sea surface temperatures has
again focussed attention on that hemisphere-
wide nature of climatic change.

The warming of the waters in the far northern
Atlantic (to which the Pacific has no parallel)
was much more sudden and short range than
that farther south. Essentially, it lasted only
from 1920 to 1930 in Greenland waters and
from 1920 to the early 1940’s in Iceland and
northern British waters. It seems that in each
case the changing wind regimes can be made
responsible for most of the changes in sea surface
temperature. It is possible, however, that further
studies may enable us to isolate specifically
oceanic long range fluctuations tied to the ther-
mo-haline deepwater circulations, which in
winter intermittently extend all the way up to the
surface in the waters south of Greenland. Such
fluctuations, which would bring into play the
exchange of heat tetween the great heat capacity
of the deepwater, the smaller heat capacity of
the surface layer, and the still much smaller heat
capacity of the atmosphere, may very well, as
often suggested by Rossby in recent years, give
the clue to the understanding of climatic trends
of duration into the centuries or millenia.
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On the Thermal Unrest in the Ocean
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Abstract

Rosssy (1937, 38) has argucd from theoretical grounds that there should be a great deal of
thermal unrest in the deep ocean, partly due to variable wind-stresses assoctated with storms.

DEFANT (1936, 1950, ctc.) has suggested that internal tidal waves are a practically ubiquitous

feature of the occan, and has presented many analyses of rather short serics of observations in

evidence. As HAuRwiT7 (1954) has indicated, the chief uncertainty involved in all discussions
to date has been the result of the series of obscrvations being too short: often only a few days.
The purpose of this paper is to present a prehminary analysis of portions of temperature data
obtained since Dcec. 8, 1954 on two resistance thermometers located on the bottom off Bermuda
at depths of 50 and 500 mcters, the data being recorded regularly for several years now. The
analysis for tidal periods, mnertial periods, and shorter periods of the Brunt-Visiila type 18

described.

I. Introduction

In two pioneer studies of the response of the
ocean to transient wind-stresses, RossBy (1937—
38) demonstrated theoretically that internal
inertial gravity wave motions are induced in the
deep stratified layers of the sea, thus suggesting a
mechanism for stirring deep water. These theo-
retical results are of fundamental importance as
indicative of a process of mixing which may play
a central role in the gencral circulation of the
deep ocean: ** —because of the variability of the
surface stresses it appears probable that vigorous
inertia oscillations must develop in stratified
media and express themselves as a marked inten-
sification of the large scale horizontal tur-
bulence...” (Rosspy 1938, p. 248). Thesc in-
vestigations stimulated theoretical studies by
CAHN (1945), and others, the latest being a study
by VERONIS and SroMMEL (1956) which contains
a summary of other studies.

In addition there is a very large literature con-
cerning internal tidal waves in the ocean, among

1 Contribution No. 954 from thc Woods Hole Occano-
graphic Institution and No. 229 from thc Bermuda
Biological Station. A

2 Contribution from the Scripps Institution of Oceano-
graphy, new serics.

74

w

Z
5

NAUTICAL MILFS /
)
20%°

]
f4°40' W

Fig. 1. Bathymetric Chart of Portion of Bermuda
showing approximate location of the shallow and deep
thermistors, the cable, and of the shore nstallation.
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Fig. 2. The thermistor records from Dec. 8, 1954~ Oct. 3, 1955 showing temperatures at the shallow and decp ther-
mistors (light and heavy lines respectively). A new cable was installed March 12, with thermistors at slightly different
depths. The small black triangles at the top show time of Bermuda high water, the time at the bottom is 60° W meridian

time.

the most recent being papers by DEFANT (1950)
and HAUuRwITZ (1954). These studies have been
largely based upon the analysis of very short
scries of data, usually of no more than a few
days’ duration. As HAURWITZ (1954) has pointed
out, one of the main obstacles to obtaining a
more certain knowledge of the cxistence of
internal waves in the ocean has been the lack of
a truly long series of records of temperature in
the decp water. As a first attempt to help supply
such data, a submarine cable was laid from a
recording Wheatstone bridge on the shore at
Bermuda to two resistance thermometers offshore:
one lying on the bottom at a depth of 50 meters,
the other at 500 meters. (See Fig. 1 for location.)
The shallow one was therefore approximately at
the depth of the seasonal thermocline; the deeper
one near the top of the main thermocline. Re-
cords have been obtained on this cable from
Dec. 8, 1954 to Oct. 3, 1955 at intervals of one-
half hour. From October 3, 1955 to May 7, 1957
records were obtained at five minute intervals.

Since May 7, 1957 records have also been ob-
tained from another resistance thermomecter at
500 meters depth, but located five miles away
from the original thermometer at a point further
to the southwest along the coast of the island.

II. Qualitative presentation of data for the first
period of observation

Portions of the cable data are presented in Fig. 2.
The temperatures in degree Centigrade are given
as ordinate, the dates and 60° W time are given
as abscissa. The heavy line is the temperature as
indicated by the decp thermometer: the light line
indicates the shallow-element temperature. Oc-
casionally, in order to keep the graph on scale,
the origin of the ordinate is shifted (for example,
see shift from June 20 to June 21, or July 15 to
July 16). Also the scale is often broken in the
middle to accommodate both thermistors (the
first date at which the broken scale occurs is
May 27). The little black triangles indicate time
of predicted Bermuda high water. Two cables
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were used, one from December 8, 1954 to March In addition to the cable data, hydrographic data
11, 1955; the second cable, from March 12 were also obtained over the same period by the
through October 3, 1955. The first cable was PANULIRUS, the research vessel of the Bermuda
unarmored and soon began to fail—the shallow Biological Station, and these data are exhibited
thermistor was lost on January 19, 1955, and it in Figures 3 and 4. The vertical lines represent
seems likely that the slow increase of the average actual PANULIRUS stations—the rest of the
deep temperature from 18.4° C near December 8 contours are interpolated. Inasmuch as the varia-
to 19.0° C in March, was also due to progressive  tions of deep thermal structure indicated by the
cable failure. The deep thermistor of the second hydrographic data are no more than the high
cable was placed somewhat deeper than that of frequency variations revealed on the cable, it
the first as can be seen from the lower deep seems probable that the monthly fluctuations
temperature beginning March 12, Readings at  implied by the method of contouring in Figures
first were made cvery hour, but after December 3 and 4 are simply the result of sampling errors.
22 were madec every half hour. The readings were  The seasonal variation above 500 meters is of
scaled off and replotted as shown in Figure 2. course real. The main usefulness of the hydro-
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Fig. 3. Temperature as a funtion of time and depth by hydrographic station off Bermuda.
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Fig. 4. Salinity corresponding to Fig. 3.

graphic data in Figures 3 and 4 is that it gives
an idea of the mean vertical distribution of
properties at various seasons near the cable, so
that a rough estimate of vertical displacements
of water can be obtained from the thermistor
cable data.

From December 8 to January 3 there are few
large disturbances on the shallow or deep ther-
mistor. From December 26 to January 1 there
is a slight drop in temperature of the shallow
thermistor slightly after low water. Inasmuch
as this is unassociated with any similar tidal
fluctuation in the deep thermistor, and this is a
period when the upper layer is fairly well mixed
(Figure 4) we are inclined to explain this as
evidence of cascading along the bottom slope of

cold water from Castle Harbour (see BODEN
1952, 1953), which just manages to reach the
shallow thermistor, but does not penctrate deeply
enough to reach the deep one.

On January 2 a violent series of storms com-
menced over the North Atlantic, and by January
4, major disturbances at both thermistors were
evident. During January 6 to 12 a pronounced
long period, of somewhat less than 24 hours—
perhaps an inertial period—can be seen on the
deep thermistor record. Gradually the record be-
comes more and more confused or jagged—and
during the period January 15 to February 15
even longer periods make an appearance. Above
all, the deep records do not bear any resemblance
to a tidal phenomenon—the phases appear to be
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quite randomly distributed with respect to time
of high water. Isolated portions of the record
(say February 24—25) look very much like tides—
but they fail to persist and the similarity is
doubtlessly fictitious. During this period the
upper water became more and more mixed, the
shallow thermistor was destroyed, and electrical
tests indicated a gradual failure of insulation on
the deep thermistor. On March 12 a completely
new—and this time armored—cable was put into
operation,

The violent temperature oscillations of the
deep thermistor, starting on April 5 seem to be
related to an intense storm just north of the
island. During late April and May the growing
amplitude of fluctuation on the shallow element
appears to be associated with increasing vernal
heating and growth of the seasonal thermocline
(Figure 4), and gradually appears to be connected
with surface tides. By mid-July there can be no
doubt that the shallow temperature fluctuations
are tied in with the surface tides. The deep
thermistor appears to become more steady as the
seasonal thermocline forms above it. Perhaps
the seasonal thermocline shelters the main ther-
mocline in some way, from disturbances at the
surface—even hurricanes. Very remarkable long
period fluctuations in deep temperature are in-
dicated during the summer season, however, for
example during July the average deep temperature
dropped 1.5° C over a period of about three
weeks and then rose again.

The hurricane which passed to the SW of
Bermuda August 15th apparently caused the
major disturbance at the shallow thermistor on
August 16, without having any discernible effect
at the deep onc. A weak hurricane was passing
to the cast of Bermuda on August 31.

IIL. Preliminary search for tidal and inertial
periods

A complete analysis of the large amount of data
represented by the temperature records obtained
off Bermuda is best carried out by cross-spectrum
analysis. Such an analysis has been performed on
the data obtained from November 1955 through
February 1956. Its results are discussed in
Section IV. But, since the records show some
intervals during which periodicities appear fairly
clearly it appeared worth while to make a simple
preliminary investigation of the material.

In this section the results will be described
which have been found in this manner. Attention
has mainly been paid to the time interval up to
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the summer of 1955 when most of the work was
done on which this section is based.

If the inspection of the temperature time graphs
indicated that during a certain time interval a
period or periods appeared in the data its sta-
tistical significance, and hence by inference its
physical reality, was studied on the basis of
periodogram analysis, harmonic analysis, and
expectancy test. For some time intervals the
tests for periodicities were made even though an
inspection of the curves did not show that the
periods to be looked for were present. This was
done in particular for the lunar semidiurnal tidal
period since it was thought that a demonstration
of the presence or absence of this, the tidal
period with the largest theoretical amplitude,
was of intrinsic interest.

The methods employed here in the investiga-
tion of periodicities are all standard statistical
procedures. They will therefore be described only
very briefly in order to demonstrate specifically
how they were used in this study. The tem-
peratures are given at intervals of one-half hour.
Since only periods of at least a few hours’ dura-
tion are to be investigated the data were first
smoothed by forming the means for each two-
hour period. Only in the analysis of the 500 m
records for the period 16—29 March 1955 such
a smoothing was not performed.

With a few exceptions to be noted below for
each selected record interval a periodogram
analysis was first performed to determine the
predominant amplitudes. Since no great ac-
curacy was required a simplified method of
periodogram analysis was used as a rule, as
described by WHITTAKER-ROBINSON (1944, p.
356). In this simplification one takes for a given
trial period the difference between the highest
and lowest value in the line of mean values and
plots this as abscissa.

After the predominant period or periods in
the selected record interval have been determined
the data were subjected to a harmonic analysis,
with the determined period or an integral multiple
of it as the analysis interval. Harmonic analysis
will, of course, always give an amplitude for an
assumed period even if the computation is based
on random numbers. It is therefore necessary to
ascertain how much larger the actually computed
amplitude is than an amplitude resulting from an
analysis of random numbers. This can be done
by the expectancy test. Let A4; with thc com-
ponents a; and bh; denote the amplitudes by
harmonic analysis of the n individual periods.
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Then
n

1
E2=— ) A2
n? Z:l !

the expectancy, is a measure of the amplitude of
the mean period which should be expected in

random data. Let A be the actual mean of the
amplitudes,

g [(Ea) + (2]

Then the probability p that
A = kE

p=c*
If p is small it can be concluded that the com-
puted mean amplitude is not likely to appear in
random data; in other words it is likely that A4
is statistically and hence physically significant.

A difficulty in the application of the expectancy
test in the present study is that the investigated
time intervals are not selected arbitrarily, but
because they showed fairly well developed tem-
perature oscillations. This biased selection de-
creases the probability p, but it is impossible to
state to what extent p is affected by this selection.
It can only be said that with large p it is highly
probable that the data are randomly distributed,
and that the computed amplitudes are not signif-
icant. To be surc that a low value of p indicates
non-random data and significance of the amplitude
onc would wish to find lower values of p than in
those cases when the data are not pre-selected.

In the following the analyses of thc various
intervals will be discussed briefly.

a) 6—18 January, 1955

During this time some pronounced oscillations
occurred at the 50 m and 500 m rccorders. The

periodogram analysis for the 50 m record sug-
gested periods of 24 hours and 30 hours, for the
500 m level a period of 23 hours, close to the
inertia period. Accordingly expectancy tests were
performed for thesc periods, and also for a 12-
hour period because of its proximity to the
theoretically largest lunar tidal period. The
results are summarized in Table I. An inspection
of the harmonic coefficients of the 24-hourly
oscillation at both levels for the individual days
shows a much greater regularity during the first
six days than later. Therefore, the expectancy
test was also applied separately to this time
interval. Nonc of the computed probabilities is
small enough to state that the periods under con-
sideration are not statistical accidents, especially
in view of the manner in which this time interval
was selected for analysis. In particular the values
for the 12-hour period indicate that the 12-
hourly tidal period was not contained in the data.
Further, the harmonic coefficients for the 12-
hourly period, based on the temperature on the
individual days, which are not reproduced here
did not show the systematic phase change which
would be present if a lunar period of 12 hours
25 minutes existed. At 500 meters depth the lower
probability associated with the 23 hour period
favors an inertial oscillation over a diurnal tide,
at lcast during 6—I11 January 1955, but the
statistical significance of this result remains in
doubt because of the selection of the data.

b) 16—29 March 1955; 1-—29 June 1955

Although the time interval from 6—18 January
1955 did not show cither the 12-hourly or 24-
hourly lunar tidal period it was thought that
statistically significant values for the amplitudes
of thesc two tidal oscillations might perhaps be
obtained if a longer series of data were chosen.
First, the temperatures registered at 500 meters
during the epoch from 16 March to 29 May,

Table I. Expectancy Test, 6—I18 January 1955, 50 m and 500 m

50 meters 500 meters
Pcriod

Ampl. Expect. Prob. Ampl. Expect. Prob.
30 hrs......... 0.26" C 0.15°C 0.05 —- - —
24 hrs......... 0.15 0.13 0.33 0.13° C 0.10° C 0.18
12hrs......... 0.09 0.06 0.10 0.08 0.14 0.67
24 hrs.*....... 0.28* 0.16* 0.05* 0.23* 0.11* 0.013*
23 hrs.*....... 0.26* 0.17* 0.08* 0.22* 0.10* 0.009*

* First six days.
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1955 have been studied. This time interval was
chosen because about the middle of March 1955
a new and more satisfactory cable was installed.
The data were plotted on a time graph with solar
time as the abscissa. On this graph the upper lunar
transits (local lunar noon) were marked so that
the temperatures for each Iunar hour could be
read ofl without difficulty. For this particular
computation no smoothing by averaging was per-
formed herc. The data were then combined into
groups cach of which consisted of four con-
secutive lunar days, in order to reduce thc amount
of computational work. Altogether 17 such
groups were available; the period April 26—30
had to be omitted because of insufficient data.

The 17 four-day mean daily ranges were then
harmonically analyzed. The results of thc ex-
pectancy test for the harmonics 1 and 2 are
shown in Table TI.

In order to see whether a different result would
be obtained for another time interval an ex-
pectancy test for the two main lunar tidal periods
was also made for 1—19 June 1955, both for the
50 and 500-m depths. The difference between
lunar and solar time was allowed for by a
rearrangement of the solar hours in the com-
putation schedule. In order to reduce the
numerical work the data were averaged in groups
of four consecutive lunar days prior to the har-
monic analysis. The results are summarized in
Table 111. Only the semidiurnal lunar period at
50 m can possibly be considered as appearing in
the temperature data. The amplitudes of the
diurnal lunar period at both depths and of the
semidiurnal lunar period at 500 m are not
statistically significant.

Table 1II. Expectancy tests for time interval 1—29
June 1955, 50 m and 500 m

Table TI. Expectancy test for time interval 16 March i . B Prob-

—29 May 1955, 500 meters Depth | Period length | Amplitude |Expectancy ability

Period length Amplitude| Expectancy gﬁx; 50ml| 24 lun. hrs | 0.12°C 10.14° C 0.51

50m| 12 lun. hrs | 0.28°C }0.13°C 0.01

24 lunar hours | 0.038° C| 0.026°C | 0.10 g$m f‘; }““' ‘}:rs g'ggog g‘gﬂoé g"l‘;
12 lunar hours | 0.034° C| 0.020°C | 0.27 mj 12 lun. hrs 9. . .

The probabilities that the 24-hourly and
espccially the 12-hourly amplitudes are due to
random data are large. Thus it must be concluded
that these two main lunar periods arc not present
in these data. Because of the negative result for
the 500-m depth the temperature at the 50-m
depth has not been studied.

During this period the temperature at S00 m
depth showed some pronounced oscillations.
Therefore a simplified periodogram analysis was
performed beginning with a period of 10 hours
and cxtended in steps of two hours, to 42 hours
(Fig. 5). The periodogram shows a peak for a
period of 20 hours, and another one for 40 hours
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which is a reappearance of the maximum at 20
hours.

This 20-hour period is evidently not of tidal
origin. The inertia period at the latitude of Ber-
muda is 22.4 hours, considerably longer than 20
hours. A direct expectancy test showed further-
more that a period of 22 hours is not indicated
in the data (see Table IV below). Thus it must be
concluded that the 20-hour period has no con-
nection with the inertial period. It does not
appear fruitful at this time to speculate on the
physical origin of the 20-hour oscillation; it may
be that it is excited by the storm in the vicinity
of Bermuda at the beginning of the time interval
under investigation, and that the length of its
period is determined by the physical state of the
waters around Bermuda. But this is admittedly
pure speculation.

For the sake of completeness this same time
interval has also been searched for periods of
24 and 12 hours because these periods are very
close to the lunar tidal periods. The results
together with the relevant expectancy test data
for all the periods studied for this interval are
shown in Table 1V. The probabilities that the
24-hour and especially the 12-hour oscillations as
expressed by their amplitudes are of real physical
significance are evidently very low. Since it is

Table 1V. Expectancy test for time interval 5—13
April 1955, 500 meters

Period length Amplitude Expectancy :l;(l)}:;
20 hours ...| 0.31°C 0.13°C 0.003
22 hours ... 0.09° C 0.12°C 0.613
24 hours ... 0.16°C 0.12°C 0.14
12 hours ...| 0.05°C 0.09° C 0.70

actually the lunar tidal periods which are in
general strongest and not the solar tidal periods
it might be thought that the test is not conclusive
since the analysis has been performed for solar
hours. 1t is possible to apply a correction for the
phase shift which arises if a set of data con-
taining the lunar period is analyzed according
to 24 solar hours. This has been done but the
resulting corrections do not alter the computed
probabilities significantly. Hence it appears that
the lunar periods are definitely not observable
during the time interval under investigation.
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d) 7—12 May and 3—7 June 1955, 500 m

These time intervals were investigated because
the temperature graphs showed some fairly
regular oscillations during these times. Periodo-
gram analyses extending from trial periods of 10
to 42 hours indicated peaks at 12 hours, 24 hours,
and 36 hours. The expectancy test was performed
only for the 12 and 24 hour periods because its
result showed immediately that the periodogram
peaks at 24 hours, and by inference those at
36 hours, are merely repetitions of the twelve-
hour peak. The results of Table V make it appear
possible that the 12-hourly periods are real, but
it must be remembered that the time intervals

Table V. Expectancy tests for time intervals 7—12
May and 3—7 June 1955, 500 m

Period . Expec- | Prob-

Epoch length Amplitude tancy | ability
7—12 May| 24 hours| 0.03° C [ 0.06° C| 0.80
12 hours| 0.14° C | 0.08° C| 0.035

3—7 June |24 hours| 0.07°C | 0.07° C| 0.32
12 hours| 0.23° C {0.12°C| 0.019

were chosen because they showed regular oscilla-
tions. While the analysis was carried out ac-
cording to solar time it is likely that the 12-
hourly periods discussed here are in rcality lunar
12-hourly periods, since the lunar tidal force is
Jarger than the solar tidal force. If the lunar
tides were more strongly developed and not as
much disturbed by superimposed variations it
would be possible to differentiate between lunar
and solar tidal oscillations by studying the phase
shift of the harmonic constants as determined
for each day. But the supcrimposed noise makes
this procedure inapplicable.

In summary of the discussion in this section
it can be said that from time to time periodicities
appear in the record with periods whose lengths
are 30, 24, 23, 20, and 12 hours. The 24-hourly
and 12-hourly oscillations are presumably the
lunar tidal periods, the period of 23 hours may
be the inertial period (more accurately 22.4
hours at Bermuda). No explanation is offered
for the 30 and 20-hourly periods. None of these
periods can be regarded as definitely established,
except perhaps the 12-hourly lunar tidal period
at 50 m depth during June 1955 (Table III)
whose chance occurrence has a probability of
only one in one hundred. Other periods with
equally low or lower probability, 20 hours
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(Table 1V), 23 hours (Table I) are not as signifi-
cant because they were found in pre-selected data.
Even the 12-hourly period is not always clearly
indicated in the data, as shown by the expectancy
tests. Physically, it would seem quite plausible
that even these periodicities for which causes are
known, such as the tidal and inertial periods,
are not always clearly shown in the observation
material because they may often be completely
obscured by other periodic and unperiodic
variations.

To make an over-all test concerning the reality
of various periodicities in the Bermuda data it is
oecessary to extend the analysis to a larger body
nf data. It becomes then desirable to compute
cross spectra using high-speed computers. This
part of the investigation will now be discussed.
The resulting gain of higher resolution and
statistical reliability is offset in part by the
implied assumption that many months of record
can be trcated as a “‘stationary time series”.

IV. Spectra of the records

A) THE METHOD

The method is essentially the one given by Tukey
(TUKEY, 1949; PANoOksKY and McCorMICK, 1954).
From the cosine transform of the autocorrelations
one obtains the spectra S; and S; of the deep
and shallow temperature records. The cosine and
sine transforms of the cross-correlation are the
cospectrum C and quadrature spectrum Q.
From these we obtain the coherence Co and
phase © betwcen the two records according to
C2 + Q2

Co?= -
T8y,

Q
tan @ = —,
an c

with @ taken between 0° and 180° for positive
Q, and between 180° and 360° for negative Q.
With this convention @ designates the phase

lead of shallow record with respect to the deep
one.

For each of the six analyses the four quantities
S4, S,, Co? and @ are plotted without smoothing
against frequency in cycles per hour. The
highest frequency in Fig. 6 is 2.5 c.p.h., exactly
half the sampling frequency of 5 readings per
hour. The frequency range from 0 to 2.5 c.p.h.
is divided into m = 62 equal frequency intervals
Af = 2.5/62 = .0432 c.p.h. (sec Table VI). Sy, S,
Co? and 6@ are plotted for all but the first of
these intervals.

Sy and S, are in units of °C?/c.p.h. This can be
interpreted as follows. The r.m.s. value of the
deep record A:1 is .25°C (Table VI); the
variance thus equals .0625 °C2. The plotted values
give the contribution towards this variance from
a unit frequency band (width 1 c.p.h.) centered
at the plotted frequency. The reliability of the
plotted values depends on the degrees of freedom,
¥ = (2 Njm) —1/,, where N is the total number
of values used in the analyses. Analyses A:1, A:2,
and A:3 are each based on 2,355 readings, thus
vy = 75. The vertical arrows on Fig. 6 and 7
give the 95 per cent confidence limits. For 75
degrees of freedom these are 0.76 to 1.40; i.e.,
there is one chance in twenty that the correct
value be less than 0.76 or larger than 1.40 times
the computed value. The logarithmic plot enables
one to plot a single “confidence arrow™ for all
values in an analysis.

The mean phase relation throughout the record
length is given by @ for each of the frequency
bands. Co? is a measure of the variability in &
at this frequency. If @ were constant throughout
the analyzed record, then Co? = 1; if it were
randomly distributed, then Co? = @, Clearly the
reliability of the computed @ depends on co-
herence. The 95 per cent confidence limits that
O lies within the limits ©® — A® and O +AO
are as follows (from GoobMaAN, 1957):

Table VI. Information concerning the two charts that were analyzed. Data extend from Nov. 1955 to Feb. 1956

E
Prefilter c‘;fh °C N v
deep [shallow
A:1 Nov. 9: 0800—Nov. 28:2200...[ 12m H I12m .04032 | .25 | .11 [ 2355 75
A:2 Nov. 28: 2200—Dec. 18:1200... 12m H 12m .04032 | .31 A5 | 2355 75
A:3 Dec. 18: 1200—Jan. 7:0200....| 12m H 12m 04032 | .32 | .22 | 2355} 75
B:1 Jan. 11: 1300—Feb. 2:0700 ....|] 12m H ]2m 04032 | .25 | .20 | 2610 | 84
A:4 Nov. 11: 0500—Jan. 5:0500....] 12m L 48m H 48™|.001008] .28 | .23 | 1650 | 53
B:2 Jan. 13: 1000—Jan. 31: 1000 ...| 12m L 48m H 48m|.01008 | .29 | .32 540 | 17
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Fig. 6. Four co- and quadrature spectra designated by A: 1, A:2, A:3, B: 1 in Table VI. The spectral densitics at 500
meters (right scalc) and 50 mecters (lcft scale) arc displaced relative to one another by a factor 10. The arrows indicate
the 95 per cent confidence limits. Approximate confidence himits on the coherence Co? between the records are given
by the horizontal hncs. Evidently there is no significant coherence, and accordingly the phase relation @ between the
records is not significant.
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Table VII. Values of J# for stated ccherence Co?
and degrees of freedom
)I
84 75 53 17
Co? .50 16° 17° 20° 40°
28 28° 30° 37° —

3 .
CYCLES PER HOUR

The corresponding limits on Co? are roughly
4/v, so that only the largest values of coherence
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Fig. 7. Similar to Figure 6 cxcept for a lower frequency range.

are significant, and only for those can a mea-
ningful phase relation be inferred.

The procedure adopted was as follows. Record
A was read every 12 minutes to the nearest 0.01
chart-inch (0.005° C); each reading is in doubt
by something like .02 chart inches (.01° C).
The data were put on punchcards and a numerical
high-pass filter applies (designated by 12™H 12™
in Table VI). In this way long-term temperature
drifts are suppressed without appreciably affect-
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ing the frequencies here under consideration.
If the high-pass filtering were not done, then the
spectrum would be seriously contaminated by
the relatively high “‘energy” associated with this
drift. Fifteen hours of record arc lost at each
end by virtue of the high-pass filtering. The
remaining portion was split up into three equal
lengths as shown in Table VI, and the spectrum
analysis performed. Prefiltering was done on an
IBM 650 computer, the spectrum on a Re-
mington Rand 1103 computer.

In addition, the complete record was analyzed
in another way in order to improve the resolu-
tion at low frequencies (Table VI, A:4). By a
suitable set of weighting functions the high-
frequency wiggles were reduced, and the smooth-
ed record tabulated at an interval of 48, four
times that of the original record. This low-pass
filtering was again performed on an IBM 650
computer. The 48™ readings were then high-
passed and analyzed as before. The prefiltering
is designated by 12mL 48™H 48™ in Table VI.
The result is that the smoothed spectra (Fig. 7)
extend only over one-fourth the frequency range
as compared to the original spectra (Fig. 6),
from 0 to 0.625 c.p.h. instead of 0 to 2.5 c.p.h.
The reduced frequency range is again divided
into 62 intervals, and in this way the frequency
resolution is quadrupled. The improved resolu-
tion is at the expense of reliability. In the case of
record A, the reduction in » is moderate, from
75 to 53, because A: 4 is based on roughly three
times the length of records as the other analysis.
In the case of B the length of record was too
short for subdivision, and the reduction in 7 is
severe, from 84 in B: 1 to 17 in B: 2. (Note the
uncertainty arrows in Fig. 7.)

In any analyses based on observations at
discrete intervals, the *‘aliasing problem™ is severe
(TukEy, 1949): frequencies in the vicinity of the
sampling frequency appear in the alias of a low
frequency. Thus for reading every 12m a 13m
wave would have the appearance of 13™ x 12m =
= 156m wave. The problem is particularly acute
when going from the 12™ readings to the 48m
reading, and the low-pass filter is designed to
alleviate the difficulty. First order corrections
for aliasing were made for A:4 and B: 2, and
the final results were corrected for slight modi-
fications due to filtering. The procedures are
cumbersome and dull. A full discussion isin prep-
aration (MuNK, SNODGRAss, and TUCKER, in
press).

B) THE RESULTS

i. The high frequency cut-off

For frequencies in excess of 0.75 c.p.h. all spectra
drop towards high frequency by something like
10 db per octave, that is, somewhat more sharply
than f 3. The computed cut-off is actually
weaker than the true cut-off for a number of
reasons: (1) In any steep spectrum the calcula-
tion leads to a diffusion of spectral energy from
the high to the low regions. (2) More important,
random crrors in chart reading introduce a
white noise which materially boosts the high
frequency values. Suppose the rms error is .02
chart inches = .0l °C. The error variance is then
10~ °C2, and if this is uniformly distributed
across the entire range of frequencies, from O
to 2.5 c.p.h., the resulting spectral density is
10-4/2.5 = 4 x 10 5 °C?/c.p.h. This is roughly the
value reached at the high frequency and by the
shallow spectra. The deep spectra at the high
frequency end are ten times higher and may
be real. A reliable determination of the spectra
for f= 2 c.p.h. would require some elaborationin
the recording scheme.

In all events the monotonic high-frequency
cut-off is a real feature and needs to be ex-
plained. For each of the four spectra the trends
are reproducible within the limits of statistical
uncertainty. Actual values may vary from record
to record by a factor three. B: 1 record has the
lowest densities of the deep spectra and the
highest of the shallow spectra. A noteworthy
feature is that the deep spectrum is ten times the
shallow spectrum.

In a general way this can be accounted for in
terms of the stability of the water column. A
thorough analysis of the internal wave motions
possible in the waters around Bermuda does not
seem warranted by the available data. But certain
conclusions can be drawn by means of the
Viisild (or Brunt) frequency,

o dp
V%aff

Fig. 8 shows N(z) for winter conditions in 1955.
A maximum N, = 5.6 c.p.h. at 200 meters is
associated with the seasonal thermocline, a
second, weaker maximum at 850 m with the
permanent thermocline. N; and N, are local
values of the frequency at the depths of the shal-
low and deep instruments, respectively. At any
depth we should expect no frequencies larger
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than N,,; a greatly reduced spectral density for
frequencies larger than the local Viisild fre-
quency, and a relatively large spectral density
for frequencies less than the local Vaisiild fre-
quency. An extrapolation of the computed curves
bears out the first prediction of no significant
spectral density at 5.6 c.p.h.; the second pre-
diction might account for the relative absence of
high frequencies in the shallow record. The
spectral densities at the local Viisili frequencies
is 10~% °C?/c.p.h. for both the deep and shallow
records.

This geometric argument has been developed

quency range is there a significant coherence,
and it is significant that this should be so.?

ii. The 0.5 c.p.h. plateau

All four deep records show a weak maximum
(or at least a plateau) of spectral density between
0.4 and 0.6 c.p.h. There is no corresponding
feature on the shallow records. The feature can
be seen on both the low and high-frequency
spectra, and there can be no reasonable doubt
of its reality. The surprisingly low frequency
involved, 1 cycle in two hours, is an embarrassing
aspect of the situation. Nowhere beneath the

TEMPERATURE oc N CYCLES PER HOUR

20 o N Ny

500

Fig. 8. The Vaisila (or Brunt) fre- 1000

quency 2 7t (gp™ dp/dz)'!* on De-
cember 12, 1955, The upper maxi-
mum (Nm=15.6 c.p.h.)is associated
with the seasonal thermocline; the
lower, weaker maximum with the
permanent thcrmocline; N, and
Ny are the local values of this
frequency at the depths of the
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spectively.

by Eckart (personal communication) and will be
discussed in detail in his forthcoming book.!
It would be out of place to reproduce the argu-
ment here. There is, however, some doubt con-
cerning the applicability of the argument to a
situation as complex as the one found at Ber-
muda, with two maxima of N. Judging by the
threc-layer case, one expects the oscillations at
the two thermoclines to be only weakly coupled,
with the shallow instrument responding largely
to modes associated with the seasonal thermo-
clines, and the deep instrument to modes as-
sociated with the permanent thermocline. This
situation could account for the virtual absence
of coherence between the records. At no fre-

1 The earliest discussion of the cut-off frequency (a
far as we know) has been given by GROEN (1948).
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seasonal thermocline does the Viisili frequency
reach such low values, except depths below
2,000 m. Could it be that the Viisild frequency
associated with the deeper half of the ocean
contributes appreciably to the thermal unrest in
the permanent thermocline?

iii. The lunar tide

Both spectra show a peak for both the shallow
and deep records at the frequency of the principal
lunar tide (see Fig. 7). For the deep spectrum
the area under the peak corresponds to roughly

? Widely separated low-frequency surface wave records
have yielded coherences up to Co®*= 0.9 (MUNK, SNOD-
GRAss and TUCKER, in press). Two components of currents
as determincd by a long GEK series taken by J. Reid
also had coherences up to 0.9.
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.004 °C? above background, somewhat more for
the shallow spectrum. The corresponding ampli-

tude is \/.008 & 0.1 °C, or 10 meters of vertical
displacement. The internal tide contributes only
a small fraction of the energy in the band centered
at .008 c.p.h., and for that reason the coherence
must remain low; still a coherent harmonic
embedded in an incoherent noise could have
been expected to give some enhancement in Co?®
at this frequency. The fact that it is not so
indicates that the relative phase of the two
instruments for the 12.4" internal tides does not
remain fixed!

With regard to the possible existence of dis-
crete tidal modes, the present method of ana-
lyzing into relatively wide frequency bands
cannot compete with the resolution obtained by
Fourier Series methods employed in earlier parts
of this paper.

iv. Diurnal oscillation

A significant pcak in spectral density for the
two shallow records at .04—.05 c.p.h. can be
ascribed to cither a 24.0" tide or a 22.4" inertial
oscillation.

Whether or not this is due largely to internal
tides could be decided by the use of the ex-

pectancy test. If the peak is due chiefly to inertial
motion which decays in, say, tenperiods, then
the resolution by the present method is adequate.

Remarks

The authors have tacitly assumed an explanation
in terms of internal waves rather than drifting
convection cells. To settle this point decisively
the cross-spectrum of two records at 500 m
depth would be required.
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On the Vertically Integrated Mass Transport
in the Oceans

By PIERRE WELANDER

International Meteorological Institute in Stockholm

Abstract

A computation is made of the Sverdrup transport in the occans between 507 N and 35 S using
the annual mean wind-stress ficld given by Scripps Institution of Oceanography and by Hidaka.
It 1s pointed out that the Sverdrup model calls for the existence not only of boundary currents
at the western cdges but also of a system of free “‘jets’’. Onc may thus cxpect an essential
non-Sverdrup transport even in the open parts of the occans. For further use a more general
transport cquation 1s derived. This equation does not only include the lateral friction but also
the effects of time-variation, noncompensation of the hornizontal pressure gradient and Ek-

man bottom friction.

1. The Sverdrup transport

For the mass transport in a stratified occan,
integrated from the surface to the bottom,
SVERDRUP (1947) derived the simple equation

(1)

Iy
¥ — 1 w
B g curl T

Herc x and y are quasi-cartesian coordinates in
the castern and northern directions, respectively,
/} is the y-derivative of the Coriolis parameter,
(')TIU (7.[1/}
and curl T = .- %,
Jx .)y
components of the wind-stress at the sea surface.
y is the mass transport stream-function increasing
to the right of the transport direction. The equa-
tion can be derived from the cquations of motion,
the hydrostatic equation and the equation of
continuity, provided the following assumptions
are made:

where 7Y, 1) are the

1. the motion is steady,

2. the mass transport is divergence-frec (evap-
oration-precipitation neglected),

3. the lateral friction and the non-linear accelera-
tions are neglected,

4. the horizontal pressure gradients due to sur-
face slope and density stratification compensate
at great depths.
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Equation (1) was applied by SverpDRUP (1947)
to account for the equatorial transports in east-
ern Pacific, and at least qualitative agreement
was obtained. Sverdrup started the integration
of the equation at thc eastern boundary, where
the normal transport was put equal to zero.
Munk (1950) computed the transport in a closed
rectangular ocean basin using the same model
with addition of lateral friction. The friction
term allowed him to satisfy the condition of
zero normal transport also at the western
boundary. Munk was able to show that the
Sverdrup equation was a good approximation
except near the western boundary where a narrow,
frictionally driven boundary current appeared.
This was another demonstration of the west-
ward intensification due to the p-term which
had been predicted carlier by StomMeL (1948).
Further studies of the nature of the boundary
current were carried out by CHARNEY (1955) and
MORGAN (1956) introducing non-linear acceler-
ation terms instead of lateral friction.

It would certainly be of interest to extend the
previous transport computations to the total
water globe, introducing the realistic shape of the
boundaries. In principle such models as are used
by Stommel, Munk and Charney could be inte-
grated numerically over an ocean basin of com-
plicated form, using a relaxation technique. Such
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Plate I. The Sverdrup transport and the boundary currents in the oceans corresponding to the annual mean wind
stress field. The figures give the transport in million m®-! in different parts of the boundary currents. The
wind stress field has been computed by Scripps Institution of Oceanography (1948) and by Hipaka (1958).

computations would, however, become quite
tedious. Probably one could get a fairly good
picture of the main circulation simply by ap-
plying the Sverdrup equation to the entire basin
and then add at the western boundaries narrow
currents that balance the total meridional Sverd-
rup transport. The transport in the boundary
currents predicted by this model is not likely to
differ much from the value given by the more
complicated models. Of course, nothing can be
said about the details of the boundary currents.

As a first step towards such a global mapping
a computation of the Sverdrup transport between
50° N and 40°S has been carried out, using meri-
dional and zonal wind stress data published by
Scripps Institution of Oceanography (1948) and by
HipakA (1958). These data are based on the Pilot
Chart of wind roses for 5° squares of the U.S.

Hydographic Office. The resulting transport is
seen in Plate I. The values of the transport in
the boundary currents are also indicated.

A characteristic feature of the map is that the
boundary currents on the northern and the
southern hemispheres have comparable transports.
This seems to contradict earlier observations,
according to which the boundary currents of the
northern hemisphere are essentially stronger than
those of the southern hemisphere. These measure-
ments included, however, only the uppermost layer
of the ocean. More recent measurements revealing
the existence of ‘‘under-currents” at the western
boundaries seem to change the actual transport
values in a direction which gives an improved
agreement with the computed Sverdrup transport.

Another feature in the map which deserves
special attention is the zonal jets that seem to form
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R

Ang

in the southern Atlantic and Indian Oceans.
The explanation of these jets is as follows. In a
closed basin the boundary current will vanish both
at the northern and the southern ends of the basin,
and a continuous Sverdrup regime can persist
in the interior region (Fig. 1 A). In the semi-

Pt

A.

Fig. 1. The meridional Sverdrup transport and the bound-
ary current A) in a closed basin, B) in a semiclosed basin.
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Fig. 2. The system of boundary currents and free jets
implied by the Sverdrup model.

closed ocean basins we have in reality, the
situation is complicated by the fact that the total
Sverdrup transport into the basin does not
gencrally vanish. This transport calls for a com-
pensating boundary current at the end point of
the western boundary (Fig. 1B). Since eastern
boundary currents are excluded and since the
meridional transport is already fixed by the
wind-stress curl, this water can only proceed out in
the open sea in the form of a zonal jet, ending
at another boundary current!. If the total water
globe is considered one would accordingly find,
in the Sverdrup model, a system of boundary
currents and free sharp jets of the form schemati-
cally indicated in Fig. 2. In the figure is also
indicated the Antarctic circumpolar current, the
transport of which cannot be determined by
help of the Sverdrup theory (see Munk and
PALMEN 1950).

Contrasting the above picture with the observed
ocean transport we know that the boundary cur-
rents and the circumpolar current certainly are
there, while no sharp jets are known to exist at
35°S and 45°S in the Atlantic and Indian
Oceans. This must mean that the boundary cur-
rents that reach the southern tips of Africa and
Australia spread into the open sea by help of
some other mechanism and join a large-scale non-
Sverdrup circulation. This circulation should
involve quite large transports, certainly com-
parable to the pure Sverdrup transports. Thus,
the Sverdrup model does not perhaps apply so
well to the open sea as has been assumed earlier.

! The cxistence of such jets in the Sverdrup regime
has recently been confirmed by cxperiments carried
out at the Woods Hole Oceanographic Institute (pri-
vate communication).
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There are also other arguments that points in
the same direction. If one considers the actual
wind-stress field this will vary in time. The
response of the pure Sverdrup model to these
variations is quite rapid. If one includes thelocal
time derivatives in the equations of motion and
still considers the mass transport to be approai-
mately divergence-free, Sverdrup’s equation is
changed into the form

J .2 )‘)(/’ url T 5
;}[( SEp)+p N curl T (2)

where

Assuming a horizontal scale of the motion of
the order L, the time of response will be of

1
the order P'l: For scales of the order of a few

thousands of km the response time would be
of the order of one or a few days. Thus, if the
Sverdrup model is a good approximation the
transport would follow, say, the annual varia-
tion of the wind-stress very well. A computation
of the thcoretical vanation in the transport
between the months January and July has now
been made, using zonal wind-stress data given
by PriesTLEY (1951). The resulting mean-
square variation in the transport is, in the
open sea, about 10 million m3 s~!, and the
variation in the boundary currents is even
larger. Such a large variation is certainly not
observed in the real oceans, and the reason for
this seems also to be clear. In Sverdrup’s model
it is assumed that the sea surface slope and the
density ficld compensate so as to give a negligible
horizontal pressure gradient at great depths.
When the wind-stress varics the surface slope
may follow quite quickly, while the rearrange-
ment of the density field needed to compensate
the surface slope will develop more slowly. In
fact, if this rearrangement involves an appreci-
able advection of the density field a response
time of several years seems not to be unlikely.
One may thus expect that the assumption of
compensation at great depths is not very well
fulfilled at each moment, and that noticeable
velocities may occur near the bottom.

2. A generalized transport equation

The previous discussion has raised the question
of the importance of the non-Sverdrup terms
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in the open sea. The effects of such terms as
the lateral friction and the non-linear acce-
lerations have been discussed by carlier inves-
tigators and have been found to be important
for the understanding of the detailed structure
of the boundary currents. In the open sea it
seems, however, more likely that the incomplete
compensation at great depths is the most im-
portant effect to be added to the Sverdrup mo-
del. Such an incomplete compensation will mani-
fest itself in two ways. Firstly, the velocities set
up at the bottom will create a bottom stress
that should be subtracted from the wind-stress in
equation (1). Secondly, if there exists a bottom
slope, the vertically integrated horizontal pres-
sure gradient is not curl-frece, and an extra pres-
sure term appears in the Sverdrup equation. Some
discussion of the effect of a sloping bottom in a
baroclinic ocean has been given by NEUMANN
(1955) and HANseN (1958). Hansen has also
discussed the effect of friction, but his frictional
law (bottom stress !- integrated lateral friction
proportional to the transport vector) may not
be sufficiently realistic. In the present section
a more general derivation of the mass transport
equation will be given which includes all linear
effects: local acceleration, lateral friction, Ekman
bottomstress, the curl of the integrated horizontal
pressure gradient and also the divergence in the
mass transport due to cvaporation-precipitation.
Non-linear terms are not included. These terms
require a specification of the whole three-dimen-
sional velocity field and cannot be simply cx-
pressed in thc mass transport stream function.
Some simplifications that should not be very
critical are introduced 1n the course of the deriva-
tion. The transport is assumed to be almost
divergence-free so that it could still be represented
well enough by a stream function, except in the
divergence-terms. The mass transport duc to
changes in the sea surface elevation is ncglected
everywhere. This will excludc certain types of
wave-motions but it is hoped that it will not
affect critically the large-scale adjustment pro-
cesses in the open sea that is of interest to us.

We start out from the following equations of
motion

u Jp o Pu
5 - fov= - op 4+ Ap v-u+A.>’);§ 3)
v 47p oy
— = —— 4+ Ay Vv + A, — 4
¢ Jt F/@" Jy +4u Jz? (4)
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the hydrostatic equation

0= - -g0 (5)

and the continuity equation

()Q J J J
o t e (ou) + > (ov) +(7: (ow)=0 (6)

Here p is the pressure, o the density, g the ac-
celeration of gravity, and Ay, A, the coefficients
of lateral and vertical viscosity, respectively. 4y
and A, are considered as constants. We integrate
these equations from the bottom (z = ~ i [x, y])

to the surface (z = ¢ [x, y, 1]). = =0 is the un-

disturbed sea-surface. We replace ¢ n — by (ml)

It

etc., Ay . 2uby’ An v2(ou) = Ay v¥(ou)etc. where
0O

¢ is a mean density, which simplifications are
permitted in view of the restriction to linear
terms. We further neglect the lateral friction in
the layer from z =0 to - — I, and we also
neglect the effect of atmospheric pressure. Equ-
ations (3) and (4) non takes the form

J ) [ Jh
A’\‘ - /M_‘Z - ‘/p(l.. + "—[7 h + AH . -‘M.\
" Jx

¢
Jh
A”{ Iy l (IHI) |

> Jh )
+ C2h(ou) 4 +-— —(ou
= 1)X ().\' =

"’()l )]—Ix

Ih J
+ — —(ou) .
t)l’l/_l'(h ) h}

Til - (Tr)- h (7)
J J Jh
- M, + /M, jptl- o + Ay M,
ot ()y
W, )
- A { ! (uv)] L.' I L (ov) I
oh ¢
h(f”) nt ) (l') ) Wt (H\’) ’l}
X ¢ dy

+ T = (V) ()]

where we have introduced the components of the
mass transport
M, = [oud:
~h

. 9)
M, = [ovdz
-h

The terms in the brackets of the above transport
equations give the effects of lateral viscosity
and non-compensation in a product form. If
we agree to consider our theory as one giving
the first order correction to Sverdrup’s model
it may be justified to neglect these. Taking
- --:) of (7) and j); of (8) and adding gives

Jdy

Jd oM, IM, M, oM, ,
Y + + L)+ [M, -
Jt ( Jx Jy ) ]< Jx Jy /' v

, M, oM
g gy (O > .

Jx Jy
+eurl v — curl (1)

(10)

where J denotes the Jacobian with respect to
x, y. The vertically integrated continuity equa-
tion may be written, in the linear approximation,
R
I Iy

IM,. ~ds
+ N g p
S

(11)
where P is the vertical mass flux due to evapora-
tion minus precipitation. Here we introduce the

e . . . )3
simplifications mentioned of earlier: i); is being
«
neglected and P is considered only in terms pro-
portional to the divergence. Introducing the mass

. hy
transport strcam function through M, - *f'/
Yy

’

yp . .

v :()—/ cquation (10) can now be written
i JXx

J

Jyp ,
”( ~,2y')+ﬁ(l/ — Ay 7y =

I7AS
=fP J(h,p_p)+curl " —curl () 5, (12)

It remains to cxpress J(p., h) and curl (1),
in terms of y and the density distribution, The
hydrostatic equation gives after a vertical integra-
tion

0

p=go(l~-2)+g fo'd: (13)
z

where o' denotes the deviation of o from its

mean value. The contribution of o’ in the layer

from - =0 to -~ is neglected. One finds
Jh, p_y)=god(h, ) +gJ(h, Q)  (14)

where

. 0
Q= [o'd:

~h
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The stress components (t,)., and ()., are
determined by the relations

_ P »
(T,\)—ll =-D lA<’)'\‘> " + (:))') - |
) Jp Jp
(T)-) h= D |4 v ((T\') _h F <(/)') l

where D - — \/ - is ;— times the Ekman depth

(15)

of frictional mﬁuence (EXMAN, 1905). D is con-
sidered to be a constant. The above relations
hold well when the variation of the pressure
gradient over the Ekman depth is small and
there is no direct contribution from the surface
stress. With these values one finds

) [ ) [
curl (t)_ =D e 4+ lp +
dx \dx/ _ h (/ \' v h
, J [dp J [op ] B
,)y Jdx ) _ I Jx ()_V - /,J N

) 4O, 10,
=Dg{1).2:+ lQ\'+ Qv . ‘Q,‘ Q }
= JIx Jy Jx ,)y
(16)
where
0
— o'
[ f'-"’— dz etc.
Jx

9
and (»;

in terms y and o’ may be
Jy

N
Values of —
Jx
obtained from the vertically integrated equations
of motions (7, 8), after mtroduung(l.‘i) and (15).

)=

JE
Inserting the values of T and “" in the ex-

X 12 y
pressions for J(h, p ;) and curl (v)_, (14) and
(16) and introducing the stream function ¥
everywhere, equation (12), after complicated re-
ductions, takes on the form

dJd J\ Jy
T2—gy — oy — | = — Ayt
( Vox 2 (/y> Jt Hy

J J
+ [AH oy e +oc2(}y + - /I'“zlp"‘

d D J J
[# (s ) Ao ) I

= Fev, + Fwind + chns.

(17)

with

D, D P
Fo = ) P2
o (f+l: H >P Koot

: . D .
Fong = 2,70 — 01 - », div* +curl v
I

Foen, =8 { — %0\ — %0y + “:xgs +
o P i’ 19}
2,0, + (25 - |O+
1<y E) Ix (i()y

+nf| - eN _‘)TQ-P+‘)6|"__"QX .
« AN « )_V JIx ¢ )y

L D0 20,
h\ ox Jy
1 I: - D ()h

=

[( D) ()II
Iy
t)V
¥D Jh l)h
=g\ oy

D Jh i Jh
= h\ " ox Jy

(18)

and
D Jh
H ziv:l
D

2,

()/I]
Jx

oy =-

()Il Jh

Ag =~ - g = —

5 Jy 6 Jx
00 )

[ (rl.)~ ctc. In the derivation
hoz O

Finally, Q. ‘-

it has been assumed that D - h, so that terms

D 2
of the order <-I ) and higher can be neglected.
h

The present equation includes such effects as are
caused by non-compensation, by a variable depth
and by the local time-variation. To get an idea
about the relative importance of these different
effects one cannot, however, rely upon a direct
estimate of the order of magnitude of the different
terms. As example, one cannot merely from
the fact that the terms fx, and fu, are of the
order of magnitude of S conclude that bottom
slope is as important a factor as the f3-effect.
Obviously the role of the bottom slope is coupled
to the question of the compensation: if the
compensation is perfect the bottom slope will
not enter the problem at all, meaning that in
this case the slope-terms in the left hand side of
the equation are balanced by corresponding
terms in Fyep,.
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The difficulty to discuss the significance of the
different terms in (17) is primarily due to the
fact that this equation only gives part of the
theoretical solution, relating the transport to the
wind-stress, the evaporation-precipitation, and
the density field. The density field is, however,
no forcing function given from outside in the
same way as wind and evaporation-precipitation,
but is related to the velocity field by an equa-
tion expressing the balance of density advec-
tion and diffusion.

The complete theoretical model will, be very
difficult to handle mathematically, due to the
occurrence of non-linear advection terms. For the

present one can only try to test equation (17) by
introducing the measured density field. Provided
the density data are good enough such an in-
vestigation is, however, likely to throw some
further light on the equation of the validity of
the Sverdrup equation and the importance of
the new effects mentioned of.

The auther finally wants to thank Professor
Hansen at the University of Hamburg who gave
the impulse to the investigation of Sect. 2. This
part of the work should be considered as a dir-
ect extension of an earlier work by Professor
Hansen, that is also published in this volume.
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Wind und Massenverteilung als Ursache
der Meeresstromungen

Von WALTER HANSEN

Institut fur Mcereskunde, Universitat Hamburg

(Recetved 10 June, 1958)

Zusammenfassung

Det Zusammenhang zwischen Geschwindigkeit und Druck als Unbekannten und dem Wind-und

Massenfeld als gegebenen Grossen im Ozean wird dargestellt und in spezicllen Fillen die

Gestalt der Mceresoberfliche als Funktion der Dichteverteilung angegeben. Daber ist es nicht

notwendig, wie etwa beim dynamischen Verfahren, eine Null- oder Bezugsflache cinzufuhren.

Beispiele erlautern diese funktionalen Bezichnungen und zeigen den Finfluss verschiedenct

Parameter auf dic Ausbildung der Stromgeschwindigkent

I. Einlcitung

Die vorhandenen Beobachtungen der Stromge-
schwindigkeiten reichen bei weitcm nicht aus,
um Karten der Meeresstromungen im offenen
Ovcan zu cntwerfen, so wie es ctwa im wesentlich
cinfacheren Fall der Gezeiten- und Gereiten-
strome in der Nordsee geschehen ist. (HANSEN
1952.) Deshalb ist die Ozeanographie bei der
Erforschung der Meercsstromungen auf hydro-
dynamische Methoden angewiesen. Eine be-
sondere Rolle spiclt das dynamische Verfahren,
das auf Bjerknes, Sandstrom und Helland-Hansen
zuruckgeht und von Defant auf den gesamten
Atlantischen Ozean angewendet worden ist. Der
grosse Vorteil dieser Mecthode liegt in der ein-
fachen Handhabung, ist aber mit dem Nachteil
verkniipft, dass die Gestalt der Meeresoberflache
und die Geschwindigkeit durch dic bekannte
Dichteverteilung allein nicht eindcutig bestimmt
sind.

Die im folgenden abgeleitete Theoric, die an
Hand sehr cinfacher Becispiele erlautert wird,
vermeidet dicse Schwicrigkeiten.

11. Die hydrodynamischen Grundlagen

Dic hydrodynamischen Gleichungen werden in
der folgenden Form verwendet:

. Du 1 Jp
AN Alut -=-=0,
/ =2 0 o
2y 1
fu—rv o Adv+ “p 0,
) 0 Jdy

I Jp du Iy Idw
e A VR N
0 Jz Jx ()y Jz
o? 2 m
=-— 4 -
A t)_V2

Es sind: v, y, z Koordinaten in Ost-, Nord- und
Vertikalrichtung, f Coriolisfaktor, A, v virtuelle
Viskositiitszahlen (horizontal, vertikal), g Schwe-
rcbeschleunigung, ¢ - p(x, y) die Dichte (be-
kannt aus Beobachtungen). Ausscrdem werden
verwendet:

u Y
« ¢
y — -7V

— )
=T
Jz Jz

als Komponcnten des Schubes. Die ungestorte
Oberflichec des Meeres liegt bei = -- 0, dic Ab-
weichung davon wird durch = — { (Wasserstand)
und der Meeresboden durch z = -- & beschrieben.
Die Gesamttiefe ist H = h+ . Funktionswerte
an der Oberfliche werden durch den Index ob.
am Boden durch den Index B gekenn.eichnet.

Unbekannt sind die Komponenten der Strom-
geschwindigkeit «, v, w und der Druck p. Diesc
Funktionen sind durch das Gleichungssystem (1)
erst dann cindeutig bestimmt, wenn fiir sie einc
Anzahl von Randbedingungen vorgeschricben
werden. So muss am Meeresboden und an der
Kiiste die Normalkomponente der Geschwindig-
keit Null sein. An der Meeresoberfliche sind

'rf,’;,) und rf;',',) durch den Stress des Windes ge-
geben.
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Durch Integration vom Meeresboden z = -/
bis zur Oberfliche z = { kann aus der Kontinui-
tatsgleichung w eliminiert und unter Beriick-
sichtigung der Randbedingungen eine Strom-
funktion ¢ mit

g b | )
fud: = ié,fvd. = - i
()y Jx
h - -

in die gleichfalls integrierten Bewegungsglei-
chungen — nach Vernachldssigung von Termen,
die bei der Vertauschung von Intcgration und
Differentiation entstehen und von hoherer Ord-
nung klein werden — ecingesetzt werden:

1y a1 g
Jx Jdy Ql)\ ‘
—h
1P, s R
()_l' 0 I)V T

—h

Dicses Gleichungssystem verkniipft die Strom-
funktion ¢ und den Wasserstand { mit der Mas-
senverteilung und den tangentialen Schubkriften,
Wegen der komplizierten Form — C tritt implicit
auf — sollen das System (2) zunichst etwas
spezialistert und dann cinige cinfache Falle
diskutiert werden,

HI. Die Ermittlung des Wasserstandes aus dem
Dichtefeld

Zuniichst werden die von der Reibung herriihren-
den Terme in den Gleichungen proportional den
Komponenten des Transportes und umgekehrt
proportional der Wassertiefe gesetzt, Reibungs-
koeffizient r:
m y |')‘75 _.'_.,. ﬂl’
dy h+ oy
) rood
) I'Adié' - "'"T_‘,_(#-
JIx h S ox

Eine weitere Vereinfachung wird erzielt, wenn
angenommen wird, dass die Dichte p nur von
X, ), aber nicht von der Tiefe - abhdngt, dann

. (, +h ()Q
gilt fQ) dz-g(h+é')<)‘C %0 )\’) und

Entsprechendes fiir die y-Komponente des
Druckgradienten. Wird weiterhin iiberall zwecks
Linearisierung ¢ gegen h vernachlissigt, dann
folgt an Stelle von (2) das System

f ) )5 gh o N
:¢ r ¢¢ ‘ +‘L’ ;‘.‘ (log o) =75,
.

I dx h dy & 2
r ,)d) .)qS gh o

e & 1 (1) 3
he dx /l dy e (lv f 2 ly( ogn) -7, (3)

Hier liisst sich J climinieren durch kreuzweise
Differentiation, mit den Abkiirzungen

DT f,f,’
Ty h e\ h
g fdh o M
G- S “(loga) -
2\dx Jdy - Jy

folgt:

ll(ﬁ J | dA
. S A=) e
g+ dx Lox (/12> ‘ ,Iy(rh):l r
7 J
96 —/ ]h'-’
Jy ,)v /l' T v \rh

Die Stromfunktion ¢ ist in jedem Mceresgebict
eindeutig bestimmt, wenn ¢ aul dem Rande
dieses Gebietes bekannt ist. Speziell wird lings
einer Kiistc ¢ = 0.

/2
=T(F+G) @)
.

Ist nun die rechte Seite der Gleichung (4)
Null, — das ist der Fall, wenn der Wind Null,
dic Tiefe konstant oder dic Dichte homogen
sind —— dann folgt aus der Randbedingung, dass
@ = 0. Im gesamten Meeresgebiet verschwindet
die Stromfunktion. Dieser Schluss kann aber nur
gezogen werden, wenn die Reibungszahl r nicht
Null 1st — damit keine Singularitdten auftreten,
muss immer 4 - ¢ -~ 0 sein. Fir » — 0 wird die
Differentialgleichung (4) von der ersten Ordnung
und die Randbedingungen koénnen nicht mehr
erfiillt werden. Das Problem st dann nach
COURANT (1937) nicht mehr sachgemaiss. So ist
in einem geschlossenen Meeresgebict zu fordern,
dass die Stromung parallel der Kuste erfolgt und
die Normalkomponente dort verschwindet. Wird
aber in (4) r = 0 gesetzt, so kann diese Rand-
bedingung allgemein nicht erfiillt werden. Diesem
prinzipiellen Mangel unterliegt auch das dyna-
mische Verfahren, das unter der Voraussetzung
abgeleitet ist, dass die Reibung verschwindet. Die
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Reibung mag noch so klein sein, immer ldsst
sich die Gleichung (4) eindeutig 16sen, sie darf
nur nicht Null werden.

Es wird gesetzt: ¢ = @ +y

dabei ist ¢ die vom Wind-, y die vom Massenfeld
herriihrende Stromfunktion. Separation fiihrt zu
den Gleichungen

oo (1IN o[/

Ag - ﬂ[— R DAY :Ih“
ProxLox\m) t o\ )1
4)(17 41 1 J /_ 2_I12

+,)y Jdy (hz) JIx (rh)]h _TF

Jy J 1 Jd[f 2
" ox Lox <h2) * Jy (rh)]h *
l)‘lp Jd (1 J / h?
— A=)-—1{--) |it=—0G.
+ Jdy Ldy <h2> JIx (I‘h)] ! r

Ist am Rande ¢ = ¢ = =0, dann kénnen
hieraus die vom Windschub herrithrende Strom-
funktion ¢ und die vom Massenfeld stammende
Stromfunktion y eindeutig bestimmt werden.

@ und ¥ sind nur dann im Innern des Meeres-
gebietes von Null verschieden, wenn F, G +0.
Sind dagegen F, G = 0, dann auch ¢, y=0.
Ist spezicll y =0, dann folgt aus den (3) ent-
sprechenden Gleichungen

(5)

und

()l: hJ 1): h o
+ —(lo =0, - +--—(log =0,
Jdx  2Jx ( & 0) ()y 2 ()_V ( & 0)

und wegen G = 0 ist auch

()/I o Jh
- log 0) -- lo, =0.
Jx 4)'V( & L) ()_V 1)\'( & 0)

Die letzte Gleichung besagt entweder, dic
Tiefe h ist konstant oder eine Funktion der orts-
verdanderlichen Dichte ¢ nimlich & = & (logo).
Fiir konstante Tiefe h =h, wird
- /’!! log e

L=
b ol
bl Co

und fiir /1 (log p) folgt:

o= = i f 11(5) do

Q0

Die willkiirlichen Konstanten sind so gewihlt,
dass { in dem durch den Index O gekennzeich-
neten Punkt Null ist.

Damit ist die Gestalt der Meeresoberfliche aus
dem Massenaufbau und der Tiefe bestimmt. Im
Gegensatz zum dynamischen Verfahren ist bei
der hier gegebenen Ableitung kein Gebrauch von
zusitzlichen Annahmen etwa iiber eine Nuli-
oder Bezugsfliche gemacht worden.

Die Gleichungen zeigen, dass bei anwachsen-
dem p die Wasseroberfliche { abfillt und um-
gekehrt. Besitzt die Dichte p im Punkt Null ein
Minimum, dann hat die Wasseroberfliche dort
ein Maximum. An der Ostflanke des Golfstroms
erreicht die Dichte Minimalwerte. Die von
DeranT (1941) fiir dieses Gebiet angegebene
Topographie weist hier ein Maximum auf. Ahn-
liches wird siidlich des Aquator vor der brasilia-
nischen Kiiste festgestellt.

Diese einfachen Beziehungen geben aber auch
quantitativ fiir den Bereich des Golfstroms Ho-
henunterschiede der Mceresoberfliche von etwa
ein Meter, ein Wert, der mit Defants Angaben
recht gut iibereinstimmt.

Die Ermittlung des Wasserstandes ist immer
dann besonders einfach, wie das vorstehende
Beispiel zeigt, wenn die Stromfunktion identisch
verschwindet. Das ist aber nur dann der Fall,
wenn G identisch Null ist und somit die Tiefe
und der Wasserstand { Funktionen sind, die nur
von der Dichte p abhiingen. Dann sind lings den
Isodensen auch die Wasserstinde und die Tiefen
konstant. Helland-Hansen und Ekman (EKMAN,
1923) haben allgemein dieses »law of parallel
solenoids« formuliert, das im Ozean niherungs-
weise crfillt ist.

Nach dem Vorstehenden lisst sich sagen: TIst
dieses Gesetz streng erfiillt, dann ist die Strom-
funktion identisch Null, gilt es dagegen nur ap-
proximativ und ist G + 0, dann ecxistiert auch
eine Stromfunktion y = 0, und es finden Mas-
sentransport statt. In diesen Fillen muss also der
Bestimmung des Wasserstandes die Losung der
elliptischen Differentialgleichung fiir 3 vorauf-
gehen. Da aber das Gesetz der parallelen Felder
im Ozean angenihert gilt, besteht die Hoffnung,
¢ aus der einfachen Beziehung y = 0 zu ermitteln.

Das obige Beispiel unterstiitzt dicse Vermu-
tung. Abschliessend soll noch ein sehr einfacher
Fall betrachtet werden, der zeigt, dass bei Tiefcn-
inderungen Konzentrationen der Geschwindig-
keit auftreten, die eine gewisse Ahnlichkeit mit
denen haben, die in den grossen Stromsystemen
der Ozeane beobachtet werden.
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naut

Es wird vorausgesetzt, dass fiir die Dichte des

du R oh
Meerwassers — 0 und fiir die Ticfc - - 0
Jy z)y

gilt und der Windschub Null ist. Ausserdem soll

)
b

die Ostwestkomponente des Transportes il
dy

sein, Damit folgt aus Gleichung (4), da G =0

1st:
L

AL J i’

7/1.1//7 24”_] -0
rody hoJdx

Fiir dic Grossenordnung gilt:

)
'l 10 ' (msec)™?, r=10"2msec !
()_V
, i o
Zur Abkurzung wird =gqund — = —hv
rdy Jx

gesetzt, wo v die mittlerc Stromgeschwindigkeit
bedeutet. Nun ist dic Glcichung su losen:

| l”l:l -0
hox| ™~

h A
[ k3 a' hda (6)
h,

Diese Losung lautet:

Hier sind die Werte im Punkte x = 0 durch den
Index Null bezeichnet.
Ist die Tiefe h = h, konstant, dann ist

V= afyx

Dic Geschwindigkeit nimmt exponential von
West nach Ost ab und zwar umso stirker je

"
grosser 4;/ und je kleiner r ist. Sehr grosses r
ay

kann die westward intensification verringern,
diese ist auf tiefem Wasser auch grosser als auf
flachem Wasser. Fiir eine lineare Tiefeninderung

h=hy + (hy — hg)—
X,

lautet die Losung der Gleichung (6)
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Abb. 2. Geschwindigkeitsverteilung vor dem Schelf bei
verschiedenen Neigungen des Kontinentalabfalls.
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Der Punkt x = 0 moge am Schelfrand liegen,
dann ist /1, die Tiefe des Schelfs, von hier fillt der
Schelf steil ab und erreicht im Punkt x = x,
den Tiefsceboden mit der Tiefe h,.

Zur Abkurzung werden noch eingefiihrt:

h o X
o=, T2 =t
h, ahyx, Ny
dann wird v
a0,
vo=vy (1 + dr)e” « (' ta ) (7)

Diesc Funtion v crreicht an der Stelle

Vi .
Ly = S I eincn Extremwert v,
[4

l N
Vg = Vo\ %€ 2 2

Unter den ausserordentlich einfachen Ver-
hiiltnissen des vorliegenden Beispiels tritt durch
das Zusammenwirken von Corioliskraft, Reibung
und Tiefe sowie der Anderungen dieser Grossen
auf dem Kontinentalabfall auf den Westseiten
der Ozeane cine Konzentration der Stromge-
schwindigkeiten auf, so wie sie auch in der
Natur bcobachtet wird. VoN ARrx et.al. (1955)
hat Messungen (vgl. Abb. 1) der Stromgeschwindig-
keit und der Temperatur iiber dem Kontinental-
abfall im Bereich des Golfstroms geliefert. Die
Geschwindigkeit zeigt eincn Verlauf, der dem
aus Gleichung (7) folgenden #hnlich ist (Abb. 2).
Diese qualitative Ubereinstimmung legt dic Ver-
mutung nahe, dass die oben bei der Ableitung der
einfachen Losung (7) beriicksichtigten Faktoren
bei der Ausbildung der Maxima der Strom-
geschwindigkeit vor den Kontinentalabhiingen
auf der Westseite der Qzcane eine wichtige Rolle
spielen. Diese Faktoren sind: die Reibung, die
Corioliskraft und die Ticfe. Entscheidend fiir das
Zustandekommen cines Extremwertes ist es, dass
diese Grossen nicht konstant, sondecrn orts-
verdnderlich sind. Das hingt offenbar damit
zusammen, dass in den Bewegungsgleichungen
die Reibung im offenen Ozean um mehrere
Grossenordnungen kleiner ist als der Coriolis-

beitrag. In der hieraus gewonnenen Vorticity-
Gleichung (4) treten die Differentialquotienten
der Reibung und der Corioliskraft auf. Diese sind
nun aber von der gleichen Grigssenordnung.
Gelegentlich kann sogar der Reibungseinfluss die
dominierende Rolle spielen.

Schlussbemerkung

Wesentliche Ursachen der grossriiumigen Strom-
systeme in den Ozeanen sind der Tangential-
schub des Windes an der Oberfliche und der
Massenaufbau im Ozean. Dementsprechend tre-
ten zwei Stromfunktionen ¢ und y auf, eine ¢
ist dem Driftstrom, cine y ist dem Gradientstrom
7ugcordnet.

Beide geniigen den Differentialgleichungen (5).
die sich allein durch die rechten Seiten unter-
scheiden. Es liegen eine Reihe von Untersuchun-
gen der Gleichung fiir ¢ vor unter der Voraus-
setzung, dass die Tiefe i konstant ist. Die aus
dem Massenaufbau folgende Stromfunktion
scheint bisher noch nicht betrachtet worden zu
sein. Da im Ozean in erster Annitherung das von
Helland-Hansen und Ekman aufgestellite Gesets
der parallelen Felder gilt, kann mit gleicher
Genauigkeit in der Gleichung fiir y das G - 0
gesetzt werden. Fiir ein geschlossenes Meeres-
gebiet wird der Satz formuliert: Gilt das Gesets
der parallelen Felder, dann verschwindet die zum
Massenfeld gehorige Stromfunktion . Das hat
zur Folge, dass die Gestalt der Meeresoberfliche
in einfacher Weise aus der Dichteverteilung er-
mittelt werden kann. Ein einfaches Beispicl
erliutert diese Zusammenhidnge. Ein weiteres
Beispiel als spezielle Losung der Gleichung (5)
zeigt den Einfluss, den die Tiefeninderung auf
die Struktur der Geschwindigkeit, die der des
Golfstroms dhnlich ist, besitzt.

Allgemeiner scheinen die obigen Gleichungen
geeignet, sowohl die Stromfunktionen als auch
die Wasserstinde aus Wind- und Massenfeldern
zu ermitteln. Es liegt in der Natur der Sache,
dass zu diesem Zweck Randwertaufgaben gelost
werden miissen, im Gegensatz zu dem bisher vor-
nehmlich verwendeten dynamischen Verfahren.

(Manuscript received 10 june, 1958)
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The Antarctic Convergence—or Divergence?

By H. WEXLER
U.S. Weather Bureau, Washington, D.C.

Abstract

Bathythermograph (BT) data available in the past decade reveal the existence of a narrow
cold corc of water embedded in the Antarctic Circumpolar Current at the Antarctic “Con-
vergence.” This cold core is explained by upwelling of cold water from below. The upwelling
itself results from horizontal divergence impressed on the sea surface by the frictional stress
of the strong winter westerly winds on the open water just north of the northern limit of the

pack-ice surrounding Antarct:ca.

In recent years, increased use of the bathythermo-
graph (BT) has revealed strong horizontal tem-
perature gradients within the ocean surface at
unexpected places. For example CROMWELIL. and
REID (1956) showed the existence in the mid-
Pacific (1° N, 120°W and 2" N, 172°W) of
surface temperaturc gradients of 5° F in | mile.
Later at 3° N, 120° W, KnNauss (1957), by taking
BT’s 50 seconds apart as the ship drifted at one
knot, found a temperature gradient of 5" F in
less than 200 feet. In all threc cases the strong
temperaturc gradient extended to about 100 feet
below the surface. It is not known how charac-
teristic these discontinuities are of their particular
localities and how they compare with similar
phcnomena found in other oceanic areas far
removed from land.

One of the best known and permanent oceanic
temperaturc discontinuities, the **Antarctic Con-
vergence™, has been studied since 1923 [Mel-
NARDUS (1923), Scuott (1926), WusT (1928),
DeranT  (1928), SVERDRUP (1934), DEACON
(1937)]. The best summary of its location and
properties, based on pre-BT data, has been made
by MACKINTOSH (1946).

Mackintosh defines the Antarctic Convergence

. as the line at the surface along which
Antarctic surface water sinks below the less dense
sub-Antarctic water, and it is distinguished by a
more or less sharp change of temperature at the
surface.” The temperaturc gradient varies with
longitude but the Antarctic Convergence is
probably continuous around the Southern Ocean.
It is essentially a feature of the surface but where
surface conditions are ill-defined, Mackintosh
goes on to say, the Antarctic Convergence ‘‘can

usually be assumed to lie in the latitude at which
the coldest part of the Antarctic surface layer
sinks below 200 meters.”

Deacon’s compilation of the mean position of
the Antarctic Convergence as determined by the
latitude reached by Antarctic bottom water was
drawn on a circumpolar chart in 1937. Mackin-
tosh had more data on which to basc his average
position and while his curve agreed quite closely
in the main with Deacon’s curve it did show
some significant deviations and also greater
variations in latitude than formerly believed.

In figure 1 is shown a somewhat smoothed
copy of Mackintosh’s average position of the
Antarctic Convergence (an exact reproduction is
given in figure 6). This curve, while roughly zonal,
has waves and varies in latitude from 48°S to
62°S. The principal meanders occur east of
Australia and South America.

In this same figure there are plotted 13 triangles
in the South Atlantic showing positions of the
Antarctic Convergence as determined by whalers
(VowiINCKEL and Q0STHUIZEN, 1953). The criteria
used in identifying the Antarctic Convergence
were not described by the authors. There are
also 11 black dots in the figure, 6 between New
Zealand and the Ross Sea, 2 in the eastern South
Pacific and 3 in the Scotia Sca. These dots show
the locations of the Antarctic Convergence as
determined by a new criterion for the Antarctic
Convergence made possible by BT profiles taken
by various ships listed in Table 1.

New Definition of the Antarctic Convergence

The criterion used in identifying the Antarctic
Convergence listed in Table 1 arose as follows:
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it was noted that the strong surface temperature
decrease southward, which is called for by the
classical definition of the Antarctic Convergence,
terminated in a temperature minimum followed
by an increase of 1° to 3° F as one proceeded
a short distance south. That this temperature
minimum was not restricted to the surface is
shown by the hourly BT soundings whichrevealed
the existence of a ‘“‘cold core’ extending down-
ward for several hundred feet, with similar
temperature increases to the north and south. In
figures 2 and 3 there are shown two examples of
this phenomenon*—both bascd on BT data taken
by the USS Glacier on 13 Nov. 1956 and 14 Dec.
1956. In each case the cold cores had centers
with temperatures below 36° F and extended to
the bottom of the BT dips,—450 feet and 650
feet, respectively. To the South there existed a
distinct wall of warmer water (temp. > 39°)
separating the cold cores from the below 32° F
Antarctic water.

Previous investigators of the Antarctic Con-
vergence have not drawn attention to this mini-

* The wnter s greatly indebted to Dr. Willis L.
Tressler of the U.S. Navy Hydrographic Office for
furnishing these and other data in advance of publication.

mum temperature zone south of the strong tem-
perature gradient, although it does show up to
some extent on 6 of the 15 **Discovery” sections
which formed the basis of Deacon’s 1937 plot of
the mean position of the Antarctic Convergence.
Only by a combined use of a recording of sea
surface temperature and frequent (at least once
an hour) BT dips could the narrow zone (usually
less than 50 miles) of minimum temperature be
detected with certainty.

Although the packing of isotherms lcading to a
strong horizontal temperature gradient has
generally been interpreted in terms of horizontal
convergence and sinking of surface water, its
presence just to the north of a zone of temperature
minimum might denote just the opposite—an up-
welling of colder sub-surface water induced by
horizontal divergence. This particular point will
form the principal theme of this paper to be
discussed in greater detail later.

Comparison with Average Winds

Referring again to figure 1, the shaded area
denotes the belt of the maximum westerly winds
as computed from average sea-level barometric
pressure data taken from three different sources:
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AsSUR (1951), VOwWINCKEL (1955), and Lams and
BritTTON (1955). Meridional pressure profiles
were drawn for each 20° of longitude beginning
with 0° and the latitudes of the maximum
westerly winds determined. The shaded area was
then drawn in to encompass the maximum points
of all three determinations.

For the most part the maxima of westerly
winds were found over a considerable spread of
latitude,—10° to 25°. But there are three
regions, south of eastern Australia, South
America and South Africa, where the maximum
westerliecs are confined to a very narrow lati-
tudinal belt. Downwind (east) of these threc
regions where the belt of maximum westerlics
widens considerably, are found the three areas
of maximum atmospheric blocking according to
VAN LooN (1956). Atmospheric blocking in the
Southern Hemisphere as defined by van Loon
is a long-lived (at least 6 days) quasi-stationary
anticyclone which is displaced at least 10° south
of the normal position of the sub-tropical high
pressure belt as given by VOwINCKEL (1955).
According to van Loon, blocking action in the
Southern Hemisphere is largely limited to these
thrce regions listed in order of decreasing im-
portance: 1, eastern Australia-western South
Pacific; 11, the Scotia Sea (east of southern South
America); and 111, the Marion-Crozet Island area
east of South Africa. When these blocks become
established the maximum westerly winds arc dis-
placed far south of their normal latitudes, which
is in agreement with the observed southward
displacement of the southern edge of the shaded
westerly wind maximum areas in two of the
three regions shown in figure 1.

Judging from the location of these circulation
blocks east of regions where the westerly winds
emerge from the relatively narrow channels
between Antarctica and the three main con-
tinental masses, it would appear that these blocks
arise as a result of a horizontal **hydraulic jump”
as suggested by Rosspy (1950) to explain the
North Atlantic blocks.

It is interesting to note that the maximum me-
ridional deflections of the Antarctic Convergence
are also found in the vicinity of the atmospheric
blocks. These large-scale meanders of the Ant-
arctic Convergence have been ascribed by
SVERDRUP et al, (1942) to the passage of the as-
sociated current system over submarine ridges
with consequent Coriolis deflections. This implies
that the current system associated with the Ant-
arctic Convergence extends at least to the 3,000

meter depth. But it would also be tempting to
postulate an analogy between the atmospheric
westerly *‘jet-stream” and a wind-induced oceanic
*‘jet-stream”, in which the Antarctic Convergence
is embedded; however a discussion of this and
other possible causes of the Antarctic Con-
vergence will be deferred until later.

Fine Structure and Changes of the Antarctic
Convergence

As shown in Table | twelve days after the second
Glacier section of Dec. 14, 1956, another section
was made by the HM.N.ZS. Pukakhi along
nearly the same meridian. The Antarctic Con-
vergence was crossed at nearly the same latitude
but was characterized by cold temperatures as
much as 6” F lower than those observed by the
Glacier. This section, shown in figure 4, was
kindly provided to the writer by Mr. R. W,
Burling of the New Zealand Oceanographic
Institute, Department of Scientific and Industrial
Research, in advance of publication. The re-
markable featurc of the Pukaki cold core is not
only its low temperature of —1° C but also its
vertical extent downward, so that below 200
meters it is colder even than the water at the
same depths found just off Antarctica. The source
of this water deserves comment. Deacon's tem-
perature data at latitude 62° S show that water
of that low temperature is found below 3,000
meters. Since it is inconceivable that upwelling
of that magnitude could have occurred in 12
days, the source of the cold water must have
been horizontal motion northward from the
cold sub-surface Antarctic water, shown in
figure 4, a breaking-off of this water mass from
its source region, and a strong vertical stretching
of the water column to produce cooling both in
the surface layer and at depths below 200 meters.

To the well-known horizontal concentration
of the sea-surface isotherms thus should be
added these additional properties of the Ant-
artic Convergence:

i) a temperature minimum to the south of the
strong temperature gradient (figs. 2, 3 and 4),

ii) extension of these properties downward at
times to at least the 300-meter depth (e.g..
Pukaki section),

iii) rather large temperature changes of the ordcr
of 5° F can occur across the Antarctic Con-
vergence within a few weeks with but little
change in location,
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Table 1. BT Profiles Across the Antarctic Convergence

Ship Date Position Min. Sfe. Reference
Temp.
A. New Zealand-Ross Sea
Section
U.S. Navy Operation High
Jump
Section C-2.......... 13—16 Feb. '48 62° 40’ S 39.7° F Dictz, 1948
176° E
Section C-3.......... 27 Feb.— 61° 50" S 40.6" F | Dietz, 1948
1 Mar. '48 176" E
USSATKA ..., Jan. S5 61700 S 38" F H. O. Misc.
177" 54' E 16331, 1956
USS GLACIER .. .......... 13 Nov. '56 60" 34’ S 37.2° F Priv. Commun,
(Operation Deep 171 58" E Tressler, 1957
Frceze 1)
USS GLACHR ............ 14 Dec. "56 61724’ S 38.1° F Priv. Commun.
175" 10" E Tressler, 1957
H.M.N.Z.S. PUKAKI ...... 25—26 Dec. *56 62'5'S 236" F Burling, 1959
176° 55" E
B. Eastern South Pactfic
U.S. Navy Operation High
Jump
Section A........... 23 -25 Dcc. 47 65° S 34" F Dietz, 1948
100° W
Section B............ 25--28 Dcc. '47 55°S 39.2° F Dietz, 1948
131°' W
C. Scotia Sea
USSAIKA......coovnnn.. 25—-26 keb. °55 52°30'S 36" F H.O. Misc.
377200 W 16331, 1956
USS STATEN ISLAND...... 10 Dec. 56 57° 03" S 36.5 F Priv. Commun.
(Operation Deep 57° 44’ W Tressler, 1957
Freeze 1)
USS STATEN ISLAND...... 22 Feb. °57 56" 37' S 39.8° F | Priv. Commun.
(Operation Deep 55" 17 W Tressler, 1957
Freeze 11)

iv) at times a multiple structurc of the Antarctic
Convergence appears to caist,—sece for ex-
ample fig. 2 here and figs. 15 and 16 (DiL1z,
1948).

Movements of the Antarctic Convergence

The Antarctic Convergence appears to be re-
markably fixed gcographically. Mackintosh found
that although a displacement of 50 miles or so
cither way is not uncommon, its location is
rarely found more than 100 miles from its mean
position but sometimes it has twists and loops

that extend 100 miles north or south. There
appears to be a slight seasonal deviation from
the mean position, from 16 miles north 1n No-
vember to 28 miles south in February.

The Antarctic Convergence, as defined by the
position of the **cold core”, moved approximatcly
28 nautical miles south in the 12 days from 14
Dec. 1956 (second Glacier section) to 26 Dec.
(Pukaki section). Large temperature changes ac-
companied this shift. But in the 31 days from
the first Glacier section (13 Nov.) to the second
section (14 Dec.) the southward shift of the
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Antarctic Convergence was only 50 nautical
miles or 70 9, of the speed of movement south-
ward from Dec. 14 to 26 and its tcmperaturc
remained practically unchanged.

This acceleration southward of the Antarctic
Convergence appears to be related to the winds
at 60° S, 170° E as shown in Table 2:

Table 2. Average Resultant Surface Winds at

60" S, 170" E
Period Y.Vlnd Speed Source
rom
1956
Nov. §—13 330° | 16 K | Weather Charts
Nov. 16—21 280° | 20 K | USS BROUGH
Nov. 22—28 2857 | 13 K| USS BrouGH
Dec. 9— 14 340" | 8 K| USS BrouGu
Average re-
sultant 305" | 13K
Dec. 14--19 23" [ 11 K| USS BrouGH
Dec. 20—26 45°| 16 K | Weather Charts
Average rc-
sultant 35| 14K

Unfortunately no reliable winds were available
for the periods Nov. 14—15 and Nov. 29—Dcc. 8.
Nevcrtheless it appears quite clear from the
resultant winds shown in Table 2, that there
were predominantly west-northwesterly winds
between the first Glacier Section of Nov. 13
and the second Glacier Section of 14 Dec.
(average resultant wind from 305-, 13 K) and
predominantly northeasterly winds between Dec.
14 and Dcc. 16 (average resultant wind from
35", 14 K). The mean component of wind from
north to south in the latter period was 53¢,
greater than that of the earlier period, — in good
agreement with the accelerated displacement of
the Antarctic Convergence southward. The in-
creased winds from the north in December were
associated with a strong blocking anticyclone
which persisted through Dccember and extended
from New Zcaland to the western Ross Sca.

Suggested Explanations for the Antarctic Con-
vergence

Before attempting to explain the Antarctic
“Convergence” we must first make up our minds
whether it isa horizontally convergent or divergent
phenomenon. Whileitis possible toexplainanorth-
south packing of isotherms by horizontal con-
vergence it would appear difficult to explain by

the same process the temperature minimum ob-
served in the surface layer just to the south of
the strong temperature gradient. However hori-
zontal divergence, operating sufficiently long in
the surface layer of an ocean where the tem-
perature decreases with depth (under a thin
homogeneous layer), could account for both a
surface temperature minimum and a strong tem-
perature gradient to the north, since the resulting
upwelling of cold, sub-surface water in a restricted
zone would lower the surface temperaturc in
this zone and thus incrcase the normal north-
south temperature gradient to the north and
reverse it to the south.

Thus the detailed temperature data available
from BT’s seem definitely to point in the direction
of a narrow band of horizontal divergence en-
circling Antarctica, at a position very close to
that given by Mackintosh for the Antarctic **Con-
vergence™. The problem now is to explain the
existence of such a narrow circumpolar zone to
be referred to henceforth as the **Antarctic Di-
vergence”,

The possible explanations can be divided into
two categorics: (i) Internal and (1i) External:

Internal—It appears difficult to find a strictly
internal explanation for such a sharp fixed line
as the Antarctic Divergence. Thermohaline-
induced vertical meridional circulations, anal-
ogous to thc Hadley (low-latitude) and Ferrel
(mid-latitude) atmospheric circulation cells, could
be visualized to produce horizontal divergence
along the wavy line shown in figure 1, but one
would first have to cxplain how such oceanic
circulation cells arisc in the first place.

Internal waves along the thermocline, similar
to those noted 1in Antarctic waters by DIETZ
(1948) might well become unstable and bring
cold deep water to the surface but again it is
difficult to sce why this process should prefer the
particular wavy line shown in figurc | unless
some external influence enters.

External— The frictional drag of the winds
on the ocean surface would scem to be the
principal means of introducing an external in-
fluence to cause a line of divergence. The rough
correspondence between the broadening of the
belt of maximum westerly winds and the meander-
ing of the Antarctic Divergence plus the fact
that on the average the Antarctic Divergence is
found slightly to the south of the maximum
westerlies leads one to suspect a connection.
However the contrast between the well-known
variability of the winds and the stability of loca-
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tion of the Antarctic Divergence would tend to
discourage a search for a relationship unless the
great inertia of the ocean masses makes them
responsive only to winds averaged over long
periods of time—wecks and months.

If we apply to an average north-south profile
of winds from the west the results of the Ekman
theory, where the transport of the wind-induced
current is proportional to the square of the wind
speed and directed to the left of the current in
the Southern Hemisphere, this leads to a di-
vergence south of the latitude of the maximum
winds and a convergence to the north. A com-
putation of this nature, based on Assur’s (1951)
average sea-level pressure distribution over the
Southern Hemisphere, has been performed by
KooprMAN (1953).

Koopman arrives at a scries of convergent and
divergent lincs; the one which he believes cor-
responds to the Antarctic **Convergence’ is found
some 5° of latitude to the north of Assur’s
maximum westerly winds, and farther north still
of Mackintosh’s average position of the Antarctic
*Convergence™. Koopman also finds a short line
of divergence along latitude 64° S, extending
from 145° W westward to 175” E and a nearly
circumpolar line of divergence farther south at
the boundary between thc polar easterly winds

and the temperate westerlies. The divergence
at the 180° meridian between 62.5° S and 67.5° S,
computed from Assur’s data, yields an average
upwelling of !/, meter per day.

Koopman's computations neglect lateral fric-
tional stresses which according to HipAkA and
TsucHIYA (1953) must be exceptionally large in
the Antarctic Circumpolar Current. Their analy-
sis, taking into account both lateral and vertical
frictional forces within an homogeneous ocean
subjected to a maximum wind stress of 2 dynes
cm~* at the surface, yiclds a horizontal con-
vergence just to the south of the westerly wind
maximum (taken at 57°30'S) and horizontal
divergence to the north (fig. 5). The meridional
motions are confined to the top few hundred
meters and the vertical motions to the north and
south of the latitude of the wind maximum are
of the order of 10 centimeters per day. This
value which amounts to only 3 meters per month,
would appear at first sight to be too small but
before continuing with further analysis of this
frictional explanation let us cxamine two more
possibilities.

Another likely explanation might be sought in
the reaction of the occan to sudden changes in
wind. If the ocean has an internal surface across
which the density varies as obscrved at the
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Fig. 4. Bathythermograph cross-section, New Zealand to Ross Sea, Dec. 25—26, 1956, H.M.N.Z.S. Pukahki. (Shaded
areas show temperatures below 2'C (35.6'F) and 0 C, respectively.) (After Burling, 1959.) The arrow marked “AD™

has becn superimposed by the present writer.
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‘mocline, then an inertial (north—south)
illation caused by fast inputs of momentum
frictional transfer from rapidly accelerating
ds, would introduce a vertical distortion of
thermocline. Following the initial analyses
this effect by Rosssy (1937, 1938) and CAuN
15), the problem, relieved of certain artificial
raints, was tackled anew by BoLiNn (1953),
toNis and StomMmEL (1956) and VERONIS
56).
Jsing Rossby’s simple model, a 2-layer fluid
atitude 60° was investigated—composed of a
meter thick upper homogeneous layer of
sity o over a 3,900 meter thick lower layer of
sity o with the density difference ratio,
— 0)/¢’, at the interface equal to 2 - 10 3. A
rkm wide strip of the surface water layer was
into motion impulsively by a sudden west
id so that the maximum speed of the water
face rose suddenly to 1 meter per second and
reased discontinuously to zero on either side
the strip. After equilibrium was reached the
rmocline south of the maximum westerly
eleration showed an upward displacement of
order of 25 meters and a downward displace-
nt of equal magnitude to the north. This
nputed distortion of the thickness of the homo-
cous layer bears a remarkable rescmblance
the observed distortion noted on the Pukaki
tion (sce fig. 4). Repeated accclerations of the
1ds in response to passing storms* could finally
ng the thermocline very close to the surface
erc it could be destroyed by wind mixing, thus
ating a zone of cold water.
Fhere is another possible explanation which
inot be analyzed quantitatively at this time
which, by analogy, appears to bc worthy of
ious consideration. This has to do with the
:nomenon of ‘“‘streakiness™ which seems to be
iracteristic of geophysical fluid motion over a
fe range of scales. Some of the BT scctions
'h as Section B, 25—28 Dec. 1947 (DigTz,
18) convey a most pronounced impression of
sizontal thermal streakincss but in this partic-
r cas¢ it may be due in part to the oblique
p’s track from 55°S, 131°W to 65"S,
»° W. The Arka Section from New Zealand to
Ross Sea in Jan. 1955 (see figs. 11 and 12 in
O. Misc. 16331) shows a streaky thermal field
m 58°S, 176°30'E to 61°S, 177°50" E,
ere at least threce horizontal temperature

At the author’s suggestion a non-linear analysis of
, effect is being undertaken by his colleague, Dr. M.
per.

minima were observed extending from the surface
to the bottoms of the BT dips at 600 feet.

Thesec observations remind us of a much
smaller scale (meters) of streakiness observed in
the motion of water surfaces by LANGMUIR
(1938) and Woobcock (1942). A still larger scale
of streakiness (100’s of kilometers) has been
observed in the Gulf Stream by FUGLISTER (1951).
In the atmosphere streakiness has been manifest
as cumulus cloud streets (ForBes, 1945), cold
front striations (WEXLER, R., 1947), banded
structure of hurricancs (WEXLER, H., 1947)and in
multiple jet-stream structure of the upper wester-
lies (ENpLICH, R. M., et al. 1954).

The cause for these highly organized concentra-
tions of momentum is not known but by analogy
one would expect it to be present in a well-
marked oceanic ‘‘jet-stream’ in the Antarctic
Circumpolar Current (ACC). Since the examples
of streakiness cited above all have a system of
horizontal divergences and convergences arranged
along the axis of the current, it would appear that
this should also bz characteristic of the ACC.

The characteristic structure of the waters sur-
rounding Antarctica in summer shows a sub-
surface layer of cold (- 32" F) water from 200
feet to 500 feet which on the 180th meridian
extends northward to necar latitude 62° South.
A system of alternatec horizontal convergences
and divergences impressed on the ocean surface
layer in this sone could causc alternate warm
and cold surface layers of water. Once the
longitudinal vortices of opposite rotation are sct
into motion in the surface layer by the winds they
may continue for some timc and thus create the
thermal streakiness which might persist even
after the emergence of a new wind regime. How-
cver, the contrast between a relatively fixed
thermal strcaky pattern of the ocean surface and
what must be rather large changes 1n surface
wind pattern does not render this explanation
very reasonable.

The Pack-Ice Effect

We come now to what, in the writer’s opinion,
appears to be the most reasonable cxplanation
of the Antarctic Divergence. This is based on
combination of the Rossby inertial oscillation
and the HipAKA-TsucH1YA (H-T) (1953) frictional
analysis applied to an open ocean extending from
45°S to 70°S. In the latter case, as we have
seen from figure 5, a convergent region is found
to the south of the wind maximum, which is at
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Fig. 5. Computed wind-driven current and surface
elevation for lateral and vertical mixing cocfficients of
10'° and 2 - 10° gm cm~! sec™!, respectively, and maximum
surface frictional stress of 2 dynes cm 2. A. Surface
profile. B. Vector diagram of surfacc currents. C.
Vertical distribution of the current velocity along the
median line (57° 30” S). (After HipAKA and TSUCHIYA,
1953).

variance with the oceanic divergence observed in
this region. However at the extreme southern
boundary of the westerly winds the H-T analysis
shows a weak divergence as the wind-induced

surface current moves northward. But if we
compare the theoretical position of this strong
upwelling with the observed position of the
Antarctic Divergence we encounter a discrepancy
of the order of 10° of latitude.

We get around this difficulty in the following
way: In late winter, as shown in fig. 6, the mean
northern limit of the Antarctic pack-iceaccording
to MackiINTosH and HERDMAN (1940) is 5° to
15° north of the 70° S latitude circle which mark-
ed the southern limit of the ‘“‘open™ ocean ana-
lyzed by H-T. This means that in winter there
must be a corresponding shift northward of the
west wind-induced divergence.

MACKINTOSH (1946) has already pointed out the
rough parallelism of the mean northern limit of
the pack-ice (September—October) and the Ant-
arctic ““Convergence” which, however, are
separated by distances varying from 120 miles
in the Scotia Sea to about 550 miles in the
Indian Ocean section with an average separation

* The cruise of the USS Glacier in October 1956 just
north of the pack-icc edge from 118” W to 180° showed
this edge extended as much as 180 mules (with average
of 100 miles) north of and parallel to Mackintosh and
Herdman’s position shown in figurc 6. (Sce Techn.
Report, Operation Deep Freeze II, 1956—1957, U S.
Navy Hydrographic Office, Oct. 1957, figurcs 18 and 19.)

Fig. 6. Estimated mcan position
of the Antarctic Convergence
(MAckiINTOSH, 1946) and mcan
northern himit of the pack-ice for
September  (MAcCKINtOsH  and

9n*

oy
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of 370 miles or 6° of latitude (figure 6).* The
strict interpretation of the H-T theory would
call for the maximum divergence at the edge of
the pack-ice whereas in reality it is found 2° to
10¢ farther north. How do we get around this
discrepancy? The writer can only proceed by
analogy with another great oceanic divergent
region, such as is found off the west coast of
South America. This region has been studied
intensively, especially by SchorT (1931) and
GuUNTHER (1936), and the pattern of upwelling
determined.

As the predominantly southerly winds move
parallel to the west coast of South America the
wind-driven surface water moves westward and
induces upwelling of colder sub-surface water.
Again, from purely theoretical grounds one would
expect the maximum upwelling and minimum
surfacc temperatures to be located at the coast
but Schott and Gunther show that another region
of low temperature is found 100 or morc miles
off the coast. Gunther further emphasizes that
this multiple structure is remarkably persistent
(see figure 7). Both temperature minima extend
to the 100 meter depth and arc separated by
warm-water wedges 17 to 2° C warmer. Un-
fortunately Gunther's vertical scctions do not
extend sufficiently far to the west to scc if the
alternating warm and cold pattern continues.

The same warm and cold pattern has also been
observed off the coast of Southern California
by SverDRUP and FLLMING (1941). These authors
interpret this pattern as a result of circulation
cells forming normal to the wind-driven current
flowing parallel to the coast and extending to a
depth of some 80 meters. The ascending branches
of these cells have speeds of the order of 4 meters
per day. Bencath the cell closest to the shore is a
broad region of upwelling extending from 80
to 150 meters in depth where the speed is about
I meter per day. The cell closest to the coast
extends westward for 100 km and 30 km beyond
is the ascending branch of another cell whose
horizontal dimension is not given because of
lack of observations sufficiently far off-shore.

The similarity betwcen the Peru and California
current temperature sections and those across the
Antarctic Divergence seems striking enough to
proceed with the analogy between the wind-
induced divergence of water some 100 or more
miles west of the South and North American
west coasts—for the casc of southerly and
northerly winds respectively—and some 100 or
more miles north of the mean northern limit of

the Antarctic pack-ice—for the case of westerly
winds. The temperature contrasts in the latter
case arec much greater than in the former case
but this is to be expected because of the large
supply of cold water available near the edge of
and underneath the pack-ice.

Now assuming we have satisfactorily explained
the winter-time formation of a strongly divergent
region some 100 miles or so north of the northern
limit of the Antarctic pack-ice why does not this
region follow the summer retreat southward of
the pack-ice edge; e.g., on the 180° meridian,
from 64° S in September—October to near 70° S
in February—March, (MAckiNTOsH and HERD-
MAN, 1940)? In the first place 1 think the answer
is to be found in the fact that the winter combina-
tion of the ice-pack edge not far south of the
average position of the most strongly developed
and fluctuating westerlies leads to a formation—
by the purcly frictional effect of H-T, and the
inertial effect described earlicr— of a strongly
divergent region that cannot be destroyed or even
moved significantly during the brief summer
season (see Table 2). Nor can another equally
strong divergence form in summer some distance
to the south of the winter position because in
summer the westerlies are weaker and are located
much farther north from the ice-pack edge.

The cold Antarctic sub-surface current, ob-
served in summer and illustrated in figures 3 and
4, and which is found approximately 100 to 500
feet below the surfacc as it moves northward
and descends, is believed to have its origin in the
wind-induced water drift to the north as called
for in the H-T theory. The summer warming of
the upper 100 feet of this current is undoubtedly
a result of heating by solar radiation in relatively
ice-free water.

Summary

The fine thermal structure of the Antarctic
*Convergence” reveals the existence of a narrow
cold core,! extending downward at least 200 or
300 meters, which can only be explained by up-

1 An analysis of four BT sections south of New
Zcaland made in 1957- 58 by Garner (N. Z. Jour.
Geol. and Geophys., Vol. 1, No. 3, Aug. 1958, fig. 7)
revealed absence of cold cores so markedly present
the ycar before. This suggests perhaps a vast difference
in properties of the westerlies (strength, persistence,
position, etc.) 1n the two years which will be looked
into when IGY meteorological data for thus arca be-
come available.

118



H. WEXLER

welling induced by horizontal divergence of the
surface layer. In winter, when the Antarctic
Continent is expanded horizontally by the forma-
tion of ice so that its new ‘‘coast™ is found not
far south of the strong winter westerlies, the
horizontal divergence and upwelling are most
strongly developed. The upwelling is caused by
i) frictional
water
ii) and, in the case of accelerating winds from
the west, by an inertial displacement north-
ward of surface water (Rossby).

transport northward of surface

The thermal structure of the Antarctic Divergence
appears similar to those found off the west coast
of Chile and Southern California.

The brief summer season does not appear to
affect materially the winter-formed cold-core and
in summer neither the ice condition nor the
weaker westerly winds encourage the formation
of an equally strong cold-core farther south,
although weak corcs are occasionally found.

Special Remarks

The author’s intcrest in the problem of the Ant-
arctic Circumpolar Current was first aroused by
remarks made by Professor C.-G. Rossby at a
mecting of the United States National Com-

mittee for the International Geophysical Year
held in Washington on April 8, 1954. Professor
Rossby suggested an extensive coordinated in-
vestigation of the Antarctic Circumpolar Current
during the IGY because this current was un-
obstructed by continents and might therefore be
expected to be similar to the atmospheric wester-
lies, with respect to jet-stream structure, meander-
ing waves, and eddy formation.

Because of the commitment of available
oceanographic research vessels to other oceans
during the 1GY, it was not possible to realize
Professor Rossby's dream of coordinated research
in Antarctic waters although individual investiga-
tions carried on by IGY Antarctic expeditionary
ships have produced valuable results.

It is hoped that the post-IGY Antarctic
research plans now being formulated by the ICSU
Special Committee on Antarctic Research
(SCAR) in consultation with the Special Com-
mittec on Oceanographic Research (SCOR) will
result in a coordinated synoptic investigation of
the ACC extending around the Antarctic Con-
tinent to be carried out during specially de-
signated international periods. When such ob-
servations become available they will cast much
light on the Antarctic “*‘Convergence™ and other
properties of the ACC.
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Abstract

A close relation is found between the wind driven circulation in the Equatorial Current
System in the Pacific, and the distribution on the ocean floor of minerals produced by
organisms in the surfacc layer of the ocean. The large variations in time of rate of accumu-
lation of such solids is discussed in terms of corresponding changes of trade wind intensity
in the past. Special attention is given to the validity of timc cstimates, and a comparison 15
made between the Atlantic and the Pacific records.

Climatic changes on continents and in polar
areas mostly have such catastrophic effects on
the geological record that in a quantitative study
the intensity and time factors involved are diffi-
cult to ascertain. The bottom deposits of the
tropical ocean far away from continents and
polar arcas therefore appear promising as
records of such climatic changes.

1. Significance of carbonate accumulation

The first attempt at a large-scale study of
the stratification of such deposits was undertaken
by W. ScHOTT (1935), using the extensive material
of sediment cores collected during the German
Meteor-Expedition in the Atlantic Ocean. The
areas studied by Schott are mostly covered with
foraminiferal ooze, a sediment which essentially
consists of a minor fraction of silicate minerals
and varying amounts of calcium carbonate in
the form of tests of foraminifera. These are
protozoa, which are largely planktonic and live
from the phytoplankton produced in the surface
layer of the ocean. At reproduction or upon
death, the calcareous tests sink to the bottom.
Another contribution of scdimentary calcite
comes from planktonic flagcllates with minute
calcareous plates, coccoliths, secreted from the
protoplast. Due to the lack of saturation of the
deep water with respect to calcium carbonate,
a, varying fraction of the accumulated carbonate
goes back into solution in the bottom water.
The final rate of accumulation of calcium car-
bonate is therefore found as the difference be-
tween the rates of production and dissolution of
calcareous skeletal material.

The production of skeletal calcium carbonate
in the surface layer of the ocean is an unknown
function of food supply, temperature (acting
through the carbon dioxide system and perhaps
also in a direct way), competition factors and
other unknowns. The food supply, in its turn,
appears in the tropical ocean to be regulated by
the intensity of vertical mixing which brings
inorganic nutrients from the deep water up into
the surface layer where radiation from the sun
makes photosynthesis possible. The amount of
post-depositional dissolution varies considerably
and depends on the time of exposure of the
calcite in the surface layer of the sediment and
therefore on the total rate of deposition, and
further on an intensity factor. This intensity
factor depends on the amount and state of
dissociation of the carbon dioxide in the bottom
water, and is therefore influenced by the temper-
ature, pressure and past history of the bottom
water, and on the production of carbon dioxide
by respiration of organisms livingin the sediment.
The pattern of distribution of calcium carbonate
on the ocean floor is thus a complex result of
oceanic circulation, depth and temperature
distribution, and the interpretation of changes
in space and time has to be based on our knowl-
edge of these variables.

ScHoTT (Op. cit.) was able to show that in
large parts of the Equatorial Atlantic Ocean
the Recent sediment stratum is relatively high
in calcium carbonate, with foraminifera known
to thrive in warm water forming a large part of
the fossil assemblage. Below this stratum he found
another one much lower in calcium carbonate,
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and with a larger fraction of tests of foraminifera,
known to prefer lower surface water tempera-
tures. Schott interpreted this lower layer as laid
down during the last glacial age, assuming that
the Equatorial surface water temperature was
lowered by decreased insolation during this time,
and that hence the production rate of foraminifera
was decreased. ScHOTT's work, later on extended,
(1952) was of basic importance in demonstrating
the use of the oceanic sedimentary record for
the study of climatic change, and a number of
similar studies have since been carried out by
other workers (BRAMLETTE, BRADLEY, 1940;
CusHMAN, HEeNBEsT, 1940; HaMiLTON, 1957,
Overy, 1950; PHLEGER, 1939, 1942, 1947, 1948;
PHLEGER et al., 1946, 1951, 1953), in the Equa-
torial Atlantic especially by Ericson (ERICSON
et al., 1955, 1956). However it appears at the
present time uncertain whether the decrcased
carbonate content in the glacial strata of the
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Equatorial Atlantic was due to a decrease in
the productivity, to an increase in the rate of
dissolution depending on the northward flow of
Antarctic water along the bottom of the Atlantic
Ocean, or to an increascd influx of fine grained
detrital matter, diluting the pelagic biogenous
carbonate in the Atlantic Ocean. Evidence for
this latter effect has recently been presented
(BROECKER et al., 1958).

Another most promising approach to this
problem has been made possible by the develop-
ment by Urey, Lowenstam, Epstein and Mc¢
Kinney (see references in EmiLiani, 1955), of
a method for determination of the temperature
of ocean water from the oxygen isotope ratio
in carbonate, laid down in equilibrium with
the water. Pioneer studies of paleotemperature
distribution in ocean sediments have been carried
out by these workers and by EMiLIANI (0p. cit.),
the latter employing Atlantic and Caribbean
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Fig. 1. Structures in the Pacific influencing secdimentation. Stippled arca indicates depth less than 4000 m. Two
basins appcar especially well protected from turbidity inflow_from the continents; the East Equalorial Basin, E,
and the South Pacific Basin, S. — From Menard and Fisher, J._Geol. 66, 250, 1958.
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sequences of the same type as those used by
Schott, but much longer, due to the improved
coring technique. Emiliani’s investigations con-
firm in general ScHOTT’s and ERICSON’s (op. cit.)
conclusions regarding the variations in tempera-
ture of the surface water based on the frequency
of cold and warm water species of foraminifera.
Emiliani’s record extends back into the Lower or
Middle Pleistocene, and includes a series of
oscillations of the surface water temperature, as
indicated by the oxygen isotope ratios in tests of
planktonic foraminifera. Emiliani also reports
Washington radiocarbon dates from several
levels in the upper part of the sequences. He has
further attemptced to extrapolate the time scale
for this upper part downward in the sequence,
and to correlate the temperature oscillations
found, with the glacial events recorded on the
continents.

2. The sedimentary record below the Equatorial
Divergence

The stratification of the Late Tertiary,
Pleistocenc and Reccent scdiments has been
extensively studied, in the Equatorial Pacific
(ARRHENIUS, 1952). This arca has been explored
in great dectail, because the scdimentation basins
arc located far away from the disturbing influence
of the continents, and are surrounded by trenchcs
and rises which prevent inflow of sediments along
the bottom (fig. 1). Secondly, there exists in
the surface layer of the ocean a wind driven
circulation mechanism which controls the produc-
tion and sedimentation of organic matter, and
therefore the biostratigraphy. It appears possible
in this arca to establish a relationship between
the changes in geologic time of trade wind inten-
sity, and simultaneous changes in the composition
of the sediment.

The mechanism of sedimentation in the East
Equatorial Pacific is schematically illustrated in
fig. 2. The central diagram of this figure shows
a meridional cross section through the surface
layer of the ocean in the East Equatorial Pacific
at longitude 120—130° W, where the features of
the vertical circulation are well developed, and
where the regularity of the sedimentation makes
possible a quantitative study of the variations in
time of inorganic components.

The temperature distribution is in this middle
diagram indicated by the isotherms for 15, 17, 20,
25 and 27° C. The cold, nutrient-rich intermediate
water is marked by a dotted surface, and the
vertical circulation pattern is shown by arrows.

The Equatorial Countercurrent, running east-
ward, is limited by the South Equatorial Current
at about 5° N, and by the North Equatorial
Current at about latitude 10° N, both moving
in the opposite (westward) direction. Divergence
of these wind drift currents produces upwelling
along the equator (see discussion in CROMWELL,
1953). The rise of the intermediate water, which
is high in nutrient salts, into the surface layer,
where most of the sunlight is absorbed, leads to
a strongly increased production of algae, sustain-
ing an incrcased production of higher members
of the food chain. At higher tropical latitudes
the lack of a mechanism which enriches the
cuphotic layer, keeps the productivity low.

The rate of production of skcletal calcium
carbonate from coccolithophorids and foramin-
ifera is illustrated in the upper diagram, where
the full line curve, marked *‘Pleistocene minimum
circulation (interglacial)” corresponds to present
time conditions. The abscissa scale is thc same
as in the middle graph. The inferred rate of
dissolution of calcium carbonate before final
burial of the fossils is indicated by the curve
“Pleistocene minimum production of cold deep
water (interglacial)’”, and shows an increase
under the Equatorial productivity maximum,
indicating the effect of carbon dioxide produced
by the respiration of bottom living animals
feeding on the rain of organic dctritus.

The resultant rate of accumulation of calcium
carbonate corresponds to the ordinate difference
between the two curves. At the intersection of
these between latitude 7 and 9° N the carbonate
accumulation accordingly drops to zero. Siliceous
clays cover thc bottom of the ocean north of
the present loci of this intersection, the carbonate
compensation line.

Paleotemperature measurements have been
made using the calcium carbonate tests of both
benthonic and pelagic foraminifera (EMILIANI,
1955), and the results for the present sediment
surface arc indicated at the present-time curve in
the diagram. The benthonic tests indicate a tem-
perature of about 1° C in good agreement with
the dircctly measured temperature of the bottom
water. The planktonic tests, in accordance with
the observed temperature distribution in the
surface layer, display a gradient, with rising
temperature from the Equator to the north
(14.8° at the Equator, 15.3° at latitude 2° N
and 15.6° C at latitude 7° N). The temperature
values obtained from the oxygen distribution
would, however, if they represented the habitat
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of the foraminifera, place these below the thermo-
cline. If this were the real condition, it is difficult
to understand the meridional gradient in tempera-
ture, indicated by the isotopic composition of
the calcite tests. Although well developed in
the surface layer of the ocean, no such gradient
is found below the thermocline. As is shown
below, the isotopic gradient displayed by the
foraminiferal tests exists and is even more marked
during past ages (11.9° C at the Equator, 12.9°
at latitude 2° N and 14.1° at latitude 7° N,
during maximum circulation which occurred
during the Riss [lllinoian] Glacial Age). Tte
present conclusion is that the paleotemperature

0% Cecos

STRATIFICATION OF BOTTOM SEDIMENT

tion of calcium carbonate from
planktonic  organisms  (upper
graph). (From Arrhenius 1959.)

data from planktonic foraminifera show a trend
which is in good agrecment with thc observed
surface temperature distribution. The data there-
fore probably furnish indications of the relative
temperature variations with time. However, the
absolute values are difficult to reconcile with
the actual distribution of water temperature.
Investigations of the vertical distribution of
the species in question in the surface layer of
the ocean and of the relation between the oxygen
isotope ratio of the tests on the one hand and the
ambient water temperature on the other, appear
needed for an interpretation in terms of abso-
lute temperature.
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Before the discussion of the other curves in
the upper graph, representing the conditions in
the past, the lower diagram in fig. 2 will be
explained. This diagram is a generalized cross
section through the bottom deposits along the
same meridian as in the upper graphs. The
ordinate has arbitrarily been chosen = 0 for
the present sediment surface. The lower, detach-
ed half of the graph, showing the stratification of
the Middle Tertiary sediments lacks greatly in
detail due to the paucity of observations. The
vertical scale is, in this case, relative and reference
to the zero level is not available.

The distribution of carbonate concentration
along the intersection of thc profile with the
present sediment surface reflects the productivity
distribution in the surface layer of the ocean
with the superimposed cffect of dissolution.
From high values below the Equatorial Diver-
gence, the concentration drops toward higher
latitudes, and the present northern carbonate
compensation linc is found betwcen latitude
7 and 9° N.

The profile also demonstrates in a generalized
way the marked stratification of the calcarcous
deposits. Below the surface layer, which is
characterized by relatively low carbonate con-
centrations, lies a stratum (2), high in carbonate,
and coinciding in time with the last glaciation in
higher latitudes. This stratum is preceded by
another low carbonate unit (3) with a small
subordinate maximum (3.2, between the subor-
dinate minima 3.1 and 3.3). Below this is
a high-carbonate stratum (4) indicating extra-
ordinarily high rates of accumulation of biog-
enous carbonate and silica. Altogether about
nine major carbonate maxima occur in the
Plcistocene part of the sequence. The underlying
Pliocenc sediments arc characterized by less
variability with time of the carbonate content.
The Pliocene-Pleistocenc transition is charac-
terized by a rapid drop in the temperature of
the bottom water, indicated by the oxygen isotope
distribution in benthonic foraminifera (EMiLIANI,
Epwarps, 1953), and by a marked change in
the fossil assemblages of coccolithophoridae
(BRAMLETTE, RIEDEL, 1954). This transition is
shown as a dashed line crossing over the carbonate
compensation surface near the break in the
profile.

From measurements in the stratum 4 the full
line curve marked *‘Pleistocene maximum circula-
tion (glacial)” in the top diagram and the dashed
curve marked **Pleistocene maximum production

of cold deep water (glacial)” have been construct-
ed. The productivity appears to have becn largely
increased, especially in the Equatorial Divergence
and probably to some extent also the dissolution
due to respiration of benthonic animals, although
not enough to counterbalance the greatly in-
creased rate of deposition of calcareous skeletal
remains. As a result the overall rate of accumula-
tion of calcium carbonate reaches a maximum
during this time. The greatest increase occurs at
the equator, where values of the order 3—I10
g-cm~2 - millennium-! of calcium carbonatc
are found.

Although the amount of calcium carbonate
relative to the inorganic components of the
sediment is an analytically convenient measure
of the organic productivity, varying with geologic
time, it is not the only one. The variations,
described above, arc closely connected with
still more marked changes in the relative amounts
of phosphate from fish debris and of opaline
silica from diatoms (ARRHENIUS et al., 1957;
ARRHENIUS, 1959). The diatoms also display
characteristic changes in their reproductive cycle
(ARRHENIUS, 1952 chapters 1.5, and 1.9). The
original amounts of diatomaceous opal and
skeletal apatite are modified to a lesser extent
than the calcite by secondary dissolution, and
the distribution of silica and phosphate thus
gives a still better approximation of the productiv-
ity in the past than the distribution of calcium
carbonate.

As already mentioned above the paleotempera-
ture data in the top graph indicate a stecepening of
the tempcerature gradient away from the Equator,
which is taken as additional evidence for an
increased rate of upwelling in the divergence
as the cause of the increased productivity. The
reason for this intensified vertical circulation
occurring during the glacial ages is believed to be
an increase in the tropical atmospheric circulation
depending on a displacement toward the Equator
of the high pressurc centers now located between
latitude 20 and 35°. Under these conditions
the stratification of biogenous components in
the Equatorial Pacific provides a direct and
undisturbed record of the climatic evolution of
the Earth during the last few million years.
An estimate of the relative variations in trade
wind intensity in the past, and a discussion of
the time factor on the basis of the sedimentary
record is given in the last part of this paper.

Due to the higher production of biogenous
calcite and opal in the Equatorial Divergence,
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the time-rock units are thickest under the Equator,
and thin out toward the north and south as is
schematically indicated in the lower graph of fig. 2.
A detail correlation of the Pleistocene strata has
been carried out within the zone of high produc-
tivity around the Equator, and with less certainty
to the bordering compensation surfaces (ARR-
HENIUS, (1952).1 A stratigraphic subdivision of the
Pleistocene clay formation is still lacking,
mainly because of the great uniformity of most
scctions through this formation. The directly
underlying Pliocene clay sediments are charac-
terized by a higher and varying manganese and
phosphorous content (ARRHENIUS, 1952, RFVELLE
et al., 1955), and by a lower content of detrital
mincrals like quartz (Rex, GOLDBERG 1958),
indicating a lower total rate of deposition of
detrital minerals in Tertiary than in Quaternary
time.

Apparently due to tectonic disturbances of
Tertiary age, seamounts and ridges were created
in the arca in question. Due to their elevation
above the sedimentary basins, many of these
topographic highs have not received any ac-
cumulation of sediment since the time of dis-
turbance. Tertiary scdiments of varying agc thus
outcrop on these highs, and a reconstruction can
be made of the sedimentation during the early
part of the Cenozoic era. It appears that the
northern carbonate compensation line in Lower
Tertiary was located much farther north than at
present, probably north of latitude 45°. How-
cver, it was gradually displaced southward,
passed latitude 16°N in Miocenc time, and
reached its approximate present location in
Upper Miocene or Pliocene time. Lower Tertiary
conditions are illustrated by the corresponding
curves in fig. 2. Oxygen isotope measurements of
benthonic foraminifera from these strata indicaté
bottom water temperatures of approximately
10°C as compared to 1—2° throughout the
Pleistocene (EMILIANI, 1955; EMILIANI, EDWARDS,
1953). It is believed that the large meridional
extent of carbonate sediments in Lower Tertiary
time was due to a decreased rate of dissolution
rather than to an increased over-all ratc of
production. This interpretation is supported by

1 Near these surfaces the carbonate content has been
found to be influenced by postdepositional dissolution
and small fluctuations in the location of the compensa-
tion line to such an extent that corrclation of the strata
becomes difficult, unless a large number of sections are
available. For this reason the previous correlation of the
strata of core 58 ncar the northern compensation surface
can not be trusted in detail.
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function of latitude, across the equatorial zone of
organic productivity. The rate 1s represented by the rai
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the observation of a low relative barium conte
in the calcareous Tertiary as compared with ti
Pleistocene sediments below the Equatorial [
vergence (GOl DBERG, ARRHENIUS, 1958, par. 5.¢
Barium is concentrated by marine organist
before or after death, and the barium concenti
tion relative to the inorganic fraction of the sec
ment is another parametcr, indicative of the ra
of organic productivity in the surface layer of t
ocean (fig. 3).

3. The time element

The stratification of the Equatorial calcareo
Pleistocene, and the correlation of the stra
throughout the Equatorial zone from long. 90’
to long. 180“, makes it possible to compare t
variation in space of the content in each tinm
rock unit of specific fossils, minerals or elemen
Such investigations have demonstrated (AR
HENIUS, 1952) that in the shielded sedimentati
basins of the East Equatorial Pacific (fig. 1), t
integral of the titanium content from the prese
surface to any given isochronous level in t
Pleistocenc strata, is subject to but small var
tions in space. The titanium content is assum
proportional to the total amount of inorgar
matter in the sediment, and the results cc
sequently indicate that in spite of the large var
tion in thickness of the time-rock units due
varying admixture of biogenous silica and calcit
carbonate, the rate of accumulation of nc
biogenous matter can, as a first approximatic
be regarded as constant in space within the ar
in question during any given Pleistocene-Rece
time interval. Therefore, the relative rate

accumulation over the area of any componc
during a given time interval can be expressed
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the ratio of concentration of the component in
quesyion to the concentration of titanium. Such
computations form the basis for the curves in
the top diagram of fig. 2, expressing the rate
of accumulation of carbonate as a function of
latitude.

As has beenmentioned above, the Pleistocene for-
mation north of the northern compensationsurface
consists of a uniform, buff clay with practically no
variation in the titanium content above the level
of the analytical error (GOLDBERG, ARRHENIUS,
1958 par. 5.7). This clay sediment is known to con-
sist of several components with a different mode of'.
formation or transportation. Quantitatively the
most important of these components are probably
windborne and waterborne detrital minerals and
pyroclastics from the continents, and marine
hydrogenous minerals. These components are
known to differ markedly in their titanium con-
tent, and variations of this content by more than
a factor of two are observed in sedimentary
sequences with large changes in the proportions
of the components in question. The uniformity
in titanium content and thus, presumably in the
relative proportions of inorganic components in
the Upper Pleistocene clay sediments in the East
Equatorial Basin, may consequently be inter-
preted in two ways: either the rates of these
components varied in such a way that the pro-
portions remained constant, or they did not vary
above the limits of detectability. The former
alternative appears highly improbable. It is thus
concluded that in the area and during the period
in question, the rate of accumulation of inorganic
components did not vary in a detectable way
and this rate is therefore as a first approximation
taken as constant (ARRHENIUS, 1952). This ap-
proximation is extended to the adjacent zone of
equatorial carbonate sediments as these belong
to the same physiographic province (fig. 1).!

This implies that a unit mass per surface area
of aluminum, titanium, or other element pro-
portional to the total of silicate phases, required
approximately the same amount of time for ac-
cumulation during different Upper Pleistocene
stages, and that the relative rates of accumulation
within each time-rock unit can be compared with
the rates found in other time-rock units.

1 For reasons specificd in GOLDBERG, ARRHENIUS
(1958), it is difficult, at the present time, to estimate
quantitatively the limit of detectability of variation in
the rate of accumulation of one of the inorganic com-
ponents mentioned. It is believed, however, that a change
by a factor of two would be well above this limit.

This approximation is valid only under the
uniform conditions of sedimentation within the
basins :in question, and cannot be directly ap-
plied to other areas of the ocean. Near and on
topographic highs and in areas without protec-
tion against turbidity flow, the uniformity of
sedimentation often appears to be disturbed and
age estimates on the basis of the total amount
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Fig. 4. Left. Relative rate of low latitude atmospheric
circulation during the Pleistocene, estimated from the
rate of accumulation of biogenous solids below the Equa-
torial Currcnt System in the Pacific. The timc scale is
based on the total accumulated amount of titanium calib-
rated by radiocarbon. The Phocene-Pleistocene boundary
falls within the lowest two sections of the graph. (After
Arrhenius 1952.)
(Right.) Atlantic surface water temperature from oxygen
1sotope data. The extrapolation of the time scale beyond
30,000 years 1s based on Emuiliani’s assumption that each
climatic cycle had the same duration. (Compiled from
Emiliani 1955.)

The numbers in the graphs refer to the stratigraphic
subdivisions used in Pacific and in the Atlantic sedi-
mentary sequences.
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of any component in a column of unit cross
section become uncertain,

Attempts have been made to date the different
strata of the Atlantic and Pacific sequences, most
of the recent ones using the carbon-14 method.
The age information in the Pacific is derived
from the measurement of one core carried out by
Libby in 1950 (ArRRHENIUS, KJELLBERG, LiBBY,
1951). The Atlantic cores are covered by a number
of later and more accurate measurements by
Suess and Rubin (EMILIANI, 1955).! Due to the
short halflife of C'4, only the very top strata
could be measured, corresponding to a few
10,000-year periods. In order to estimate the age
of older strata, extrapolation techniques have
been used. In the Equatorial Pacific these are
based on the observation mentioned above of
relative uniformity in space and time of the rate
of accumulation of inorganic components. In
a column of constant cross section, a given
mass of these components under such circum-
stances corresponds to a definite length of time,
which can be determined by calibration with
radiocarbon. On this basis, the time-scale for the
Pacific events, shown in the left diagram in
fig. 4, has been constructed. This chronology can
only be regarded as a first approximation, as the
error is cumulative. However, it is believed that
extrapolations like the present one, and the one
made by Emiliani, represent the best estimates of
the Pleistocenc time-scale available at the present
time, with the exception of the last Glaciation,
and Postglacial time, where the continental
record from high northern latitudes is known with
greater precision.

4. The Atlantic record

Emiliani observed that in the Atlantic and
Caribbean cores investigated by him, each major
temperature cycle corresponds to a sediment layer
of relatively constant thickness. This implies that
in contrast to the conditions in the Pacific,
approximately the same amount of both biog-
enous calcium carbonate and silica, and non-
biogenous components were deposited during

! Among his chronological references Emiliani also
includes age determinations bascd on the radium content
of the sediment. However the observation of secondary re-
distribution of radium in the sediment (ARRHENIUS, 1959;
ARRHFNIUS, GOLDBERG, 1955; Koczy, 1956; BROECKER
et al, 1958) indicate that age determinations based on
the distribution of radium are unreliable, unless support
of the parent clement ionium (Th 230) is proved in cach
individual case.

each one of the Pleistocene climatic cycles re-
corded. On the basis of this observation, Emiliani
makes the assumption that the cycles all occupy
an equal length of time, and that the age of
the different strata is directly proportional to
their depths below the surface. The estimate of
the proportionality factor is based on a number
of radiocarbon measurements in the surface
layer.

The right-hand diagram in fig. 4 shows in a
generalized way the temperature of the surface
water from oxygen isotope data as a function of
time according to Emiliani’s estimate. Compari-
son with the left-hand graph shows a satisfactory
agreement between the Atlantic-Caribbean and
the Pacific records for the last 100,000 years, and
Emiliani’s stages 2, 3 and 4 appear to be iso-
chronous with Arrhenius’ stages 2.2, 2.3 and 2.4.
Below the 100,000-year level, corresponding to
Emiliani’s stage 5, and Arrhenius’ substage 3.1,
it is difficult to attempt a realistic correlation of
the strata on the basis of the present time in-
formation. If it were assumed that both time-
scales were correct, Emiliani’s stages 6 and 8
could correspond to substages in Arrhenius’
stage 3, which could be better resolved in the
Atlantic than in the Pacific, due to the higher
rate of deposition of non-biogenous mincrals in
the Atlantic. Emiliani’s stages 10 and 12 could in
such a case correspond to 4.2 and 4.4 in the
Pacific.

Another possibility, which at the present state
of information appears worthwhile considering,
is that the assumptions used in the extrapolation
systems are such crude approximations that they
lead to apparent discrepancies in the ages of cor-
responding time-rock units in the two oceans
when the extrapolation is carricd further back in
time than 100,000 years. This opinion is shared in
part by Emiliani {l.c., p. 561—562) insofar as he
suggests that the Atlantic chronology is correct,
and the Pacific invalid, and that time scale of
the Pacific record should be shrunk by a factor
of 1.8. However, the justification of such a
modification necessitates substituting the titanium
rate value from a core with a high rate of biog-
enous deposition, and therefore with a relatively
good stratigraphic resolution, by a value from a
poorly correlated sequence near the northern
carbonate compensation surface (see footnote,
p. (7). Further, the strata above the 100,000-year
level, which appear to correlate well between the
Atlantic and Pacific, would be brought out of
phase.
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In view of the conflicting evidence, it appears
desirable at the present time to assign the chrono-
logy of Pleistocene strata older than a hundred
thousand years to the realm of order of magni-

tude, pending direct dating of these sediments by
their ionium and thorium content, or by other
absolute methods. Such attempts are being made
at the present time.
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DISTRIBUTION OF MATTER
IN THE SEA AND ATMOSPHERE

Changes in the Carbon Dioxide Content of the
Atmosphere and Sea due to Fossil
Fuel Combustion’
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International Meteorological Institute in Stockholm

Abstract

The dissociation equilibrium of carbon dioxide in the sea is discussed with particular emphasis
on the buffering effect of sea water, when changes of the partial pressure of CO, in the gas
phase take place. The results are used in a study of the changes of the carbon dioxide content
of the atmosphere and the sea that occur as a result of release of CO, to the atmospherc by
fossil fuel combustion. 1t 1s shown that the steady state considerations given by previous authors
hereby are considerably modified. Thus an increase of the CO, content of the atmosphere of
about 10 as reported by Callendar may be compatible with a Siicss effect of only a few
percent. Because of the small buffering effect of the sea it scems likely that the biosphere on
land may play a more important role for the changes actually occurring in the atmosphere duc
to release of CO, by combustion than previously believed. This problem warrants further
nvestigation, but already the present treatment indicates that an appreciable increase of the
amount of CO, in the atmosphere may have occurred since last century. This increase will
continue and should be detectable with present techniques for measuring CO, in the atmosphere
within a few years in arcas with little or no local pollution due to fossil fucl combustion as in

the Antarctica or on Hawaii.

1. Introduction

Fossil fuel combustion has added considerable
amounts of carbon dioxide to the atmosphere
during the last 100 ycars. In view of the great
importance of CQO, in the atmosphere for main-
taining a radiational balance between the carth
and space it is of great interest to know whether
this output of CO, has caused a significant
increase of the total content of carbon dioxide in
the atmosphere or whether most of it has been
transferred into the occans. Some twenty years
ago CALLENDAR (1938) could show that most
likely a noticeable increase of the CO, in the
atmospherc had occurred and he has recently
(CALLENDAR, 1958) indicated that this increase

! The rescarch reported in this paper was partly spon-
sored by the Office of Naval Research through the
Woods Hole Occanographic Institution. Contribution No.
1025 from the¢ Woods Hole Occanographic Institution.

in 1955—56 amounted to about 10 °; as compared
with an output due to combustion of about 14 95
of the total amount of CO, present in the atmos-
phere (cf. REVELLE and SUEss, 1957). His con-
clusions have recently been supported by BrAy
(1959) in a detailed statistical investigation. How-
ever, by studying the C'* distribution in the atmos-
phere and the sea and its variation in the atmos-
phere during the last 100 years as revealed by
the ratio C*1/C'2 in wood one has bcen able to
show that the exchange time between the atmos-
phere and the occan is about 5 years (CRAIG,
1957, 1958; RevertE and SUEss, 1957; ARNOLD
and ANDERSON, 1957; RAFTER and FERGUSSON,
1958). It has then been concluded (REVELLE and
SUEss, l.c.) that most of the CO, due to combus-
tion has been transferred into the occan and that
a net increase of CO, in the atmosphere of only

130



B. BOLIN, E. ERIKSSON

a few percent has actually occurred. Callendar’s
deduction has therefore been rejected particularly
sincec the CO, measurcments from the 19th
century arc indeed very uncertain.

Towards the end of their paper Revelle and
Siiess point out, however, that the sea has a
buffer mechanism acting in such a way that a
10 9% increase of the CO,-content of the atmos-
pherc need merely be balanced by an incrcase
of about 1 9, of the total CO, content in sea
water to reach a new equilibrium. The crude
modecl of the sea they used assuming it to be
one well-mixed reservoir of CO,, did not permit
them to study the cffect of this process more
in detail.

The low buffering capacity of the sea men-
tioned by Revelle and Siiess is due to a change
in the dissociation equilibrium between CO,
and H,CO; on one hand and HCO, and
CO, ions on the other. An addition of CO,
to the water will change the pH and thercby
decrease the dissociation resulting in a larger
portion of CO, and H,CO, molccules. Since
the pressure of CO, in the gas phase being
in equilibrium with CO, dissolved in water is
proportional to the number of CO, and H,CO,
moleculcs in the water, an increase of the partial
pressure occurs which is much larger (about
12.5 times) than the increase of the total content
of CO, in the water. The change of this equilibri-
um in the sea is almost instantaneous. However,
in course of its circulation the ocean water gets in
contact with solid CaCO,; on the bottom of
thc¢ sea whereby a change towards another
equilibrium takes place. This latter process is
extremely slow and may be disregarded when
discussing changes duc to fossil fuel combustion.
It will, however, be indicated in section 2 how
this equilibrium 1s of major interest when being
concerned with processes with a time scale of
several thousand years.

In discussing the consequences of such a shift
in the dissociation equilibrium with respect to
the exchange of CO, between the atmosphere and
the sea and within the sea it is not sufficient to
treat thc ocean as one wecll-mixed reservoir.
We shall instcad first follow a suggestion by
CRAIG (1957) and divide the ocean in two layers.
The upper reservoir, in dircct contact with the
atmosphere, is the part of the ocean located
above the thermocline and constitutes about
1/50 of the total sea. This part of the ocean is
well mixed due to wind action and convection.
The remaining part of the ocean, the deep sea,

is also taken as a well-mixed water body in
direct exchange with the mixed layer above.
Certainly this latter assumption is a poor ap-
proximation to actual conditions but will, as we
shall see, give internally consistant results. In
the first instance we shall neglect the effect of
living matter on the earth but some general re-
marks about the exchange of CO, between ve-
getation and the atmosphere will be given to-
wards the end of the paper.

It is obvious that an addition of CO, to the
atmospherc will only slightly change the CO,
content of the sea but appreciably effect the CO,
content of the atmosphere. It is possible to
deduce a relation between the exchange coefficient
for transfer from the atmosphere to the sea and
the corresponding coefficient for the exchange
between the deep sea and the mixed layer. It
turns out that a 10 9 increase of the CO, content
of the atmosphere as a result of a total output
due to combustion amounting to 13 ¢, of the
total CO, content of the atmosphere would
result for a residence time of water in the deep
sca of around 500 yecars. Only a considerably
more rapid turn over of the ocean model yield
appreciably lower values, while the rate of
exchange between the atmosphere and the sea
is much less important.

The change in the dissociation equilibrium in
water resulting from a transfer of CO, to the sea
also ecffects the C4 distribution in the three
reservoirs and REVELLE'S and SUess’ (1957)
considerations in this matter are thereby ap-
preciably changed. It is clear that a large percent-
age change of the CO, in the atmosphere and
a comparatively small percentage change in the
sea will yield a C1Y/C!2 ratio in the sea which is
considerably greater than that of the atmosphere.
The distribution of C'* between these two
reservoirs is therefore not in equilibrium any
longer. A transfer of C'* from the sea to the
atmosphere will result. A more detailed study of
this secondary effect rcveals that

a) the steady state considerations of CO,
exchange betwecn the atmosphere and the sea
as given by Craig (1957, 1958) are somewhat
modified and a likely residence time for CQ, in
the atmosphere is 5 years.

b) the Siiess cffect would be 3—5 9, depending
on the rate of overturning of the sea.

In view of the obscrved values of the Siiess-
effect being around 3 9, in 1954 (beforc the
hydrogen bomb tests) (cf. BROLCKER and WALTON,
1959; DE VRIES, 1958) the valucs obtained in this

131



B. BOLIN, E. ERIKSSON

analysis are somewhat too large if using a value
for the residence of water in the deep sea.of
500 years. One possible explanation of this
discrepancy would be the neglect of the exchange
of CO, between the atmosphere and the bio-
sphere. The main difficulty mct when trying to
incorporate this effect is, that we actually do not
know whether a net increase of the amount of
CO, present in vegetation may have occurrcd due
to a transfer from the atmospherc or whether
the direct influences from man’s activities have
had an effect in the opposite direction. It is clear,
however, that even if no net transfer of CO,
from the atmosphere into living or dead matter
on land has occurred these cxchange proccsses
will modify the estimate of the *‘Siiess effect™
obtained by merely considering the atmosphere
and the sea.

2. The CO,-system in the sea

The different components of CO, present in
the sca are CO,, H,CO; HCO; and CO;2
As CO, is difficult to distinguish from H,CO,
it is customary to express the sum of these
species as C'O,. The sea is also in contact with
ample amounts of solid CaCO, which should be
considered in equilibrium being attained over
several “turnover times™ of the sea itsclf. Another
important item in the system is the carbonate
alkalinity, denoted herc by A which is the sum
of those cations which balance the charges of
HCOj and CO;2% The following average values
for the concentrations of the different components
will be used here:

Cco, =0.0133 mmol x 1 ! (sum of CO, and
H,COy)
Chico, = 1.90 mmol x 1-!

Cco.+ =0.235 mmol x 1-1

The sum of all these species 1s denoted by XCco,
and becomes 2.148 mmolx 1-1, A is given in
mval x 1 1 and becomes, A= Cyco;+2 Ccor1=
~2.37 mval x 171, Now the following relation-
ships can be derived, namely

K, | KK,

Cin )Cco, (1

Cco, (2

where K and K, are the first and second dissocia-
tion constants of H,COj in sea water and C+ is

the hydrogen ion concentration. It is convenient
to have the average values of the fractions
within the brackets. They are

KK,
K s B R £
CH@- H!

As to calcium carbonate, its solubility product
L, can be written

Ceasr+ Ceo,r =Ly
or more convenicntly

Cho 1

Cearr=L, -~ - - 3
Ca /d Kl K2 CCO._, ( )

and in sea water Ccgri = 10 mmol x 171,
Finally we have for the equilibrium between
the atmospheric CO, and that in sca water

1
Pco, = p Cco, 4)

where « is a proportionality constant and Pco,
is the partial pressure of CO, in the atmosphere.

The constants K, K,, L, and « are only
functions of temperature and salinity and will be
regarded as constants in the following. We may
therefore consider relations between small varia-
tions in PCO,» CC()“, ).:CC(),, A, Cyr and Ceqet.
Using the variational method applied on equa-
tions (1) to (4) one obtains

(5 A\-: C(‘()‘ _ ()C(‘()‘

XCco, Cco,

3 JCH» CH+ CH*

MAFTe 5
K Kk O
Cin

. (1,‘_1 +ﬂ‘;!‘z)

04 _dCco, | MCue \Cur Gy
A~ Cco, K, , 2KK,
Cy+ Ci+

8Cy+r  (6)

,'5_(‘9“"_1@_(‘_5{_55(.‘92- (7

Ccan Ch+ Cco,

0Pco, _ dCco,
Cco,

(®)

Pco,
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First we see that if Pco, varies and the hydrogen
ion concentration were kept constant, the relative
changes would be the same in the sea as in the
atmosphere. As the total amount of CO, in
the sea is about 50 times that in the air, practically
all excess CO, delivered to the atmosphere would
be taken up by the sea when equilibrium has
becn established. One cannot, however, assume
that pH is uninfluenced by changes in the XCco,
of the sea. We may see if any condition can be
imposed upon the alkalinity. Obviously this
should be kept constant if we consider changes
that takes place over a relatively short time
interval, less than the “turnover time™ of the sea,
bcecause A is really the concentration of cations
that balance the charges of HCO3 and CO;2
If CaCO, is excluded the sum of these charges
must remain constant. And then we see that any
change in the Pco, will also change Cy+. From
cq. (5), (6) and (8) we get by putting 04=0

oP 6Ce 00X Ce
OO0 125727 (9)
Pco, Cco, 2 Cco,

using the numerical values listed earlier. This
tells us that 1 percent change in the total CO,
concentration in the sea would rcquire 12.5
percent change in the atmospheric CO, to main-
tain equilibrium. If we consider only the “mixed
layer™ of the oceans, i.c. the surface laycr which
contains about as much CO, as the atmosphere
less than 10 percent of the excess fossil CO, in
the atmosphere should have been taken up by
the mixed layer. It is therefore obvious that
the mixed layer acts as a bottleneck in the
transport of fossil CO, into the deep sea (cf. the
following section).

It may be of interest also to consider the
effect of the CaCOj, on the bottom of the oceans;
the effcct this may have for the final equilibrium
which is attained after a long time. Then alkalinity
will change by d4=2 0Cca++ and with this
condition using the whole system of equations
and Ceai2= 10 mmol x 171,

OP, o0C, O Ce
SO T 00360 2 (10)
Pco, Cco, X Cco,

which shows that the sea, given enough time,
has an appreciable buffer capacity for atmos-
pheric CO,. However, in the case of eq. (10)
part of the change of total CO, comes from
dissolution or precipitation of CaCO; and this
has obviously to be subtracted if we want to

know how much of the excess of atmospheric
CO, the sea ultimately can consume. The amount
that dissolves or precipitates is obviously equal
to 0Cc,+t and becomes

5Ccarn - 0,444 OCcon
Cco,

Expressed as a part of the total CO, it becomes

(Sg(;"‘_‘_' =0 206(,5,,(:(;()'
X Ceo, Cco,

an

Now, rewriting (9) we find

0N C A C
00,424 ° €O
2 Cco, Cco,

The part of the increase in total CO, that has
come from the atmosphere is thereforc

X C X C 0Ccar: 0 C
Ay, CO = 0 (T 0,238 0 <O
2Cco, xCco, XCco, Cco,
(12)
or

SPco,  OC, 0XC
0reo, _0nC0 42041 (V m“) (13)
Pco, Cco, 2Cco,

Thus, in equilibrium one percentincreasein X.Ceo,
obtained from the atmosphere would occur for
a 4.2 percent increase in the atmospheric partial
pressurc of CO,. In other words, any excess CO,
put into the atmosphere will ultimately be
distributed so that about 11/, of it goes into
the sea (again assuming the sea contains, 50
times more CO, than the atmosphere) while
about 1/, remains in the atmosphere. Of the
part that goes into the sea, 87 percent has taken
part in the reaction

CaCO, (s) + H,CO, (ag) = Ca*? + 2HCO,~!

The rest has been used to lower the pH of sea
water by the reaction

H,CO,(ag) »Ht + HCO,~

If the turnover time of the sea is of the order of
1,000 years, several thousands of years would be
required to reach equilibrium with the CaCO,
at the bottom of the sea.

It should finally be noted that, in case atmos-
pheric CO, was withdrawn by some process,
this would result in precipitation of CaCO, in
the sea.
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3. The exchange of inactive carbon between
the atmosphere and the sea

In order to see more clearly the effect of the shift
in the dissociation equilibrium in the sea we
shall first disregard the role played by the bio-
sphere and merely consider the atmosphere and
the sca, the latter composed of two reservoirs.
The top one, the mixed layer, is confined to
the layer above the thermocline and the lower
one, the deep sea, consists of the remainder of
the sca. Both these rescrvoirs as well as the
atmosphere are considered to be well-mixed and
the exchange between them takes place through
first order exchange processes. Introduce the
following notations:

N; =the total amount of C'® and C!3 in
reservoir ¢ in a state of cquilibrium as
before 1850.

N} - the total amount of C'! in rescrvoir i in
a state of equilibrium as beforc 1850.
N, =the amount of C'? and C? in reservoir

present in the form of CO, or non-
dissociated H,CO4 (only for the ocean)
in a state of equilibrium as before 1850.
=the amount of C't in reservoir i present
in the form of CO, or non-dissociated
H,CO; (only for the ocean) in a state of
cquilibrium as before 1850.

ni, n}, nj, n}’ indicate the deviations from the

equilibrium values given above.

k, , =exchange coefficient for transfer of C!2
and C' from reservoir i to reservoir j.

k! ; =exchange coefficient for transfer of C1*
from reservoir i to reservoir j.

Ti j= l/k,,,

T, 1k}

=- decay constant for C'

—release of C'2 and C'3 due to fossil fuel

combustion as a function of time 7.

Q =mean production of C! in the atmos-
phere due to cosmic rays.

The indices a, m and d refer to the atmosphere,
the mixed layer and the deep sca respectively.
The nomenclature is in part very similar to that
used by CrAIG (1957).

Considering now first conditions for inactive
carbon we obtain the following cquilibria

(1)

- ka -m }Vu + I\’,,, llNl’"
’
ku mNu - l\m nNm

-0
- ,\’m - lem + k:l mNd -0

"m cle - I"rl— mNz/ =0
(14)

Notice here particularly that the transfer from
the sea to the atmosphere is put proportional to
N,, and not to the total amount of carbon in the
mixed layer, N,. On the other hand the transfer
from the mixed layer to the deep sea and vice versa
is due to the motion of water and should there-
fore be proportional to the total amounts of car-
bon present in the two reservoirs, i.e. Ny, and Ny
respectively. It should be pointed out here that
an exchange of carbon between various strata
of the ocean also occurs through the motion
of organisms and the settling of dead organic
material and precipitated CaCO,4 which is grad-
ually being dissolved. From a recent paper
by ERIKsSON (1958) it can be estimated that
this is about 1/3,000 of the total amount of
CO, in the sea per year. Naturally it is compensat-
ed by an upward flux of dissolved CO,. This
flux is small compared to the advective flux from
deep water which is about the same as the
horizontal transfer of atmospheric CO, in Eriks-
son’s modecl giving a residence time of ~ 600
years. His paper suggests anyway that the ratio
between advective flux and gravitational is about
5. From (14) we now get

Ny
; ke om=oky m
N

kmva:
(15)

Nd
km d= N kd m= ,Bkdfm
m

Due to combustion a deviation from this equilibri-
um now has occurred, which is governed by the
following set of equations

dn,, !

S0 kg g Ky -t + Y (’)

dt

dn,, !

m k” ol - km —alm — I(,,, dMpy I\d mtd
dt

dny

. I\-m ~dlm — I‘ll -mld
dt

(16)

In the previous section we found that the follow-
ing rclation exists betwcen nj, and n, (cf. eq. (9))

’
N m

N’H ( l 7)

’
Hy=12.5 ny, = Byny,

Introducing this expression for n,, into (16) we
obtain a system of threc ordinary linear differential
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:quations for the three dependant variables n,,
1,, and ny. Eliminating two of the three variables
ve obtain

1 n, d?n,
‘ + [(l + Bla)l‘a m + (l + ﬂ)l‘d m] dtzl
+ L+ B+ Blks_mka-m ‘z—lf--s (18)

i=a, md
vhere

Y () + [Byoky m+ (1+ B)ka mly () +
+ Blockam,/"(/—:n'}’(’)
S = k,,_,n)/l (f) V kgomka - my(t)
;‘d = /jka mk41~m‘y(t)
(19)
T'he general solution of (18) is

n; = Cl,é’i" + C2,¢"‘" + (‘3,!_’1“' + P; (20)

vhere Cy;, Cy and Cy; are integration constants,

.1» 45 and A, solutions to the algebraic equation
Ay +[(1 + Bk m+ (1 + B kg m] 22 +

+[1+ B+ Blhku-mka mA=0  (21)

ind P, are particular solutions depending on

he functions S,. Assuming now that [CRAIG
1957)]

N, =12N,
1 a (22)
N, — 60 N,
ve obtain
N,, N,
a=125-"_%“=104
1 Ivlll Nm
N, (23)
=—"=50
B N,

m

Che values chosen for N, and N, arc somewhat
incertain but as we shall sce later, do not influence
he results significantly. The solutions to cq. (21)
hen are, due regard taken to the fact thatk,, ,," -
kg mandthus(l + By - Ayt (1 -+ kg m ™
(1 + B+ ky mky-, where denotes about
wo ordcrs of magnitude

A -0

(l '_BI“ ‘{_ B)ka m d m
2 (l + BID()/\(, mT (l + ﬁ)l‘d m

= [(1+ Bykg-m + (1 + fky-ml

(24)

To obtain the particular solutions we have to
specify p(r). We shall assume that y(f) may be
approximated by

p(8) = pee” (25)
where
-=4.96 N, 104
Yo a 26)
r=0.029 year—!

which fits the values given by REVELLE and SUEss
(1957) for carbon production until today and
also the estimated values to year 2010 with
sufficient accuracy if r=0 at 1880 (see table 1).

Table 1. CO, added to the atmosphere by fossil fuel
combustion and a comparison with an analytical
expression

Average amount
addcdgper decate S‘;l‘;x;:la:l(:ycolrolbal)
(% of N.) ° .
Decade . measured | ¢
measurcd or Jy(yde
or 40 estimated | ©
estimated (since 1860)|(since 1880)
1880—89( 0.54 0.57 1.13 0.57
1890—99 0.79 0.77 1.92 1.34
1900-—09 1.27 1.03 3.19 2.37
1910--19 1.72 1.37 491 3.74
1920—29 2.00 1.83 6.91 5.57
1930—39] 2.1l 2.47 9.02 8.04
1940--49 2.71 3.17 11.73 11.21
1950—59 39 4.4 15.6 15.6
1960—69| 5.4 5.8 21.0 21.4
1970—79 7.5 8.0 28.5 294
1980—89( 10.5 10.4 39.0 39.8
1990- 99| 14.5 13.7 53.5 53.5
2000—09| 20.0 19.0 73.5 72.5
Thus we obtain
S: = 7'0[r2 + {Blak:1~lt| -+ (' + ﬂ)/"xl—m}r A
+ Byatky mka-mle''= 76Sw0e
L | Yoao 27)

Sy - Yo [ku ~-ml F /"u - ml‘:[ - m] et )'oSmr)('”

Sa =Yolbka mka-me™ =yaSuat’t
One then easily finds the particular solutions
Yo _Sio

P;-
. r bth + Smo + Szlo

— (28)

t=a, m, d

In order to determine the three constants C, for
cach solution n(r) we shall apply the initial
conditions
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n,,=n,,,=nd=0

which yields

dn, . dnn dng
Et_ym’ a a0 o
t=

d?n, ,
’d?a':‘)’(f) "kavm‘y(’) (29)
d?n,
- ‘172’" =kgq m‘}’(’);
d?ny
a0

These cquations arc obtained from the system (16)
and also yield

na+n,,,+n,,=%9(c"—l) (30)
As can easily be verified the final solutions of n,,
n, and n,; will be independant of the exact
initial conditions for ¢t :- 200 years if the values
for ,_,, and 7,_,, are of the order of 5 and 500
years respectively. It also follows that A,= -—2
years™! and that thus the tcrm containing exp
(A4#) in (20) may be neglected for ¢ --2—3 years.
With due regard taken to this latter fact we
finally obtain

S{
ng - Yr“ [:;q (e = 1)+

r Sao
T T P
A < s )“ )

Yo Shmo ) " ) (3 l)
y = ot 1) — — (¢? —
=70 I (c ) 7, (c I)-

- ?’0 SL/O ot _ — _f_ Aol . '
ny e I(( 1) }.2((' 1)

S = Su() + Smo + Suy

From CRrAiG’s (1957, 1958) investigation of
the exchange time for carbon dioxide between
the atmosphere and the sea and the exchange
within the sca the bestestimatesof , ,,and T,_
at present are T,.,,=35 years and 1,;_,,= 500-—
1,000 years. FErGussoN and RAFTER (1958) give
a value 7, ,,-3 years. Fig. 1 shows the amount
to be expected in the atmosphere 1954, when
the total fossil fuel combustion since the middle
of the last century is estimated to have becen
13.29;, of the previous content of the atmosphere,
for values of 7, ,, and 74.,, in the vicinity of
those quoted above. It first of all shows that

149, -

b e e e e —_——————

Total output due to
combustion

2%

To-m* |Oyeors

10 % — To-m®Syeors

Yo-m® 2 yeors
(X om

€%
4% 4

2% 4

' 2 3 4

B
T ieo0 i’:&c st_x 2% o

200 tg.m yeors

3 -1
Kg.m 10 years

Fig. 1. Net increase of CO, in the atmosphere in 1954
due to releasc of fossil CO, according to UN-estimates as
dependant on the ratc of exchange between the atmos-
phere and the sea and the mixed layer and the deep sca.

the net increase in the atmosphere is almost
independant  of the precise rate of exchange
between the atmosphere and the sea. This depends
on the fact that the top layer of the ocean only
neced to absorb a small amount of CO, from the
atmosphere as compared to the quantities
released to be in approximate balance. Its capacity
is therefore too small to be of any major impor-
tance. The decisive factor is instead the rate of
overturning of the deep sea. Thus even using
a residence time of only 200 years for the decp
sea water an 8—9 percent increase of CO, in
the atmosphere must have taken place. For
a value of 7,_,,=500 years an increase of the
atmosphere’s content of CO, of about 10 per-
cent would have occurred in 1954. This value
compares very favourably with the value of 10
percent given by CAILENDAR (1958) as the total
increase until 1955 deduced from a carcful sur-
vey of all available measurements.

The results obtained above are, however,
dependant on our assumptions of the size of
the three reservoirs, i.e. N, N,, and N4 Of
course, the total amount of CO, in the atmosphere,
N, is quite well known, but the division of the sea
into two layers is somewhat arbitrary. It is of
some interest to see how sensitive the solution is
to a variation of N, and N,. Instead of chosin
the values given in (22) we shall assume

N,,=0.8 N, ) Np= 2N, 32
3N, =60 N, Ny =59 N,
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We then obtain the values n,=10.69% and
n,=10.0 % respectively as compared with n,=
10.3 %, previously, using 7, ,,= 5 yearsand 7,4._,,
=500 years. Our solution is quite insensitive to
the exact division of the ocean. However, the
value of the total amount of carbon dioxide in
the sea ( ~ 61 N,) effects the solution more, but
here we quite accurately know the actual amounts
as just mentioned.

4. The exchange of radio-carbon between the
atmosphere and the sea

REVELLE and SUFrss (1957) assume that the ex-
change of radio carbon between the atmosphere
and the sca takes place independantly of changes
in the distribution of inactive CO,. If this were
the case the decrease of the C4/C!? ratio in the
atmosphere since 1850, the Siiess effect, would
be a direct measure of the increase of the inactive
CO, during the same time, since fossil fuel
contains no C14, As a matter of fact, they deduce
an cxchange coefficient for transfer of CO, from
the atmosphere to the sea on this bases. As was
indicated in the introduction this is not correct.
The change of p}l in the sea will shift the dissocia-
tion equilibrium also for the carbon dioxide
containing C'', We may assume an cquilibrium
rapidly being established and have

*r
an
*
NI)I

N:” ( ‘; 3)
= - 3
Nl"

where » is dependant on the fractionation. If
changes of N,, and N,, occur as discussed in
the previous scction, we obtain by variation
the following expression for the changes in N,
and N},

*/ (] ’
ny ny My, "M!

- = 34)
NHI N"l Nlll Nlll (
Making use of (17) we obtain
'Y ”I‘H "3 My !
m = o Ny +11.5 7 N,
N N "L (39)

*
= Byny, + Byn,,

d -
(Fl +kgom+ A)”a - B2‘xk"“ "’n""

dl

d
— kg iy + <Z + Byotkym+ fky m+ l) My = kg mig= — Byxky -y,

We see here clearly how a change of the total
amount of CO, in the top layer of the ocean
will influence the amount of radioactive carbon
in the form of CO, and H,CO, and therefore
the partial pressure, which will mean that the
equilibrium with the atmosphere is disturbed.
Actually the amount of C'* in thc form of
undissociated CO, is much more influenced by
changes in the total amount of CO, present in
the water than by changes of the amount of
radioactive carbon dioxide.

Corresponding to the system of equations in
(16) we have the following set describing the
transfer of radioactive carbon

L]
tln,, » . * * An,
—= = kg g bk allm Mg
dt
*
dn,, e gt .
o ko - mNa m-alm — (36)
- * Y Y "
. I\m —dly v I\‘[— mlld — 2'"'"
-
dnly . y ¥
(IIV = k"l ~dfm — kt[ -mMd = )'"‘[

Notice herc that the exchange cocfficients between
the atmosphere and the sea arc different from
thosc used in equation (16) thereby taking into
consideration the fractionation effect. Following
CRrAIG (1957) we have

. .
_/‘ m-a _ /,‘,"' a

. = =
A a m

I‘Vﬂ -m

where 1= 1/1.012=0.988. The deviation of
from unity will be completely irrelcvant in the
following discussion and we will therefore put
J= 1 as indicated by the last cxpression in (37).
We shall also put k;_,,=A, ,; and thus neglect
fractionation. For the exchange betwcen the top
layer of the ocean and the deep sca the exchange
is the same as for inactive carbon with the assump-
tion made that it is due to the motion of sea
water only.

Introducing (35) into (36), taking into con-
sideration (15) and (37) and rearranging terms
we obtain

No N,
MG N
m NIN

(37)

= Baaka —mMm

(38)

7l
~ Bka_phim + <¢(7t + kgt 1) ny=0
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We find thus that the changes of n, appear as
“driving forces” for the C'4-system. Knowing #,,
as a function of time, we may calculate the
changes that will occur in the distribution of
radio carbon and thus also compute the Siiess
effect. The problem is implicit, however, since
the distribution of n,, dependsonk, _, and k,;_,,
as shown in the previous section and our problem

d3 na
[(Bz“'*' ])I‘a m ‘”(ﬁ t+ I)I‘d m]

d ”m
= Byotky -

Now |n,'dn,/dt| --A and we shall also assume
that our solution n} satisfies the same relation,
which W|Il be vcnhed a posteriori. It means that

d3 n‘,
dr

"l"
B:‘“k(l m

This equation is principally the same as eq. (18)
and thus possesses a solution of the character
given by (20) where now Aj, A; and A} are
solutions of an cquation similar to (24). From
the three cquations (38) and with due regard to
the expression for dn,,/dt given by eq. (16) we
obtain the initial conditions

. dn
ny <-4 -
“Cdt o de

d=n,

-0 (41)

where

+(B+ Dkam <7

+ [(B,OC+ l),\u m +(/; t+ ])I‘d m] d ””

Gk ]

is therefore to find the particular pair of values
that are in agreement with observed changes in
the total amount of CO, in the atmosphere and
the changes of the C/C!2ratio. Eliminating n},
and n} from the equations (38) and in doing so
taking account of the fact that k, _,,, > ky_,, ~4
we obtain

+(l + B+ Bo) by _mky-m (a;"‘ 'Z)

dn,,

+ Any, )J
t

(39)

the decay of C!! is unimportant for the discussion
of the exchange between the atmospherc and the
sea. We thus finally obtain

dn},

+(1 + ﬂ'i“Bz“) ,‘a ml‘d m h’ =
[¢

(40)

and similar expressions for a;, and n)j if we wish
to study their variations. Introducing the ex-
pression for n,, given by equation (31) and
solving for u we obtain with some simplifications
similar to those done previously

t
n{l

N:,: Ql

et — 1 __)"; (‘,2,*1 - ])1 —

_Qz

e 1 =M 1)| (42)
A3 )

[' +(l + ﬁ)l‘(l m] H

Ql r [l" -+ {(B,O( + l)l\u m (l + ﬂ)/(,[ ,,,, r-t+ (IWIW/) + B)o()[\” mka- m]
43
0.~ (1 B haom +2] H (43)
2 22 [Az l(B x + l)I\u m+ (I + /})/\,1 ,,,} }»,, t (l + ﬁ+ B"“)l‘u m (I m]
having introduced the symbol H and A3 according to
H= Baa y _____ a m (I’ + l‘d m)r (44)

r r2+[(Bla+1)A“ m (l+ﬁ)l\‘, ,,,]r+(| rp‘+Bla)/\a ,,,l\d m
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7ig. 2. The increase of C i the atmosphere in 1954
iy a net transfer from the sca resulting from releasc of

ossil CO, and a change of the dissociation cquilibrium
in the sea.

- (‘lj ﬂ__“&a)ka-']lrkd—m .
(N + By kg m+ (1 + B ka-m

500

=

(45)

Jjgure 2 shows the values of ny in 1954 when
he total output of CQ, into the atmosphere is
stimated to have been 13.2 9. A more pronounc-
d variation with the value of 7, ,, =k, nis here
)btained than was the case for n,. This is easily
inderstandable. The slower the exchange between
he atmosphere and the sea takes place the less
apid is the response of the sca to changes of
he CO, content of the atmosphere. If T5_,,=0
ind 74 =0 obviously 12.5x ('ﬁ) : <N~> =1
Ny N,
iccording to equation (17). Computing n, from
31) and inserting we obtain herc

N 0.77 2 years
12.5.-2. 2221073 for 7,.m{ 5 ycars}(46)
a N 10.69 10 years

vhich values are almost independant of the value
»f Ty m in the range 200—1,000 years considered
iere. The changes of n,, are the “driving force”
or changes in the C'! system and again the
lower the exchangc between the sea and the
wmosphere is, the greater the lag of the C'*
idjustment in the atmosphere relative to the sea
)ecomes.

The results obtained from eq. (42) are again
luite independant of the exact division of the
ycean into two reservoirs. Making the computa-
ions with the values of N, and N,, given in (32)
rields values of n), only a few tenths of a percent
fifferent from those shown in fig. 2.

By a comparison of the results given by cq.
31) and (42) we can compute the changes of
he C1*/C!2 ratio in the atmosphere, the “Siiess
ffect”. The result is shown in fig. 3. It is of
ipecial intercst to compare these values with

IOSO 5(])0 533 Z?O 2?0 T d-m Yyears
—2%
T Tg-m* Syears
To-m* 2 years
— 4%
~-6% - /m/’
—8% -

Fig. 3. The cxpected value of the Sicss effect in 1954
for various rates of exchange between the atmosphere and
the sea and within the sea.

actually obscrved values. Siiess’ measurcments
give an average value of —1.7 %, which may be
considered representative for about 1946 (RE-
veLLE and SUEss 1957). BROECKER and WALTON
(1959) have found a value of —2.99; for 1938,
and a lower value of — 1.89; for 1954. The latter
sample may, however, already have been influ-
enced by the Castle tests in the Pacific carly in
1954. Finally pE VRIES (1958) gives a value of
—2.9¢°, for 1954. Summarizing thesc measure-
ments a value of —2.5 to — 3 9, secms plausible
for the SUess cffect in 1954 before any appreciable
amounts of C'* had been introduced into the
atmosphere due to atomic bomb tests. More
measurcments from all over the world would,
however, be desirablec to detcrmine this value
more accurately. It is seen from fig. 3 that the
computed value is somewhat Jarger particularly
if the exchange between the three reservoirs is
relatively slow.

CRAIG (1958) has given the value 7,_,=5
years as the most likely value for the exchange
time between the atmosphere and the sea. Tt is
obtained by studying the difference in thc C'Y/
C' ratio in the atmosphere and the sca with
due regard taken to fractionation. It is further-
more assumed that the Siiess effect is — 1.25%,
which seems to be an underestimate even if it is
true that some of the values later reported perhaps
are not truely representative. Chosing a value of
-—3°, would yield a value of about 3 ycars.
However, due to the fact that a net transfer of
CO, from the atmosphere to the sca occurs at
present (Ng+n,) (N, + n,)~" is somewhat larger
than would be the case in equilibrium. On the
other hand a net transfer of C'¢ takes place
from the sea to the atmosphere and thercfore
(N2 +m) (N +ny)t is smaller than in equilibri-
um. The deviations are larger the slower the
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*a-bNa
ATMOSPHERE > BIOSPHERE
N < N, = 05N,
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Np= L2Ng Np=1.5Ng

NoY NrgomNg

DEEP SEA
N,=60N,

Fig. 4. Modcl of the CO, exchange between the deep
sci, the mixed layer of the sea, the atmosphere, the bio-
sphere and humus on land.

exchange between the atmosphere and the sca
takes place. Thus the difference of the C'4/C12
ratio in the atmosphcre and the sea (corrected for
fractionation) should be larger in the equilibrium
case than in the case where a net transfer occurs
as indicated here.

It should be pointed out at this moment that
similar deviations of the C'/C!2 ratios from
the equilibrium values may occur if the net
transfer of C13 and C'? are different. This is
important since all CY  measurcments are
corrected for fractionation with the aid of the
C13/C'2 ratio. Obviously such a procedure
assumes cquilibrium conditions. In the case of
cxchange between the atmosphere and the sea
this nced not be thc case as we have shown
above. It so happens, however, that thc ratio
C13/C' is almost the same in fossil fuel as in
the atmosphere, the difference being only about
2 “,. Thus no significant errors are thercfore
introduced 1n assuming equihibrium conditions.

With the model presented above one can now
casily compute how large the deviations from
cquilibrium arc which are due to the fact that
a net transfer of both inactive and radioactive
carbon occurs. The most likely value of the
exchange time again becomes 7,_,,=35 years.

Measurements of C!? in the deep sea BROECKER
(1957) and RArier and FERGuUssOoN (1958) in
many cases indicate an age relative surface

waters of 500 years or more and the interpretation
of these values are not essentially influenced by
considerations of the kind presented here. It is
thus seen from fig. 3 that the computed value of
the Siiess effect should be around —5 9% in
comparison with the observed value of about
—3 94, There may be many explanations for
this discrepancy but first of all the accuracy of
our model is not greater than it could be explained
merely as due to this crudeness. Our assumption
of a well-mixed deep sea is of course an unrealis-
tic one and a more complete formulation of the
problem in this respect seems very desirable. Sec-
ondly, we have completely neglected the effect of
the biosphere on land. In view of the relatively
small buffering effect of the sea the changes of the
CO,(as well as CM10,) content of the atmosphere
are here computed to be quite large. One may
therefore very well expect that the biosphere also
is influenced in some way (cf. ERIKSSON and
WELANDER, 1956).

5. Estimates of the effect of CO, exchange
between the atmosphere and the biosphere

The amount of carbon stored in the biosphere
on land N, is not very well known. Different
estimates give values varying between 12 v,
(CralG, 1957) and about 85 ¢ (ErikssoN and
WELANDER, 1956) of the amount present in the
atmosphere. Estimates of dead organic matter,
humus (N,), also vary considerably, between
values of 1.1 N,to 1.7 N,. For the following
estimates we shall assume N,=0.5 N, and N, =
=15 N,.

We may now cxtend our previous model of
the CO,-cxchange in nature to the onc depicted
i fig. 4, which in case of equilibrium has becn
studied by CraiG (1957). In complete anology
with the previous analysis wc obtain in the
equilibrium case

- I‘a meu t I"m aN:,n - I"u »bNu +

+ I‘b—aNb + k/: uNa -0
ka b Na - kb—(/Nb - /\b th) =0

_I‘h a Nh "kb h}Vl: =0 (47)

/‘a—lnNa “km—aNl,n“"l‘m de +
+ kg -mNg=0

km alNa — l"(l—li =0

Again denoting the deviations from equilibrium
due to fossil fuel combustion by », we obtain
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dn, ’

‘d';l + ka—m"a - km—anm + ka -bMa —
—ky_ gty — ky_ oy = p(t)

dn,

7?" a-bMa+ ky_ oo+ kp_ynp =0

dn;,

-dt +ky oth —kp. nnp =0 (48)

dn ,

"d:-' - ka-m”a + km altm + km-d”m_

~kqg_mng=0
dﬂd
E - km —dlm + kd— mid =0

It is hardly justified to carry through such a com-
plete analysis here as presented previously in
view of the fact that the assumptions made about
the cxchange processes between the atmosphere,
biosphere and humus are more doubtful. An
estimate shows, however, that n, ~ +7°;, if we
assumc 7, ,,--5 years, T, _,, =500 years, 7, p=
=30 years and T,_;,=30 years compared with
10 “, in the case of no net increased assimilation
as a result of increased CO, content of the
atmosphere.

Obviously the distribution of C10, betwecn
the various reservoirs also is influenced by an
exchange with the biosphere and this would be
the casc even if no net increase of inactive CO,
in the biosphere and in the humus has occurred.
We can obtain a lower limit for thc Suess cffect
if we assume an infinitely rapid adjustment of
the C'' content between the four rescrvoirs,
the atmosphere, the mixed layer of the sca,
the biosphere and humus, i.c. the Suess effect is
the same 1n all reservoirs and also considering
that no C* is supplied from the deep sea to
these reservoirs. Since N,,+ N,+ N, + N, =4 N,
and since the exchange between the mixed layer
and the deep sca is comparatively slow so that
only a small part (0.02—0.04 N,) of the fossil
CO, released until 1954 ( ~0.13 N,) has found
its way into the deep sea wc estimate that the
Siiess effect should be 2—2.5 °;. As pointed out
previously the obscrved Siiess effect was about
—3°, in 1954 which is in very good agreement
with this estimate.

6. Forecast of the CO, changes in the atmos-
phere during the remainder of the 20th
century

Certainly the estimates presented above are
partly quitc uncertain but it is of some interest

30 % Outpul dus 1o combustion
40 % |
30 %]
20 % Likely ronge for
€O, 1ncraase in the
atmosphere
10 %4

1880 1900 1950 2d00 y7na:

Fig. 5. Estimate of likely range for CO, increase in the
atmosphere as a result of fossil fuel combustion accord-
ing to UN estimates.

to see what they imply with regard to future
changes of the CO,-content of the atmosphere.
An upper limit is obtained if neglecting the
exchange with the biospherc as done in section 4.
A lower limit on the other hand is determined if
an infinitely rapid exchange between the atmos-
phere and the biosphere takes place and ob-
viously this would be equivalent to putting N,
equal to the sum of the CO, found in the at-
mosphere, the biosphere and the humus. Intro-
ducing the values for the various residence
times as given in the previous section yields a
forecast in between these two extremes. Fig. 5
shows the variations to be expected until year
2000 based on an output of CO, into the at-
mosphere as given by table 1. The most likely
value for n, at that time scems to be about
I- 25 °;, it may possibly be larger but probably
not exceed 40 °,,. These values arc considerably
larger than those estimated for example by
RevrLee and SUrss (1957). The implications
with regard to the radiational equilibrium
of the earth in such a case may be considerable
but falls outside the scope of this paper.

Fig. 5 also shows that the present increase of
CO, in the atmosphere probably 1s 0.1--0.3 °,
per year. Recent measurements in regions far
away from industrial areas such as Hawaii and
the Antarctica (personal communication from
Rakestraw) show remarkably constant values of
the CO, content in the atmosphere throughout
the year. It should therefore be possible within
a few years to observe whether an increase
occurs with this computed rate or not.
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Salinity and the Residence Time of Subtropical
Oceanic Surface Water’

By R. B. MONTGOMERY?

Chesapeake Bay Institute, Johns Hopkins Unmiversity, Balumore 18, Md.

Abstract

The distribution of salinity over the occan surfacc shows subtropical maxima of about 36.5
per mille, which cxceeds the prevailing deep salinity (about 34.7 per mulle) by a factor of 1 in 20.
The thickness of the layer of high salinity is estimated as 200 m. The cause of the maxima 1s
that evaporation locally exceeds precipitation, by about 1 m/yr. The implication of these vdlues
is that the residence time of the water in each region of high salinity 1s of the order of 10 years.

1. Qualitative considerations

The last few yecars have seen incrcased attention
to the time of circulation in various oceanic
circuits, to mixing time, and to the age of water
sincc aeration at the sca surface. The present
paper points out the fact that a time can be
deduced from the degree to which the salinity
of the subtropical ocean surface is increased by
the local excess of cvaporation over precipitation.
Wusr (1920, 1954) has analyzed surface salinity
in relation to the difference between cvaporation
and precipitation, but the significance of the
observed magnitude of the salinity excess seems
not to have been discussed. Clearly, the salinity
excess reflects not only the evaporation-precipita-
tion excess but also the sluggishness, or time, of
the water movement. The time so obtained may
be called residence time (sce section 2).

Charts of surface salinity show a closed sub-
tropical center of high salinity in each of four
occans—North Pacific, South Pacific, North
Atlantic, South Indian— and a comparable center
touching Brazil in the South Atlantic Ocean.
(The North Indian Ocean is more peculiar and
will not be considered.) Below the surface layer
of high salinity and high temperature all water

1 Contribution No. 37 from Chesapeake Bay Institute.
This study was supported in part by the Office of Naval
Research and by the National Science Foundation.

2 Visitor at C.S.I.R.O. Duvision of Meteorological
Physics, Melbourne, as Fulbright research scholar, 1958.

has lower salinity, lower temperature, and greater
density. From each of the five separate centers a
layer of high salinity extends ecquatorward
beneath surface water of lower salinity and lower
density.

The product of salinity excess, of density, and
of depth of the layer of high salinity represents
an cxcess of salt per unit arca. This excess salt
results from the evaporation of a certain thick-
ness of sea water. This thickness would be
achieved in a time that can be obtained from the
rate of evaporation-precipitation difference. The
resulting residence time is a measure of the mean
duration of the water’s residence in the region of
cxcessive evaporation,

The mechanisms that tend to reduce the resi-
dence time by exchanging water with surrounding
regions might be classificd as horizontal and
vertical mixing and horizontal convection. No
attempt is made in the present paper to assess the
relative contributions of these mechanisms. The
actual conditions are complex, and it may be
impossible to arrive at a clear interpretation of
residence time.

It is seen that, regardless of how complex the
circulation may be, and regardless of the precise
interpretation of the result, a residence time can
be computed from the following quantities, for
all of which there arc observations or estimates
available: surface salinity, basc salinity, thickness
of layer of high salinity, excess of evaporation
over precipitation.
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2. Assumed model

A rigorous formula for residence time can be
derived by assuming a simplified model that
retains some essential features of the natural con-
ditions.

It is assumed that the subtropical oceanic
surface layer behaves like a steady-state rigid
reservoir filled with sea water that is kept homo-
geneous by mixing. The water in the reservoir has
density n and salinity s, and thc depth of the
reservoir is A, which is uniform. The rate of
evaporation minus precipitation, dimensions
length per time, is E - P, also uniform over the
reservoir.

The outside water is assumed to have uniform
salinity s,. The water in the reservoir is renewed
by inflow of outside water, the inflow balancing
the sum of outflow and the much smaller cvap-
oration-precipitation difference. The inflow is
expressed in terms of the renewal rate, k, so
defined that to mass M of sea water in the res-
ervoir the mass Mk or of outside water is added
in the short time of. The time 7 is now defined
as the reciprocal of the renewal rate k. It is seen
that the inflow in time 7 cquals, in mass, the
contents of the reservoir. Furthermore, the average
time that the inflowing molecules reside in the
reservoir is 7, which, therefore, is called resi-
dence time.

If attention is focused on the particular mole-
cules in the reservoir at any instant, the time v
is, as CRrAIG (1957) has shown, the time for their
concentration to decreasc from unity to 1/¢ and
is also the average over all these molecules of
the time they will continuc to reside in the
reservoir. These molecules have already resided
in the reservoir an equal average time, so their
average total time of residence is 2r, Thus, the
time of residence is twice as great when averaged
over the molecules resident at a given time as
when averaged over the inflowing moleculcs.

For unit area of reservoir in time o¢: The mass
of sea water gained by inflow is ghk dz, and the
mass of salt gained is s,0hk dr. The mass of
water lost across the sea surface is o,(E — P)dt,
where o, is the density of pure water. The mass
of sea water lost by outflow is

[ohk — o E - P)] o,

and the mass of salt lost by outflow is s times
this expression.
The condition of salt balance requires that

soohk = s[ohk -- 0,(E - P)).
Solution gives the formula for residence time,

1 os-s0 h
T— — = -—- - _

k o s E P

in which the ratio of densitics is practically unity.

3. Data and calculated residence time (Table 1)

Unlike the sharply defined conditions of the
model, the natural conditions in thc ocean are
diffuse. How best to choose data poses problems;
but precision is not sought, because the results
are unavoidably rough. The present choice is
admittedly arbitrary. Although, for surface
salinity and evaporation-precipitation differcnce,
mean values over a suitable subtropical area
might be more suitable, maximum values are
used, for simplicity, and this choice is partly
justified because salinity excess and evaporation-
precipitation difference occur as a ratio in the
formula.

Surface salinity (s) is from SchHo11’s (1935;
1944) charts. The value used is that of the highest
isohaline on each ocean.

The base salinity (s,) adopted is the modal
salinity for the entire volume of each occan,

Table 1. Data and Calculated Residence Time

Occan s So s — S h E —-P ST /,'
s E—P
North Pacific. . ... 35.50 %, 34.65 %, 0.85 %, 100 m | 1.0 m/yr 2yr
South Pacific. ... .. 36.50 34.65 1.85 230 1.0 12
North Atlantic....| 37.25 34.95 2.30 375 1.0 23
South Atlantic....| 37.25 34.65 2.60 190 1.5 9
South Indian...... 36.00 34.75 1.25 170 1.0 6
averages.......... 36.50 34.73 1.77 213 1.1 10
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from CoOCHRANE (1958), PorLLak (1958), and
MONTGOMERY (1958).

The layer thickness (h), like the base salinity,
is subject to different interpretations depending
on what mode of renewal is envisaged as domi-
nant. One choice would be the depth of the nearly
homogeneous surface layer; DErFanT's (1936,
Abb. 64) chart of this depth over the Atlantic
Ocean shows about 100 m at both subtropical
salinity maxima. The values in Table 1, however,
are the depths where, at the positions of the
surface salinity maxima, the salinity has decreased
to the average of s and s,. The depths were
determined from serial stations published in
various sources.

Evaporation-precipitation difference (E — P) is
from DIETRICH'S (1957, Abb. 73) chart. The value
used is that of the highest isopleth on each
ocean. The chart represents an estimate based on
various indirect sources of information.

4. Discussion

The mean value calculated for the residence time
for all oceans is 10 years. The tentative interpreta-
tion of this result is that the mean time for a
water particle to remain in the subtropical surface
layer, without reaching high latitudes or the
equatorial zone and without sinking to great
depth, is roughly 10 years.

Some water of high salinity crosses the equator
and, presumably, passes without much dilution
from one high-salinity center to the opposite one.
In particular, water of salinity cxceeding 36.5
per mille is known to cross from the South
Atlantic into the North Atlantic (DeFANT, 1936;
DieTrRICH, 1957, Abb. 197). The interpretation,
therefore, must be relaxed to allow this partial
leak between opposite high-salinity centers.

The variation in residence time computed for
the different oceans represents, to considerable
extent, the uncertainty of the results. It is unlikely,
however, that the differences are due entirely to
random error, and there is no reason to expect

all five oceans to have equally sluggish sub-
tropical water.

The exceptionally large computed time for the
North Atlantic Ocean results from the exception-
ally great layer thickness. This great thickness
of the salty layer presumably results in part from
inflow of salty South Atlantic water as already
mentioned and from inflow of Mediterranean
water. A residence time mentioned by SVERDRUP
et al. (1942, p. 647) for the Mediterranean Sea
is 75 yecars. The computed North Atlantic resi-
dence time must include some residence in the
South Atlantic and in the Mediterranean. The
residence time for the open North Atlantic itself
can be expected not to differ much from the
average value of 10 years.

The computed residence time of 2 years for the
North Pacific center is so much below the others
as to indicate a significant departure.

GiLetTi and BAZAN (1957) obtain times of 5
years, | year, and 25 ycars relating to parts
of the upper layers of the North Atlantic Ocean.
These values are similar in order of magnitude
to the present results.

CraAIG (1957) finds that the residence time of
carbon in the oceanic mixed layer before transfer
into the deep sea “‘is about 4 years™ (p. 12) and
“is most probably not more than 10 years, and
almost certainly not more than 20 years™ (p. 15).
The downward flux of carbon is enhanced by the
sinking of organic matter and may, therefore,
be relatively much greater than the vertical flux
of salt water. On thc other hand, horizontal
mixing and horizontal convection may bc very
effective in exchanging salt water between sub-
tropics and lower latitudes, while the correspond-
ing exchange of carbon may be negligible. (Ex-
change between subtropics and higher latitudes,
where the deeper waters surface, must be im-
portant for both salt water and carbon.) It is
seen that the mechanisms governing carbon are
significantly different from those governing salin-
ity, so the residence times need not be equal.
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The Circulation of Some Atmospheric
Constituents in the Sea’

By ERik ERIKSSON?Z
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Abstract

The meridional circulation of sca water causes corresponding meridional circulations of those
atmospheric gases whose solubility in sca water are temperature dependant. The magnitudes
of these atmospheric meridional circulations can be estimated from the poleward flux of
water vapour and from occanographic average data using a simplc model of the meridional
circulation of sea water. From available data the meridional carbon dioxide flux has been
cstimated to 2.5.<10'® kg <year~! which agrees roughly with the pressurc differences sca
water—air that have been measured. For fixed nitrogen available data give as result a net flux
into the sca amounting to roughly 3 kg > ha~! X year™!, i.c. thec same magnitude as in ramn
water.

1t is shown that abrupt changes in the deep sca meridional circulation have but a small
effect on the atmospheric carbon dioxide content and then only because of the gravitational
transport of assimilated or precipitated carbon dioxide from the surface into the deep sea.

I. Introduction

Some years ago BucH (1939 a) pointed out that
a general flow of carbon dioxide in the atmos-
phere must take place from cquatorial regions
to polar regions. He arrived at this conclusion
from a close study of the physical properties of
carbon dioxide in sea water, the solubility being
rather temperature sensitive. Actually, this circula-
tion if it takes place should not be unique for
carbon dioxide but should be most obvious for
this compound as it is very soluble in water com-
pared to other gascs.

One prerequisite for such a meridional trans-
port is, of course, that there be a net transport
of carbon dioxide in the sea from polar to
equatorial regions cither by mixing or by advec-
tion or by both. 1t is evident that either of these
or both must exist, or elsc it would be impossible
to relate the net evaporation in temperature and
tropical regions to the surface salinity in the way
Wiuist (1954) has done. As net evaporation cer-
tainly represents a flow of water vapor from warm
surface water regions to cold surface water
regions and must be balanced by an equal net
transport in the sea in the opposi