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ABSTRACT

A simple model of oceanic circulation is established
on the basis of the distribution of radiocarbon in the
Atlantic Ocean. This radioactive isotope, formed in the
upper atmosphere by cosmic rays and introduced into the
surface ocean by way of the carbon dioxide exchange,
decays with a half life of 5570 years. The differences in
radiocarbon concentration then should be related to the
mixing rates.

In view of the low temperature of the deep waters
it is apparent that downward diffusion of heat from the
warm surface layers must be balanced by a slow upward
transport of water from depth. The radiocarbon model is
established with the aim of studying these motions.

The values of vertical transport obtained are found
to be comparable to horizontal exchanges and therefore
very important in the Atlantic circulation pattern.
Average vertical velocities of the order of one centimeter
per day are found, thus substantiating estimates made by
Robinson and Stommel from a consideration of theoretical
thermocline models.
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Henry G. Houghton

Title: Professor of Meteorology
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I. EXPERIM NTAL AND TIHEOK2TICAL BACKGIOUND

A. Traditional Oeanfra gi ~tud

1. Atlantl Water t ass. The general circulation

in the Atlantic Ocean and the major water masses

comprising it have been explored extensively by

oceanographic expeditions during the last half century.

Traditional studies based upon density distributions and

patterns of salinity and temperature have made possible

the definition of distinct water masses as well as a

description of the general circulation in the North and

South Atlantic. These findings have been summarized by

Sverdrup, Johnson, and Fleming (1942).

The Atlantic Ocean connects with the other major

oceans through the Antarctic Ocean to the south but

otherwise is isolated from them. Several smaller

adjacent seas, the Caribbean, the Mediterranean, and the

Arctic Sea, contribute dynamically to the Atlantic

eirculation and importantly affect the distribution of

conservative properties in the sea.

Five, well defined, sub-surface water masses are

found in the Atlantic. The first, defined by nearly linear

T-$ relationship, has been called the Soth Atlantic Central

Water. This mass lies just below the hot saline surface

water and comprises a layer 450 meters thick. The

temperature ran es from 60 C at the bottom of the layer
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to about 18* C just below the surface mixed layer, and

the salinity increases from 34.5 to 36.0 per mil. This

vertical temperature - salinity relationship is similar

to the horizontal T-S relationship found in the region

of the Subtropical Convergence and hence is thought to

outcrop there. The mass can be traced throughout the

South Atlantic from 400 S to the equator.

Below the Central Water lies the Antarctic

Intermediate jater characterized by a salinity minimum

at about 800 meters over the greater part of the ocean.

The mass appears to be considerably mixed with other

masses as one traces it into the North Atlantic. This

layer, characterized by a salinity of less than 34.650/ *,

is about 750 meters thick and overlies the great bulk of

the deep and bottom water.

In the North Atlantic one finds only a single mass

sandwiched between the thin surface layer and the deep and

bottom Water. This mass, the North Atlant Central ter,

is characterized by a nearly straight T-S curve between

T 8, S = 35.10*/ , and T = 190, S = 36.70*/ and is

seen to be similar, although warmer and more saline, to

the South Atlantic Central Water,

At intermediate depths in the North Atlantic three

other types of water are found but are not nearly as

extensive or influential as the major water Masses.

One of these is the remainder of the Antarctic Intermediate
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Water which becomes rapidly mixed with over and under-

lying waters as it moves north. Another is water of

high salinity which results from spreading out of

Mediterranean water flowing out through the Strait of

Gibraltar. The third represents small quantities of water

of Arctic origin which is somewhat analogous to the

intermediate water of the Antarctic.

By far the most extensive water mass is the Atlantip

Deep Water which occupies the depths between 1500 a and

4000 m throughout the Atlantic. This water is thought to

form in the Arctic regions where high salinity Atlantic

surface waters six with cool waters from the north. The

mixture, having a temperature of about 2.50 C and a

salinity of 34.9 per mil, sinks and moves southward,

extending nearly to to the Antarctic region.

The fifth major water mass which we identify is the

Antrctac ottom atr which .constitutes the heaviest of

all waters. This water is formed in the WJeddell Sea where

it sinks rapidly to fill the greatest depths in the

South Atlantic. The mass is found at variable depths

depending upon the bottom topography but ranges from

3600 meters at 400 S to 4500 meters at 25* N.

2. The au! 4rulato. It is in the upper regions

of the ocean that the strongest currents are found. The

form which this shallow circulation takes is that of a

huge gyre, rotating clockwise in the Northern Hemisphere
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and counterclockwise in the Southern Hemisphere.

The most striking feature of the South Atlantic gyre

is the Benguela Current which flows north along the west

coast of Africa. At about 20* S the current leaves the

coast to turn westward along the equator. This part of

the southern gyre, lying between latitutes 00 and 200 S,

is known as the South Equatorial Current. As this current

approaches the South American coast it divides, part

flowing across the equator into the North Atlantic and

the remainder turning south along the South American

coast. This southward flow of water, the Brazil Current,

constitutes the western arm of the South Atlantic gyre.,

Along the extreme southern coast of the continent there

is a northward flowing branch of the Falkland Current

which turns away from the coast to join with the remnants

of the Brazil Current. These waters form the South

Atlantic Current which flows eastward to complete the

southern gyre.

The North Atlantic circulation is dynamically

connected to that of the South Atlantic by virtue of the

flow of southern surface water across the equator. The

water joins with part of the North Equatorial Current

and enters the Caribbean Sea. There thorough mixing

takes place so that temperature, salinity, and oxygen

data indicate water of intermediate characteristics.

The continuation of these currents represents the

beginaning of the Gulf Stream system which dominates the
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circulation of a great part of the North Atlantcl ocean.

The first segment of this system, known as the

Florida Current, flows out of the Caribbean through

the Florida Straits and turns north along the

continental slope of North America. The Gulf Stream

leaves the continental slope north of Cape Hatteras and

continues as a well-defined, narrow current as far north

as the Grand Banks. In this region the stream begins to

branch and form the more diffuse North Atlantic Current

which gradually swings eastward to form the northern

branch of the North Atlantic gyre. Numerous branches

send North Atlantie water into the Arctic regions to mix

there with the colder, less saline waters of the Arctic

Sea. When the surface waters are cooled, vertical

convection currents develop leading to a renewal of the

Atlantic Deep Water. Thus the surface circulation is

coupled importantly to the deep circulation by way of the

Arctic Sea. We shall be interested in how importantly

the two are coupled in lower latitudes.

The eastern North Atlantic has no distinct currents

but is characterized by an irregular flow toward the

south. Some of this water enters the Mediterranean as

a surface current, but the major portion continues

toward the south to form the westward flowing North

Equatorial Current.

3. bLTheS Crgjatig. The deep circulation poses
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one of the most difficult problems to the oceanographer.

Direct measurement of deep currents has only recently

been attempted (Swallow and Worthington, 1957) and little

success in understanding the large scale pattern may be

expected from this source for a number of years. One

must resort to indirect evidence supplied by a

distribution of the various properties of sea water and

to simple theories of wind-driven or thermally driven

currents.

As has been noted, the South Atlantic shallow water

enters the North Atlantic along the coast of South

America. As a result of this net transport of surface

waters to the north there must be a compensating return

flow in the deep water. Sverdrup concludes that the

amount of sinking of surface waters which takes place in

the Labrador Sea and off southern Greenland plus the

contribution of heavy Mediterranean water must equal in

magnitude the surface flow across the equator. However,

one must not fail to take into account the possibility of

rising or sinking motions in other regions. It has been

found, in fact (Robinson and Stommel, 1959), that an

average upward transport from the deep water into the

shallow surface layer plays an integral part in the

thermohaline circulation. Hence we cannot at this time

accept the rates of sinking specified by Sverdrup but

shall determine them for ourselves using independent
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evidence.

Water mass analysis indicates that deep water of

high density is formed in the subarctic and in the

antarctic regions of the Atlantic Ocean. In the North

Atlantic, Atlantic Deep Water flows to the south. High

oxygen content decreasing in the diredtion of flow

confirms this. This water crosses the equator and

continues to flow south above the Antarctic Bottom Water.

The bottom water of Antarctic origin is colder than

the deep water and forms a relatively thin bottom layer

moving slowly northward. Large amounts of this water

return to the Antarctic after being mixed with southward

moving deep water.

In summary, the large scale circulation pattern may

be described in the following way: there is a net north-

ward transport of surface waters from the South Atlantic

to the North Atlantic to the Arctic region where cold

saline water sinks. This deep water flows southward

transporting an amount equal to that of the shallow

water across each latitude circle. Superimposed upon this

large scale flow we have the possibility of vertical

mixing between shallow and deep waters. We shall use

theae broad features to establish a simple model which

will give us Some information about vertical mixing and

some idea of the magnitude of the sinking which tkes

place in the Arctic.
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BO. Bag U3, InvestigatilongD

The chemical and physical properties of sea water

and the manner in which they vary from region to region

have been used extensively in studies of ocean move-

ments. The introduction and interpretation of the

temperature-salinity diagram for instance has provided

a valuable tool for determining the vertical and

horizontal extents of the major water masses. Early

attempts to use the conservative properties of sea

water in determining mixing rates between certain

regions demonstrated some of the difficulties inherent

in the problem. In particular, it was found that small

scale variations are considerable and that such

distributions are indicative only of large scale move-

ments.

As a simple example of the general method used in

box model investigations, consider an isolated, steady-

state model in which three, internally mixed reservoirs

may exchange water among themselves (Fig. I). For each

. 2.
k12

k21

ki 3
3k k

k 13--- k23 k32
31 So

Figure 1. Simple Box Model.
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physical and chemical property which is conserved in

the mixing process, two independent equations may be

written. Mass must certainly be conserved, thus

providing two additional equations. If, for instance,

the water in each reservoir is characterized by two

independent properties (such as temperature and salinity),

then six independent equations may be obtained for the

system and six unknowns may be determined at least within

a constant factor. In figure 1 we have shown six unknown

mixing rates, ki, which represents the rate of flow of

water from reservoir i to reservoir J. The conservation

equations may now be written:

Conservation of mass

k1 2 t k3 2 - k2 1 - k23 O0

k23 - k32 + k13 - k 3 1  O

Conservation of S

Slkl2 - $2 k 2 1 + 33k32 - $2k2 3 = 0

2 k23 -3 k332 + S1lk 3 - 83 k31 = O

Conservation of T

T1kl12 T2k21 + T32 T2k23 0

T2 k 2 3 - T3k 32 + T1 kl1 3  T3k 31 = 0

where S1, $2, S3, T1, T2, T3 are the known concentrations

of the properties S and T in the reservoir indicated by



the subscript. In this particular case the six

equations are homogeneous and the rates of flow can be

determined only within a common factor.

This simple example may be complicated in various

ways to illustrate important aspects of the method.

Consider first the effect of knowing only one property

of the fluid rather than two. Then there are only four

independent equations and only four unknowns may be

determined (agAin within a common factor). This means

that we cannot get information about all possible modes

of mixing and must choose to investigate certain ones.

This is equivilent to assuming that two of the mixing

rates are negligible. The determination of the four

allowed rates is only as good as this assumption.

As a second variation in this model consider the

effect of knowing the concentrations of three properties

of sea water. Since there are only six possible mixing

rates any two properties serve to determine them. The

third property then may be used as a check upon the

results; that is, one can check to see how close the

third property comes to being conserved using the mixing

rates determined by the other properties. Then, a

knowledge of the accuracywith which the various

properties were measured gives an indication of the

accuracy of the determination of the mixing rates.

-14-
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A third variation which must be considered is that

in which one or more of the properties of the fluid is

nonconservative and varies with time in some known

manner. Dissolved oxygen and radiocarbon are two such

properties. Oxygen is absorbed at the sea surface as is

carbon dioxide containing radiocarbon. Biological

processes in the sea influence the oxygen content in

such a way as to lead to a consumption of oxygen, and

Carbon 14. decays at a certain known rate; hence the processes

of advection must lead to replenishment if the steady

state is to prevail. The tffect of this nonconservation

1is to make the soverning equations nonhomogeneous.

That is, the net amount of the substance beigg brought

in is no longer zero but equal to the amount which

decays within the reservoir. Since the equations are

now nonhomogeneous, the rates of flow are uniquely

determined, and we are in a position to learn something

about the absolute magnitude of the mixing.

In view of these statements regarding the example

of a three reservoir model, we can generalize to an

N reservoir model. For each property of the fluid,

(N-I) independent equations may be found. In addition

(N-1) equations can be gotten by requiring conservation

of mass. Then if k equals the number of properties for

which data is available, ( salinity, radiocarbon, etc. )



we have

a - (k + 1)(N - 1) (1)

where a is the number of independent equations.

An important parameter to be considered in such

box model investigations is the number of possible

modes of mixing. This depends upon the number of bound-

aries between adjacent reservoirs. If this number is n,

then there are, in general 2n possible mixing rates

(mixing can take place in both directions). Hence if a

system is to be uniquely and completely determined,

2n a (k + 1)(N - 1). (2)

If 2n is greater then (k + 1)(N - 1) then all possible

modes of mixing cannot be examined and one must assume, on

the basis of other knowledge, that 2n - (k + 1)(N - 1) of

the mixing rates may be neglected. Such a model is

only as good as this assumption.

In the model which will be established in the present

investigation, there will be four reservoirs (N = 4)

and five possible modes of mixing (n - 5). Thus if k = 1

(carbon 14), 2n - (k + 1)(N - 1) = 10 - 6 a 4; i.e. we

must assume that four mixing rates are negligble. (As

stated above, this assumption must be justified from

other considerations). 14e shall also examine the case

k = 2 (carbon 14 and temperature). Then 2n - (k + 1)(N - 1)
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equals 10 - 9 = 1, and only one mixing rate need be

assumed sero.

0. The Dynamic 2garbon eCl 4 the g.Rajj o Rdiocarbon

Much interest has been shown in recent years con-

cerning the carbon cycle in nature. The manner and size

of the exchange between atmaosphere, biosphere, and oceans

is of fundamental importance not only to the biologist

but also to the geochemist, the meteorologist, and the

oceanographer. Carbon is taken from the atmosphere as

C02 by plant life and is given back to it by the processes

of respiration and decay. The oceans absorb C02. from

the atmosphere and give it back in a never ending cycle.

A knowledge of these exchanges can provide valuable

information to a score of independent problems in several

related fields.

The total amount of carbon in the atmosphere is small

compared to that dissolved in sea water. Because of the

interchange between atmosphere and ocean across the sea

surface, any change in C02 concentration in the atmosphere

could be compensated for by the ocean, depending upon the

rate of mixing. In fact, large amounts of C002 have been

added to the atmosphere through the combustion of fossil

fuels, and the rate of combustion had continually increased.

Despite this fact a comparison of measurements made in the

19th century and in recent years does not indicate a
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significant increase in atmospherict C 2 (Suess and Revelle,

1957). Suess (1955) estimates that the world wide

contamination of the earth's atmosphere by industrial C02

probably amounts to less than 1%. This would suggest

that the C002 exchange rate between atmosphere and ocean

is quite large, and much of the excess carbon has been

absorbed in the ocean reservoir.

An important tool in the study of the carbon cycle

is the radioactive isotope, Carbon 14, which has a half-

life of 5570 years. Radiocarbon, as this isotope is

known, is formed by cosmic ray interaction with 002 in the

upper atmosphere. If this is a steady state process, that

is, the amount produced in such interactions is just

balanced by the amount which decays throughout the world

reservoirs, then one would expect to find a certain ratio

of C1 4 atoms to C1 2 atoms in any one locality. This ratio

and its variation from place to place provide the basis

for the radiocarbon dating method.

It is immediately apparent from the preceding dis-

cussion concerning the "industrial effect," i.e. the

addition of 002 to the atmosphere and oceans by the burning

of fossil fuels, that the steady state assumption has been

upset for at least a hundred years. The carbon being

added in this way is free of C14 and hence tends to redace

the observed C14/C12 ratio. CorPrctions for this effect
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must be applied if one is to use this ratio as an indica-

tion of mixing rates between reservoirs.

A second effect must be considered and an appropriate

correction made if one is to consider rates of mixing

based upon 0 data. Neutrons produced in nuclear tests

interact with nitrogen in the atmosphere to produce radio-

carbon. Much C14 had been added to the earth's dynamic

carbon reservoir in this way. The C14 concentration has

been found to have increased 2.1% a year since 1955 in

the Southern Hemisphere tropospheric C02 (Rafter and

Ferfusson, 1957). Broecker and Walton (1959) have found

a 5% per year increase in the Northern Hemisphere from

1955 to 1958. It is apparent, therefore, that this effect

will seriously affect the steady state assumption, and

appropriate corrections must be applied to all data used.

In summary then, any study of the carbon cycle must

take into account two important factors: (1) the "industrial

effect," the decrease in C14 concentration due tot he

addition of C14 free C00 2 produced in the combustion of oil

and coal for the past 100 years; (2) the "bomb CG1 effect,"

the increase in C14 concentration brought about by the

production of artifical C14 in nuclear tests.

Recently a group of investigators at Lamont Geological

Laboratory published results of the determination of the

radiocarbon concentration in the dissolved biocarbonate
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of 135 samples representing the major water masses of the

Atlantic Ocean (Broecker et al, 1960). They found that

while the standard deviation within a given water mass

was only slightly larger than the experimental error

between water masses, the total range of the C14/C12 ratio

was 10%.

As might be expected from traditional studies of the

Atlantic circulation the surface water showed a

progressive increase from south to north as the upper

mixed layer came more and more into equilibrium with the

atnospheric value. The 14/ 1 2 ratios ranged from 120 per

mil lower than the preindustrial atmospheric vAlue in the

Antarctic to 50 per mil lower in the North Atlantic. The

deep water mass c14/c 1 2 ratios also showed significant

variations which could be used for a quantitative

determination of the rates of mixing.

The above investigation included a steady state

circulation model based upon a south to north surface

transport of water with a return flow at depth. Mixing

across the main thermocline in the North and South Atlantic

was considered to be negligible, the deep waters being

formed from vertically mixed reservoirs at the extremes

of the ocean. The model does not allow for either sinking

or upwelling of water except in high latitudes. We shall

show in the present investigation that such an assumption

is not valid and thAt vertical mixing throughout the oceans,



not just in polar regions, contributes importantly to

the total ocean circulation. The study and deterdination

of such vertical motions represents the major aim of

this paper.

D. Ocani Uw e in

Before investigating vertical motions using radio-

carbon data, let us examine past studies of vertical

upwelling in the ocean. Until recently not much interest

has been shown in the abyssal circulation. Stommel (1956)

made a numerical calculation of the depth of no

meridional motion and found the associated vertical

component of velocity using actual oceanographic data from

two stations. However, the result depended strongly upon

a knowledge of the wind stress at the sea surface and must

be considered doubtful.

Stommel points out (1958) that it seems likely that

the low temperature of the deep water is maintained in the

face of downward diffusion of heat from the warm surface

layer by a slow upward component of velocity in the deep

water. Using a very primitive model of convection he finds

the maximum vertical velocity to be of the order

3 x 10-5 cm/sec.

In 1959 a more comprehensive model of the thermohaline

circulation was proposed by Robinson and Stommel. On the

basis of this theoretical model they computed the average



amplitude of the maximum vertical velocity to be

4 x 10 - 5 cm/sec. Two assumptions, however, are

difficult to justify; first, that the eddy mixing para-

meter does not vary horizontally or vertically and

second, that horizontal mixing is negligible.

The weaknesses in the above studies have led

Stommel and Arons (1960) to adopt an intermediate approach,

one which combines the tobinson-Stommel theory with

oceanographic data taken from various sources. These lead

to values for the vertical velocity under the thermoecline

varying between 0.5 and 3.0 cm/day (0.6 x 10 - 5 to

3.3 x 10-5 cm/sec). These then give us order of magnitude

values for the vertical components of velocity with which

we can compare values computed on the basis of a steady

state radiocarbon model.

It is important to realize that actual measurements

of such small velocities is impossible, and therefore

other means must be used. One such means is that described

above; that is, a theoretical study based upon the

existence of the strong vertical temperature gradient

which must be maintained by upwelling. Independent

approaches to the problem are necessary. The distribution

of radioactive elements, such as radiocarbon, provides an

excellent means to this end. It was on this premise that

the present investigation was begun.



-23-

II TIE MODEL AND ITS IMPLICATIONS

A. The Data

Let us now construct a simple, steady state model for

the Atlantic circulation in which vertical transports between

shallow and deep water masses are allowed. Radiocarbon

data to be used in this investigation has been gathered and

published by a group at Lamont Geological Laboratory

(Broecker et al, 1960). Since the steady state condition

of the 3cI/0 12 ratio has been upset by the industrial effect

and by nuclear bomb tests, these investigators have applied

corrections to the measured data. The results, expressed in

parts per mil below the atmospheric value, are summarised in

Table I. No correction has been made for samples from the

deep water masses, since our model indicates that turnover

times are much greater than the length of time the steady

state assumption has been upset.

The Atlantic Ocean has been divided into four internally

homogeneous reservoirs as shown diagramatically in Figure 2.

SOUTH NORTH
A ATLANTIC ATLANTIC
N SHALLOW SHALLOW A
T WATER WATER R
A C
a T
C I
T C
I ATLANTIC DEEP WATER
C

Figure 2. The Atlantic Reservoir System.

-0 - -"-- '" "
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TABLE I

Geographic Uncorrected Bomb Industrial Corrected
Region Average Correction Correction Average

Arctic .350/ -3°/ +10o0/ -2s/

North Atlantic .49 -3 +17 -35
Shallow Water

South Atlantic -57 -6 +17 -46
Shallow Water

Antarctic -120 -3 +10 -113

Atlantic Deep -104 -.104
Water

World Ocean -160 ---- 160



-25-

The transfer of C02 from ocean to atmosphere is assumed to

occur at a uniform rate everywhere. Transfer through the

north end of the ocean (through the Bering Strait) is

assumed to be negligible. The locations and depth ranges

of each reservoir are tabulated in Table 2. (as defined by

Broecker et al.)

On the basis of these assumptions one notes that L,

the rate of exchange of C002 between the atmosphere and ocean,

is determined by the average C14/0 1 2 ratio in the world ocean

and by the difference in the o14/c12 ratios between the sur-

face ocean and the atmosphere. It is independent of the

internal mixing. Similarly the mixing rate R , the rate of

exchange of water between the Atlantic Ocean and the Ant-

arctic - Indian - Pacific Ocean system, is determined by the

amount of C14 which decays in the Atlantic and is independent

of the arrangement of reservoirs and the mode of mixing between

them. Therefore we can immediately determine these values

without specifying the manner in which internal mixingT takes

place within the Atlantie.

The governing equations are simply the mathematical

statements which describe the balance of C14; the net amount

of C14 entering a reservoir equals the amount which decays

therein. Hence for the whole world ocean:

L A(C - C4) A TC14  (3)a 8l t
where L is the rate of exchange of C02 between atmosphere

and surface ocean (in moles C02/m2/year), A is the area of



TABLE 2

DEFINITION OF RESERVOIRS

Reservoir Deph Surfaea CO Content AC14 C **

(M) Area (W-) ?moles) (*/ )
O1

South Atlantic 100 40 x 1012 9 x 1015 46 .954
Shallow Water

North Atlantic 100 40 x 1012 9 x 1015 -35 .965
Shallow Water

Arctic entire 15 x 1012 40 x 1615 -28 .972

Atlantic Deep 100 ----- 655 x 1015 -104 .896
Water

World Ocean entire 360 x 1012 3220 x 1015 -160 .840

Atmosphere entire 360 x 1012 57 x 1015 0 00

As defined by Broacker et al (1960).

S014 I + (c014/1000) equals the ratio of the C 1/0 12 value

for that reservoir to the c14/I12 value of the atmosphere.

-L II I --r - I rC-~l~-lb~~.~r---~--I-rr



the world ocean (m2), T is the volume of the world ocean

(in moles of C002), is the radiocarbon concentration

of the atmosphere, C is the average radiocarbon concen-

tration of the world surface waters (equal to -410/ ),

Ct4 is the average radiocarbon concentration of the total

world ocean, and A is the decay constant of C (equal

to 1.2 x 10'4 years-1 ). Broecker determines L to be 22

moles CO/m2/year. (See appendix for all calculations).

For the Atlantic Ocean:

Ro(C O - C4) + L [A(1.0 - C1 ) + A2 (.O0- C2 )

+ A3 (1.0 - Cg)J (4)

- A (TIC1 + T2C2 + T3C 3 + T4C 4)

where Ro is the rate of flow of Antarctic water into the

surface South Atlantic region (with a compensating return

flow at depth), Ci is the radiocarbon concentration in the

i-th reservoir, Ai is the surface area of the i-th

reservoir (m2 ), Ti is the volume of the i-th reservoir

(moles of CO2 ), and L and A are as defined above. Ro is

determined to be 3.7 x 1014 moles C002/year which is eqiv-

alent to 5.5 x 106 m3 of water/see. Thus, L and Ro are

constants independent of internal mixing.

B. The Radiocarbon Modl

The equations governing internal mixing between the
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four reservoirs of the Atlan tic depend upon which mixing

rates are allowed. There are five boundaries between adja.

cent reservoirs and hence ten possible mixing rates (mixing

is possible in both directions). Then, ten independent

equations would be required for complete generality. how-

ever, equation (1), developed in our consideration of general

models, indicates that there are only six independent equa-

tions. Since N, the number of reservoirs, is four and k, the

number of properties considered, is one, the number of

independent equations, a, is given by

a = (k + 1)(N - 1) = 6.

Hence only six unknowns can be determined, and tour modes of

mixing must be assumed negligible.

It is in this assumption that our knowledge of previous

oceanographic studies makes possible judicious choice. First,

we wish to have an overall movement of water northward in the

shallow layers and southward in the deep water. This specifies

the direction of three rates, R2, Rl, and R5 (See Figure 3).

Second, based upon the thermocline theory of Robinson and

Stommel, there must be upward vertical motions beneath the

thermocline to balance the downward diffusion of heat. This

determines the direction of R1 and R 3. We see, therefore,

that five of the six rates are specified as to location and

direction. The sixth rate, which is not specified by these

conditions, may be inserted in various ways in order to gain
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R ATLANTIC DEEP WATER R5

Figure 3. The Radiocarbon Model.
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additional information about back mixing between various

rese Yoirs.

As a first example, let us determine the Various rates

for the model shown diagramatically in Figure 3, in which

the sixth rate, R6 , is back mixing from the Aretic to the

North Atlntic Shallow Water. The general airculation as

described by Sverdrup, Johnson, and Fleming indicates that

this is the most probable occurance.

The governing equations are:

rC + 10 + L.A( t1.0 - C1 )  R2C1 + A TIC1  Rea 1
(SASW)

R201 + R3G + t63 t I A2(l.O- C2) R C + AT 2C

Ret 2
(fASW)

RC * LA (1.o0 - C RG + Rc + A TC Rs 3
4 2 3 3 6 53 33 (Aretic)

R 4 + R " R12  Reas
(SASW)

R2 + R + R6 * R4  Res 2

R a R + R Ren 3
(Arctic)

These six linear, nonhoeeneous equations determine uniquely

the six unknowns R , * 0 3 R , , and R6 0 These values

are tabulated in Table 3. (See appendix for calculations).



TABLE 3

Transports Based Upon the Radiocarbon Model

Transports aMgnitue W lntude
(moles C02 year) (K3 820/second)

L 22/ m2

a o  3.7 x 1014 5.1 x 106

R1 2.4 x 1014 3.4 x 10 6

R2  6.1 x 1014 8.5 x 106

R3 3.3 x 10 4.6 x 10

a4 13.0 x 1014 18.2 x 106

R5  9.3 x 1014  13.1 x 106

A6 3.7 x 1014 5.1 x 106
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For reference, Ro and L are also inserted.

On the basis of these results we find a surface trans-

port of 5.1 million cubic meters of Antarctic water entering

the South Atlantic Shallow Reservoir each second. Vertical

transport from the Deep Water contributes another 3.4 million

cubic meters per second. If this vertical transport is

distributed uniformly over the South Atlantic region ( hich

we have hypothesized extends from 00 to 500 S), then 4/10

or 1.5 x 106 m3/sec of this water joins the northward flowing

surface water south of latitude 30' S for a total of 6.6

x 106 m3/sec crossing that latitude. Sverdrup (T_ Ocean,

p. 629) calculates the transport across 30* S to be due to

the Benguela Current (16 x 106 m3/see northward), the Brazil

Current (10 x 106 m3 /sec southward), and the central part of

the South Atlantic gyre (7 x 106 m3 /sec northward, 7 x 106

m3/sec southward). The net result is 6 million cubic abters

per second northward transport which compares very well

with the 6.6 x 106 m3 /sec predicted by our model.

Sverdrup calculates that 6 million m3/sec of Upper

water crosses the equator to enter the North Atlantic. An

additional 2 x 106 m3/sec of Intermediate water contributes

to the northward transport. Although our model does nct take

into account northward moving water below 100 meters, our

value of R2 , equal to 8.5 x 106 m3/sec, seems to suggest that

such effects are taken into account. This is understandable

is view of the intimate coupling between deep and shallow
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water suggested by the rather large magnitudes of vertical

transport.

The water budget of the North Atlantic is determined

to be as follows: 8.5 x 106 m3/sec of South Atlantic Surface

Water crossed the equator, 4.6 x 106 m3/sec of deep water

is contributed from below, and 18.2 x 106 m3/sec flows north-.

ward across 50' N of which 5.1 x 106 m3 /sec returns back across

this latitude. These compare favorably with estimates of sur-

face transport indicated for the Gulf Stream System. The Gulf

Steam, as it leaves the Straits of Florida, transports 26

million m3/sec of which 6 x 106 m3/sec is South Atlantic Water

and the remainder North Atlantic Water. As the current flows

northward it is joined by the Antilles Current, which according

to WVkLst (1924) carries 12 million m3 /sec. It is estimated

that off Woods Hole the total transport has increased to about

72 million m3/sec but that off the Grand Banks has decreased

to less than 40 x 106 m3/sec. Beyond this region the Gulf

Stream loses its well defined character and divides into branches,

part mixing with cold northern waters and the remainder return-

ing southward. Our model indicates that 18.2 million abic

meters ot North Atlantic Water mix with cold Arctic Waters

each second, that 5.1 million cubic meters return to the south

in the shallow layer while the rest sinks to contribute to the

formation of the Atlantic Deep Water.

The Deep circulation, then, consists of 13.1 x 106 m3/sec

of Atlantic Deep Water being formed in the Arctic regions,
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4.6 x 106 m3 /se being drawn upward in the North Atlantic

and 3.4 x 106 m3/sec being drawn upward in the South Atlantic

in the maintenance of the thermocline, and the remainder,

5.1 x 106 m3/see, leaving the Atlantic to mix with Antarctic

water and/or contribute to the formation of the Pacific Common

water. Stommel and Arons (1960) have calculated, on the basis

of the distribution of temperature, salinity, and radiocarbon,

that the Atlantic Deep Water contributes 3.9 x 106 m3/sec to

the formation of the Common Water.

An added item of interest to be gotten from this model is

the mean residence time for each reservoir. This is a measure

of the rate at which the waters are renewed. These times,

calculated by dividing the total volume of the reservoir by

the rate of addition of new water to that reservoir, are

summarized in Table 4. Stommel (1957) calculated a mean

TABE ,.

RESIDE1tCE TIMES

Reserioir Volume Transport In Residence Time
(moles CO2) (moles CO2/yr) (years)

SASW 9 x 101 5 6.1 x 1014  15

NASW 9 x 101 5  13.0 x 1014 7

ARCTIC 40 x 1015 13.0 x 101 30

NADW 655 x 1015 9.3 x 101 700
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residence time of about 500 years for deep Atlantic water

(below 2000 meters). This is in good accord with the 700

year value determined for our model. Other investigators

have found residence times for the deep Atlantic varying

between 100 and 2000 years. New, independpendent approaches,

such as the present one, will help settle this question.

The average vertical velocities at the 100 meter level

may be gotten from the transports by simply dividing by

the area across which the water flows. Then

R
V I 1 South Atlantic

= .85 x i0-5 em/see

and

R
Sxv 3 North Atlantic2

S1.15 x 10" 5 cm/sec.

These velocities are roughly one centimeter a day. As

noted earlier in this paper, Stommel and Arons (1960) have

determined values ranging from 0.6 x 10- 5 cm/sec to 3.3 x

10"5 cm/sec for the vertical velocity under the thermocline.

Our values fall within this range.

C, Vratkionu tP ~01

There are two possible kinds of variations to the

radiocarbon model. The first, which was mentioned earlier,
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is to place the unknown, R6 , in various other regions in

which there is the possibility of back mixing. Three such

possibilities will be examined in this section. The second

kind of variation is to take into consideration an additional

property of sea water, such as temperature. We shall find

that such complications in the model are at present not

easily handled due mainly to the lack of knowledge of the

heat storage in regions other than the North Atlantic. A

more comprehensive investigation, using bathymetric data

which has accumulated for man years, would make possible the

determination of the angual mean heat storage data required

to compute the surface heating terms.

With regard to the first method of variation, let us

examine Figures 4, 6, and 6. Since little is known regarding

vertical mixing, we certainly wish to examine the possibility

of sinking of waters in the North and South Atlantic reservoirs.

These are illustrated respectively by Figures 4 and 5. The

third figure illustrates an attempt to gain some knowledge of

how strongly Antarctic Bottom Water influences the character-

istics of Deep Atlantic reservoir. These modes of mixing

represent the most probable, large scale back mixing based on

our knowledge of traditional oceanographic studies.

As before the various rates can be determined for each of

these models. One finds, however, that in each case one or

more of the rates turns out to be negative. What this roans
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Variations in the Model.

SASW NASW

ARCTIC

ADW

Figure 4.

SASW NASW

ARCTIC
Jf

ADW

Figure 5.

SASW NASW

f ARCTIC

ADW

Figure 6.

h
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in terms of the model is not immediately obvious, but rther

investigation shows that it indicates a basic inadequacy. It

means that the conditions of radiocarbon balance cannot be

satisfied with the rates drawn in the directions shown. Hence,

we must discard these modes of mixing as being untenable with-

out other modes of mixing being allowed.

This result leads directly to the second variation in the

model. In view of the inability of the radiocarbon model alone

to determine the less important mixing rates a more complicated

model must be established. Let us look, for instance, at a

two property model, radiocarbon and temperature. Then the

number of independent equations is given by a = (k + 1)(N - 1)

= 9. Since there are still only ten possible mixing rates,

only one .ode of mixing need be neglected. If we neglect

transport from the North Atlantic shallow water to the South

Atlantic shallow water (see Figure 7), the governing equations

Re" SASW R  3 NASW R

R7

ANT. ARCTIC

Ra R2  R4  R5  R9

R^. ADW R t

Figure 7. A Two Property Model.

___________________________________________
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may be written

Conservation of MEs

R° + R1 - R2  R3 = 0

R3 + R4 + R7 - R5 - R6  0

R6 + R9 - R7 -R 8  O 0

Conservation gL jf

CP (Roto + Rlt - R2 t- R3t 1+ 1 = 0

Cp (R3 t i + R t4  + R7 t 3 - Rt 2 - R6t 2 ) 
+  2 0

C (R 6 t2 + R9t4 - Rt - Rt 3 ) 
+ 3 0

Radiocarbon Balan e

RoC + R1 2 C1 -3 1  A T1C1 1- Al (1.0 - C1 )

R3C1 4+ R4C4 + R7C3  5 R5C2  R6C2 = AT2C2 - L 2 (1.0 - C2 )

602 + R9C3 8 3C3 - L.A3 (1.0 - C3 )

where t i is the temperature of the i-th reservoir, Qi is the

net rate of heat added to the i-th reservoir, and Cp is the

specific heat of sea water. The rates 1, of course, must

be put in the proper units, m3 H2 0/sec for the conservation

of mass and heat equations and moles C02/year for the radio-

carbon balance equations.
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The main difficulties of this approach are (1) the lack

of knowledge of the rates of heat addition and (2) the very

complicated temperature structure even within a single

reservoir. The problem, however, is not untractable but

merely very tedious. The determination of heat storage as

a function of time and latitude for the Arctic and South

Atlantic requires the processing of very large amounts of

data. This task has not been undertaken here, but the

method suggested indicates the direction which further

research should take. Such future work will then allow a

more complicated model to be established.
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III DISCUSSION OF tESULTS

Vertical transports at all latitudes, derived from

a simple model based upon the distribution of radiocarbon

in the Atlantic Ocean, are found to be extremely important

in the overall circulation pattern. The deep waters cua-

tribute 3.4 million cubic meters per second to South Atlantic

shallow water and 4.6 million cubic meters per second to

the North Atlantic shallow layer. This represents over half

of the transport in the deep Atlantic; that is, half of the

water which is formed by sinking in the high northern

latitudes returns to the shallow layers at low latitudes.

It was found that these transports were of the right

order of magnitude to balance downward diffusion of heat

from the hot surface layers as determined by a theory ct

the thermocline. Because of several simplifications and

idealizations in this theory, values of vertical velocity

can only be estimated roughly. Hence it is of value to have

an independent estimate of this important element of the

thermohaline circulation in order to confirm the theory's

prediction. The simple model presented in this paper has

accomplished this aim.

The inadequacies of this model must be kept in mind.

The present inability to study all possible modes of mixing

is a major weakness, and we must rely upon traditional

studies for our choice of the major mixing modes. We have
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found that this leads to results which compare favorably

with those derived from geostrophic calculations. This

gives us some confidence in the method.

It must be kept in mind that the study is concernel

only with the very large scale water movements. The division

of the Atlantic into four reservoirs is in itself a gross

simplification, and the model can be expected to be indica-

tive only of the major exchanges between them. Such simpli-

fication, however, is a fundamental feature of box models

and must be accepted as part of the method.

In conclusion then, there are weaknesses inherent in

the method used in this investigation. Nevertheless, Im-

portant information can be obtained regarding mixing rates

and renewal times. Further studies of this type will

continue to be useful in oceanographic studies, particularly

when more information on the distribution of radioactive

elements is available.



-43-

REFERENCES

Arnold J.Ro and Anderson E.C., 1957: The distribution of C1
in nature. Tellus 2, 28-32.

Broecker WS., Gerard R., Ewing M., and eeeson B.C., 1960:
Natural radiocarbon in the Atlantic Ocean. j. Geoh. it.
6_, 2903-2931.

Broecker W.S. and Walton A., 1959: Radiocarbon from nuclear
tests. Science 2&, 309-314.

Craig H., 1957: The natural distribution of radiocarbon
and the exchange time of carbon dioxide between atmos-
phere and sea. Tell 2, 1-17.

Dingle A.N. 1954: The carbon dioxide exchange between
the North Atlantic Ocean and the atmosphere. Tellus 2,
342-350.

Erikson E. and Welander P., 1956: On a mathematical model
of the carbon cycle in nature. Tellus 8, 155.

Rafter T.A. and Fergusson G.J 1957: The atom bomb effect.
NeSw zeal . .and SLo. 38, 871

Robinson A. and Stommel H., 1959: The oceanic thermocline
and the associated thermohaline circulation. Telus 11,
295-308.

Stommel H., 1956: On the determination of the depth of
no meridional motion. Dee Sea.a .. * 3, 273-278.

Stommel H., 1957: Toward a future study of the abyssal
circulation Symposium on abyssal circulation, IUGG,
Toronto Meeting, 1957.

Stommel H. 1958: The abyssal circulation. Den Seea E
., 80-A2.

Stommel H. and Arons A.B., 1959: On the abyssal circula-
tion of the world ocean - II. An idealised model of
the circulation pattern and amplitude in ocean basin as
Dee Sea es.* 6, 217-233.

Stommel H. and Arons A.B., 1961: On the abyssal circula-
tion of the world ocean - IV. The origin of the common
water. D eap S a Re. In press.



-44-

Stomel H. and Veronis G., 1957: Steady convective motion
in a horizontal layer of fluid heated uniformly ftom
above and co6led non-uniformly from below. Te~Ju 3,
401-407.

Suess H.E., 1953: Natural radiocarbon and the rate of
exchange of carbon dioxide between atmosphere and sea.
Nuclear rEEeeo0 c tti, National

cademy of Scince-atonal Research Council Publication,
52-56.

Suess H.E., 1955: Radiocarbon concentration in modern
wood. Scienge 122, 415-417.

Suess H.E. and Revelle R., 1957: Carbon dioxide exchange
between atmosphere and ocean and the question of an
increase of atmospheric C02 during the past decades.
Telru 2. 18-27.

Sverdrup H.U., Johnson M.J., and Fleming R.H.,, The Oceang.
Prentice-Hall, Inc., New York, 1942.

Swallow J.C. and Worthington L.V., 1957: Measurements
of deep currents in the western North Atlantic.
Nature i , 1183-1184.



-/45-

APPENDIX

A. Balance in the whole world ocean and the determination

of:

LA (14 014) 14
LA (C - Cs ) * TCa a t

or

L =t

. (1.2 x 10") 3220 x 1015)( , 4o)

(360 x 10o2)(.o41)

= 22 moles C02 / m2 /year.

B. Balance in the Atlantic Ocean and the determination

of Ro:

Ro(Co - 04) + LA1 (1.0 - C1 ) + LA2 (1.O - C2)

+ LA3 (1.0- 03) A(T0 1 +T 2C2 +T3C3+T 0 )

or

Ro 2x1011)(9x.95k+9. 96 +0x.972+655x,89))-

22 (0x.0 6 035 +15x ,02 )xo12

* 3.7 x 10O moles C02/year.

C. Balance in the South Atlantic Shallow reservoir and

the determination of R1 and R2
1 d 2:
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R1 4 + RoCo + LA1 (1.0 - C0) AT 1C 1 + R2C1

go + R* R2

Eliminating R2 we have

R1 ~R (C - C) +ATC - LA1.0 - C

-8 .9,r()

= 2.4 x 1014 moles C02/year.

D. Balance in the North Atlantic and Arctic reservoirs

and the determination of R3, H4, HR, and R6 :

R2C1+ R3C4+ R6C3+ LA2 (1.0 - C2) =AT303 + C2 R4

R2 + R3 + R6 = R4

SC2+ LA3 (1.0 - C3) = AT3C3+ C3R6 + C3R5

RF = R5 + R6

These four equations may be solved for each of the four

remaining unknowns in terms of the known quantities.

Then, it is found

R3 = 3.3 x 1014

R4 - 13,0 x 1014

R5 = 9.3 x 1014

R6 = 3.7 x 10 4
6


