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ABSTRACT

Salinity, oxygen, inorganic phosphorus, organic and inorganic carbon, carbonate
alkalinity, insoluble carbonate, and radiocarbon are used simultaneously as tracers
to investigate oceanic circulation, chemical processes within the ccean and chemical
exchange at oceanic boundaries. Estimates of the rates of these processes are made
using the equation for chemical transport in the simplest approximation which recog-
nizes spatially variable exchange at the ocean-atmosphere boundary, horizontal and
vertical advective and eddy diffusive transport, and gravitational settling of insoluble
chemicals within the oceans. This approximation is a cyclic model with one atmospheric
and three oceanic reservoirs between which tracers exchange by first-order kinetics.
Data for the Pacific Ocean are used after having been averaged over time and the
regions: warm surface water, cold surface water, and deep water. Northern and southern
cold surface waters are treated as alternate cases.

We deduce that:

(1) The mass of deep water in the Pacific Ocean divided by its rate of production
is about 1100 years, a time interval in close agreement with its average radiocarbon
age relative to that of cold surface water.

(2) In the South Pacific Ocean, the transfer of water between the deep ocean and
the surface is principally by exchange with cold surface water. A small net circulation
from warm surface water to cold surface water is suggested by the model, but the rate
cannot be calculated with existing information.

(3) The three-reservoir model cannot, even to a first approximation, explain the
circulation of the North Pacific Ocean, because it overlooks the flow of deep water
into the North Pacific Ocean from the South Pacific Ocean.

(4) Both oxygen and carbon dioxide are evolved from surface waters at low latitudes
and absorbed at high latitudes. The rates of exchange from warm surface water to
cold surface water are of the order of 107 mmol yr—.

(5) About 10% of the inorganic carbon in deep water arrives there from surface
water by gravitational settling of organic carbon and insoluble carbonate. The other
90 % is transported there by the water itself.

(6) The use of pH measurements to assay for dissolved inorganic carbon and
alkalinity seriously limits the reliability of carbon data in the present study. Small
errors in pH result in large uncertainties in the deduced rates of gravitational transport
of organic carbon and insoluble carbonates and in the rate of exchange of CO, with the
atmosphere.

1 Contribution from the Secripps Institution of Oceanography. New Series.
2 Contribution no. 184, Institute of Meteorology, University of Stockholm.
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5. Formulation of the three-reservoir
model

5.1, Introductory remarks

In the preceding article (Keeling & Bolin,
1967) we showed that the equation for the
transfer of an oceanic chemical tracer in a
multiple reservoir (‘‘box’’) model is an approxi-
mation of the space-averaged equation describ-
ing the transport of that tracer in the continu-
ous ocean. We also formulated equations to be
employed when tracers undergo chemical
transformation within the oceans or exchange
with the atmosphere.

1 Figures, sections, and equations are each
numbered in series with the preceding article.

In this article we present a detailed example
of the simultaneous use of oceanic chemical
tracers in order to investigate the advantages
and deficiencies of the multiple reservoir model
and to illustrate techniques for solving the
model with a suite of complicated non-conserva-
tive tracers. Specifically (Fig. 3), we shall
divide the ocean into reservoirs to emphasize
the transport of chemicals north and south
within the surface layer of the ocean and be-
tween this surface layer and the atmosphere
above and deep waters below. To preserve the
oceanic details which we wish to emphasize,
but otherwise to simplify the problem as much
as possible, we shall assume that the distribu-
tions of tracers are symmetrical about the
equator. We shall then consider the transport
at steady state between (1) warm (temperate
and tropical) surface water, (2) cold (temperate
and polar) surface water, and (3) (cold) deep
water lying below the surface water. The verti-
cal boundary between the surface reservoirs
we shall place at 40°, the latitude where the
north-south temperature gradient is largest. The
surface area of warm water in one hemisphere
will thus be approximately twice that of cold
water in that hemisphere. We shall choose 75
meters as the depth of the surface reservoirs
to conform roughly with the depth of the so-
called “mixed layer” (cf. Craig, 1957).

In all the above respects our model agrees
closely with that employed by Eriksson (1959).
Unlike Eriksson, however, who considered
average concentrations and transport for all
of the oceans in both hemispheres, we shall
focus our attention on the Pacific Ocean alone
and shall consider, as separate cases, cold
waters having characteristics of the North and
South Pacific Ocean. For warm surface waters
and deep waters, however, we shall average
the data over both hemispheres. As an aid in
comparing our results with previous investiga-
tions we shall set the volumes and areas of
the reservoirs numerically equal to the values
for the world oceans. The deduced transfer
rates are directly proportional to the volumes
assumed, and since the true volumes for the
North or South Pacific ocean do not differ
markedly, the results of the model may be
readily converted to true volumes. -

As illustrative tracers we shall use carbonate
alkalinity (denoted by A4), dissolved inorganic
bulk carbon (C) and radiocarbon (C*), oxygen
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Fig. 3. Two-dimensional representation of the three-reservoir model. Vertical scale of the oceanic surface
reservoirs is more highly exaggerated than of the atmosphere and the deep water.
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Fig. 4. Diagrammatic representation of the three-reservoir model. Arrows (—) between reservoirs point in
the direction of net transport of chemicals: —a,, insoluble carbonate; —b;, biocarbon; f, COy F, H,O
(vapor); g, Oy; by, MC (divided by a standard 4C[12C ratio, R.). The products "l*q‘ W, indicate losses
of radiocarbon by radioactive decay. Twin arrows (=) refer to reservoir transfer coefficients &, %_,.
For more complete definitions, see subsections 5.2.1, 5.2.5, and 5.2.6.
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gas (0), and inorganic phosphorus (P). We shall
also make limited use of organic carbon (B),
insoluble carbonate (IC), and salinity (S). All
of these tracers except salinity undergo chemical
transformations. Two (IC and an insoluble
fraction of B) are transported from surface to
~ deep water by gravitational settling. Three
(C, C*, and O) exchange volatile components
with the atmosphere. Radiocarbon (C*) under-
goes isotopic fractionation with bulk carbon
and is slowly destroyed in all reservoirs by
radioactive decay. Except for radioactive
decay, we shall treat all these processes as un-
known sources and sinks to be solved for in the
calculations. Whenever possible, however, we
shall insert correct values, or estimates, of the
ratios of sources and sinks for different tracers,
based on a knowledge of the chemistry and
biology of the processes involved. The essential
physical and chemical features of the model are
depicted in Fig. 4.

5.2. List of symbols

5.2.1. We shall use the following general nota-
tions:

4;, (¢=1,2) the area exposed to the atmo-
sphere, in em?, of surface reservoir %
% subscript, denotes the reservoir: o =the
atmosphere; 1=WSW (warm surface
water); 2=CSW (cold surface water);
3=DW (deep water). The transfer
processes as depicted in Fig. 4 permit
us formally to treat the 4's for the
water reservoirs as cyclic: (¢ +1),_,=1;
(6 -1);-1 =3
(¢=1,2,3) the flux of water in liters
per year from reservoir 7 to (¢+1) and
from (¢ + 1) to ¢, respectively
Ak net cyclic flow of water in the direction
WSW to CSW to DW (cf. 5.10)
L superscript, denotes an unspecified ele-
mental (bulk chemical) or isotopic tracer
L*  guperscript, denotes an isotopic tracer
corresponding to the elemental tracer, L,
except that a rare isotope of one chemical
element substitutes for the bulk element
negative logarithm to base 10 of the
hydrogen ion activity (see subsection 6.1)
q; (=1, 2, 3) the average concentration of
tracer L in reservoir 7 in chemical units
per liter. (See below for specific units.)

ki by

rpH

LQ, reservoir source function of tracer L in
reservoir ¢ in chemical units per year.
(By ‘“source’” we imply either a positive
source or a ‘‘sink”.)

a reservoir source term defined as that

portion of XQ, owing solely to a certain

net process I.

2Q,1,"QL; corresponding source terms for for-
ward and reverse processes treated sepa-
rately (cf. subsection 5.2.7).

t time

T temperature in °C

W, (¢=1,2,3) the total volume of water in
liters in reservoir ¢

o isotopic fractionation factor defined by
(4.20)

Lya  (=1Q,/°Q,) the source ratio of tracer L
for process I where C (defined in subsec-
tion 5.2.2) is designated as the principal
tracer. (“y,, is a quotient of average
source terms over reservoir ¢; cf. 4.28.)

L8, the concentration decrease of tracer L
from reservoir ¢ to (¢ +1) thus:

Qu

Loy =tq; "4 (5.1)
Lo, +L8, +18,=0 (5.2)
x rate coefficient for chemical reaction or

gas exchange at the atmospheric boundary
expressing the dependence of the rate on
environmental factors (cf. 4.12)

*x  corresponding coefficient for a rare isotope

(cf. 4.20)

radioactive decay constant of a radio-

active isotopic tracer L* ‘

7 stoichiometric coefficient specifying the
number of tracer concentration units
contributed by one mole of a given
chemical compound (cf. 4.7)

L*)’

y stoichiometric coefficient for a chemical
reactant or product (cf. 4.10)
7; - mass-flux ratio, in years, of water in

reservoir ¢ as defined by (7.4)
*z, age, in years, of inorganic radiocarbon
in reservoir ¢ as defined by (8.1)
Tgs B-r,, mass-flux ratio, in years, of insoluble
carbonate and biocarbon in deep water
as defined by (7.5) and (7.6)
[ ] theconcentration of the enclosed chemical
species

IC,

Tellus XX (1968), 1
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5.2.2. We shall employ the following elemental tracers:

Symbol Name

A carbonate alkalinity

B biocarbon (dissolved and
particulate organic carbon)

C inorgan carbon (all
dissolved species)

Ic insoluble carbonate

o oxygen (dissolved gas)

P inorganic phosphorus

S salinity

5.2.3. We shall employ the following isotopic tracers:

Symbol Name
A* radioalkalinity
B* radiobiocarbon

C* or * inorganic radiocarbon (all

dissolved species)
I0*

insoluble radiocarbonate

21

Concentration units

milliequivalents per liter
milligram-atcms per liter

milligram-atcms per liter

millimoles per liter

millimoles per liter

milligram-atoms per liter

grams per kilogram of ocean water (%)

Concentration units

milliequivalents per liter divided by an
arbitrary standard 14Cj12C ratio, K.
milligram-atoms per liter divided by R.

milligram-atoms per liter divided by R.
millimoles per liter divided by R.

(To simplify the notation in referring to inorganic radiocarbon, we will usually write * for C*.)

5.2.4.

For carbon and radiocarbon we introduce

the specific symbols:

Py

*py

L'Qt

LR‘

COs R‘
R.

oy

Tellus

the average partial pressure of CO, in
atm x 10¢ in the atmosphere (¢ =o0) or
in surface reservoir ¢ (¢ =1, 2)

the average partial pressure of *CO, in
atm x 10° in the atmosphere {¢ =0) or in
surface reservoir 7 (¢ =1, 2) divided by an
arbitrary standard 4C/!2C ratio, R.,i.e.:

*i=(°®Ri/Re)p; = a1 +1(64C)1p,
(5.3)

(¢=1, 2, 3) the average concentration of
isotopic tracer *L in reservoir ¢ in chemical
units per liter, evaluated by the formula:

Lxg, = CRJ R, =[1 +1(31C) 1'q, (5.4)

the MC/1*C ratio of elemental carbon
tracer L in the atmosphere (i=0) or
reservoir ¢ (i =1, 2, 3)

(1 =1, 2) the 4C/1C ratio of dissolved
CO, in surface reservoir ¢ (cf. 4.36)

the 1#C[12C ratio of an arbitrary radio-
carbon standard

(=°“R,/°R) (i=1, 2, 3) the equilibrium
fractionation ratio for dissolved CO, with
respect to inorganic carbon, O (%a, is not
a true fractionation factor since its value

XX (1968), 1

depends on the relative concentrations
of CO,, HCO;3, and COj3 . See subsection
6.1)

L((S"C)‘ (¢=1, 2, 3) the departure (often ex-

5.2.5.

a;

f

pressed in per mil, %) of the #C/12C ratio
of elemental carbon tracer L in reservoir
4 from the standard value R.

We note specific reservoir source terms

(i=1, 2, 3) net addition of inorganic car-
bon, C, in milligram-atcms per year to
reservoir ¢ by the formation and disso-
lution of insoluble carbonate (see reaction
equation 6.5)

(i=1, 2, 8) net addition of inoiganic car-
bon, C, in milligram-atoms per year to
reservoir ¢ by the synthesis and oxidation
of biocarbon (see reaction equation 6.6)
(¢=1,2,3) net additon of inorganic
carbon, C, in milligram-atoms per year
to reservoir 4, by exchange of CO, with
the atmosphere (see reaction equation
6.7, f3=0)

(z =1, 2, 3) net addition of water in liters
per year to reservoir ¢ by evaporation and
precipitation at the ocean surface (F, =0)
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g (¢ =1, 2, 3) net addition of oxygen, O, in
millimoles per year to reservoir 7 by
exchange with the atmosphere (g, =0)

hy (¢=1,2,3) the portion of the flux of
inorganic radiocarbon, C* (in the form
of 1CO,), in milligram-atoms per year
from the atmosphere to reservoir 1
owing to the isotopic gradient at the ocean
surface as defined by (4.43) (hy =0)

*A*q; W, (i=1,2,3) the rate of radioactive
decay of inorganic radiocarbon, C*, in
millimoles per year, divided by an arbi-
trary standard 4C/1*C ratio, R., in
reservoir ¢, where *1 is the decay constant
of radiocarbon and *g, the concentration
of inorganic radiocarbon. (Similar pro-
ducts apply to radioalkalinity, radio-
biocarbon, and insoluble radiocarbonate.)

5.2.6. We denote specific fluxes between WSW
and CSW via the atmosphere by the following
symbols without subscripts:

f the net flux of inorganie carbon, C (in the
form of CO,), in milligram-atoms per
year, from WSW to the atmosphere and
thence to CSW (f= —f, =f,; compare
Table 1)

F the net flux of water in liters per year
from WSW to the atmosphere and thence
to CSW (F = — F, = F,; compare Table 1)

g the net flux of oxygen, O, in millimoles
per year from WSW to the atmosphere
and thence to CSW (g = —g, =g, com-
pare Table 1).

5.2.7. For the carbonate and biocarbon source
terms we denote the loss of carbon owing to
forward reaction and the gain of carbon owing
to reverse reaction in milligram-atoms per year
in reservoir 7 by:

ayy, ay; forward and reverse source term as-
sociated with a,

bn, bp; forward and reverse source term as-
sociated with &,

These source terms are defined (cf. 4.12) as
positive for the stated direction of chemical
reaction as prescribed by (6.5) and (6.6). It

follows that:
;= —a,0+ay, (5.5)

b= —bp +by

Correspondingly, we denote forward and re-
verse source terms for any other tracer L by
symbols “Q4, @4, “Qi5, and Qp;.

5.2.8. We denote the forward and reverse rate
coefficients associated with the reservoir source
terms a;, b;, and f; by the symbols:

forward and reverse rate coefficients
associated with a, (cf. 4.12 and 6.5 units
need not be specified because we shall
only be concerned with ratios, cf. sub-
section 5.2.9).

HiAs M4y

forward and reverse rate coefficients
associated with b; (cf. 4.12 and 6.6
units need not be specified because
we shall only be concerned with ratios,
cf. subsection 5.2.9).

¥iBs ®py

forward and reverse rate coefficients
in milligram-atoms year ' cm™®
atm™'x 107° associated with f, (cf.

4.3.2 and 6.7)

i %oi

5.2.9. For radiocarbon, we define the following
fractionation factors associated with reservoir
source terms a,, b;, and f;:

o4 = *x,4/%14  factor for carbonate formation
in the ocean

oty =*x44/%q; factor for carbonate dissolu-
tion in the ocean

oy = *x,5/%;p factor for biocarbon synthesis
in the ocean

otgy = ¥xp/ng; factor for biocarbon oxidation
in the ocean

ot;0 = *x;,/%;, factor for evasion of CO, at the
ocean-atmosphere boundary

oy = *x,/x, factor for invasion of CO, at
the ocean-atmosphere boundary

®; eq = %o/ %, equilibrium factor for CO, ex-

change at the ocean surface

5.2.10. We denote the following net source
ratios associated with reservoir source terms
a;, b; (defined for elemental tracers by 4.16; for
isotopic tracers by 4.26 with R, =Q,;/W,)

Ly =tQula, (i=1, 2, 3; L=A, O, P, *) net
source ratio associated with carbonate
formation and dissolution (see subsection
5.2.5)

Ly ="Qu/b; (i=1, 2, 3; L=A, O, P, *) net
source ratio associated with biocarbon
synthesis and oxidation

Tellus XX (1968), 1
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5.2.11. We denote the following forward and

reverse source ratios of inorganic radiocarbon:

*p.00 *vay (2 =1, 2, 3) source ratios for forward,
respectively reverse, reaction associated
with carbonate formation and dissolution
(*p1a=*Qia /M4, etc.)

*y:8 *¥py (¢ =1, 2, 3) source ratio for forward,
respectively reverse, reaction associated
with biocarbon synthesis and oxidation
(*y15 = *@in/b;p, otc.)

*Dio ¥Vei (=1, 2) source ratio for evasion
and invasion of CO, at the ocean-atmos-
phere boundary (cf. 4.4)

These are evaluated for source terms a; and
b, by (4.24) and for source term f; by (4.40),
except that the products of R and « are to be
divided by an arbitrary standard '4C/'2C ratio,
R., consistent with the definitions of subsec-
tion 5.2.3. We shall, furthermore, only be con-
cerned with chemical reactions in which, for
all chemical species involving carbon, the f§,, =1
(cf. 4.12 and 6.5 to 6.7 below).

We obtain, specifically:

*via=CRJR)aus
(¢=1,2,3)
*yai =Ry /R)oay
(i=1,2,3)
*yi5=CRi/Re)oss
(=1,2,3)
. L (5.6)
vai= (PR /R )
(z=1,2,3)
*y10= "Ry /Ro)aso = R oy JR Yoty
(i=1,2)
*yor =R Rt
(£=1,2)

5.2.11. Mathematic and chemical equations are
cited in the text by decimal figures enclosed in
parentheses.

5.3. The transport equation applied

The continuity of tracer L in reservoir ¢
of the three-reservoir model is expressed as
follows (see Fig. §; cf. 3.21):

Tellus XX (1968), 1
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Fig. 5. Transport relationships for reservoir 4 of the
cyclic three.reservoir model. The products kig
denote transport between reservoirs in the direc-
tions shown by the arrows. %@, is the reservoir
source function (see text).

a"qy ~ —
o W=k 'q s+ kogay g -

*(ki+k_.g)L§4+L6‘ (5.7)

where bars denote time averages (see text
following equation 2.1).

Since very little information is available
on time variations of the concentration of non-
conservative tracers in the ocean, we consider
a steady state, i.e., we set:

o4

6 5.8
ot (5-8)

We shall further simplify (5.7) by making use
of the principle of continuity of water. Although,
as in the derivation of (3.23), we could derive
an equation which states that water in a given
reservoir is conserved, let us alternatively fix
our attention on the transfer of water between
any pair of reservoirs. If the atmospheric water
vapor flux, F, were equal to zero, the continuity
requirements for all pairs (s =1, 2, 3) would be:

Ak =k, —k_, (5.9)
where Ak, a constant, denotes the net cyclic
flow of water in the direction WSW to CSW to
DW (1-+2-3). The presence of a mnon-zero
atmospheric flux of water vapor increases the
flow between reservoirs 1 and 2 by F so that
the appropriate continuity equation is instead:

Ak =k, ~k_y+F =ky—k_y=ky~k_y (5.10)

With the aid of (5.8) and (5.10), using the nota-
tions of subsection 5.1, and dropping the use
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Table 1. Specific reservoir source terms
Net addition Net addition Net addition Net addition Net addition
of C owing to  of C owing to of C owing to of O owing to of C* owing to
formation and  synthesis and exchange of exchange of isotopic gradient
Reservoir dissolution of oxidation of CO, with the O, with the at the ocean
No. insoluble carbonate “biocarbon’ atmosphere atmosphere surface
1 a b fi=—1 g1= 9 hy
2 a2 b, fa=1f 9:=9 hy
3 az= —(a,;+ay) byg=~—(by+by) fa= g:a=0 hy=0

C =inorganic carbon. C* =inorganic radiocarbon. O = oxygen gas.

of bars to denote time averages, we may
transform (5.7) into:

Ry 150y 1—k_ "0, +%Q,~ Fi%q,=0  (5.11)
where F,=-F, F,=+F, F;=0. Equation
(6.11) is the three-reservoir steady state ana-
logue of the general reservoir equation (3.23).
It relates the water transfers ¢nfo reservoir z,
k,_, k_, and F,, to the concentrations g,
concentration differences £8;, and the reservoir
source functions, XQ,. If all g, and “Q, are
known for twe tracers (either isotopic or bulk)
and if the water source F is also known, (5.10)
and (5.11) provide sufficient relationships (six
equations) to solve for all k; and %k_,. Thus, the
three-reservoir model is drastically simpler than
the general case (see section 2} in which knowl-
edge of Lg, and 1Q, for five chemical tracers
is required, together with the requirement of
continuity of water. The £Q, are generally not
known, however, except where they are equal
to zero, nor is the value of F well established.
To solve for some of the 2@, and F as well as the
k; we shall consider the physical and chemical
processes that occur between eight tracers: 4,
B, C, C*, IC, O, P, and S. The formulism of
section 4 provides a basis by which we can
compare reservoir source terms and thereby
reduce the number of unknowns. From the
assumption of steady state (5.8), an additional
restraint is imposed that the sum of all sources
be zero for every tracer, i.e.:

fQ,=0

1=1,2,3

(5.12)

as may be deduced by summing (5.11) over ¢
and simplifying by the use of (5.2). It follows
that independent equations are obtained only

from the application of (5.11) to two of the three
reservoirs since one equation can always be
obtained by adding the two others and making
use of (5.12).

To specify the reservoir source functions
(*Q,) of elemental tracer L (=4, C, O, or P) or
an isotopic equivalent (*Q,) of principal tracer
C, denoted by *, we introduce from subsection
5.1 the specific reservoir source terms a,, b,, f;,
¢;, and h,;, and the corresponding source ratios
Ly, and *y,. Thus:

LQi =L7/ia ay+ L)’z'b b+ LJ/i/fi +9i

*Qi="yia @+ "y bi+ i fit by~ (5.13)

-2 *71 W;

where Lyi), =0for L #C,cym =Sy =Cj/f; =1l,andg,
appears only for oxygen, 0. In the present model
all nonzero “y,, and *y,, are positive (associated
with reactants) except for %y, (below denoted
by “y) which is negative because O, is a product
in the formation of biocarbon (cf. 6.18).

The specific sources and source ratios which
we shall consider are set forth in Tables 1 and 2,
respectively, where simplified notations for the
source ratios Ly, are also introduced, since
many of them are zero. Condition (5.12) is
fulfilled for all sources except the radiocarbon
sources, h;. The conservancy for radiccarbon is
expressed by (6.39).

The numerical evaluation of the source ratios
is considered in the next section.

6. Specification of chemical processes

‘We shall now describe in more detail the
chemical basis for the reservoir model as sum-
marized by equations (5.11), (5.13) and Tables
1 and 2 of section 5. For radiocarbon we shall

Tellus XX (1968), 1
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Table 2. Source ratios relative to inorganic carbon, C

Carbon source

Reservoir
No. ay b, /
Carbonate
alkalinity, 4 1=WSW Ay 0 0
2=CSW Ay 0 0
3=DW Ay 0 0
Oxygen gas, O 1=WSW 0 Oy Q0
2=CSW 0 Oy 0
3=DW 0 Oy 0
Inorganie
phosphorus, P 1=WSW 0 Py 0
2=CSW 0 Py 0
3=DW 0 Py 0
Inorganic
radiocarbon, C'* 1=WSW *Vi4, *pa1 *m *VB1 *Y1or *Vo1
2 =CSW *V24, *ya2 *yam» *YB2 *Voor *Vor
3=DW *¥34, *yas *Vsps ¥y B3 0

also justify several simplifications of the chemi-
cal relationships in preparation for numerical
calculations in section 7.

6.1. Inorganic carbon

Inorganic carbon in ocean water exists prinei-
pally in three forms: dissolved carbon dioxide,
CO,; biocarbonate ion, HCOgz; and carbonate
ion, COg. Together these constitute what we
shall call the “inorganic carbon system’. (Our
definition fails to recognize explicitly the hyd-
rated form of CO, denoted by H,CO, and
various metal complexes such as CaHCOj.
These, however, play no special part in the
reactions we shall consider (Skirrow, 1965,
pPp- 257 and 278) and for simplicity are not
further discussed.)

Owing to the reversible chemical reactions:

€O, +H,0=HCO; +H+ (6.1)

HCOz =COg +H* (6.2)
the concentrations of CO,, HCOz, COj;, and
hydrogen ion, H+, cannot all vary independ-
ently. Each reaction is associated with one
thermodynamic mass law constant which relates
the concentrations of products and reactants
at a given temperature, pressure, and salinity.
The concentrations of all four species are
prescribed if any two species, or linear combi-
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nation of species, are known by measurement
together with the temperature, pressure, and
salinity. Thus the inorganic carbon system is
chemically bivariant. The time to establish the
equilibria described by (6.1) and (6.2) is very
short compared with the rates of exchange in
our model. These two reactions may therefore
be considered to occur instantaneously.

To characterize the inorganic carbon system,
oceanographers often measure the pH (related
to the concentration of H+) and the alkalinity
(more precisely, the carbonate alkalinity cor-
rected for the influence of borate, hydroxide,
and hydrogen ion on the total). The carbonate
alkalinity is defined by:

49 =[HCO31 +2[CO5] (6.3)

where, as in (4.7), brackets denote concentra-
tions of individual chemical species. From values
of the pH and alkalinity, and with the use of
special tables based on data collected in the
laboratories of K. Buch (Harvey, 1955), the
concentrations or pressures of other species or
combinations of species may be calculated. Two
such quantities are of special interest in the
present case: the partial pressure of CO,, which
in subsection 5.2 we designated by p;; and the
concentration of all species of dissolved inorganic
carbon combined, which is defined by:

Cq =[CO,) +[HCO; ] +[CO5] (6.4)
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Because of its chemical bivariance, the in-
organic carbon system poses a more difficult
problem in evaluating chemical transport than
tracers such as salinity and oxygen. This per-
haps explains the reluctance of oceanographers
to give to carbon, the element most intimately
and fundamentally involved in organic pro-
cesses in the oceans, the same degree of atten-
tion that they have devoted to the related
tracers, oxygen and phosphorus (Redfield
et al., 1963).

All oceanic tracers, including those of carbon,
should obey the transport equation (2.1). The
complicated electrochemical property, pH (see
Skirrow, 1965, pp. 231-240), and quotients of
chemical concentrations such as “‘specific”
alkalinity (alkalinity divided by salinity) (see
Koczy, 1956) are therefore unacceptable as
tracers. No confusion in selecting carbon tracers
arises if we choose stoichiometric quantities
whose concentrations are independent of the
ionic reactions (6.1) and (6.2).

The most directly applicable stoichiometric
tracer is the tnorganic carbon, C, defined by
(6.4). It can be accurately, and could be
routinely, measured by acidifying ocean water
and then determining the quantity of evolved
CO, (Skirrow, 1965, p. 251).

Local changes in the concentration of in-
organic carbon, C, are & result principally of
three chemical processes:

%i4

In ocean water: Ca*™ 4+ CO; == CaCO,

2 insoluble
At carbonate

(6.5)
{other metal ions may substitute for Ca™t)
XiB
In ocean water: CO,<=" organic C+0, (6.6)

%Bi

At the ocean surface:

Xi0
co, == Co, (6.7)
(in the water) %04 (in the air)

The concentration of inorganic carbon, C,
responds directly to net rates of change owing
to these reactions. The reservoir source function

for € in reservoir ¢ {(1=1, 2, 3} (cf. 5.13 and
Table 1) is thus given by:

ch =q, +b; +f, (6.8)
where
reaction a:
{CO,~
a,- (_*L 3 ]) (6.9)
ot rate owing to net
reaction (6.5)
reaction b;
2[CO
b - (__[ ’]) (6.10)
ot rate owing to net
reaction (8.6)
reaction c:
2[CO
fi= ([*1]) (6.11)
ot rate owing to net

reaction (6.7)

Writing f for f,, noting that f3=0 (no atmos-
pheric exchange for the deep water, DW), and
observing (5.12), we obtain the specific source
terms of C in Table 1. In thes2 equations and
in Table 1, we recognize the central importance
of inorganic carbon as a non-conszrvative tracer
in the oceans by designating it as the ’princi-
pal tracer’ in the sense of subsection 4.4.

The carbonate alkalinity (Skirrow, 1965, p.
250) is a second stoichiometric tracer which is
useful because of the simple form of its reservoir
gource function. Its numerical value according
to (6.3) is proportional to the total negative
charge owing to the inorganic carbon system
(whether complexed with metal ions or not).
Its value is, thus, unaffected by addition or
subtraction of the electrically neutral species,
CO,, and, since the change in concentration
of hydrogen ion with CO, under oceanic con-
ditions is negligible, its value is unaltered by
processes (6.6) and (6.7). The reservoir source
function for carbonate alkalinity thus takes
the simple form:

rate owing to net
reaction (6.5)

a[CO7) )

Ap _A
- -2
Qi ="yay ( o

(6.12)

Since a gain or loss of one mole of COg results in
a gain or loss of two equivalents of negative
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charge, the source ratio 4y has always the
numerical value 2. It will, nevertheless, be
useful to retain 4y in our equations to identify
concentration units.

6.2. Organic carbon, oxygen, and inorganic
phosphorus

The tracers, inorganic phosphorus and oxy-
gen, we define by:

Fq =[POF]

°q =[0,]

(6.13)

(6.14)

where POj stands for all inorganic forms of
phosphorus measured in the conventional
analysis of phosphate in ocean water (Barnes,
1959, p. 151).

To determine the source ratios associated
with these tracers we shall adopt the opinion
of Redfield et al. (1963) that the average pro-
portion of phosphorus to carbon in the organic
material formed in surface waters of the open
ocean (forward reaction 6.6) is nearly constant
from region to region, and that oxidation of
organic material in surface and deep water uses
up oxygen in nearly a fixed ratio to the carbon
(reverse reaction 6.6). We shall initially accept
Redfield’s atomic ratios P:C:0 in plankton
formation (Redfield et al., 1963, p. 32)
1:106: —276. We rewrite the reversible equa-
tion (4.5) for synthesis of organic carbon,
omitting radiocarbon:

wCO, + (2 +y)H,0 + yNO; +2PO¢

=C,(H,0), (NH; ), (POT), + (w+ 29)0, (6.15)
where w, z, y, and z are averages over all of
the individual chemical reactions of organic
synthesis. Because we deal only with carbon,
phosphorus, and oxygen as tracers, this equa-
tion is sufficiently accurate for our present
purpose. We note that the atomic ratios
P:C:0 are as z:w: —2 (w+2y) whereas the
stoichiometric coefficients (cf. 4.7) are given by:

Ypo,= — 2,

VYCo, = — W, Vo,=W+ 2y.

We further note that the tracer coefficients
(cf. 4.10) Pupo,, Cuco, and Cuo, are all equal
to unity. Thus we obtain the following values
of the source ratios by substitution in (4.17):
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P =vpo‘= -2

1
= —- = 0,0094
106

PCO, —-w

(6.17)
o, _ ("_01) ) (’i‘i‘l‘) - (M) )
4 VPO, vco, -z

(;" -
—-—w
i3% _ 130

s JE S .
— " Tos 1307 HB (6.18)

These values are, of course, only rough aver-
ages. The possible relative error in Ty is larger
than for %y, but the average magnitude of
neither is well established.

The three-reservoir model does not require
that the ratios be the same for WSW and CSW,
but this approximation will be used (see Table 2).
As we shall see in section 7, if a sufficient
number of tracers is chosen, the ratios we com-
pute for %y and Fy are not independent of the
concentrations of the tracers that are assigned
to the three reservoirs, and we must modify
Redfield’s ratios to be consistent with our
concentration data.

6.3. Radiocarbon

6.3.1. Introduction. A full account of the distri-
bution of radiocarbon in the oceans requires
the most detailed description of local pro-
cesses of any tracer we shall consider. In
our formulation of local processes for radio-
carbon, as for bulk carbon (6.5, 6.6, 6.7), we
must distinguish between inorganic, organic,
and insoluble carbonate. Furthermore, radio-
carbon, being a rare isotope, undergoes frae-
tionation relative to the abundant isotope 2C.
Hence both forward and reverse reactions must
be explicitly considered. Finally, being a radio-
isotope, it undergoes radioactive decay. In
spite of this complexity, if the concentration
of oceanic radiocarbon in all its forms were
known in details, radiocarbon would present an
exceedingly useful tracer, not only because
its known rate of radioactive decay establishes
absolute rates of change, but also because of the
multiplicity of relationships for radiocarbon
which supplement those for bulk carbon without
introducing new unknown sources. Further-
more, should the distribution of the rare stable
isotope, '*C, also be investigated in the same
detail as MC, all isotopic effects could be
precisely separated from effects owing to
radioactive decay (e.g., see Craig, 1954, p. 133).
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It is not practical to discuss here all these
possible relationships since our aim is to solve
the three-reservoir model with the limited
existing data. The reader, by applying the
general equations (3.21), and (4.27) or their
three-reservoir steady state analogues (5.11),
(6.8), and (6.19) to each form of carbon and
comparing common factors can, however,
satisfy himself that new information on tracer
transport could be gained if stable and radio-
isotopic data were available for all forms and
for all regions of the ocean where the distribu-
tion of bulk carbon has been investigated.:

If we accept (6.8) as the reservoir source func-
tion for total dissolved inorganic carbon, the
corresponding equation for radiocarbon reads:

*Qi = *Via a;+ *‘J’w b, + *710 fithy— *2 *Qt W,

(6.19)

where according to (4.26) and (4.43) and the
definitions in subsection 5.2:

* *
*ym = M (1= 1’ 2’ 3) (620)
Qg — 04y
* *
b — b
*yw=LB_‘£E__V_Bi_B£ (?;=l, 2, 3) (6.21)
blB—‘bBi
h; =Aio Kio po(*'}’ol - *'}’to) (i=1,2) (6.22)

1 In this connection the tracer equations are
instructive in prescribing what quantities should
be measured and reported by radiocarbon labora-
tories. The quantities which must be known ex-
perimentally are the source ratios defined by (4.24).
These require a determination of the isotopic ratios
of substances as they exist ¢n the oceans together
with fractionation factors which can be determined
in the laboratory or deduced from oceanic measure-
ments of 13C. Investigators who report their experi-
mental data “corrected” to an arbitrary standerd
13C[12C ratio (e.g., Broecker, 1963a) are providing
numbers in which these simple relationships are
obscured. Such “corrected” values do not obey a
simple equation of continuity. If the laboratory
method for preparing a sample for radiocarbon
determination results in isotopic fractionation, the
procedure which is called for by the oceanic rela-
tionships is to measure the 22Cf12C ratio of the sample
and of the original material and to correct the
radiocarbon value to the latter. In any case, all
relevant laboratory measurements should be re-
ported. Because Broecker {1963a) did not report
his measurements of *C/{22C ratios, we have been
obliged in the next section to guess at his correction
factors.

(4;, is the surface area of reservoir ¢ exposed
to the atmosphere, x, the gas exchange coef-
ficient for CO, defined by (4.3.2), p, the aver-
age partial pressure of CO, in the atmosphere,
and y,;, y;, the source ratios for invasion and
evagion of CO, at the ocean-atmosphere
boundary).

6.3.2. Source ratios related to a; and b;. The
primary production of biocarbon in the ocean,
given in our notation by bz, takes place near
the surface of the ocean where sufficient radiant
energy is received from the sun to support
photosynthesis (Ryther, 1963). Gravitational
settling of particulate organic detritus trans-
ports a portion of this biocarbon to the deep
water. As indicated below, the transport of
dissolved biocarbon upward from deep water
to surface waters is small compared to the flux
of detritus downward. Thus, in the surface
reservoirs, the net source function b, is negative,

ie.:
b;g>bg;
1B~ OpBi (i=1,2)
b;<0

(6.23)

Although we lack direct evidence, we may
expect similar relations to hold for insoluble
carbonate.

In deep water, DW, the production of in-
soluble carbonate and of biocarbon is very
small, or zero. Thus we assert:

Qg = 0, bng 0. (6.24)
Simplifying (6.20) and (6.21) as applied to the

deep water (¢ =3):

*Yaa™ ¥y 43 (6.25)

*vep = *y g3 (6.26)

For the surface reservoirs, WSW and CSW,
neither the forward nor reverse reactions are
negligible. We are, nevertheless, forced to make
simplifying assumptions to solve our model,
and the problem is to use the meager existing
data to avoid serious errors.

Taking up biocarbon first, recent results of
Williams (1965) indicate that the average
concentration of dissolved organic carbon of
surface Pacific Ocean water is likely not to
exceed 1 mg per liter (0.08 milligram-atoms/l)
while the average concentration of particulate
organic carbon is less than 0.1 mg per liter.

A rough estimate of the vertical transport
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of alkalinity, inorganic carbon, and biocarbon,
using Williams’s data for biocarbon and the
data of section 7 for alkalinity and inorganic
carbon indicates that the vertical gradient in
biocarbon is too small (even if the concentra-
tion in deep water should be near zero) for
advective or eddy transport to account for more
than a small part of the vertical biocarbon
flux. The latter must be largely a gravitational
flux of particulate organic carbon which falls
through the water, as assumed by Eriksson
(1959).

If we now write down the complete set of
equations for inorganic carbon, biocarbon,
alkalinity, and their radiocarbon equivalents,
in the framework of a two-reservoir model
consisting of one surface reservoir (i =1) and
one deep water reservoir (¢ =2) (cf. Craig, 1963),
and if we allow for a gravitational flux, bg,
we can solve for the source terms b,p, bg,
bpa=b,, the flux by, and the radiobiocarbon
concentrations %R, -%q, and ¥R, %¢, as func-
tions of Williams’s estimates of concentrations
of biccarbon Fg, and Bg,, and various arbitrarily
assigned relative magnitudes of the reverse
reaction of biocarbon in the surface reservoir
bmfb,

Using data for either WSW or CSW, such a
calculation indicates that the radiocarbon age
of biocarbon relative to inorganic carbon in
the surface water is very low even if the reverse
reaction rate, bp, is zero. For increasing
bpi/by the age of biocarbon relative to inor-
ganic carbon tends towards zero. Thus we will
not produce serious error in the radiocarbon
balance if we set by, = 0. Furthermore, since the
principal mode of transport of biocarbon is a
gravitational flux, the model is not sensitive
to the assumed vertical gradient of biocarbon,
and we shall further simplify the calculation
by assuming Zg, to be constant.

In the case of the alkalinity sources, a;, since
the conecentration of insoluble carbonate (al-
though not known) should be still less than that
of biocarbon, the reverse reaction can again be
neglected without serious error in the radio-
carbon balance. Thus, for surface reservoirs
we set the a,, and by, (7 =1, 2) equal to zero in
(6.20) and (6.21) and obtain:
(t=1,2)

*Via=*Yia (6.27)

*Yo=*riz (i=1,2) (6.28)
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6.3.3. Ezchange between the atmosphere and the
ocean: f. The specific reservoir source term of
inorganic carbon owing to a flux of CO, between
the atmosphere and surface reservoir ¢, accord-
ing to (4.35), (6.11), and the notations of sub-
section 5.2, is given by:

(¢=1,2)

fi =A{axia(po -y (6.29)

Similarly (cf. equations 4.32, 4.41, 4.44, and
6.22) the corresponding source term for total
dissolved inorganic radiocarbon is given by:
(¢=1,2)

*y=Ayo%i6(*VoiPo — *710P1) (6.30)

=%yl +hy (E=1,2). (6.31)
If we eliminate x,, between (6.22) and (6.29)
we obtain an expression for A; in terms of f

and measurable quantities, valid if p,=p;:

P
ht=ft( z
Do —P1

) Cyoi=*y0) (6=1,2) (6.32)

6.3.4. Reservoir source functions and conservancy
equations for radiocarbon. With the simplifying
assumptions of subsection 6.3.2, we revise
(6.19) as it applies to each reservoir:

*Q1=*V1401 + *p1by — ¥yy f e - FA* W,
(6.33)

*Qa =*V2n@; + *Yapby + ¥yaof thy — *A*, W,

{6.34)
*Qy = *p sty + *ypsbs — *A¥q, W, (6.35)

From the requirement, at steady state, that
radiocarbon be separately conserved in the
forms of insoluble carbonate, biocarbon, and
inorganic carbon:

3
* * * * Ic*
P14yt Vea Qe+ Yag Gyt A le qW,;=0

(6.36)

3
*yi5 0+ “yap by + ypsby + *lizl B W,=0
(6.37)
"Q+ @ +7Q,=0 (6.38)

Employing (6.33) to (6.38) simultaneously to
eliminate the a; and b,:
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3
(*720="y10)f Ty + g = *1121 g+ P q+*q) W,
(6.39)

The terms on the left side give the net flux
of radiocarbon entering the oceans from the
atmosphere and those on the right side give
the total decay of radiocarbon in the oceans.

6.3.5. Comparison of the two surface reservoirs.
We lack precise values of the fractionation
factors for radiocarbon and shall not be justi-
fied in distinguishing between the values
assigned to the separate reservoirs. Specifically,
we shall assume:

X4 =04, 1B =0ep (6.40)
C c
Oy 0oy = Oty Kogs } (6 41)
c _c :
Oy %,eq = %3 X3,eq°

Furthermore, we shall not introduce serious
error in evaluating *p,; and *pgs from (6.36)
and (6.37) if we simplify these two equations
by assuming:

°R.=°R. (6.42)

even though we do not make this assumption
elsewhere. Observing (6.40), (6.41), and (6.42)
and the definitions of *y,, and *y; in sub-
section 5.2:

*y14 = *124 (6.43)

*»15 = *Van (6.44)

Substituting for *y,, and *y,p in (6.36) and
(6.37) and noting that (5.12) applies to the
sums of the a; and by

3

(*7A3 —*y14)a,+ *}.‘Zl C* g, W =0 (6.45)
3

(*yss—"y18)bs + *}.izl By W,=0 (6.46)

7. Numerical calculations and results

7.1. Data

We begin by assigning average values to the
concentrations of the various tracers in the
different reservoirs using data for the Pacific
Ocean. It is difficult to say whether this leads

to any more serious inconsistencies than were
introduced by Eriksson (1959), who estimated
averages for WSW, CSW, and DW from data
of all the oceans. Qur choice is influenced by
the availability of extensive new observations
on the carbon system in the Pacific Ocean. We
shall consider three cases:

Case I: for WSW, observations within a few
degrees of the equator; for CSW, observations
near Antarctica.

Case II: for WSW, averages of observations
between 40° N and 40° S; for CSW, averages
of observations south of 40°S.

Case II1: for WSW, same values as Case II; for
CSW, averages of observations north of
40° N;

All cases: for DW, average values as described
below.

This selection allows us to compare results
for different regions to gain some understanding
of the limitations of the model. The third case
is of course not realistic, since the northern part
of the Pacific Ocean is not a source for deep.
The three cases do, however, together produce
an interesting illustration of the three-reservoir
model.

As Figs. 6-13 show, the surface distributions
of the tracers we have chosen do not suggest
any particular preference for dividing the
surface water into reservoirs at any specific
latitudes. The choice of 40°, N and S, is based
essentially on a consideration of temperature,
these latitudes having the maximum tempera-
ture gradients (see subsection 5.1).

Surface water values for temperature and
all chemical tracers except inorganic radio-
carbon, are based on observations from Russian
cruises during 1957-1959. Surface radiocarbon
isotopic ratios are based on reports by Broecker
(1963a) and Bien ef al. (1963) with “R. =°Ro
(see subsection 5.2.4). Tables 3, 4, and 5 list
the Russian data as reported to the U.S. Natio-
nal Oceanographic Data Center, Washington,
D.C. The tables also list concentrations for
borate, carbonate alkalinity, the Harvey in-
organic carbon factor, and the concentration
of inorganic carbon calculated from the Russian
values for salinity, temperature, pH, and
titration alkalinity according to the methods of
Harvey (1955, pp. 160-175). Borate concen-
trations are determined from Harvey’s Table 20
(pp. 164-165); the Harvey factor is based on his
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Fig. 7. Surface distribution of dissolved inorganic carbon.

Table 26 (pp. 174-175); salinity values were
converted to chlorinities by Harvey’s equation
(p. 126). The tables list average values used
for Cases II and IIL. (The oxygen concentra-
tions in mmol/l are obtained from values in
ng atoms/l using the factor of Sverdrup et al.
(1942, p. 188).) The data for Case I were selected

Tellus XX (1968), 1

by inspection of the surface distributions plotted
in Figs. 6-13.

For deep water, DW, we have not taken the
trouble to average the Russian Pacific Ocean
data but have accepted average values from
various references listed in Table 6. Some of
these selections require additional comment.
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Fig. 9. Surface distribution of inorganic phosphorus.

To determine the carbonate alkalinity, we
take 0.005 as the difference in specific alkalinity,
A, between WSW and DW. We convert the
carbonate alkalinity to specific alkalinity
(titration alkalinity divided by chlorinity) and
the reverse by the method of Harvey (1955, pp.
160-175). For WSW we obtain from the data
of Table 4 A4, =0.1233, in good agreement with

Wattenburg’s value of 0.123 (Skirrow, 1965,
p. 248). Hence to DW we assign A4, =0.1283.
This value agrees closely with the value of
Koczy (1956, p. 283) for deep Pacific Ocean
water (0.1285), although Koczy’s value for
Pacific Ocean surface water (0.120) is signifi-
cantly lower than our value for WSW.

For oxygen in waters below 2000 meters,

Tellus XX (1968), 1
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Table 6. Data for Pacific deep water (DW)

Carbonate alkalinity 2.423 meq/1 Sverdrup et al. (1942, p. 208)
Inorganic carbon 2.330 mg atoms/t Eriksson (1962, p. 4)

Oxygen 0.18 mmol/1 Eriksson (1962, p. 4)
Inorganic phosphorus 2.58 ug atoms/1® Eriksson (1962, p. 4)

Salinity 34.70g kg Bolin & Stommel (1961, p. 96)
Inorganic radiocarbon ratio 0.810 Broecker (1963 a, p. 145)
Temperature 1.50°C Bolin & Stommel (1961, p. 98)

% Reference quotes 0,80 ug/liter.

Eriksson (1959) computed an average concen-
tration of 0.18 mmol/l. He noted that waters
above 2000 meters are generally lower in oxygen
concentration than deeper waters and arbitrarily
(as far as we can tell) reduced the value he
assigned to DW in his model to 0.17 mmol/L
Our model is not sensitive to such a small
adjustment and we initially adopt Eriksson’s
original value.

For salinity and temperature we take the
values which Bolin & Stommel (1961) quote for
“‘common water’’.

For inorganic radiocarbon the isotopic ratios
assigned to all reservoirs, based on data of
Broecker (1963a), are raised by 10 %, to account
for isotopic fractionation at the ocean surface,
given in our notation by o,e, - Ce; (ef. footnote
of subsection 6.3).

The values assigned to the various reservoirs

Because of insufficient data, we cannot make
full use of insoluble carbonate, IC, and bio-
carbon, B, as tracers. To treat the radiocarbon
budget of the ocean adequately, however, we
need some idea about existing concentrations.
As quoted in subsection 6.3.2, we assume:

Bg,~0.08 mg atoms/l (i =1, 2, 3)
©q<Bq, (i=1,2,3)

In estimating the concentration of radio-
carbon in insoluble carbonates and biocarbon
{®#q, and F*q,), it is sufficient to note that the
uncertainty of the values just quoted does not
justify us in assuming I°R,/R. and BR,/R. to
be different from unity.

For the isotopic fractionation factors, a study
by Craig (1954) indicates the following average
values:

are listed in Table 7. The values assigned for ay =1.000 (v=1, 2)
pH and p; were ‘calculated from the assigned @5=0980 (i=1,2)
values of inorganic carbon and carbonate alka- —0.972 (i=1.2
linity according to the method of Harvey (1955, %ot =0 (=12
pPp. 160-175). Coy oy 60 =0.988 (5=1,2)
Table 7. Data for three-reservoir model

Case: I II, 111 I II III I, IT, II1
Reservoir name: WSwW WswW CSW CcsSw CsSwW DWwW
Reservoir index: 1 1 2 2 2 3
Property
49, carbonate alkalinity (meq/l) 2.249 2.296 2.298 2.283 2.227 - 2.423
Cq, inorganic carbon (mg atoms/l) 1.950 2.017 2.200 2.139 2.063 2.330
94, oxygen (mmol/l) 0.196 0.212 0.357 0.308 0.293 0.180%
g, inorganic phosphorus

(ug atoms/l) 0.40 0.18 1.80 1.17 1.13 2.58°
Sg, salinity (g/kg) 35.00 35.20 34.00 34.30 32.92 34.70
C%,/R.,inorga.m’c radiocarbon ratio 0.955 0.955 0.925 0.925 0.925 0.810
*q, inorganic radiocarbon (mmol/l) 1.862 1.926 2.035 1.979 1.908 1.887
T, temperature (°C) 29.00 25.27 0.00 6.89 8.37 1.50
pH 8.20 8.20 8.04 8.08 8.10 7.98
P, (atm x 10%) 319 317 402 374 365 504

¢ Case II' employs 0.150 for oxygen, no change for inorganic phosphorus; Case III’ employs 0.105 for
oxygen, 3.00 for phosphorus, cf. subsection 7.2.

Tellus XX (1968), 1
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Fig. 11. Surface distribution of dissolved inorganic radiocarbon.

As stated in subsection 6.3.5, differences in
isotopic fractionation between the two surface
reservoirs are neglected. Using these values,
values of °R,/R. of Table 7, and the definitions

For deep water the dissolution of carbonate
and oxidation of biocarbon proceed irreversibly
(cf. 6.24, 6.25, 6.26), hence:

of subsection 5.2: %43 =1.000 ag’ =1.000
%*, —_ % —
V14 =0.955 Y24 =0.925
and thus
*1.5 = 0.936 *v,5 =0.906
*11o =0.917, ¥y, =0.888 * =CRo/Re  *vu="Rs/R.

Tellus XX (1968), 1
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For the radiocarbon decay constant, we use
the value of Craig (1957): ;

*), = (8,033 years)—

We have, finally, assumed (cf. Sverdrup et al.,
1952, p. 15) as values for the world oceans:

Tellus XX (1968), 1

Fig. 13. Surface distribution of temperature.

WSW: W,=  160-10%7 liters
CSwW: W, = 80-1017 liters
DW: W,=12,980-10%7 liters

WSW: 4,, = 2.4-?/V/cm’
CSW: A, =  1.2-T0V em?

39
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Table 8. Computations for the deep water (DW)

Colurnn: 1 2 3 4 5 6
Case: 1 11 I 111 i Ir
oy -1.3 -13 -11 -1.3 -1.3 ~1.1
%, (1017 1/yr) 9.0 13.3 12.0 21.0 11.7 11.5
k_g (104 1)yr) 2.2 -1.3 -0.3 -17.7 0.03 0.1
a, (1017 mg-at/yr) 0.76 0.85 0.83 1.57 0.82 1.13
b, (1017 mg-at/yr) 1.26 1.28 1.39 1.64 1.42 1.97
Py (x 109) 9.44 12.18 11.74 7.37 11.64 11.07
*yas 0.955 0.955 0.955 0.955 0.955 0.955
*y g3 0.836 0.838 0.845 0.859 0.847 0.872
7, (yr) 1150 1080 1100 970 1110 1120
Bz, (yr) 860 840 780 660 760 550
5¢a (%) 34.63 34.75 34.71 34.88 34.70 34.70

The difference in relative size of the North
and South Pacific CSW will not influence
critically any of our general conclusions. For
simplicity we shall use the above values for all
three cases as explained in subsection 5.1. Thus,
we shall calculate source terms for a series of
model world oceans having the average pro-
perties listed in Table 7.

7.2. Calculation for the deep water reservoir (DW)

Since processes in the deep water, DW, do not
depend directly on exchange at the air-ocean
boundary, the system of equations obtained
from applying (5.11) to this reservoir is com-
paratively simple. It can be solved explicitly
and gives an insight which is of considerable
value when treating the more complex surface
reservoirs.

A5,k — 40, k_s+%y a, -0 (4) )
Cykey~C03_ 5+  ag+ by=0 (©)
08, Jeg— 0, k_5+ %% b,=0 (0)
By dey =0,k 5+ Py b,=0 (P)
Syky =50,k 4 =0 (S)
*uky ="k g+ "yasay+ *ypby =A%, W, ()

(7.1)

In addition to the four unknowns k,, %_,,
as, and b; which express transfers into DW,
we do not a priori know the source ratios
*y 43 and *yp; which relate the source terms of
inorganic radiocarbon in DW to those of in-
organic bulk carbon (@; and b;). This is because
the former terms depend on the radioactivity

of insoluble carbonate and biocarbon in the
deep water. Equations (6.45) and (6.46), how-
ever, yield two further relations based on the
requirement of conservation of radiocarbon
in insoluble carbonate and biocarbon.

Combining (6.45), (6.46), and the six equa-
tions, (7.1), we have eight equations and six
unknowns, k,, k_g, as, b3, *y43, and *yps;. The
system is, thus, overdetermined. This implies
that we cannot independently specify the con-
centrations Lq, and all of the source ratios,
4y, %, and ©y. The value of 4y is uniquely given
as 2 by the stoichiometry of the inorganic
carbon system, but %y and Fy are weighted
space and time averages whose values must be
estimated from oceanographic data. Since we
expect %y to vary over a narrower range than
2 v, we shall now consider * y as an unknown
rather than assume Redfield’s value (see sub-
section 6.2). Also, we shall for the moment
disregard the salinity equation 7.1S.

We now use the values given in Table 7 for
the concentrations of 4, O, O, P, *; we exclude
equations (7.18) and (7.1P); and we solve the
six remaining first-order equations (considering
*ya43-a; and *yps-b; as unknowns). We thus
obtain for Cases I, II, and III (see subsection
7.1) the results given in Table 8, columns
1, 2, and 4. Source ratio 'y was afterwards com-
puted from equation (7.1P) using the values
for k,, k_,, and b, already obtained. In column 3
we show the results of a computation for
Case II using % = —1.1 instead of -L1.3.
The values in columns 5 and 6 are explained
below.

The results for the North Pacific Ocean (Case
III) are impossible to reconcile with a three-

Tellus XX (1968), 1
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reservoir model: we obtain a large negative value
for the transfer coefficient k_, in violation of
(3.8). Even for Case II, k_, is negative, but a
moderate increase in % to -1.1, within the
uncertainties for this source ratio, yields an
almost acceptable value. The source terms
a; and by (except for a4 in Case I1II) are insensi-
tive to the differences in assigned concentra-
tions. The ratio Ty is in fair agreement with the
value 0.0094 based on Redfield et al. (1963)
(see subsection 6.2).

The negative values for k_; found for Cases
II and III need further explanation. With fy
regarded as an unknown (see above) the ratio
ky/k_s depends only on the distributions 4, C,
and O, and the source ratio %. This is seen if
we eliminate @y and by between (7.1A4), (7.1C),
and (7.10) thus:

A o
(C‘sa - ;6-2 - %(E)kz - (C‘Sa - ’le_s - —023)1‘7*3:0
g Y Y Y
(7.2)

The sum of terms enclosed in the second paren-

theses is clearly positive for all cases con-

sidered. Therefore to obtain k_, >0 requires:

i(s_’ - i)é“ >0
L4 4

(7.3)

If we accept the data of Table 7 we obtain, asa
condition on the source ratio for O;

Case IT: % > -1.06
Case ITL: %y > —0.67

The concentration data themselves are un-
certain, however, and we could choose to fix
oy and vary one or more concentrations so as to
preserve & positive value for k_;. For example,
Eriksson (1959) adjusted downward the DW
value of oxygen to allow for the influence of
intermediate waters. If we fix all concentra-
tions except g,, the condition k_g >0 leads to:

If % = -1.3: Case II: %, <0.151
Case I1I: ¢, <0.073
If % = —1.1: Case II: %, <0.175

Case III: °g, <0.107

The model clearly prefers lower values of

Tellus XX (1968), 1
4 — 682892

oxygen for Case III than for Case II. This is
consistent with oceanographic observations
(Reid, 1965) that the intermediate waters of the
North Pacific Ocean are distinctly lower in
oxygen than those of the South Pacific Ocean.

In Table 8, columns 5 and 6, we show results
based on lower values for %g,; using primes after
the case numbers to indicate adjusted data. We
have chosen as Case II’, data of Case II except
Oq, =0.15; as Case IIT’, data of Case III except
Oy =0.105, and Pq, =3.00. (The latter change,
which preserves & reasonable value for fy, is in
line with oceanographic observations (Reid,
1965).) In the computation for Case III’ we
use %p = ~1.1.

For the South Pacific Ocean, fixing %y = - 1.3
and reducing °g, to 0.15 yields values indistin-
guishable from preserving %¢,=0.18 and
changing % to —1.1. Either choice lies within
the uncertainty of the oxygen data and source
ratios. For the North Pacific Ocean, Oqa =0.105
is too low, and we are hard pressed to find any
realistic combination of values, even if, as In
Case ITT’, we both reduce ®g, and raise %y. We
conclude that the three reservoir model yields
reasonable results for DW employing slightly
adjusted data for the South Pacific Ocean, but
does not satisfactorily explain the deep water
transport in the North Pacific Ocean. The
model for the North Pacific Ocean falls short
of reality in many ways, but, in particular, it
neglects the influence on tracer concentrations
of northward flowing water from the South
Pacific Ocean (Knauss, 1962). This neglect is so
serious that we shall not pursue Cases III or
IIT’ further.

The values in Table 8 were obtained excluding
the salinity equation (7.18). The ratio k,/k_,
may be calculated directly from (7.1S), but the
values obtained in this way for both the North
and South Pacific Oceans do not agree even
approximately with the values based on tracers
A, C, and O. This is not entirely unexpected,
since the exchange between CSW and DW is
highly selective with respect to S in that for a
given temperature the most saline surface water
preferably sinks. The salinity values assigned
to CSW in Cases 1 and II are clearly not
representative of the water that sinks to form
DW. Table 8 shows the calculated salinity for
CSW that is consistent with the results based
on data for 4, C, and 0. We find approximate
agreement, between these calculated salinities
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and the observed salinity of the waters which
oceanographers regard as the immediate sources
of Pacific deep water (cf. Sverdrup et al., 1942,
p- 611; and Bolin & Stommel, 1961, p. 96).

The solution of the system of equations (7.1)
also allows us to calculate a mass-flux ratio!
for DW, t,, defined (with ¢ =3) as:

W,

= 7.4
ks +ky (7-4)

Ty

and a mass-flux ratio for the insoluble carbonate
and biocarbon which pass into deep water, DW,
from the surface reservoirs WSW and CSW:

Ic
i
’Cra=—~q‘ : (1.5)
a’!
B
w
st=~«~qs » (7.6)
by

Using the values for W, and Bg, quoted above,
we obtain:
73 = 1100 years

oy -

Bz, = 800 years

0 years

with only minor variation about these values
for the individual cases (cf. Table 8).

We may better understand the significance
of these numbers if we derive an analytic
expression for 7, in terms of the input data of
the model. To do so we eliminate a; and b,
between (7.14), (7.1C), and (7.1*) and rear-
range:

L (Re=Ry) , (Ry=R)
el ()

s
BR,-R,\ 45,
¥ ( —_ECARs ) A'VC%}

where we have simplified the expression by
setting k_5 =0. This condition holds approxi-
mately for Cases I and II and is imposed for
Cases IT” and III’ by equality (7.3). In (7.7) we
have also replaced *y,; and *yg, by R/ R.

(7.7)

1 If the deep water could be shown to be randomly
or well mixed internally, this ratio could be inter-
preted as an average “turn over’ or “residence’’ time
of the deep water (cf. 3.24).

and PR,/R. as prescribed in subsection 7.1.
The latter ratios can be related to the inorganic
radiocarbon ratio of surface water by (5.6),
(6.45), and (6.46). Using the values for 1*g,

and B*q, of subsection 7.1, we derive the rela-
tionships:

IcRa = alACR1 —ICTS*}*

B‘Ra = “chRl "BTs*l

(7.8)
(7.9)

where we assume (7.3) to be an equality, hence
k_, =0, and where subscript 1, in a practical
sense, designates an average over all surface
water because isotopic differences between
WSW and CSW are neglected (cf. 6.42, 6.43,
and 6.44).

Neither °R, nor 2R, is well determined by

the model because of insufficient data. Lack of
information on insoluble carbonate led us to
assert *q,=Cq, =0, equivalent to assuming
a mass-flux ratio, “z,, of zero. No direct
measurements of the 1“C/1?C ratios of biocarbon
are available, and the existing measurements
of bulk biocarbon in deep water are too few
to be sure of the numerical value of 574 evaluated
by (7.6). The average concentration of bio-
earbon in deep water is probably less than the
figure used, however,2 while the concentration
of insoluble carbonate is certainly so low that
%, is considerably less than Zz,.
Thus, the insoluble radiocarbon and the
radiobiocarbon in deep water very probably
bhave average 4C/*C ratios intermediate be-
tween those of inorganic radiocarbon in surface
and deep water, and the differences, (°R,—
Ry and (°R,—~FR,), which appear in (7.7)
are not likely to exceed (R;—°R.). Since
©8,/%¢s and 48,/*y%q, are small compared to
unity, 7, depends principally on the ratio
(R, ~°R.)/°Rs i.e., the mass-flux ratio of
deep water is prescribed principally by the radio-
carbon ratios of inorganic carbon (cf. subsection
8.8).

7.3. Calculation for the surface reservoirs
(WSW and CSW)

The equations obtained by applying (5.11)
to the surfece reservoirs permit us to calculate
additional transfer rates within the ocean and
to estimate several atmospheric fluxes. The
latter results may be compared with independ-
ent estimates of the net evaporation-precipita-
tion, F, and of the CO, tramsfer through the

2 Recent data by P. Williamms (private com-
munication) indicate that 0.08 mg 1-! (cf. subsec-
tion 7.1) is too high for deep water by at least a
factor of 2.
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atmosphere between polar
regions, f.

As pointed out in subsection 5.3, the appli-
cation of (5.11) yields independent equations
for only two of the three reservoirs. We may
thus consider one of the surface reservoirs in
combination with the deep water reservoir, or
alternatively, we can solve the equations
obtained from the two surface reservoirs
without making use of those for the deep water.

If we adopt the latter approach with Fy as
an unknown (as in subsection 7.2), the equations
for inorganic phosphorus, P, will contain
products of two unknowns, fy-b, and Py -by,
and the equations cannot be solved as a linear
set. Furthermore, the overdeterminacy of the
equations for deep water is implicitly contained
in the set of equations for the surface reservoirs,
but the means of eliminating the redundancy
is not obvious on first inspection. We have found
soveral ways around these difficulties, but to
describe them here is unnecessary.

We shall instead adopt the simpler procedure
of solving the equations for one of the surface
reservoirs, using the results already obtained
for the deep water reservoir.

We obtain for reservoir 1 (WSW):

A8,k — 48,k 1 +4¢, F+%ya, -0 (A)]
C83ky—C8,k_1+%q, F +

and equatorial

a,+b,—f =0 (C)

O8,ky—°8,k_1+%, F +%b,~g =0 (0)
Poyky—T0,k_1+Fq, F +Fyb, =0 (P)
Sykey—"0,k_1+5, F =0 (8)

*8ky =8k 1+ ¢, F+*piaa,
+*'Yle1—*'Vx0f+h1_*}'*‘IlWl:O (‘) J
(7.10)

These six equations contain eight unknowns,
ke k_y, F, a,, by, f, g, and h,.

The six tracers considered are thus insuffi-
cient to determine all the transfer rates in our
model. We may at this stage use (6.32) to relate
the h, to f on the basis of the partial pressure
differences of stable and radicactive CQ, across
the ocean surface. The partial pressures which
appear in these equations vary considerably,
however, for small variations of “4g, and ‘g,
and we cannot rely on the values we calculate
for the partial pressures from these data, using
the tables of Harvey (1955) (see subsection 6.1).

Tellus XX (1968), 1

We also prefer not to insert estimates of the
atmospheric water flux or source terms based
on other investigations since, firstly, these
estimates are themselves uncertain, and sec-
ondly, to whatever extent they can be relied
upon they are needed to compare with the
results of our model. We are left with the
alternative to solve for prescribed values of
two of the eight variables; and we choose, for
convenience, Ak as defined by (5.10), and k_,,
the transfer coefficient from CSW to WSW. If
we adopt the interpretation of reservoir models
which leads to (3.19), the former is equal to the
net flux of water which circulates through
the reservoirs in the direction WSW to CSW to
DW, and is thus a measure of advection; while
the latter, for positive values of Ak, is pro-
portional to the eddy transport coefficient
between the surface reservoirs. These two
quantities, together with the two water transfer
coefficients already calculated for the DW
reservoir, completely specify the water transfer
between oceanic reservoirs.

After (7.10) is solved, we solve for remaining
unknown transfer coefficients and source terms
associated with reservoir 2 by using the source
conservation equations: we obtain k; and k_,
from (5.10); a, and b, from (5.12); and h, from
(6.39). We also compute the partial pressure
differences of stable CO, across the ocean sur-
face from (6.32) and the ratio of the CO, ex-
change coefficients between CSW and WSW,
®30/%10» Dy the use of (6.29) applied to the two
surface reservoirs.

We sample all the physically realistic solu-
tions of the model by selecting, for Ak, values
from —4 to 10 x 107 1/yr; for k_, 0 to 20 x 107
1/yr. Values outside these ranges produce solu-
tions with negative values of ~b,, for one or
more of the k;, k-, in violation of (3.8) and (6.23).

The calculations were performed by a Control
Data Corporation 3600 computer at the Uni-
versity of California, San Diego.! A summary

1 A more detailed form of this paper (or extended
version, or material supplementary to this article)
has been deposited as Document number 9833 with
the ADI Auxiliary Publications Project, Photodup-
lication Service, Library of Congress, Washington,
D.C. 20540. A copy may be secured by eciting the
Document number and by remitting $ 5.00 for photo-
prints or $ 2.25 for 35-mm microfilm. Advance pay-
ment is required. Make checks or money orders
payable to: Chief, Photoduplication Service, Library
of Congress.



44

CH. D. KEELING AND B. BOLIN

Table 9. Solutions of the three-reservoir model for Cases I and 11’

Case 1 Case II”
— A
Column: 1 2 3 8 9 10
Given: Ak (1017 I/yr) 2 0 0 4 2 2 2 0 0 0
k_y (1017 Ifyr) (] 0 4 0 0 4 8 8 12 16
—a, (10" mg-at/yr) 0.41 0.21 0.36 032 016 020 024 0.08 0.12 0.16
—-a, (107 mg-at/yr) 035 054 0.40 0.50 066 062 058 074 0.70 0.66
b, (10Y7 mg-at/yr) 0.97  0.51 1.11 0.83 042 0.76 1.10  0.69 1.03 1.37
-b, (10" mg-at/yr) 028 0.74 0.15 0.59 1.00 066 032 0.73 039 0.05
/  (10Y7 mg-at[yr) 0.29 015 0.49 022 011 034 056 045 067 0.89
F (10" lfyr) 0.04 0.02 0.06 0.06 003 009 014 0.11 0.17 0.23
g (10'7 mmol/yr) 1.20 0.63  2.06 0.84 0.42 1.26  2.10 1.69 2.52  3.36
h, (10'7 mg-at/yr 1.43 0.77 1.01 1.38  0.71 0.95 1.20 0.53  0.77 1.02
hy (10Y7 mg-at/yr) 1.81 2.47 2.24 1.86 2.52 2.29 2.05 2.71 2.48 2.24
ky (1017 1fyr) 2.0 0.0 3.9 3.9 2.0 5.9 9.9 7.9 11.8 15.8
k_, (1017 1/yr) 0.0 0.0 4.0 0.0 0.0 4.0 8.0 8.0 12.0 16.0
ky, (10Y7 1/yr) 9.0 (Invariant) 11.7 {(Invariant)
k_, (10Y7 1/yr) 7.0 9.0 9.0 7.7 9.7 9.7 9.7 11.7 11.7 11.7
ks (1017 1fyr) 4.2 2.2 2.2 4.0 2.0 2.0 2.0 0.0 0.0 0.0
k_g (10%7 1/yr) 2.2 (Invariant) 0.0 (Invariant)
P1~Po (Ppm) 3.5 3.4 8.5 2.8 2.7 6.1 8.1 14.5 14.9 15.2
PP, (Ppm) -42 -16 -59 -32 -12 -39 -72 -43 -71 -105
H90{%10 1.7 4.2 2.9 1.8 4.6 3.1 2.3 6.7 4.2 2.9
0 0 4 0 0 4 8 8 12 16
. C—w CewW C“’y Cow Cow Cow C“W CoWw Cow C\"W
Water exchanges _"\ fz '9\0/2 '9\.0 5 ;\Du/a ."(}‘D\{a 1\‘0{6 10°p<0 1’}! 12' ;}n f {} 0“0
Advection® 2 0 0 4 2 2 2 0 0 0
) o g ] &

@ The symbolic representation of water exchange and advection is an attempt to show the approximate
physwal character of the reservoir transfer coefficients. We adopt the view (for k; > k_;) that Ak(~k,—k_,)
is & measure of the net flux of water which circulates in the direction WSW to CSW to DW and that the
k_, are measures of the water which exchanges between reservoirs (cf. subsection 3.2).

of the results is shown in Table 9. We exclude
Cases III and IIT’ because unrealistic results
were already obtained from considering the
deep water reservoir. Case II, with Op = —-1.1
is not reproduced since it yields results in-
distinguishable from Case II' with % = —1.3.
In Table 10 we show additional results obtained
by modifying Case II’ (as in column 6, Table 9)
in various ways. We increase the 14C/!*C ratio,
®R,, to become equal to SR, (column 2), and
we change the 4g, and %, slightly (columns 3 to
6) to investigate how sensitive the results are
to different surface values of inorganic radio-
carbon, 1C, and to pH. We also vary 8¢, (columns
7 to 10) to investigate how sensitive the atmo-
spheric fluxes f and F are to difference values
of the surface salinity gradient, 58,.

7.4. Preliminary analysis of the results

Parameterization of two of the eight un-
knowns in (7.10) results in a bewildering array

of permissible mathematical solutions to the
three-reservoir model even after we impose the
restriction based on (3.8) that all &, and k_,
are nonnegative. We shall therefore appeal to
independent oceanographic evidence to restrict
the range of possibly valid solutions to the
equations. As we show below, little reliance may
be placed on the values of the source terms for
inorganic carbon a;, owing to uncertain pH data.
Also, the magnitudes of the atmospheric
oxygen flux, g, and the CO, partial pressure
difference in high southern latitudes, p, —p,,
are unknown. However, for all other tracer
quantities listed in Table 9 we possess knowledge
independent of our model. Furthermore, groups
of these quantities are interrelated or show
similar behavior with respect to Ak and %k_,,
owing partly to the demands of our model,
partly to the particular concentrations we have
assigned in Table 7. For either Case I or II’,
f, 9, and F vary linearly with Ak and k_,,

Tellus XX (1968), 1
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Table 10. Solutions of the three-reservoir model for Case I1’, modified

H
Modification None °R,=°R, J \ None S¢, None Sq,
Column: 1 2 3 5 6 7 8 9 10
Ak (107 Ijyr) 2 2 2 2 2 2 2 0 0
k_, (1017 1jyr) 4 4 4 4 4 4 4 16 18
Given: WSW pH 8.20 8.20 8.20 8.19 8.20 8.19
CSW pH 8.08 8.08 8.16 8.16 8.15 8.15
St 35.20 36.20 35.20 36.20
-a, (10'7 mg-at/yr) 0.20 0.20 0.29 0.49 0.10 0.28 0.20 0.39 0.16 0.66
-a, (10'7 mg-at/yr) 0.62 0.46 0.15 -0.03 0.66 0.46 0.62 0.43 0.66 0.16
-b, (10" mg-at/yr) 0.76 076 081 0.81 0.67 0.68 0.76  0.76 1.37 1.38
-by (10Y7 mg-atfyr) 0.66 0.39 0.57 0.58 0.82 0.81 0.66 0.66 0.05 0.04
(10Y" mg-at/yr) 0.34 0.34 0.35 0.47 0.14 0.24 0.34 0.48 0.89 1.26
F (107 l/yr) 0.09 0.09 0.09 0.09 0.07 0.07 0.09 0.25 0.23 0.67
g (10 mmol/yr) 1.26 1.26 1.30 1.30 1.18 1.19 1.26 1.30 3.36 3.47
hy (10'7 mg-at/yr) 0.95 0.70 1.10 1.09 0.73 0.75 0.95 0.95 1.02 1.00
hy (10Y7 mg-atfyr) 2.29 2.54 2.14 2.16 2.51 2.49 2.29 2.30 2.24 2.27
k, (10%71/yr) 5.9 5.9 59 59 59 59 59 58 158 153
k_y (10%7 1fyr) 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 16.0 16.0
ky (1017 1/yr) 11.7 9.4 11.2 11.2 12.5 12.4 11.7 11.7 11.7 11.7
k_, (1047 1jyr) 9.7 7.4 9.2 92 105 104 9.7 99 117 117
ks (1017 1/yr) 2.0 2.0 2.5 2.4 1.3 1.4 2.0 2.0 0.0 0.0
k_s (1017 1/yr) 0.0 0.0 0.5 04 -07 -06 0.0 0.0 0.0 0.0
P1—p, (Ppm) 6.1 8.3 556 74 32 5.7 61 87 152 21.8
Pr—p, (ppm) -39 -23 -—44 -57 -14 -26 -39 -54 —-105 —14.7
K1ol%1s 3.1 7.3 2.5 26 45 44 31 32 29 3.0

the sum of the b, are invariant, and the sum of
the h; nearly so, while the CO, partial pressure
difference, p, ~p,, is proportional to the
quotient f/h,. Also from (6.29) and (6.32) we
obtain:

hy _ 43_0@ (*702_*710) (1.11)

- *
hy A%, Ya—

i.e., h,/h, for a given case is prescribed by the
CO, exchange coefficient ratio x,,/x;,, or vice
versa. To restrict further the range of mathe-
matical solutions, it will suffice to consider
limits on the values of only three variables.
We choose for analysis b,/(b; +b,), #,,/%,,, and F.

Measurements of the primary production of
organic carbon in surface waters, averages of
which are denoted in our model by b5 and
byp, suggest that the average annual produc-
tion in high latitudes exceeds that in low lati-
tudes. Ryther (1963) reports:

North Sea (55° N)
West Atlantic (45° N)
Sargasso Sea (30° N)
Tropical Oceans

45-110 g m~—2 yr-t
120 g m—3 yr—?

70 gm-2 yr—!
18-48 g m~2® yr-!
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These values are highly uncertain, but suggest
that the primary production poleward of 40°
will exceed that between 40° N and 40° S by a
factor of about 2. If we choose as representative
values 100 g m~? yr-! for CSW.50gm-2yr-for
WSW, we obtain with 4,,=24,, (see subsec-
tion 7.1): byp =byp =10 x 10'? mg-atom/yr. We
have no data to calculate the ratios of primary
production to net synthesis of biocarbon in the
separate surface reservoirs, b,p/b, and b,p/b,,
although we note that the sum, b;p +byp, is
more than ten times the net production for
both surface reservoirs together, numerically
equal to b,; so that b, and b, are both almost
sure to be less than zero (cf. 5.5). Thus, we can
assert little more than that the b,/(b, +b,) must
be between the limits 0 and 1.

The magnitude of the CO, exchange coeffi-
cients x,, and x,, cannot be estimated reliably
from any data independent of that used in this
model, but the ratio can be estimated if we
accept the conclusion of Kanwisher (1963),
based on laboratory data, that the exchange
varies approximately as the square of the wind
speed. From a plot of the square of the mean
wind versus latitude (Kanwisher, 1963, p. 3823)
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k- o 4 8 i2 16 20 k- 0 8 8 12 16 20
L T r T T v T 7771 T 1 .
PACIFIC OCEAN CASE I PACIFIC OCEAN CASE I
Ak F (SFC: ~0°, ~60°, DW) Ak F WITH R, = ‘R,
—A )
4l 0 .05 10 s ] _al 0 10 20
e el o /
10
o= b I . o 0 —
by+b,
2p ' e ] 2 b | o . §
al- 1.0 ] 4_b'+b2 K20
6 | 6 1.0 ' Kio
8l - 8 -
10+ - 10 4
{ L { I { L i n 1 ' { L 1 1 1 i ! L ] ( | L |

Fig. 14. Parametric plot for Case I. The three sets
of parallel lines give the values for the parameters
byf(by+by), F, and #x,,[x,, for various values of
Ak and k (cf. text).

we expect a value for x,,/x,, between 2 and 3.
We cannot be confident that the true value is
in this range, but we are probably justified to
exclude values outside the range 1-6.

Regarding the atmospheric water flux, it is
sufficient at this stage to say that all values
obtained are considerably smaller than direct
estimates based on evaporation and precipita-
tion (cf. subsection 8.2).

In Figs. 14 and 15 we plot for Case I and IT’
lines of constant b,/(b, +b,), F, and x,,/x,, versus
the parameters Ak and k_,. Owing to the linear
relationships between the source terms and
water transfer coefficients (cf. 5.11 and 5.13)
all the lines for a given quantity are straight
and parallel. We see, firstly, that the ratio
%g,/%1, varies strongly with Ak but scarcely
at all with k_,. This we expect from the small
isotopic ratio gradient we have assigned be-

ko o 4 8 12 16 20
T ] T ] T l T ’ T ' RS
PACIFIC OCEAN CASE m'
Ak | (SFC: 40°N-40°S, 40°-70°S, DW) F

Fig. 16. Parametric plot for Case II’ assuming the
inorganic radiocarbon ratio of CSW equal to that
of WSW (cf. Fig. 14 and the text).

tween WSW and CSW. Indeed, as Fig. 16
indicates, if we deliberately set R, =CR,, the
ratio x,,[x;, varies almost exclusively with Ak.
Secondly, the computed atmospheric water
flux, F, is nearly equally sensitive to the values
of both surface water fluxes and hence to both
Ak and k_,. Thirdly, the model for reasonable
values of b,/(b, +b,) and x,,/x,, delivers un-
reasonably low values for F and, within the
limits we have set for sx,,/x,,, the model favors
values for b,/(b, +b,) which tend to be too high.
Our preferences for low b,/(b, +b,) and high F
are seen to be incompatible demands on the
model.

In the figures a heavy line encloses the solu-
tions which obey the restrictions k_,>0,
ks >0, 0<b,/(by +by) <1, 1<n,,/x,,<6. These
we shall refer to as ‘‘preferred solutions”. An
effective lower limit on b,/(b, +b,) of about 0.3
is set by our demand that x,,/x,, not exceed 6.
In Table 9 we have listed at intervals of 2 x 1017
1/yr for Ak and 4 x10'? 1/yr for k_;, nearly all
the preferred solutions for Case I and II”
arranged in order of decreasing Ak and in-
creasing k_;. These solutions are indicated in
the figures by heavy dots.

When we compare Cases I and I1” at similar
positions within the zone of preferred solutions
the values obtained in Table 9 are remarkably
similar. (Compare, for example, Case I with
Ak, k_, =(2, 0)! with Case II’ (4, 0), or Case I
(0, 4) with Case II’ (0, 8). Only one significant
difference exists between the cases: for Case I

Fig. 15. Parametric plot for Case II' (cf. Fig. 14
and the text).

1 We shall refer to paired values of Ak and k_;
in units of 10¥7 1/yr in this abbreviated notation.
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the preferred solutions comprise values for Ak
and k_, about half as large as for Case II'. This
implies that a three-reservoir ocean having
surface reservoirs with the extreme charac-
teristics of equatorial and antarctic surface
water will maintain its distribution of tracers
including radiocarbon with considerably less
surface water transport than an ocean having
a more average character, where the gravita-
tional transfers and atmospheric fluxes are
nearly the same for both cases.

8. Discussion

8.1. Introduction

To evaluate the three-reservoir model we
shall now compare the results obtained by the
model with independent oceanographic evid-
ence. We shall consider only Case II’ since it
utilizes values of the concentrations which are
averages over all latitudes south of 40° N and
therefore may slightly better represent the
Pacific Ocean than Case I (Case III and IIT’
were rejected in subsection 7.2).

8.2. The atmospheric water flux, F

The atmospheric water flux, F, was estimated
from data on evaporation and precipitation by
Wiist (1954) and from atmospheric water vapor
by Peixoto (1958). Wiist found that the net
evaporation from the world ocean between
40° N and 40° 8 is 0.77 x 107 l/yr and the net
gain by precipitation in polar regions is 0.50 x
10'? l/yr. He assumed that the difference is
accounted for by runoff from the continents.
Peixoto’s data are only from the Northern
Hemisphere. He obtains a value for the net
evaporation of 0.43 x10'7 l/yr for the latitude
belt 0-40° N (i.e., half the tropical belt) based
on data from the Northern Hemisphere winter,
when the evaporation reaches its maximum. On
this basis we may accept, as a reasonable esti-
mate for ¥, 0.6-0.8 x 1017 1/yr.

The values of ¥ that we obtain from Case IT’
are less than the lower value just quoted by
factors of 3 to 40.

Wiist showed that his estimates of the net
water vapor flux in different latitude zones cor-
responded closely to variations in the observed
salinity of the surface water. Averaged over the
zones of our model, his salinity data yield
5¢,=35.2%, and ¢, =33.9%; ie., 56, =147,
Our salinity values for CSW were adjusted to
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maintain internal consistency with other tracers
when considering DW (cf. Tables 7 and 8).
They imply for Case II’ 56, =0.50%,. Equation
(7.48) shows that variations in 58, will have
direct influence on the value of F obtained
from the model. If we recompute with a value
of 88, consistent with Wist’s, by raising ¢,
by 1.0%, with g, still equal to 34.70%,, for
compatibility with the tracer balance for the
deep water, we obtain the results shown in
Table 10, columns 8 and 10. For given values
of the water transfer parameters Ak and k_,,
the value of F increases by a factor of nearly 3
as expected. The computed value for the
atmospheric flux of CO,, f, also increases, but
only by about 409%. The relative magnitudes
of the inorganic carbon source terms, a, and a,,
also are considerably influenced owing to the
similarity of the distribution of alkalinity to
that of salinity. On the other hand, the reservoir
transfer coefficients, k,, k_;, and the other
source terms, including b, and b, remain
essentially unchanged. If we adopt the extreme
set of wvalues Ak,k_,=(0, 16), we obtain
rough agreement with the transport of water
through the atmosphere as estimated by Wiist
and Peixoto.

Clearly, the use of salinity as a tracer in the
three-reservoir model yields results inconsistent
with expectations based on other evidence.
Only by adjusting two of the three salinities
originally assigned as Case II do we obtain
reasonable values for the water transfer coeffi-
cients and the atmospheric water flux.

8.3. The atmospheric carbon dioxide flux, f

The values for the atmospheric CO, flux, f,
given in Table 9 for Case I1” (0.1-0.9 x 10" mg-
atoms/yr) agree poorly with a value of 5 x 107
mg-atoms (2 x 10" ton/yr) estimated from atmo-
spheric data (Bolin & Keeling, 1963). Even if
the assumed salinity difference %3, is increased
from 0.5 to 1.5%,, the upper limit for f is in-
creased only to 1.3 x1017 mg-atoms/yr (see
Table 10).

In this instance we cannot trust either of our
estimates of f. Firstly, the atmospheric data
do not offer a reliable estimate because the
observed difference of the CO, content of the
air between northern polar and equatorial
regions upon which the estimate essentially
depends is so small (about 1 ppm) that its
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Table 11. Original and adjusted values of the concentrations of inorganic carbon and carbonate
alkalinity from Case 11’

WsSwW Ccsw
pH e A0 pH g, g,
(Adjusted values: (p, = 325; p, = 310)
8.19 1.991 2.257 8.15 2.135 2.296
8.20 2.042 2.321 8.16 2.179 2.348
Original values: (p; = 317; p, =374)
8.20 2.017 2.296 8.08 2.139 2.283

value is highly uncertain. Secondly, the basic
data for inorganic earbon are remarkably un-
certain as discussed in the next subsection.

8.4. Sensitivity of the results for carbon
to small errors in pH

The values of carbonate alkalinity, “¢;, and
inorganic carbon, Cq,, in Table 7 are based on
observed values of titration alkalinity and pH
and were computed using the tables of Harvey
(1955). With the same tables and data we may
calculate p,, the average partial pressure of
CO, in warm and cold surface waters. Adopting
the values for temperature and salinity of
Table 7, we obtain the values shown on the
bottom line of Table 7. The world-wide average
atmospheric CO, concentration is p, =315 x 10-°
atm (Bolin & Keeling, 1963). The values of p;
in Table 7 imply a net release of CO, from both
CSW and WSW to the atmosphere but primarily
from CSW. This is contrary to all other avail-
able evidence.

To determine how seriously observational
errors in pH may affect our model, we have
made four additional computations where we
have assumed p; known and computed ¢, and
Cq, using the tables of Harvey. In approximate
agreement with Keeling et al. (1965) we assign:

for WSW: p, =325 ppm; 7T =26°C;
chlorinity =199,
for CSW: p, =310 ppm; 7T =6°C;

chlorinity =199,

To obtain values for “g; and Cg; which are
about the same as those given in Table 7, we
assume the pH to be 8.19 or 8.20 for WSW;

8.15 or 8.16 for CSW. We obtain the concentra-
tion values shown in Table 11. (The original
values for Case I are shown for comparison.)

As Table 11 shows, a change of 0.01 in pH
produces shifts in the values of the ‘g, larger
than the difference in alkalinity between the
two surface reservoirs. The g, also shift
considerably. Table 10 shows the strong in-
fluence of pH on the values obtained for the
source terms. Columns 3 to 6 give the solutions
of the model for Ak, &_, =(2, 4) with the pH
values of each reservoir, WSW and CSW, varied
independently. The carbon source terms b, and
b, shift by up to 259, the carbon source terms
a, and a, and the atmospheric flux of CO,, f, by
factors greater than 2. The transfer coefficients
k; and k_, also change, but less noticeably. The
uncertainty in measuring pH exceeds 0.01 pH
units (Skirrow, 1965, p. 242). Thus, the present
accuracy in determining inorganic carbon and
alkalinity in the ocean, using observations of
pH, is inadequate for any precise budget study
of the carbon system in the ocean. This is even
so if the ocean is divided into more than the three
reservoirs used in the present study. We also
notice that the tables of Harvey, originally
intended for oceanographic studies but pre-
pared only to the nearest 0.1 pH unit, do not
approach the precision desirable.

8.5. T'he atmospheric oxygen flux, g

High values of the O, flux, g, are associated
with high values for the atmospheric CO, flux,
f, and the water vapor flux, F. If we favor f
and F as large as possible (cf. subsections 7.5.2
and 7.5.3), we obtain (Table 10, column 10)
g = 3.5 x 10" mmol/yr.

Redfield et al. (1963, p. 55) have estimated
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the O, flux into the Gulf of Maine as 12 x 104
ml O, m-% month-! during the fall and winter,
while Pytkowicz (1964) has estimated the O,
flux out of the Pacific ocean near the coast of
Oregon during the summer months as 1.2 x 10¢
ml O, m-? month-'. Converted to annual rates
and multiplied by the area of WSW (cf. sub-
section 7.1) we obtain 4 to 40 times the largest
value of g obtained by our model.

The data indicate that most of the O, flux
in the Gulf of Maine and near the coast of
Oregon is produced by varying temperature and
by biological activity, and therefore is seasonal.
The flux, g, however, ought to be considerably
smaller since it represents only the yearly
excess or deficit produced by large-scals hori-
zontal and vertical transport processes after
averaging over the seasons. Thus, the values
we have obtained in the three-reservoir model
are not unreasonably low.

Redfield estimated the exchange coefficient
of O, during the winter as 2 x107 ml m
month™! (1 x 10° mmol em™2 yr~! atm™?), while
Pytkowicz obtained a value 7 times smaller
for the summer. The higher value agrees better
with laboratory experiments (Richards, 1957,
p. 190). Using equation (6.29) applied to O,,
the above values of » applied to WSW, and our
highest value for g, we calculate a net pressure
excess in WSW of 1.5 x 10~* to 1.0 x 10-% atm.

It is doubtful whether such a low yearly
pressure difference can be verified experi-
mentally because much larger differences for
short times and in restricted regions probably
mask the net pressure difference.

8.6. The carbon dioxide partial pressure

Lack of direct measurements during winter
in high latitudes discourages us from con-
sidering any estimate of p,, the CO, partial
pressure of CSW. Fairly representative data are
available, however, to estimate p,, the cor-
responding pressure for WSW. From two sets
of direct measurements between 30° N and 30° §
in the Pacific Ocean east of 150° E, Keeling
et al. (1965) estimated average values of 336 and
343 for March and November, respectively.
Between 40° N and 40° S near 180° where the
other surface data in Table 7 were obtained, the
annual average value may be lower but probably
not less than 325 ppm. With p, =315 (cf. sub-
section 8.4) we expect p, —p, > 10 ppm.

The values of p, —p, obtained from the three-
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reservoir model satisfy this limit only for pre-
ferred solutions near the lower limit of Ak and
upper limit of k_,, where relatively high values
are obtained for the atmospheric CO, flux, f.
When the salinity is adjusted to produce a
satisfactory value for the atmospheric water
vapor flux, F, the model predicts (p, —p,) =
22 ppm (cf. Table 10, column 10) in good agree-
ment with the direct measurements in the East
Pacific.

This agreement may be accidental, but it
leads us to suspect that the ability of the model
to yield satisfactory values for the variables
describing the exchange of CO, at the ocean
surface is closely linked to a satisfactory pre-
diction of the water vapor flux, F. If so, the
value of f given when F =0.67 x 10'7 1/yr (Table
10, column 10) may be close to the correct
value, 1.8, f is8 ~1.3 x 10" mg-atoms/yr {0.8 x
1010 tons/yr), about one-fourth the estimate
of Bolin & Keeling (1963).

8.7. The radiocarbon balance

How sensitive is the model to changes in the
value of the radiocarbon content assigned to sur-
face water? The results so far discussed are based
on an assignment of a lower 4C/*?C ratio in cold
surface water than in warm surface water, in ac-
cordance with observations {cf. Fig. 11). If we
assign the same ratio, °R,/R. =0.955, to WSW
and CSW, we obtain with Ak, k_, =(2, 4) the
results of Table 10, column 2. Compared with
Case II’ (shown in column 1) k, decreases,
h, increases, »,,/x;, increases drastically; but
the other source terms and the reservoir transfer
coefficients are only slightly changed.

The overall effect is best seen by comparing
parametric plots of b,(b, +8,), F, and x,,/x%,,
versus Ak and k_, with and without assigning
the same radiocarbon ratio to WSW and CSW
(cf. Figs. 15 and 16). If the surface water
exchange is low (k_;=~0), the two cases are
very similar, but for higher values of k_,, the
limit 3,,/%,, =6, which lies parallel to lines of
equal advection, Ak, in Fig. 18 exerts such a
strong influence on the model that preferred
solutions are cut off at k_, =6 x10Y7 1l/yr, in
contrast to Case I’ with a cut-off for k_,
(owing to the restriction k4 >0) near 17 x 1017
1/yr (see Fig. 15). Furthermore, advection, Ak,
less than 2 x 1077 l/yr is disallowed, and the
highest value for atmospheric water vapor flux,
F, within the range of preferred solutions is only
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half the value for Case I1’. The last result induces
us to prefer the original Case I1’ and leads us to
conclude that a low radiocarbon content for
surface waters in high latitudes of the South
Pacific is an expected result of the vigorous
exchange of cold surface water and deep water.
This conclusion, to be sure, is coupled to an
assumption that the rate of atmospheric CO,
exchange at high latitudes is only moderately
more rapid than at low latitudes. If we were to
disregard an upper limit on x,,/%,, the pre-
ferred solutions of the model would deliver
values of the source terms for all tracers except
radiocarbon indistinguishable from those for
Case IT'.

The experimental uncertainty of the radio-
carbon measurements lies between 5 and 109,
(Broecker, 1963b). Its effect on the isotopic
ratio difference R, ~CR, can be seen to lead
to some uncertainty in the results for the
model, but far less than that produced by
experimental error in the inorganic carbon
concentrations and the alkalinity, described
in subsection 8.4.

8.8. The mass-flux ratio and radiocarbon
age of deep water

The age, *r;,, of inorganic radiocarbon in
reservoir ¢ relative to atmospheric radiocarbon
dioxide is prescribed by the law of radio-
active decay:

1
*r= — *—Aln “R./°R,) (8.1)

The radiocarbon ratios of Table 7 imply
average ages of 370 years for WSW, 630 for
CSW, and 1690 for DW, irrespective of whether
we consider Case I, II, or III. The increase in
age of DW relative to cold surface water is
1060 years, in fairly close agreement with the
mass-flux ratio for DW, 7, calculated by the
three-reservoir model (cf. Table 8).

This agreement is related to the prediction
by the model that over 90¢ of the radiocarbon
in DW arrives there by water transport from
CSW. For Case II’ the transfer rates (in mg-
atoms of C* per year x 10'7) are:

via water transport *q,ky =23.2 (92%)
*y 4383 =0.8 (3%)

*yBabs =1.2 (5%)

via insoluble carbonate

via organic (bio)carbon

The agreement can also be seen to be a
consequence of the close connection between
the transport of isotopes of the same ele-
ment (cf. Lal, 1962, p. 607) and of the small
magnitude of the radiocarbon ages, *r,, rela-
tive to the radioactive decay time, *A-1. The
second and third terms of (7.7), which relate
to the transport of biocarbon and insoluble
carbonate, are small compared to the first term,
are of opposite sign and of nearly equal magni-
tude. Therefore

T,z*—ll °R.-°R,)/°R, (8.2)

Furthermore, the difference in radiocarbon age
between CSW and DW (cf. 8.1) is:

[~

e I CR TR L R, -RY R,

(8.3)

*

A

and thus, nearly equal to z,.

The sum of the transfer coefficients into
deep water, k, +k_; (inversely proportional to
T3), is a measure of the rate of production of
Pacific deep water. Since k_; is found to be
small for all cases considered, the model is
consistent with a large body of evidence that
this water is produced principally by the
downwelling of polar waters (e.g., Stommel &
Arons, 1960). We obtain by Case II’ a rate of
about 12 x 107 1/yr. This figure may be com-
pared with estimates of the formation of deep
water by Bolin & Stommel (1961) and by
Munk (1966). The former authors obtain 5 x 1017
l/yr for the formation of common water (deep
Pacific and Indian Ocean water) from other
subsurface waters using salinity, temperature,
and inorganic radiocarbon as tracers. Our’
model predicts approximately the same rate
if we halve the size of each reservoir so that the
volume of the deep water reservoir agrees with
the volume of common water (6 x 102 1), Munk,
following a suggestion by Sverdrup et al. (1942,
p- 217), estimated the rate of production of
deep water of the world oceans as 9 x 107 1/yr,
based on evidence that one meter thick sea ice
with a salinity of 59, forms each year over
2 x10'® cm?® of the Antarctic Ocean, thereby
increasing the salinity of the underlying water.
He assumes that the salinity increases enough
for the water to sink to the bottom, and he

Tellus XX (1968), 1



USE OF CHEMICAL TRACERS IN OCEANIC STUDIES. IT

OPTIMUM SOLUTIONS TO THE 3 RESERVOIR MODEL

51
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Fig. 17. Numerical solutions for the three-reservoi

mg-atoms/yr-1; g in units of 10'” mmol/yr=%; F, k,, k-

tive solution; lower figures denote diffusive solution.

neglects the lesser contribution to deep water
of surface water from the Northern Hemisphere.

Thus, the three-reservoir model produces
values for the rate of production of deep water
which are consistent with our present knowledge
of the formation of deep Pacific waters.

8.9. Oceanic circulation

Some overall features of the circulation of the
South Pacific Ocean emerge in qualitative agree-
ment with previous knowledge. Most estimates
based on the three-reservoir model are quanti-
tatively very uncertain, but we may summarize
our findings as follows:

(1) As discussed in subsection 7.2, deep water
(DW) is produced largely by exchange with
cold surface water (CSW), the exchange be-
tween warm surface water (WSW) and the deep
water being relatively insignificant.

(2) The tracer data favor a general circula-
tion WSW to CSW to DW to WSW over the
reverse direction for the South Pacific Ocean,
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r model (cf. Table 12): a;, b,, f, k;, in units of 10%7
1, in units of 107 1/yr-1. Upper figures denote advec-
Single figures denote invariants.

which agrees with the direct thermo-haline
circulation of the ocean.

Both of these features are deduced by the
model because the transfer coefficient from
WSW to DW, k_,, is found to be small (Case I)
or approximately zero (Cases II or II’), and
because we forbid negative values of the transfer
coefficients consistent with the physical inter-
pretation provided by (3.8). Actually (cf. sub-
section 3.3), we lack direct evidence that the
transfer coefficients behave as physical constants
independent of the tracers under investigation.
Hence, all we can strictly say with regard to
the ocean circulation is that the three-reservoir
model gives results which are not in conflict
with our general understanding of the ocean
circulation.

8.10. Search for an optimum solution to the
three-reservoir model

From the foregoing discussion it is clear
that the three-reservoir model is beset by many



52 CH. D. KEELING AND B. BOLIN

Table 12. Optimum solutions to the three-reservoir model for the Pacific Ocean, 40° N-70° S

Input data Solutions
Property WSW CSW Dw Property “Advective” ‘‘Diffusive’
A,, (1017 cm?) 2.4 1.2 -ay (10Y mg-atfl) 0.40 0.31
pH 8.20 8.08 7.98 -ag (107 mg-atfl) 0.42 0.51
4g. (meq/l) 2.296 2.283 2.423 -b, (10" mg-at/l) 1.10 1.03
Bg, (mg-at/l) 0.08 0.08 0.08 -b, (101 mg-at/l) 0.32 0.39
Cg, (mg-at/l) 2.017 2.139 2.330 f (10" mg-at/l) 0.68 0.81
Cq, (mg-atfl) 0.0 0.0 0.0 F (107 1/yr) 0.28 0.34
9, - (mmol/l) 0.212 0.308 0.150 g (10 mmol/yr) 2.14 2.56
Py, (ug-atfl) 0.18 1.17 2.58 hy (1017 mg-atfyr) 1.19 0.77
Sqi (%) 35.70 34.70 34.70 hy (107 mg-atfyr) 2.06 2.49
°RJR. 0.955 0.925 0.810 k, (1017 1yr) 9.7 11.7
T  (°C) 25.27 6.89 1.50 k_, (107 1fyr) 8.0 12.0
W, (10771 160.0 80.0  12,980.0 k, (1017 1/yr) 11.7 11.7
®as 1.000 k_, (107 1/yr) 9.7 11.7
B3 1.000 k, (10%7 1jyr) 2.0 0.0
Oy —1.30 (invariant) k_g (1017 1/yr) 0.0 0.0
4 0.955 0.925 PP, (ppm) 9.8 18.2
*ip 0.936 0.906 PP, (PPm) -8.6 -8.6
i 0.917 0.888 a1 2.3 4.2
*1 8.033 yr-! (invariant) 17, (yr) 16.0 13.3
T, (yr) 4.1 3.4
73 (yr) 1110 1110
Lty (yr) 0 0
Bz, (yr) 760 760
Py x 10 11.64 11.64
8 12
Water exchanges® Cow Cer W
15‘0‘;0‘ 1?0‘20
Advection® 2 0
W

% Cf. footnote to Table 9.

uncertainties. Nevertheless, some readers may
wish us to guess which of the array of possible
solutions best fits present knowledge of the
oceans.

Without attempting further to justify our
choice of input data, we adopt Case II’ (see
subsection 7.2), except for the surface salinity
values, as best representing the tracer concen-
trations in the Pacific Ocean south of 40° N.
We seek solutions to the model in approximate
agreement with estimates from previous sub-
sections: b,/(b; +b,) =0.7 (net production of
biocarbon per unit area the same for WSW and
CSW, cf. subsection 7.4); p, —p, =15 ppm (cf.
subsection 8.5). Direct observations in Tables
4 and 5 yield a surface salinity gradient,
58, =35.20%, —34.30%, =0.90%,, lower than that
consistent with Wist (1954) (see subsection
8.1). If we accept Wiist’s model, but with this
reduction in gradient, we expect F=20.40 x 1017

1/yr.

Employing the data of Case II with % =
—1.30, we obtain as a reasonable compromise
to our demands: 53, =1.00%,, Ak, k_, =(0, 12),
b,/(b, +b,) =0.73, F =34 x 10 l/yr, p, —p, =18
ppm. This result, which we may call the “diffu-
sive solution’’, has the peculiarity that the four
exchanges WSW=CSW=DW are approxi-
mately equal while those between DW and
WSW are nearly zero.

If we introduce a moderate advection, Ak =
2 x10'7 l/yr, in qualitative accord with other
evidence that upward advection of water occurs
at low latitudes (e.g., see Stommel & Arons,
1961; Wyrtki, 1962) we obtain an ‘“‘advective
solution”: Ak, k_; =(2, 8), b,/(b, +b,) =0.78, F =
0.28 x10*? l/yr, p, —p, =10 ppm. This result,
which stretches rather far our guesses as to the
magnitude of the latter three quantities, could
be partially rectified by choosing a smaller,
positive value of Ak, but considering the crudity
of the model, to make a finer distinction in
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Ak seems unwarranted. Between the advective
and diffusive solutions we offer no preference.
The full set of results appears in Table 12. The
solutions are illustrated in Fig. 17.

9. Concluding remarks

The present study, though hardly conclusive,
yields insight into the interplay between non-
conservative chemical tracers in the oceans.
Even with the very crude three-reservoir model
of the ocean, we meet considerable difficulties
and it hardly seems feasible to increase the
spatial resolution by using a larger number of
reservoirs without introducing the constraints
on the motion of the ocean contained in the
hydrodynamic and thermodynamic equations
that govern the motion of the oceans. More-
over, the computations suggest that the intro-
duction of ad hoc assumptions about the transfer
process to reduce the number of unknowns can
lead to widely varying results. When the distri-
butions of only one or a few tracers are used,
the possibility of inconsistencies increases
rapidly. For example, models of Breecker’s,
using radiocarbon alone as a tracer (Broecker,
1963b), do not successfully predict the distribu-
tion of other commonly measured tracers.

Our computations give reliable information
on the experimental accuracies required for

the tracers we have used. Particularly important
is the need to increase drastically the accuracy
of observations of inorganic carbon system. We
conclude that present routine measurements
of pH, not more accurate than +0.01, are of
little value for general ocean circulation studies.
Also, more information on organic carbon is
needed.
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OJHOBPEMEHHOE NCIIOJb30BAHNE XUMNYECKUX TPACCEPOB B
N3VYEHUN OKEAHA 1I

ComeHoCTh, KHCIOPOH, Heoprauudeckuit pocdop,
OpraHuYecKH#i ¥ HeopraHuyeckuit yriepoxn,
LieJoYd Yriepofa M pafMOAKTHBHHI yTrirepon
OBbITM MCIOJB30BAHBL OTHOBPEMEHHO B Ka4vecTBe
TpaccepoB [JIA W3YyUeHNA IUPKYJIALMHM B OXe-
aHe, XHMMHYECKHX IIPOIECCOB BHYTpPH OKeaHa
K XHMHMYECKOTo o0MeHa B NOTPAaHMYHOM CJ0€
OKeaHa. BHUIIN CHEJIAHHL OLIEHKM CKOPOCTEH sTuX
IIpOLeCcCOB, WCHONB3YA YPaBHeHHe LIS XNIMM-
YecKoro mepeHoca B mpocrefimeil annpoKcHMa-
MU, KOTOPAA MpPOCIIEMNUBAET NBMEHEHHA IpO-
CTPaHCTBEHHHIX INE€pPEMEHHHIX HA TpaHHIEe OKe-
aHa ¥ arMoc(iepH, I'OPHYOHTAJIBHBIA M BEPTH-
KaJbHBIl afABEeKTUBHHIX M TypOyJIeHTHBI! mepe-
HOC M TpaBUTANMOHHOE OCefaHMe HepacTBOPH-
MBIX XMMH4YeCKHX BellleCTB B OKeaHe. OTa am-
NPpOKCUMANUA ABJIHETCA LUKJINnYECKOit MOJeblo
C OfHUM ATMOCQEpHBIM U TPEMA OKEAHHYECKHMU
pesepByapaMM, MeMIY KOTOPHIMM TpPACCEPH
00OMEHNBAIOTCA IIpM TOMOINM KHMHETHYECKHX
npoleccoB mepBoro mopAfRka. McnmompsoBasiuchk
nauHbie g8 TUXOro oKeaHa, yCpe[HEHHEHIE 1O
BpeMeHM ¥ 110 06JaCTAM: Tenas MOBePXHOCTHAH
BOJa, XOJOMHAS MOBEPXHOCTHAA Boga H ray6o-
kaf Bofa. (eBepHbie M JOMHBIE XOJOJHHE MO-
BEPXHOCTHBIE BOABI TPAKTOBAJIMCH KAK anbTep-
HAaTUBHBIE CIY4YaM.
MBH noayvYnM, 4TO:

1) BemuuyuHa maccs ray6okoit Bogsl B TuxoM
OKeaHe, [eJIEHHOl Ba CKOPOCTbL ee BOCCO3JaHMA,
paBHa mnpubiansurenbHo 1100 ropmam; »TOT
UHTEPBAI BPEMeHM HAXOMAUTCA B TeCHOM COria-
CUU C €€ CPEeIHUM PAJHKOYIJIEPOJHLIM BO3PACTOM
00 OTHOUIEHWI0 K XOJOAHON NOBEPXHOCTHOM
BOJE.

2) B 1oxuo0it yactu TuXoro okeaHa IepeHoc

BOMBI MeKAy TAYyOOKMM OKeaHOM U IOBepX-
HOCTbIO TPOUCXOXUT B OCHOBHOM 3a CdeT oOMeHa
¢ XoJlogHON moBepXHoCcTHO# Bomoii. Hebompman
LIUPKYIALIKA OT TEMJION MOBEPXHOCTHON BOAH K
XOJIOJ{HO}I TpPEZYCMATPUBAETCA MONENbIo, HO
CKOPOCTh €€ HeNb3A BBIYUCAHTL C HOMOHIbIO
uMeroueiica nHpopmMauuu.

3) TpexpesepByapHafd MOJedb He MOMKeT,
maxe B mnepBoM npubamkenun, oOBACHHTH
UMPKYJANUIO ceBepHoit yacTh Tuxoro owxeaHa,
II0TOMY 4YTO OHA HE paccMaTPUBAET IOTOK Tiy-
Gokoi#t Bogel B CeBepHyIo 4acTh THXOro oxeaHa
W3 10Holit yactn Tuxoro oxeasa.

4) U1 Kucaopod M YIJIEKMCIHBIA Ta3 M3BIie-
KAalOTCA ¥3 MNOBEPXHOCTHHIX BOJX B HUBKHX
MHUPOTAX U HOTIOUWAKTCA B BEICOKUX IIMPOTAX.
Cropoctu o6MeHa Temoit ITOBEPXHOCTHON! BOJLL
¢ XOJIOAHOYW MOBEPXHOCTHON BOJOM mopaAgKa 107
MMOJIb/TOR.

5) IlepeHoc paanMoOAKTMBHOTO YyrJepoja oOT
NMOBEPXHOCTH M TJIyGoko# BOAE NMPOMCXOMUT B
OCHOBHOM u3-32 OHONOTMYECKMX [POUECCOB,
0co0EHHO TPaBUTALMOHHOTO OCEJAaHMA OPTAHM-
4eCKOr0 YIJIEpORa W HepacTBopumoro kapfbo-
Hata. ToAbKO OZHA TpeThb HKeOPraHu4ecKoro
yriaepoaa B ray6okoit Boje IepeHOCHTCH TyHda
camoit Bogoit.

6) Ucmonpsosanue pHl maMepennit giA aHa-
JIN32 PACTBOPEHHOI0 HEOPraHMyecKoro yrie-
poaa M Iel0YH CHJIBHO OTPAHMYMBAIOT HOCTO-
BEPHOCTh YrIePOAHHX [AHHLIX B HACTOALEH
crarbe. HeGoapmne omubxu B maMepenuu pH
BIEKYT 3a co0oii GoapLIMe HeoNmpeXeleHHOCTH B
NOJy4eHHBIX CKOPOCTAX TPAaBUTALMOHHOrO mepe-
HOCA OpPraHM4YecKoOro yriepoja M HepacTBOpM-
MBIX KapGoHaTtoB M B cKopoctu obmena CO, c
aTMocdepoii.
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