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ABSTRACT 

Salinity, oxygen, inorganic phosphorus, organic and inorganic carbon, carbonate 
alkalinity, insoluble carbonate, and radiocarbon are used simultaneously aa tracers 
to  investigate oceanic circulation, chemical processes within the ocean 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 a t  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) I n  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 10'' mmol yr-'. 

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

(6) The use of p H  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. 

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

5.1. Introductory remark8 
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. 

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 msume 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 a t  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 a rea  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 A ) ,  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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Pig. 4. Diagrammatic representation of the three-reservoir model. Arrows (-) between reservoirs poht in 
the direction of net transport of chemicals: -a,, insoluble carbonate; -b i ,  biocarbon; /, CO,; F, H,O 
(vapor); g, 0,; h,, 1.C (divided by a standard l'C/laC ratio, R.).  The producte *l*p,Wi indicate 10-s 
of radiocarbon by radioactive decay. Twin arrows (+) refer to reservoir transfer coefficients k f ,  k+ 
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 ( I C ) ,  and salinity (8). 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 0) 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. LiBt of syrrbbo18 

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

A , ,  (i = 1, 2) the area exposed to the atmo- 
sphere, in cm*, of surface reservoir i 

i 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 i’s for the 
water reservoirs as cyclic: (i + l)f-3 = 1; 

(i = 1, 2, 3) the flux of water in liters 
(i - l ) f = l  = 3  

k i ,  k - ,  

Ak 

L 

L* 

PH 

LPi  

per year from reservoir i to (i + 1) and 
from (i + 1) to i, respectively 
net cyclic flow of water in the direction 
WSW to CSW to DW (cf. 5.10) 
superscript, denotes an unspecified ele- 
mental (bulk chemical) or isotopic tracer 
superscript, 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) 
(i = 1, 2, 3) the average concentration of 
tracer L in reservoir i in chemical units 
per liter. (Sce below for specific units.) 

LQi reservoir source function of tracer L in 
reservoir i 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 ‘Q, owing solely to a certain 
net process 1. 

correspmding source terms for for- 

‘QiI 

LQiL,LQLf 
ward and reverse processes treated sepa- 
rately (cf. subsection 5.2.7). 
time 
temperature in “C 
(i = 1, 2, 3) the total volume of water in 
liters in reservoir i 
isotopic fractionation factor defined by 
(4.20) 
( =LQil/cQiI) the source ratio of tracer L 
for process I where C (defined in subsec- 
tion 5.2.2) is designated as the principal 
tracer. ( L y f l  is a quotient of average 
source terms over reservoir i; cf. 4.28.) 
the concentration decrease of tracer L 
from reservoir i to (i + 1 )  thus: 

L s ,  + L a ,  +Lss = 0 

(5.1) 

(5.2) 

rate coefficient for chemical reaction or 
gas exchange a t  the atmospheric boundary 
expressing the dependence of the rate on 
environmental factors (cf. 4.12) 
corresponding coefficient for a rare isotope 
(cf. 4.20) 
radioactive decay constant of a radio- 
active isotopic tracer L * 
stoichiometric coefficient specifying the 
number of tracer concentration units 
contributed by one mole of a given 
chemical compound (cf. 4.7) 
stoichiometric coefficient for a chemical 
reactant or product (cf. 4.10) 
mass-flux ratio, in years, of water in 
reservoir i as defined by (7.4) 
age, in years, of inorganic radiocarbon 
in reservoir i as defined by (8.1) 

mass-flux ratio, in years, of insoluble 
carbonate and biocarbon in deep water 
as defined by (7.5) end (7.6) 
the concentration of the enclosed chemical 
species 
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5.2.2. We shall employ the following elemental tracers: 

Symbol 

A 
3 

C 

IC 
0 
P 
S 

Name 

carbonate alkalinity 
biocarbon (dissdved and 

particulate organic carbon) 
inorgan carbon (all 
dissolved species) 

insoluble carbonate 
oxygen (dissolved gas) 
inorganic phosphorus 
salinity 

Concentration units 

millieqUivalent6 per liter 

milligram-akms per liter 

milligram-at,cms p3r liter 
millimoles per liter 
millimolas per liter 
milligram-atoms per liter 
grams per kilogram of ocean water (%,,) 

5.2.3. We shall employ the following isotopic tracers: 

Symbol Name Concentration units 

A* radioalkalinity milliequivalents per liter divided by an 

B* radiobiocarbon milligram-atoms per liter divided by R .  
C* or * inorganic radiocarbon (all 

dissolved species) milligram-atoms per liter divided by fz. 
IC* insoluble radiocarbonate millimoles per liter divided by fz. 

arbitrary standard W/W ratio, fz. 

(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: 

depends on the relative concentrations 
of CO,, HCO;, and Cog. See subsection 

PI 

*PI 

L*Pl 

LR, 

the average partial pressure of C 0 2  in 
atm x 108 in the atmosphere (i = o )  or 
in surface reservoir i (i 3 1, 2) 
the average partial pressure of 14C0, in 
atm x 10' in the atmosphere (i = o )  or in 
surface reservoir i (i  = 1, 2) divided by an 
arbitrary standard W/W ratio, R., i.e.: 

*Pi = (co'fz l /R.)P,  = c4 + L(@4c)ilPt 
(5.3) 

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

(5.4) 

the W/W ratio of elemental carbon 
tracer L in the atmosphere (i = o )  or 
reservoir i (i = 1, 2, 3) 

L*Qt = (LR*/R.)LCrt =[I fL(G1'C)iIL% 

CorRt (i = 1, 2) the 14C/W ratio of dissolved 
CO, in surface reservoir i (cf. 4.36) 

R .  the W p C  ratio of an arbitrary radio- 
carbon standard 

at ( =CoDRi/c'Rt) (i = 1, 2, 3) the equilibrium 
fractionation ratio for dissolved CO, with 
respect to inorganic carbon, C ('or, is not 
a true fractionation factor since its value 

c 
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6.1) 
L(SW), ( i =  1, 2, 3) ths departure (often ex- 

pressed in per mil, %) of the 14C/l*C ratio 
of elemental carbon tracer L in reservoir 
i from the standard value R .  

5.2.5. We note specific reservoir source terms 
by: 

a, (i = 1, 2, 3) net addition of inorganic car- 
bon, C, in milligram-atcms per year to 
reservoir i by the formation and disso- 
lution of insoluble carbonate (see reaction 
equation 6.5) 
(i  = 1, 2, 3) net addition of inorganic car- 
bon, C ,  in milligram-atoms per year to 
reservoir i by the synthesis and oxidation 
of biocarbon (see reaction equation 6.6) 

f r  (i =1,  2, 3) net additon of inorganic 
carbon, C, in milligram-atoms per year 
to reservoir i, by exchange of CO, with 
the atmosphere (see reaction equation 
6.7, f8 = 0 )  
(i = 1, 2, 3) net addition of water in liters 
per year to reservoir i by evaporation and 
precipitation a t  the ocean surface (F, = 0 ) 

b, 

F ,  
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g ,  (i = 1 ,  2, 3) net addition of oxygen, 0, in 
millimoles per year to reservoir i by 
exchange with the atmosphere (gl, = 0) 

h, (i = 1, 2, 3) the portion of the flux of 
inorganic radiocarbon, C* (in the form 
of l'CO,), in milligram-atoms per year 
from the atmosphere to reservoir i 
owing to the isotopic gradient at the ocean 
surface as defined by (4.43) (h,  = 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 l4C/l,C ratio, R., in 
reservoir i, where *A is the decay constant 
of radiocarbon and *ql 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 inorganic carbon, C (in the 

form of CO,), in milligram-atoms per 
year, from WSW to the atmosphere and 
thence to CSW ( f  = - f l  = f,; compare 
Table 1) 
the net flux of water in liters per year 
from WSW to the atmosphere and thence 
to CSW (P = - P, = F,; compare Table 1) 
the net flux of oxygen, 0, in millimoles 
per year from WSW to the atmosphere 
and thence to CSW ( g  = -9, = g , ;  com- 
pare Table 1). 

P 

g 

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 i by: 

alA, aAl forward and reverse source term as- 
sociated with a,  

b l B ,  bg ,  forward and reverse source term as- 
sociated with b, 

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: 

LA +aAt (5 .5)  a , =  -a 

bi = - b l B  + b B ,  

'0 AND B. BOLIN 

Correspondingly, we denote forward and re- 
verse source terms for any other tracer L by 
symbols L Q l ~ ,  L Q A i ,  LQie, and LQBr. 

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

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

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). 

forward and reverse rate coefficients 
in milligram-atoms year-' cm-' 
atm-lx lo-' associated with f, (cf. 
4.3.2 and 6.7) 

xtB,  xBt 

x l 0 ,  xol 

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

alA = * x I A / x I A  
in the ocean 

aAr = :ion in the ocean 
alB = * x t B / x l B  

in the ocean 
mBBI = *xB,/xB, 

in the ocean 
al0 = *xl,/xLo 

ocean-atmosphere boundary 
a,, = *xOL/x,, 

the ocean-atmosphere boundary 

change a t  the ocean surface 

factor for carbonate formation 

xA1/xA1 factor for carbonate dissolu- 

factor for biocarbon synthesis 

factor for biocarbon oxidation 

factor for evasion of CO, at the 

factor for invasion of CO, at 

equilibrium factor for COa ex- a,,ep = tclo/aol 

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,)  

Lyia =LQla/ar (i =1 ,  2, 3; L = A ,  0, P ,  *) net 
source ratio associated with carbonate 
formation and dissolution (see subsection 
5.2.5) 

Lyrb = L Q l b / b l  (i =1,  2, 3; L = A ,  0, P,  *) net 
source ratio associated with biocarbon 
synthesis and oxidation 
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5.2.11. We denote the following forward and 
reverse source ratios of inorganic radiocarbon: 
*y ld ,  *yAi ( i  = 1, 2 , 3 )  source ratios for forward, 

respectively reverse, reaction associated 
with carbonate formation and dissolution 
( * Y ~ A  = *QIA/UIA, etc.1 

(i = 1, 2, 3) source ratio for forward, 
respectively reverse, reaction msociated 
with biocarbon synthesis and oxidation 
( * Y I B  = * Q ~ B / ~ B ,  etc.1 

* y f o ,  *yet ( i = l ,  2) source ratio for evasion 
a.nd invasion of COz at the ocean-atmos- 
phere boundary (cf. 4.4) 

*yIB, *yB, 

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

We obtain, specifically: 

* Y f A  = (CR*/R*)nra 
(i = 1, 2, 3) 

*YAI = (“Ri/R*)aAt 

(i = 1, 2, 3) 

* Y l B =  ( C R I / R * ) U , B  

( i =  1, 2 ,3)  

*YBi = /R*)uBi 

(i = 1, 2, 3) 

*y io  = ( C o s R ~ / R - ) a , ,  = (CR~Cai /R. )u , ,  

(i = 1, 2) 

*Y0l = (CR,/R.,uo, 
(i = 1, 2) 

(5.6) 

5.2.11. Mathematic and chemical equations are 
cited in the text by decimal figvres enclosed in 
parent hems . 

5.3. The transport equation applied 

The continuity of tracer L in reservoir i 
of the three-reservoir model is expressed as 
follows (see Fig. 5; cf. 3.21): 

Tellus XX (1968), 1 

reservoir I i-1 I reservoir I i t 1  1 
Pig. 5. Transport relationships for reservoir i of the 
cyclic three-reservoir model. The products pq 
denote transport between reservoirs in the direc- 
tions shown by the arrows. ‘Q, is the reservoir 
source function (see text). 

- ( k ,  + k - . f ) L i i  + “8, (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: 

f i r -  
at 

(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. I f  the atmospheric water 
vapor flux, 7, were equal to zero, the continuity 
requirements for all pairs (i = 1, 2, 3) would be: 

(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 non-zero 
atmospheric flux of water vapor incremes the 
flow between reservoirs 1 and 2 by B so that 
the appropriate continuity equation is instead: 

Ak = k ,  - k- ,  

Ak = k 1 -  k - ,  f F = k ,  - k- ,  = k ,  - k-a (5.10) 

With the aid of (6.8) end (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 0 owing to  of C* owing to 
formation and synthesis and exchange of exchange of isotopic gradient 

Reservoir dissolution of oxidation of COP with the 0, with the a.t the ocean 
No. insoluble carbonate “biocarbon” atmosphere atmosphere surface 

1 a1 51 f l =  - f  91= - 9  h, 
2 a,  6 2  f z  = f 92 = 9 h2 

h,=O as= - ( a I + a P )  b , =  - ( b 1 t b P )  fs = 0 gs=o - 3 

C = inorganic carbon. C* =inorganic radiocarbon. 0 = oxygen gas. 

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

where F ,  = - F ,  F ,  = + F ,  F ,  10. Equation 
(5.11) is the three-reservoir steady state ana- 
logue of the general reservoir equation (3.23). 
I t  relates the water transfers into reservoir i, 
k i - l ,  k-,, and F , ,  to the concentrations Lqi, 
concentration differences and the reservoir 
source functions, LQr. If all Lqr and LQi are 
known for two 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 Lqi and ‘Q, for five chemical tracers 
is required, together with the requirement of 
continuity of water. The LQ, 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 LQi and F as well as the 
k ,  we shall consider the physical and chemical 
processes that occur between eight tracers: A ,  
B, C, C*,  I C ,  0, 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.: 

X L Q i = O  (5.12) 
f =l .  2. 3 

as may be deduced by summing (5.11) over i 
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 
(LQi) of elemental tracer L ( = A ,  C ,  0, or P )  or 
an isotopic equivalent ( *&,) of principal tracer 
C ,  denoted by *, we introduce from subsection 
5.1 the specific reservoir source terms ai, b, ,  f , ,  
g,, and h,, and the corresponding source ratios 
Lyil  and * y i l .  Thus: 

where L y i ~ = O f o r L ~ C , C y i u = C y i b = C y i ,  = l,andg, 
appears only for oxygen, 0. In  the present model 
all nonzero Lyil  and *yi l  are positive (associated 
with reactants) except for ‘y ib  (below denoted 
by ‘ y )  which is negative because 0, 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 L y t l  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 radiocarbon 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 
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Table 2. Source ratio8 relative to inorganic carbon, C 

Carbon source 
Reservoir 

N O .  a1 bi f 

Carbonate 
alkalinity, A 1 = w s w  

Oxygen gaa, 0 1 = w s w  

2=csw 
3=DW 

2 = csw 
3=DW 

Inoruanic 
phosphorus, P 1 = WSW 

2 =csw 
3=DW 

Inorganic 
radiocarbon, C* 1 = WSW 

2 =csw 
3=DW 

Y 
Y 
Y 

A 
A 
A 

0 
0 
0 

0 
0 
0 

0 
0 
0 
0 

0 
OY Y 
Y 

‘Y 
‘Y 
‘7 

0 
0 
0 

25 

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 princi- 

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

Owing to the reversible chemical reactions: 

CO, +HaO+HCO, +H+ (6.1) 

HCOC +COc +H+ (6.2) 

the concentrations of CO,, HCO;, Cog, and 
hydrogen ion, H+, C B M O t  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- 

Tell- XX (1968), 1 

3 - 682892 

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: 

Aq = [HCOJ + 2[COc] (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 colleoted 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 i ;  and the 
concentration of all species of dissolved inorganic 
carbon combined, which is defined by: 

‘q  = [CO,] + [HCO;] + [Coil (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 i f  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 inorganic 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 a result principally of 
three chemical processes: 

In ocean water: Ca++ +COT CaCO, 
insoluble 

x A f  carbonate 

(other metal ions may substitute for Ca”) 

X t B  

In ocean water: CO, i2 organic C + 0, (6.6) 
xB1 

At the ocean surface: 

xt 0 

co, Zl-Z co, (6.7) 
(in the water) XOI (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 C in reservoir .i ( i s  1,  2, 3) (cf. 5.13 and 
Table 1) is thus given by: 

‘Q* -al + b i  + f l  

where 

reaction a: 

reaction b: 

b, = (!!) 
rate owing to net 
reaction (6.6) 

reaction c: 

rate owing to net 
reaction (6.7) 

(6.8) 

(6.9) 

(6.10) 

(6.11) 

Writing f for f2, noting that f a  = 0 (no atmos- 
pheric exchange for the deep water, DW), and 
observing (5.12), we obtain the specific s3urce 
terms of C in Table 1. In  them equations and 
in Table 1, we recognize the central importance 
of inorganic carbon as a non-conssrvative tracer 
in the oceans by designating it RS 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 
source 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, 
COz, and, since the change in concentration 
of hydrogen ion with COP 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) 

(6.12) 

Since a gain or loss of one mole of Cog results in 
B gain or loss of two equivalents of negative 

Tellus XX (1968), 1 



USE OF CHEMICAL TRACERS IN OCEANIC STUDIES. 11 27 

charge, the source ratio * y  has always the 
numerical value 2. It will, nevertheless, be 
useful to retain Ay in our equations to identify 
concentration units. 

6.2. organic carbon, oxygen, and inorganic 
phosphorus 

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

‘p = [Pol’] 

*9 = [O*l 

(6.13) 

(6.14) 

where PO,’ 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 d. (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:O in plankton 
formation (Redfield et d., 1963, p. 32) 
1 : 106: - 276. We rewrite the reversible equa- 
tion (4.5) for synthesis of organic carbon, 
omitting radiocarbon: 

wC0, + (x  + y)H,O + yNO; + %PO,’ 

+C,(H,O), (NH;), (PO:), + (w+ 2y)O, (6.15) 

where w, x,  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:O am as z:w: -2  (w+2y)  whereas the 
stoichiometric coefficients (cf. 4.7) are given by: 

vp0,- -2 ,  vc0,- - w ,  vot=w+2y. 

We further note that the tracer coefficients 
(cf. 4.10) ‘pp0,, ‘po0, and Ope, 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 Y = - = - - = 0.0094 (6.17) 
VCO, -W 106 

These values are, of come, only roughaver- 
ages. The possible relative error in ‘ y  is larger 
than for Oy, 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 Oy and ‘ y  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. Introductwn. 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 frac- 
tionation relative to the abundant isotope W. 
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, W ,  also be investigated in the same 
detail as W, all isotopic effects could be 
precisely separated from effects owing to 
radioactive decay (e.g., see Craig, 1954, p. 133). 



28 CH. D.  KEELING AND B. BOLIN 

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 (5.1 1) , 
(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.1 

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

*Q - *  
I - Yia% + *Yif)b,  + * Y l O f i  + hi - *A *! I t  w, 

(6.19) 

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

* * Y i A a i A - * Y a r u A f  (i= 1, 2, 3) (6.20) 
Yta = 

uiA -aAf 

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 a8 they exist in the ocean8 together 
with fractionation factors which can be determined 
in the laboratory or deduced from oceanic measure- 
ments of 18C. Investigators who report their experi- 
mental data "corrected" to En arbitrary standard 
lsC/l*C 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 '*C/'*C 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 laC/'*C ratios, we have been 
obliged in the next section to guess at his correction 
factors. 

(Aio is the surface area of reservoir i exposed 
to the atmosphere, xfo the gas exchange coef- 
ficient for CO, defined by (4.3.2), p o  the aver- 
age partial pressure of COz in the atmosphere, 
and yet, yio the source ratios for invasion and 
evasion of C 0 2  a t  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 b,,, 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, 
1.e.: 

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

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

U ~ A ~ O ,  b 3 ~ s  0. (6.24) 

Simplifying (6.20) and (6.21) as applied to the 
deep water (i =3): 

*Ysa" * Y A 3  (6.25) 

* Y 8 b N  *yB3 (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 (i =2)  (cf. Craig, 1963), 
and if we allow for a gravitational flux, bG, 
we can solve for the source terms blB, b ~ l ,  
bBaN b,, the flux bG, and the radiobiocarbon 
concentrations BRl .Bql  and BRz.Bqz  as func- 
tions of Williams's estimates of concentrations 
of biocarbon "ql and Bqz, and various arbitrarily 
assigned relative magnitudes of the reverse 
reaction of biocarbon in the surface reservoir 

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, bBl, is zero. For increasing 
bBl/bl 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 bBl = 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 to be constant. 

In  the case of the alkalinity sources, at ,  since 
the concentration 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 bBt (i = 1, 2) equal to zero in 
(6.20) and (6.21) and obtain: 

b B d b l  

6.3.3. Exchange 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 i, accord- 
ing to (4.35), (6.11), and the notations of sub- 
section 5.2, is given by: 

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

* f t  =AtoXto(*YotPo - *yioPt) (i 2) (6.30) 

= * y t o  f + h ,  (i = 1, 2). (6.31) 

I f  we eliminate x, ,  between (6.22) and (6.29) 
we obtain an expression for h, in terms of f 
and measurable quantities, valid if p ,  +pi :  

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

*&I = * Y i ~ a i  + *Yiebi - * Y i o f  +hi - *A*Pi WI 
(6.33) 

*&a = * ? ' z A ~ z  i- *Yaebz + *Yzof  +ha - *A*qz wz 
(6.34) 

(6.35) 

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

*Qs = *YAaas + *YBsbs - *A*qs Wa 

(6.36) 

3 

*yiB b1+ * ~ S B  b, + * Y B ~  bs + *A C B*qt Wt = O  
1-1 

(6.37) 

(6.38) 

Employing (6.33) to (6.38) simultaneously to 
eliminate the at and b,: 

*Q, + 'Q, + *Q, = o 
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t-1 

(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: 

a 1 A  =‘%A,  U l B  “%B (6.40) 

Furthermore, we shall not introduce serious 
error in evaluating *yas and * y B 8  from (6.36) 
and (6.37) if we simplify these two equations 
by assuming: 

‘El =%a (6.42) 

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

* Y l A  = *YZA (6.43) 

* Y l B  = *YZB (6.44) 

Substituting for * y z A  and * y z B  in (6.36) and 
(6.37) and noting that (5.12) applies to  the 
sums of the ai and b,: 

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. Our 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 11: for WSW, averages of observations 
between 40’ N and 40” S; for CSW, averages 
of observations south of 40‘s .  

Case 111: far WSW, same values as Case 11; 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-ressrvoir 
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 baaed 
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 et al. (1963) with ‘ f z .  = ‘ R o  

(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 

Tellua XX (1968), 1 



T
ab

le
 3

. S
ta

tio
n 

da
ta

 f
or
 N

or
th

 P
ac

ifi
c 

co
ld

 e
ur

fa
ce

 w
at

er
 (

C
S

W
) 

C
ol

.: 
1
 

2 
3 

4 
5 

6 
7 

8 
9 

10
 

11
 

12
 

In
or
ga
ni
c 

L
at

. 
St

n 
T

em
p.

 
Sa

lin
it

y 
O

xy
ge

n 
ph

os
ph

or
us

 
pH

 
al

ka
lin

it
y 

Bo
ra
te
 

al
ka

lin
it

y 
H

ar
ve

y 
ca

rb
on

 
(d

eg
, m

in
) 

 N
O.

^ 
("

C
) 

( 
%I

 
(m

l/
l)

 
(P

g-
at

/l
) 

(m
eq

/l)
 

(m
eq

/l)
 

(m
eq

/l)
 

fa
ct

or
 

(m
g-

at
/l

) 

In
or

ga
ni

c 
T

it
ra

ti
on

 
C

ar
bo

na
te

 

54
 2

7 
41

24
 

54
 2

5 
41

23
 

54
 2

2 
41

21
 

53
 2

9 
41

20
 

52
 0

9 
41

18
 

52
 2

4 
41

17
 

50
 3

8 
41

16
 

49
 5

5 
41

15
 

49
 1

0 
41

14
 

48
 1

6 
41

13
 

47
 2

7 
41

12
 

45
 5

2 
41

10
 

44
 3

7 
41

08
 

42
 3

3 
41

06
 

41
 0

8 
41

04
 

A
ve

ra
ge

 

6.
42

 
7.

35
 

6.
73

 
7.

13
 

7.
01

 
7.

34
 

7.
35

 
7.

45
 

7.
61

 
7.6

8 
7.

81
 

8.
95

 
10

.4
9 

11
.8

5 
14

.4
4 

8.
37

 

34
.4

7 
32

.5
3 

31
.8

4 
32

.6
4 

32
.7

2 
32

.6
7 

32
.6

8 
32

.7
3 

32
.7

4 
32

.7
9 

32
.8

9 
33

.0
3 

33
.0

6 
33

.2
7 

33
.7

1 

32
.9

2 

N
o.

 o
f 

sa
m

pl
es

 
15

 
15

 

~ 
~~

 

6.
72

 
6.

70
 

6.
55

 
6.

71
 

6.
73

 
6.

74
 

6.
83

 
6.

72
 

6.
68

 
6.

72
 

6.
70

 
6.

53
 

6.
29

 
6.

15
 

5.
78

 

6.
57

0 
(0

.2
93

 m
m

ol
/l)

 
15

 

1.
29

 
1.

02
 

1.
19

 
1.

28
 

1.
40

 

1.
23

 

1.
34

 

1.
53

 
1.

16
 

0.
99

 
0.

78
 

0.
31

 

1.
13

 

-
 

-
 

-
 

8.
07

 
8.

09
 

8.
12

 
8.

10
 

8.
06

 

8.
11

 

8.
07

 

8.
07

 
8.

12
 

8.
09

 
8.

18
 

8.
17

 

8.
10

 

-
 

-
 

-
 

2.
27

 
0.

06
 

2.
27

 
0.

06
 

2.
23

 
0.

06
 

2.
28

 
0.

06
 

2.
30

 
0.

06
 

-
 

0.
06

 
2.

30
 

0.
06

 
-
 

0.
06

 
2.

32
 

0.
06

 
-
 

0.
06

 
-
 

0.
07

 
2.

30
 

0.
07

 
2.

31
 

0.
07

 
2.

32
 

0.
08

 
2.

32
 

0.
08

 

2.
29

3 

2.
21

 
2.

21
 

2.
17

 
2.

22
 

2.
24

 

2.
24

 

2.
26

 

-
 

-
 

-
 

-
 

2.
23

 
2.

24
 

2.
24

 
2.

24
 

2.
22

7 

0.
94

 
0.

93
 

0.
93

 
0.

93
 

0.
93

 

0.
93

 

0.
93

 

-
 

-
 - 

0.
93

 
0.

93
 

0.
91

 
0.

90
 

2.
08

 
2.

06
 

2.
02

 
2.

06
 

2.
08

 

2.
08

 

2.
10

 

-
 

-
 

-
 

-
 

2.
07

 
2.

08
 

2.
04

 
2.

02
 

2.
06

3 

12
 

12
 

11
 

11
 

11
 

d
 F- M
 E i! 

a 
St

at
io

n 
N

um
be

rs
 4

12
4 

th
ro

ug
h 

41
04

, 
V

it
ya

z 
C

N
~

 
58

9.
 



T
ab

le
 4

. 
St

at
io

n 
da

ta
 f

or
 P
ac
if
ic
 w

ar
m

. s
ur
fa
ce
 w

at
er

 (
W

S
W

) 
d
 ?I 

l2
 

u 
C

ol
.: 

1 
2 

3 
4 

5 
6 

7 
8 

9 
10

 
I
1
 

39
 3

3 
N

 
38

 0
0 

N
 

36
 3

6 
N

 
35

 5
5 

N
 

34
 5

6 
N

 
32

 4
8 

N
 

31
 1

3 
N

 
29

 2
2 

N
 

27
 3

7 
N

 
25

 5
0 

N
 

24
 0

3 
N

 
23

 1
2 

N
 

20
 2

2 
N

 
18

 5
6 

N
 

16
 5

1 
N

 
15

 4
9 

N
 

0 
14

 0
4 

N
 

12
 3

2 
N

 
w 

11
 0

3 
N

 
9

4
8

N
 

8
3

4
N

 
S

 
7

1
7

N
 

5
5

8
N

 
3 

09
 N

 
11

58
1N

 
1

0
8

 N
 

- 
In

or
ga

ni
c 

T
it

ra
ti

on
 

C
ar

bo
na

te
 

In
or

ga
ni

c 
. 

L
at

. 
St

n.
 

T
em

p.
 

S
al

in
it

y 
O

xy
ge

n 
ph

os
ph

or
us

 
al

ka
li

ni
ty

 
B

or
at

e 
al

ka
li

ni
ty

 
H

ar
ve

y 
ca

rb
on

 
(m

eq
/l

) 
(m

eq
/l

) 
(m

eq
/l

) 
fa

ct
or

 
(m

g-
at

/l
) 

Y
 

(d
eg

, m
in

) 
N

o.
' 

("
C

) 
( %

J 
(m

l/
l)

 
(p

g
-a

t/
l)

 
P

H
 

3 
41

02
 

41
00

 
40

98
 

40
57

 
40

56
 

37
77

 
37

78
 

37
79

 
37

80
 

37
81

 
37

82
 

37
83

 
37

84
 

37
85

 
37

86
 

37
87

 
37

88
 

37
90

 
37

91
 

37
92

 
37

93
 

37
94

 
37

95
 

37
96

 
37

97
 

37
98

 

14
.9

4 
17

.7
9 

18
.8

9 
20

.8
2 

20
.6

2 
18

.7
8 

20
.0

8 
22

.1
5 

23
.2

8 
25

.0
3 

25
.5

5 
25

.7
1 

26
.8

3 
27

.1
3 

27
.3

3 
27

.6
1 

27
.8

1 
27

.9
1 

28
.0

1 
28

.2
6 

28
.6

5 
28

.9
5 

28
.4

3 
29

.1
9 

29
.0

4 
28

.5
6 

33
.8

4 
34

.1
8 

34
.3

1 
34

.5
6 

34
.4

6 
34

.8
1 

34
.9

0 
35

.2
6 

35
.4

4 
35

.4
6 

35
.4

7 
35

.4
4 

35
.1

4 
34

.9
9 

35
.0

5 
34

.8
3 

34
.6

7 
34

.5
4 

34
.6

0 
34

.5
0 

34
.1

4 
34

.2
8 

34
.3

3 
34

.8
1 

35
.0

3 
34

.7
5 

5.
80

 
5.

50
 

5.
08

 

5.
22

 
5.

36
 

5.
18

 
4.

98
 

4.
89

 
4.

76
 

4.
65

 
4.

68
 

4.
58

 
4.

56
 

4.
47

 
4.

44
 

4.
56

 
4.

31
 

4.
51

 
4.

35
 

4.
38

 
4.

48
 

4.
38

 
4.

45
 

4.
45

 

-
 

-
 

0.
27

 
0.

10
 

0.
05

 

0.
10

 
0.

10
 

0.
04

 
0.

13
 

0.
07

 
0.

13
 

0.
06

 
0.

07
 

0.
09

 
0.

11
 

0.
03

 
0.

07
 

0.
04

 
0.

10
 

0.
03

 
0.

17
 

0.
36

 
0.

16
 

0.
17

 
0.

22
 

0.
32

 
0.

32
 

-
 

8.
18

 
8.

17
 

8.
14

 

8.
18

 
8.

22
 

8.
21

 
8.

20
 

8.
19

 
8.

27
 

8.
19

 
8.

20
 

8.
19

 
8.

20
 

8.
20

 
8.

18
 

8.
18

 
8.

16
 

8.
18

 
8.

15
 

8.
20

 
8.

21
 

8.
22

 
8.

15
 

8.
20

 
8.

17
 

-
 

2.
33

 
2.

34
 

2.
35

 

2.
37

 
2.

36
 

2.
37

 
2.

40
 

2.
42

 
2.

41
 

2.
40

 

2.
41

 

2.
40

 
2.

35
 

2.
36

 

2.
37

 
2.

38
 

2.
33

 
2.

33
 

2.
35

 
2.

35
 

2.
39

 
2.

36
 

-
 

-
 

-
 

-
 

0.
09

 
0.

09
 

0.
09

 
0.

10
 

0.
10

 
0.

10
 

0.
10

 
0.

10
 

0.
10

 
0.

10
 

0.
10

 
0.

10
 

0.
1 

1 
0.

11
 

0.
11

 
0.

11
 

0.
11

 
0.

11
 

0.
11

 
0.

11
 

0.
11

 
0.

11
 

0.
11

 
0.

11
 

0.
11

 
0.

11
 

2.
24

 
2.

25
 

2.
26

 

2.
27

 
2.

26
 

2.
27

 
2.

30
 

2.
32

 
2.

31
 

2.
30

 

2.
30

 

2.
29

 
2.

24
 

2.
25

 

2.
26

 
2.

27
 

2.
22

 
2.

22
 

2.
24

 
2.

24
 

2.
28

 
2.

25
 

-
 

-
 

-
 

-
 

0.
90

 
0.

90
 

0.
90

 

0.
89

 
0.

89
 

0.
89

 
0.

88
 

0.
88

 
0.

88
 

0.
88

 

0.
88
 

0.
88

 
0.

88
 

0.
88

 

0.
87

 
0.

87
 

0.
87

 
0.

87
 

0.
87

 
0.

87
 

0.
87

 
0.

87
 

-
 

-
 

-
 

-
 

2.
02

 
j: 

2.
03

 
2.

03
 

3 
-
 

W
 

2.
01

 
0
 

2.
02

 
2.

04
 

2.
03

 
2.

02
 

2.
02

 

2.
02

 
1.

97
 

1.
98

 

1.
97

 
1.

97
 

1.
93

 
1.

93
 

1.
95

 
1.

95
 

1.
98

 
1.

96
 

2.
02

 
m 

2.
02

 
El 

-
 

-
 

-
 



1
 0

6 
S 

2
2

5
 S

 
3 

20
 s

 
4

3
2

 S
 

4
5

7
 s

 
6

4
8

 S
 

8 
36

 S
 

10
 0

7 
S 

11
 5

0 
S 

13
 2

6 
S 

14
 4

9 
S 

17
 5

7 
S

 
18

 4
9 

S
 

18
 0

3 
S 

20
 0

8 
S 

21
 1

5 
S 

21
 3

5 
s 

22
 3

4 
s 

23
 1

7 
S 

23
 5

3 
S 

25
 3

9 
S

 
27

 1
6 

S 
28

 5
5 

S 
30

 3
2 

S 
32

 0
0 

S 
33

 5
1 

S 
35

 2
4 

S
 

37
 0

4 
S 

A
ve

ra
ge

 

N
o.

 o
f 

sa
m

pl
es

 

38
00

 
38

01
 

38
02

 
38

03
 

38
04

 
38

05
 

38
07

 
38

08
 

38
10

 
38

11
 

38
12

 
38

14
 

38
15

 
38

16
 

38
18

 
38

19
 

38
20

 
38

21
 

38
23

 
38

24
 

38
25

 
38

26
 

38
27

 
38

29
 

38
31

 
38

32
 

38
33

 
38

34
 

29
.1

9 
29

.3
9 

29
.4

4 
29

.5
3 

29
.3

3 
29

.6
8 

29
 3

1 
28

.7
3 

28
 3

5 
28

.1
1 

27
.8

1 
26

.2
1 

26
.2

2 
26

.9
5 

25
.7

6 
25

.2
7 

25
.0

4 
25

.0
8 

24
.8

8 
24

.8
2 

23
.1

0 
22

.5
5 

22
.3

6 
21

.5
0 

21
.7

8 
19

.3
8 

19
.1

6 
18

.5
2 

25
.2

7 

54
 

35
.0

6 
35

.6
6 

35
.5

9 
35

.6
2 

35
.6

2 
35

.5
4 

35
.3

1 
35

.5
7 

35
.5

3 
35

.8
1 

35
.8

3 
35

.7
4 

35
.6

7 
36

.0
5 

35
.5

6 
35

.5
2 

35
.5

5 
35

.6
6 

35
.5

9 
35

.5
0 

35
.6

6 
35

.8
1 

35
.7

3 
35

.7
4 

35
.7

6 
35

.5
5 

35
.5

1 
35

.5
4 

35
.2

0 

54
 

4.
34

 
0.

26
 

-
 

0.
27

 
4.

32
 

0.
32

 
4.

42
 

0.
42

 
4.

32
 

0.
29

 
4.

38
 

0.
45

 
4.

42
 

0.
28

 
4.

42
 

0.
26

 
4.

45
 

0.
30

 
-
 

0.
42

 
4.

51
 

0.
18

 
4.

66
 

0.
18

 
4.

67
 

0.
32

 
4.

54
 

0.
22

 
4.

73
 

0.
11

 
4.

77
 

0.
08

 
4.

76
 

0.
05

 
4.

75
 

0.
13

 
4.

75
 

0.
19

 
4.

84
 

0.
16

 
5.

00
 

0.
13

 
5.

03
 

0.
09

 
5.

10
 

0.
11

 
5.

10
 

0.
17

 
5.

06
 

0.
12

 
5.

34
 

0.
21

 
5.

31
 

0.
25

 
5.

35
 

0.
25

 

4.
74

7 
0.

18
 

50
 

53
 

(0
.2

12
 m

o
l/

l)
 

8.
18

 
8.

22
 

8.
19

 
8.

10
 

8.
15

 
8.

17
 

8.
16

 
8.

18
 

8.
19

 
8.

23
 

8.
24

 
8.

24
 

8.
26

 
8.

22
 

8.
22

 
8.

20
 

8.
23

 
8.

20
 

8.
19

 
8.

22
 

8.
23

 
8.

24
 

8.
23

 
8.

21
 

8.
22

 
8.

18
 

8.
19

 
8.

19
 

8.
20

 

53
 

2.
39

 
2.

43
 

2.
42

 
2.

42
 

2.
42

 
2.

42
 

2.
40

 
2.

44
 

2.
57

 
2.

46
 

2.
45

 
2.

43
 

2.
42

 
2.

45
 

2.
41

 
2.

41
 

2.
42

 
2.

42
 

2.
41

 
2.

42
 

2.
43

 
2.

43
 

2.
42

 
2.

49
 

2.
43

 
2.

43
 

2.
43

 
2.

44
 

2.
40

5 

50
 

0.
11

 
0.

11
 

0.
11

 
0.

10
 

0.
10

 
0.

11
 

0.
11

 
0.

11
 

0.
11

 
0.

11
 

0.
11

 
0.

11
 

0.
11

 
0.

11
 

0.
10

 
0.

10
 

0.
10

 
0.

10
 

0.
10

 
0.

10
 

0.
10

 
0.

10
 

0.
10

 
0.

10
 

0.
10

 
0.

10
 

0.
10

 
0.

09
 

2.
28

 
2.

32
 

2.
31

 
2.

32
 

2.
32

 
2.

31
 

2.
29

 
2.

33
 

2.
35

 
2.

34
 

2.
32

 
2.

31
 

2.
34

 
2.

31
 

2.
31

 
2.

32
 

2.
32

 
2.

31
 

2.
32

 
2.

33
 

2.
33

 
2.

32
 

2.
33

 
2.

33
 

2.
33

 
2.

35
 

2.
29

6 

-
 

-
 

48
 

0.
87

 
0.

87
 

0.
87

 
0.

88
 

0.
88

 
0.

88
 

0.
88

 
0.

87
 

0.
86

 
0.

86
 

0.
87

 
0.

87
 

0.
87

 
0.

88
 

0.
88

 
0.

88
 

0.
88

 
0.

88
 

0.
88

 
0.

88
 

0.
88

 
0.

88
 

0.
88

 
0.

88
 

0.
89

 
0.

89
 

0.
89

 

-
 

1.
98

 
2.

02
 

2.
01

 
2.

04
 

2.
04

 
2.

03
 

2.
02

 
2.

06
 

2.
02

 
2.

01
 

2.
02

 
2.

01
 

2.
04

 
2.

03
 

2.
03

 
2.

04
 

2.
04

 
2.

03
 

2.
04

 
2.

05
 

2.
05

 
2.

04
 

2.
05

 
2.

07
 

2.
07

 
2.

09
 

2.
01

7 

48
 -
 

-
 

S
ta

ti
on

 N
um

be
rs

 4
10

2 
th

ro
ug

h 
40

96
, V

it
ya

z 
C

ru
is

e 
58

9.
 

S
ta

ti
on

 N
um

be
rs

 3
77

7 
th

ro
ug

h 
38

34
, V

it
ya

z 
C

ru
is

e 
86

2.
 



T
ab

le
 5

. S
ta

tio
n 

da
ta

 f
or

 So
ut

h 
Pa

ci
fic

 c
ol

d 
au

rf
ac

e w
at

er
 (

C
S

W
) 

C
ol

.: 
1 

2 
3 

4 
5 

6 
7 

8 
9 

10
 

11
 

12
 

In
or

ga
ni

c 
T

it
ra

ti
on

 
C

ar
bo

na
te

 
In

 or
ga

ni
c 

L
at

. 
St

n.
 

T
em

p.
 

Sa
lin

ity
 

O
xy

ge
n 

ph
os

ph
or

us
 

al
ka

li
ni

ty
 

Bo
ra
te
 

al
ka

li
ni

ty
 

H
ar

ve
y 

ca
rb

on
 

(d
eg

, m
in

) 
N

o.
" 

("
C

) 
( X

) 
W

/l
) 

(P
I3

-W
 

PH
 

(m
eq

/l)
 

(m
eq

/l)
 

(m
eq

ll)
 

fa
ct

or
 

(m
g-

at
/l

) 
~ 

40
 1

1 
38

37
 

16
.8

5 
35

.3
8 

5.
53

 
0.

13
 

8.
20

 
2.

41
 

0.
09

 
2.

32
 

0.
90

 
2.

09
 

2.
12

 
0
 

44
 2

8 
39

6 
12

.7
3 

34
.4

5 
6.

08
 

0.
46

 
8.

10
 

2.
33

5 
0.

07
 

2.
27

 
0.

92
 

2.
09

 
46

 1
9 

39
5 

12
.1

2 
34

.5
6 

6.
15

 
0.

45
 

8.
12

 
2.

33
6 

0.
07

 
2.

27
 

0.
92

 
2.

09
 

p 
47

 2
1 

39
4 

12
.4

1 
34

.6
0 

6.
11

 
0.

48
 

8.
13

 
2.

33
7 

0.
07

 
2.

27
 

0.
92

 
2.

09
 

48
 2

4 
39

3 
11

.3
7 

34
.6

3 
6.

22
 

0.
52

 
8.

12
 

2.
33

0 
0.

07
 

2.
26

 
0.

92
 

2.
08

 

52
 2

4 
39

1 
8.

81
 

34
.2

9 
6.

60
 

0.
99

 
8.

05
 

2.
32

5 
0.

06
 

2.
27

 
0.

94
 

2.
13

 
5 9 

41
 1

9 
38

38
 

16
.2

3 
35

.5
2 

5.
79

 
0.

17
 

8.
16

 
2.

43
 

0.
08

 
2.

35
 

0.
91

 

E 

56
 1

8 
38

9 
5.

39
 

33
.8

5 
7.

10
 

1.
61

 
8.

07
 

2.
32

0 
0.

06
 

2.
26

 
0.

94
 

2.
12

 
5 

64
 0

1 
38

4 
0.

49
 

34
.2

7 
7.

85
 

1.
82

 
8.

06
 

2.
36

4 
0.

05
 

2.
31

 
0.

96
 

2.
22

 
g 

50
 2

1 
39

2 
10

.7
0 

34
.5

0 
6.

34
 

0.
61

 
8.

08
 

2.
32

6 
0.

07
 

2.
26

 
0.

93
 

2.
10

 

54
 1

7 
39

0 
6.

79
 

34
.0

5 
6.

72
 

1.
16

 
8.

09
 

2.
32

1 
0.

06
 

2.
26

 
0.

94
 

2.
12

 
Q

 

57
 5

8 
38

8 
4.

15
 

33
.8

5 
7.

30
 

1.
65

 
8.

04
 

2.
31

6 
0.

05
 

2.
27

 
0.

94
 

2.
13

 

60
 1

7 
38

6 
2.

46
 

33
.8

8 
7.

55
 

1.
82

 
8.

04
 

2.
32

6 
0.

05
 

2.
28

 
0.

95
 

2.
17

 
62

 3
8 

38
5 

1.
78

 
33

.9
1 

7.
65

 
1.

86
 

8.
04

 
2.

33
3 

0.
05

 
2.

28
 

0.
95

 
2.

17
 
' 

58
 5

7 
38

7 
3.

19
 

33
.8

4 
7.

40
 

1.
80

 
8.

02
 

2.
32

8 
0.

05
 

2.
28

 
0.

95
 

2.
17

 
p 

66
 0

2 
38

3 
0.

03
 

34
.1

4 
7.

90
 

2.
10

 
8.

03
 

2.
35

8 
0.

05
 

2.
31

 
0.

96
 

2.
22

 
x 

67
 5

9 
38

2 
-
 0.

42
 

33
.9

4 
8.

02
 

1.
61

 
8.

03
 

2.
33

4 
0.

05
 

2.
28

 
0.

96
 

2.
19

 
69

 5
9 

38
1 

-1
.1

1 
33

.8
0 

8.
00

 
1.

84
 

8.
04

 
2.

33
6 

0.
05

 
2.

29
 

0.
96

 
2.

20
 

A
ve

ra
ge

 
6.

89
 

34
.3

0 
6.

90
6 

1.
17

 
8.

08
 

2.
34

2 
2.

28
3 

2.
 I3

9 

N
o.

 o
f 

sa
m

pl
es

 
18

 
18

 
18

 
18

 
18

 
18

 
18

 
18

 
(0

.3
08

 m
m

ol
/l)

 

f x 3e a
 

a 
St

at
io

n 
N

um
be

rs
 3

83
7 

th
ro

ug
h 

38
38

, V
ity

az
 C

ru
is

e 
86

2.
 

S
ta

ti
on

 N
um

be
rs

 3
96

 th
ro

ug
h 

38
1,

 O
b 

C
ru

is
e 

5.
 

h
 - a T

p
 
e
 

L
 



24. 

2 3. 

ALKALINITY 
(meq. / I , )  

22. 

2 I .  

2 2. 

2 I .  

zc02 
(mg. -ot . /L)  

2 0. 

19. 

USE OF CHEMICAL TRACERS I N  OCEANIC STUDIES. I1 

066 N O 3  RMTH36 N ?  26 
- M I .  4 

..... .. - .. . . . . . . .  .. . . . . .  - ... 
.. . .a .. .... . . .  . . ". . .  - . . .  ...... .. 

- 

- I 
O S .  60 40 20 0 20 40 60 ON. 
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Table 26 (pp. 176175); salinity values were 
converted to chlorinities by Harvey's equation 
(p. 126). The tables list average values used 
for Cases I1 and 111. (The oxygen concentra- 
tions in mmol/l are obtained from values in 
pg atoms/l using the factor of Sverdrup et d. 
(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 A, = 0.1233, in good agreement with 

Wattenburg's value of 0.123 (Skirrow, 1965, 
p. 248). Hence to DW we assign A, =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 ( D  W) 

Carbonate alkalinity 2.423 meq/l 
Inorganic carbon 2.330 mg atoms/l 
Oxygen 0.18 mmol/l 
Inorganic phosphorus 2.58 pg atoms/l' 
Salinity 34.70g/kg 
Inorganic radiocarbon ratio 0.810 
Temperature 1.50°C 

' Reference quotes 0.80 pguglliter. 

~~~ - 

Sverdrup et al. (1942, p. 208) 
Eriksson (1962, p. 4) 
Eriksson (1962, p. 4) 
Eriksson (1962, p. 4) 
Bolin & Stommel (1961, p. 96) 
Broecker (1963 a, p. 145) 
Bolin & Stommel (1961, p. 96) 

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 X to account 
for isotopic fractionation at the ocean surface, 
given in our notation by a,,eq.Cal (cf. footnote 
of subsection 6.3). 

The values assigned to the various reservoirs 
are listed in Table 7. The values assigned for 
pH and p ,  were calculated from the assigned 
values of inorganic carbon and carbonate alka- 
linity according to the method of Harvey (1955, 
pp. 160-175). 

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: 

Bq,"0.08 mg atoms/l (i = 1, 2, 3) 

I n  estimating the concentration of radio- 
carbon in insoluble carbonates and biocarbon 
(*'*q, and ' *q1) ,  it is sufficient to note that the 
uncertainty of the values just quoted does not 
justify us in assuming ICR, /R.  andBRl/fl. to 
be different from unity. 

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

a,A = 1.000 (i  = 1, 2) 

aiB ~ 0 . 9 8 0  (i = 1, 2) 

a,, =0.972 (i = 1, 2) 

Ca,.at ,eq=0.988 (i =1, 2) 

Table 7. Data for three-reservoir model 

I11 I, 11, I11 Case: I 11, I11 I I1 
Reservoir name: wsw wsw csw csw csw DW 
Reservoir index: 1 1 2 2 2 3 

~ 

Property 
Aq, carbonate alkalinity (meq/l) 2.249 2.296 2.298 2.283 2.227 2.423 
' q ,  inorganic carbon (mg rttoms/l) 1.950 2.017 2.200 2.139 2.063 2.330 
Oq, oxygen (mmol/I) 0.196 0.212 0.357 0.308 0.293 0.180" 
'q ,  inorganic phosphorus 

(CLg atoms/l) 0.40 0.18 1.80 1.17 1.13 2.58' 
=lmtY (g/kl3) 35.00 35.20 34.00 34.30 32.92 34.70 ., inorganic radiocarbon ratio 0.955 0.955 0.925 0.925 0.925 0.810 

1.926 2.035 1.979 1.908 1.887 
%,!I? 
*q, inorganic radiocarbon (mmol/l) 1.862 
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 
pi (atm x lo8) 319 317 402 374 365 604 

' Case 11' employs 0.150 for oxygen, no change for inorganic phosphorus; Case 111' 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 For deep water the dissolution of carbonate 
and oxidation of biocarbon proceed irreversibly isotopic fractionation between the two surface 

reservoirs are neglected. Using these values, (cf. 6.24, 6.25, 6.26), hence: 
values of ' R i / R .  of Table 7, and thedefinitions 
of subsection 5.2: c(A3 = 1.000 c(B3 = 1.000 

* Y ~ A  =0.955 *yQA ~ 0 . 9 2 5  
*Y~B =0.936 * Y ~ B  =0.906 

and thus 

 lo =0.917, * y z o  =0.888 *Ysa ='cRa/R- *YSb =BRa/R* 
Tellus XX (1968), 1 
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For the radiocarbon decay constant, we use WSW: W ,  = 100.1017 liters 
the value of Craig (1957): CSW: W ,  = 80-1017 liters 

*A = (8,033 years)-' DW: W ,  = 12,98O.lOl7 liters 

We have, finally, assumed (of. Sverdrup et al., WSW: A, ,=  ie 
1952, p. 15) as values for the world oceans: 

Tellus XX (1988). 1 
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k ,  - k-3  + A y  a,  = O  ( A  ) 

' S ,  k ,  -'S, k - 3  + a,  + b, = 0 ( C )  

O6, k ,  - OS, k-  + "y  b,=O (0) 

'6, k ,  - '6, k-  + ' y  b,=O (PI 

S6,k , -SS,k_3 = O  (5) 

*a, k,  -*a, k-3 + * y ~ 3 a ,  + *ye3 b, =*A *q, W ,  (*) , 

CH. D.  REELING AND B. BOLIN 

Table 8. Computationa for the deep water ( D W )  

Column: 1 2 3 4 5 6 
Case: I I1 I1 I11 11' 111' 
*Y - 1.3 - 1.3 - 1.1 - 1.3 - 1.3 - 1.1 

k ,  ( 1017 l/yr) 
k-, l/yr) 
a, ( 1017 mg-at/yr) 

* Y A 3  
*ye3 
t s  ( Y d  
=t, (Yr) 
4, ( Z) 

9.0 
2.2 
0.76 
1.26 
9.44 
0.955 
0.836 
1150 
860 

34.63 

13.3 
- 1.3 

0.85 
1.28 

12.18 
0.955 
0.838 
1080 
840 

34.75 

12.0 
- 0.3 

0.83 
1.39 

11.74 
0.955 
0.845 
1100 
780 

34.71 

21.0 
- 7.7 
1.57 
1.64 
7.37 

0.955 
0.859 

970 
660 

34.88 

11.7 
0.03 
0.82 
1.42 

11.64 
0.955 
0.847 

1110 
760 

34.70 

11.5 
0.1 
1.13 
1.97 

11.07 
0.955 
0.872 
1120 
550 

34.70 

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-,, a,, b,, *yA39 and *yB3.  The 
system is, thus, overdetermined. This implies 
that we cannot independently specify the con- 
centrations Lpi and all of the source ratios, 
* y ,  Oy,  and '7. The vdue of A y  is uniquely given 
as 2 by the stoichiometry of the inorganic 
carbon system, but O y  and ' y  are weighted 
space and time averages whose values must be 
estimated from oceanographic data. Since we 
expect Oy to vary over a narrower range than 
'7, 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 7.15. 

We now use the values given in Table 7 for 
the concentrations of A ,  0, C ,  P ,  *; we exclude 
equations (7.15) and (7.1P); and we solve the 
six remaining first-order equations (considering 
*yA3 .a ,  and *ye3 .b ,  as unknowns). We thus 
obtain for Cases I, 11, and I11 (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 I1 using Oy = -1.1 instead of -1.3.  
The values in columns 5 and 6 are explained 
below. 

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

Tellue XX (1988). 1 



USE O F  CHEMICAL TRACERS IN CCEANIC STUDIES. I1 41 

reservoir model: we obtain a large negative value 
for the transfer coefficient k - ,  in violation of 
(3.8). Even for Case 11, k - ,  is negative, but a 
moderate increase in Oy to - 1.1,  within the 
uncertainties for this source ratio, yields an 
almost acceptable value. The source terms 
a, and b,  (except for a, in Case 111) are insensi- 
tive to the differences in assigned concentra- 
tions. The ratio ' y  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 
I1 and I11 need further explanation. With ' y  
regarded as an unknown (see above) the ratio 
k a / k - ,  depends only on the distributions A ,  C, 
and 0, and the source ratio Oy. This is seen if 
we eliminate a, and b, between (7 .1A).  (7.1C), 
and ( 7 . 1 0 )  thus: 

(7.2) 

The sum of terms enclosed in the second paren- 
theses is clearly positive for all cases con- 
sidered. Therefore to obtain k - ,  2 0 requires: 

(7.3) 

I f  we accept the data of Table 7 we obtain, as a 
condition on the source ratio for 0: 

Case 11: O y  - 1.06 

Case 111: Oy 2 -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 a 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 Oq,, the condition k - ,  2 0  leads to: 

If Oy = -1.3: Case 11: Oq, G0.151 

Case 111: Oq, 90.073 

'4 ,  90.175 

Case 111: OqS < 0.107 

If O y  = -1.1: Case 11: 

The model clearly prefers lower values of 

Tellus XX (1968), 1 
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oxygen for Case I11 than for Case 11. 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 Oq,; using primes after 
the case numbers to indicate adjusted data. We 
have chosen as Case 11', data of Case I1 except 
Oqs = 0.15; as Case 111', data of Case I11 except 
Oq, = 0.105, and 'pa = 3.00. (The latter change, 
which preserves a reasonable value for ' y ,  is in 
line with oceanographic observations (Reid, 
1965).) In  the computation for Case 111' we 

For the South Pacific Ocean, fixing Oy = - 1.3 
and reducing OqS to 0.15 yields values indistin- 
guishable from preserving '4, =0.18 and 
changing O y  to - 1.1. Either choice lies within 
the uncertainty of the oxygen data and source 
ratios. For the North Pacific Ocean, Oq, =0.105 
is too low, and we are hard pressed to find any 
realistic combination of values, even if, as in 
Case 111', we both reduce and raise '7. 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 I11 or 
111' further. 

The values in Table 8 were obtained excluding 
the salinity equation (7.15).  The ratio k&, 
may be calculated directly from (7.15), 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 0. 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 I and I1 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 A ,  C ,  and 0. We find approximate 
agreement between these calculated salinities 

use oy = -1.1.  
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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 i =3)  as: 

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

(7.5) 

Using the values for W ,  and ‘q ,  quoted above, 
we obtain: 

ts = 1100 years 

I C t g  = o years 

Btg = 800 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 t, in terms of the input data of 
the model. To do SO we eliminate a, and b, 
between (7.1A), (7.1C), and (7.1*) and rear- 
range: 

(7.7) 

where we have simplified the expression by 
setting k - ,  = 0. This condition holds approxi- 
mately for Cases I and I1 and is imposed for 
Cases 11’ and 111’ by equality (7.3). I n  (7.7) we 
have also replaced *yAs and *yB3  by I C f i s / ’ i i .  

1 I f  the deep water could be shown to be randomly 
or well mixed internally, th’is ratio could be inter- 
preted as an average “turn over” or “residence” time 
of the deep water (cf. 3.24). 
and B R a / 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 IC*qi 

and ’*qi of subsection 7.1, we derive the rela- 
tionships: 

(7.8) “ R ,  = alaCRl - IC t, * A 

B R ,  = al,CR1 -Bt,*l (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 I C R ,  nor BRii, is well determined by 
the model because of insufficient data. Lack of 
information on insoluble carbonate led us to 
assert ’‘*pi =ICqi = 0, equivalent to assuming 
a mass-flux ratio, I C t S ,  of zero. No direct 
measurements of the 14C/1zC 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 B78 evaluated 
by (7.6). The average concentration of bio- 
carbon in deep water is probably less than the 
figure used, however,a while the concentration 
of insoluble carbonate is certainly so low that 
“t, is considerably less than Bts. 

Thus, the insoluble radiocarbon and the 
radiobiocarbon in deep water very probably 
have average 14C/1zC ratios intermediate be- 
tween those of inorganic radiocarbon in surface 
and deep water, and the differences, 
“R, )  and (‘Re -BRS) ,  which appear in (7.7) 
are not likely to exceed ( C R , - C R , ) .  Since 
“S,/“q, and A6,/AyCqs are small compared to 
unity, z, depends principally on the ratio 
(‘R, -CRs)/CRs,  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 surface 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 GO, transfer through the 

2 Recent data by P. Williams (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. 

Tellus XX (1968). 1 
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atmosphere between polar and equatorial 
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 py as 
an unknown (as in subsection 7.2), the equations 
for inorganic phosphorus, P ,  will contain 
products of two unknowns, ' y ' b ,  and ' y . b , ,  
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 
several 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): 

A6, k,  - A6, k -  + Aql F + * y  a, = O  (A) 

'6, k ,  -'6, k - l  +'ql F + a, + b, - f = 0 (c) 

' 6 ,  k, -'a, k - l  +'ql F +'ybl 

These six equations contain eight unknowns, 

The six tracers considered are thus insuffi- 
cient to determine all the transfer rates in our 
model. We may a t  this stage use (6.32) to relate 
the hi to f on the basis of the partial pressure 
differences of stable and radioactive CO, across 
the ocean surface. The partial pressures which 
appear in these equations vary considerably, 
however, for small variations of Aqt and 'q,, 
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). 

 tell^^ XX (1988). 1 

k,, k - , ,  F ,  a,, b,, f, 9, and h,. 

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 b1 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, 
xzo /x l , , ,  by 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 lo1' l/yr; for k-, 0 to 20 x 10'' 
l/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 a t  the Uni- 
versity of California, San Diego.' A summary 

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 AD1 Auxiliary Publications Project, Photodup- 
lication Service, Library of Congress, Washington, 
D.C. 20540. A copy may be secured by citing 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. 
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Table 9. Solutions of the three-reservoir model for Cases I and 11' 

Case I Case 11' 
h 

Column: 1 2 3 4 5 6 7 8 9 10 

Given: Ak (1017 Z/yr) 2 0 0 
k-, (1017 zlyr)  o 0 4 

4 2 2 2 0 0 0 
0 0 4 8 8 12 16 

-a, ( l0l7 mg-at/yr) 
-az ( 1017 mg-at/yr) 
-b, ( 1017 mg-at/yr) 
-b, ( 1017 mg-at/yr) 
f ( 1017 mg-at/yr) 
P (1017 l/yr) 
g (1017 mmollyr) 
h, ( 1017 mg-et/yr 
h, ( 1017 mg-at/yr) 
k, ( 1017 I/yr) 
k-, ( 1017 l/yr) 
k, ( 1017 l/yr) 
k-, ( 1017 I/yr) 
k, ( 1017 l/yr) 
k-, ( lo1' l/yr) 
Pl-PO ( P P )  
P2-P, ( P P d  
% O / X l O  

Water exchangesa 

Advectionn 

0.41 
0.35 
0.97 
0.28 
0.29 
0.04 
1.20 
1.43 
1.81 
2.0 
0.0 
9.0 
7.0 
4.2 
2.2 
3.5 

- 4.2 
1.7 

0 

0.21 0.36 
0.54 0.40 
0.51 1.11 
0.74 0.15 
0.15 0.49 
0.02 0.06 
0.63 2.06 
0.77 1.01 
2.47 2.24 
0.0 3.9 
0.0 4.0 

9.0 9.0 
2.2 2.2 

3.4 8.5 

4.2 2.9 
n 4 

(Invariant) 

(Invariant) 

-1.6 -5.9 

2 0 0 
u 

0.32 
0.50 
0.83 
0.59 
0.22 
0.06 
0.84 
1.38 
1.86 
3.9 
0.0 

11.7 
7.7 
4.0 
0.0 
2.8 

- 3.2 
1.8 

C H W  
0 

BZDJO 
4 
v 

0.16 0.20 
0.66 0.62 
0.42 0.76 
1.00 0.66 
0.11 0.34 
0.03 0.09 
0.42 1.26 
0.71 0.95 
2.52 2.29 
2.0 5.9 
0.0 4.0 
(Invariant) 

9.7 9.7 
2.0 2.0 
(Invariant) 

2.7 6.1 
- 1.2 -3.9 

4.6 3.1 
0 4 

0.24 
0.58 
1.10 
0.32 
0.56 
0.14 
2.10 
1.20 
2.05 
9.9 
8.0 

9.7 
2.0 

8.1 

2.3 

c-w 

- 7.2 

8 

'Lz 1 0 D  0 
2 
u 

0.08 
0.74 
0.69 
0.73 
0.45 
0.11 
1.69 
0.53 
2.71 
7.9 
8.0 

11.7 
0.0 

14.5 
- 4.3 

6.7 

C"W 
8 

I>& 
0 

0.12 0.16 
0.70 0.66 
1.03 1.37 
0.39 0.05 
0.67 0.89 
0.17 0.23 
2.52 3.36 
0.77 1.02 
2.48 2.24 

11.8 15.8 
12.0 16.0 

11.7 11.7 
0.0 0.0 

14.9 15.2 

4.2 2.9 
-7.1 - 10.5 

12 16 

0 0 

a The symbolic representation of water exchange and advection is an attempt to show the approximate 
physical character of the reservoir transfer coefficients. We adopt the view (for k, 2 k+) that Ak( M k, - k+) 
is a 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 I11 and 111' because unrealistic results 
were already obtained from considering the 
deep water reservoir. Case 11, with O y  = - 1.1 
is not reproduced since it yields results in- 
distinguishable from Case 11' with Oy = - 1.3. 
I n  Table 10 we show additional results obtained 
by modifying Case 11' (as in column 6, Table 9) 
in various ways. We increase the 14C/12C ratio, 
'Ra ,  to become equal to CR, (column 2), and 
we change the Aq, and 'q ,  slightly (columns 3 to 
6) to investigate how sensitive the results are 
to different surface values of inorganic radio- 
carbon, 14C, and to pH. We also vary "q, (columns 
7 to 10) to investigate how sensitive the atmo- 
spheric fluxes f and F are to difference values 
of the surface salinity gradient, '6,. 

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 k, 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 ai, 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 s  -po ,  
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-l, 
owing partly to the demands of our model, 
partly to the particular concentrations we have 
assigned in Table 7. For either Case I or 11', 
f ,  g ,  and P vary linearly with Ilk and kVl, 
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Table 10. Solutions of the three-reservoir model for Case II', modified 

None '9, None '9, Modification None CR,=CR, , 
Column: 1 2 3 4 5 6 7 8 9 10 

Ak (10" l/yr) 2 2 2 2 2 2 2 2 0 0 
k-, ( l/yd 4 4 4 4 4 4 4 4 16 16 

Given: WSW p H  8.20 8.20 8.20 8.19 8.20 8.19 
fSW p H  8.08 8.08 8.16 8.16 8.15 8.15 

PH 

91 35.20 36.20 35.20 36.20 

-al (10" mg-at/yr) 
-a, ( l O I 7  mg-at/yr) 
-b, (10" mg-at/yr) 
-b, ( 1017 mg-at/yr) 
f ( l O I 7  mgat /yr)  
F ( l O I 7  l/yr) 
g ( l O I 7  mmol/yr) 
hl (10" mg-at/yr) 
ha ( 1017 mg-at/yr) 
k, ( lOI7  I/yr) 
k-, (1017 l/yr) 
k, ( lOI7  l/yr) 
k-, (10" l/yr) 
k, (10'' l/yr) 
k-, ( 1Ol7 l/yr) 
PI-PPO ( P P 4  
P l l P O  (PPm) 
xlo/x10 

0.20 
0.62 
0.76 
0.66 
0.34 
0.09 
1.26 
0.95 
2.29 
5.9 
4.0 

11.7 
9.7 
2.0 
0.0 
6.1 

- 3.9 
3.1 

0.20 0.29 
0.46 0.15 
0.76 0.81 
0.39 0.57 
0.34 0.35 
0.09 0.09 
1.26 1.30 
0.70 1.10 
2.54 2.14 
5.9 5.9 
4.0 4.0 
9.4 11.2 
7.4 9.2 
2.0 2.5 
0.0 0.5 
8.3 5.5 

-2.3 -4.4 
7.3 2.5 

0.49 
- 0.03 

0.81 
0.58 
0.47 
0.09 
1.30 
1.09 
2.16 
5.9 
4.0 

11.2 
9.2 
2.4 
0.4 
7.4 

- 5.7 
2.6 

0.10 
0.66 
0.67 
0.82 
0.14 
0.07 
1.18 
0.73 
2.51 
5.9 
4.0 

12.5 
10.5 
1.3 

- 0.7 
3.2 

- 1.4 
4.5 

0.28 
0.46 
0.68 
0.81 
0.24 
0.07 
1.19 
0.75 
2.49 
5.9 
4.0 

12.4 
10.4 
1.4 

- 0.6 
5.7 

- 2.6 
4.4 

0.20 
0.62 
0.76 
0.66 
0.34 
0.09 
1.26 
0.95 
2.29 
5.9 
4.0 

11.7 
9.7 
2.0 
0.0 
6.1 

- 3.9 
3.1 

0.39 0.16 
0.43 0.66 
0.76 1.37 
0.66 0.05 
0.48 0.89 
0.25 0.23 
1.30 3.36 
0.95 1.02 
2.30 2.24 
5.8 15.8 
4.0 16.0 

11.7 11.7 
9.7 11.7 
2.0 0.0 
0.0 0.0 
8.7 15.2 

-5.4 - 10.5 - 
3.2 2.9 

0.66 
0.16 
1.38 
0.04 
1.26 
0.67 
3.47 
1 .oo 
2.27 

15.3 
16.0 
11.7 
11.7 
0.0 
0.0 

21.8 
'14.7 

3.0 

the sum of the b, are invariant, and the sum of 
the h, nearly so, while the CO, partial pressure 
difference, p 1  -p , ,  is proportional to the 
quotient f/hl. Also from (6.29) and (6.32) we 
obtain: 

i.e., h,/h, for a given case is prescribed by the 
CO, exchange coefficient ratio xao/x lo ,  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,  + ba)t xBo/xlo, and P .  

Measurements of the primary production of 
organic carbon in surface waters, averages of 
which are denoted in our model by blB and 
bgB,  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 

Tellus XX (1968), 1 

45-1 10 g m-* yr-, 
120 g m-9 yr-1 
70 g m-* p-1 

18-48 g m-= yr-l 

These values are highly uncertain, but suggest 
that the primary production poleward of 40' 
will exceed that between 40" N and 4 0 " s  by a 
factor of about 2. If we choose as representative 
values 100 g y r l  for CSW. 50gm-4yr-1for 
WSW, we obtain with A,, =2A,, (see subsec- 
tion 7.1): blB = blB = 10 x 1017 mg-atom/yr. We 
have no data to calculate the ratios of primary 
production to net synthesis of biocarbon in the 
separate surface reservoirs, blB/b l  and b,,/b,, 
although we note that the sum, blB -kbaB, is 
more than ten times the net production for 
both surface reservoirs together, numerically 
equal to b,; so that b,  and ba 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 C O ,  exchange coeffi- 
cients xpo and x l 0  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. 3923) 
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Ak 

-4 

- 2 -  

2 

6 -  

10- 

PACIFIC OCEAN CASE I 
F (SFC: -OD, -60’. O W )  

0 

.5 

1.0 

- 

0 -  

-2 
4 L , + b z  

8 -  / - 

‘1 I I I I I I , I , !  

we expect a value for x , , / x l ,  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 a t  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 11‘ 
lines of constant b l / ( b ,  + b, ) ,  F ,  and x z o / x l o  versus 
the parameters Ak and k - l .  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 
x , , / x l ,  varies strongly with Ak but scarcely 
a t  all with k-, .  This we expect from the small 
isotopic ratio gradient) we have assigned be- 

Ah 1 (SFC: 40°N-40’S, 4Oo-70’S. DW) F I 

Fig. 15. Parametric plot for Case 11’ (cf. Fig. 14 
and the text). 

h - l  0 4 8 12 I6 20  r -1 ------ 
PACIFIC OCEAN CASE II’ 

7 WITH ‘R2 = ‘R, 

/ i 
L L - . . L . U  

Fig. 16. Parametric plot for Case 11’ 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 ‘72, =‘El, the 
ratio x z o / x l o  varies almost exclusively with Ak. 
Secondly, the computed atmospheric water 
flux, F ,  is nearly equally sensitive to the values 
of both surfwe water fluxes and hence to both 
Ak and k-, .  Thirdly, the model for reasonable 
values of b,/(bl  + b , )  and x z o / x l O  delivers un- 
reasonably low values for F and, within the 
limits we have set for x z o / x l o ,  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-, > O ,  
k ,  2 0,  0 < b, / (b ,  + b,) < 1, 1 < xz0/x1, 4 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 xz0/x1,, not exceed 6. 
In  Table 9 we have listed at intervals of 2 x 1017 
l/yr for Ak and 4 x lo1’ l/yr for k-,, nearly all 
the preferred solutions for Case I and 11’ 
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 11’ 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)l with Case 11’ (4, 0) ,  or Case I 
(0,  4) with Case 11’ (0, 8). Only one significant 
difference exists between the cases: for Case I 

We shall refer to paired values of Ak and k-, 
in units of 1017 l/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 11'. 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 11' 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 I11 and 111' 
were rejected in subsection 7.2). 

8.2. The atmospheric water flux, P 
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" S is 0.77 x 10" l/yr and the net 
gain by precipitation in polar regions is 0.50 x 
101' 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 x 1017 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 P ,  0.6-0.8 x 1017 l/yr. 

The values of F that we obtain from Case 11' 
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 
"q, = 35.2 x0 and '9% = 33.9 X0;  i.e., '6, = 1.4 X .  
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 11' '6, =0.500/,. Equation 
(7 .48)  shows that variations in '6, will have 
direct influence on the value of F obtained 
from the model. If we recompute with a value 
of '6, consistent with Wiist's, by raising ' q l  
by 1.0%,, with "q, still equal to 34.700/,, 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 40%. 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 - f ,  and the other 
source terms, including b,  and b,, remain 
essentially unchanged. I f  we adopt the extreme 
set of values Ak,  k-, = ( O ,  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 I1 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 11' (0.1-0.9 x 1017 mg- 
atoms/yr) agree poorly with a value of 5 x lo1' 
mg-atoms (2  x 10'' ton/yr) estimated from atmo- 
spheric data (Bolin & Keeling, 1963). Even if 
the assumed salinity difference '6, is increased 
from 0.5 to 1.5p/,, the upper limit for f is in- 
creased only to 1.3 x 1017 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 II’ 

wsw csw 
, A 

PH cP1 AP1 PH c9z 

(Adjusted values: ( p ,  = 325; p 2  = 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 a  = 374) 
8.20 2.017 2.296 8.08 2.139 2.283 

value is highly uncertain. Secondly, the basic 
data for inorganic carbon 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, Aqi, and 
inorganic carbon, ‘q,, 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 i ,  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 o  = 315 x 

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 avai1- 
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 i  known and computed Aqi and 
‘q, using the tables of Harvey. In  approximate 
agreement with Keeling et al. (1965) we assign: 

for WSW: pl = 325 ppm; T = 26°C; 
chlorinity = 19 %, 

for CSW: p 2  = 310 ppm; T = 6OC; 
chlorinity = 19 Z0 

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

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

As Table 11 shows, a change of 0.01 in pH 
produces shifts in the values of the Aq, larger 
than the difference in alkalinity between the 
two surface reservoirs. The ‘qi also shift 
considerably. Table 10 shows ths 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, k- ,  =(2 ,  4) with the pH 
values of each reservoir, WSW and CSW, varied 
independently. The carbon source terms 6, and 
b, shift by up to 25%, the carbon source terms 
a ,  and a ,  and the atmospheric flux of CO,, 1, 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 t,he 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. The atmospheric oxygen f lux,  g 
High values of the 0, flux, g ,  are associated 

with high values for the atmospheric CO, flux, 
j ,  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 loi7 mmol/yr. 

Redfield et al. (1963, p. 55) have estimated 
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the 0, flux into the Gulf of Maine as 12 x lo4 

ml 0, m-8 month-' during the fall and winter, 
while Pytkowicz (1964) has estimated the 0, 
flux out of the Pacific ocean near the coast of 
Oregon during the summer months as 1.2 x 10' 
ml 0, m-a 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 Oa 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-scale hori- 
zontal and vertical transport processes after 
averaging over the seaaons. Thus, the values 
we have obtained in the three-reservoir model 
are not unreasonably low. 

Redfield estimated the exchange coefficient 
of 0, during the winter as 2 x lo7 ml m-E 
month-' (1  x lo3 mmol cm-' 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 x applied to WSW, and our 
highest value for g, we calculate a net pressure 
excess in WSW of 1.5 x lo-' to 1.0 x lo-* 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" S 
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 4OoN and 4 0 ' 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 ,  -pa  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 ,  -p0 )  = 

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, a t  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 1017 l/yr (Table 
10, column 10) may be close to the correct 
value, i.e., f is -1.3 x 101? mg-atomslyr (0.6 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 14C/izC ratio in cold 
surface water than in warm surface water, in ac- 
cordance with observations (cf. Fig. 11). If we 
assign the same ratio, ''&Z,IR. =0.955, to WSW 
and CSW, we obtain with Ak, k - ,  = (2, 4)  the 
results of Table 10, column 2. Compared with 
Case 11' (shown in column 1) h, decreases, 
h ,  increases, x z o / x l o  increases dra,stically; but 
the other source terms and tho reservoir transfer 
coefficients are only slightly changed. 

The overall effect is best seen by comparing 
parametric plots of b,(b,  + b , ) ,  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-'=O), the two cases are 
very similar, but for higher values of k-', the 
limit x z o / x I o  =6 ,  which lies parallel to lines of 
equal advection, Ak, in Fig. 16 exerts such a 
strong influence on the model that preferred 
solutions are cut off a t  k-, = 6  x lo1' l/yr, in 
contrast to Case 11' with a cut-off for k- ,  
(owing to the restriction k, 2 0) near 17 x lo'' 
l/yr (see Fig. 15). Furthermore, advection, Ak, 
less than 2 x 1017 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 11'. The last result induces 
us to prefer the original Case 11' 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 a t  high latitudes is only moderately 
more rapid than a t  low latitudes. If we were to 
disregard an upper limit on xzo/xl,,, the pre- 
ferred solutions of the model would deliver 
values of the source terms for all tracers except 
radiocarbon indistinguishable from those for 
Case 11'. 

The experimental uncertainty of the radio- 
carbon measurements lies between 5 and lo%, 
(Broecker, 1963b). Its effect on the isotopic 
ratio difference ' R ,  -'R1 can be seen to lead 
t o  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, * T ~ ,  of inorganic radiocarbon in 
reservoir i relative to atmospheric radiocarbon 
dioxide is proscribed by the law of radio- 
active decay: 

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, 11, or 111. 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, t,, 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 11' the transfer rates (in mg- 
atoms of C* per year x 10") are: 

via water transport 

via insoluble carbonate 

via organic (bio)carbon 

*qzk,  =23.2 (92%) 

*ya3a, = 0.8 (3  %) 
*yB3b ,  = 1.2 (5%) 

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, *ti, rela- 
tive to the radioactive decay time, *A-l. 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 nea.rly equal magni- 
tude. Therefore 

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

(8.3) 

and thus, nearly equal to t,. 
The sum of the transfer coefficients into 

deep water, k, + k-, (inversely proportional to 
t,), 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 11' a rate of 
about 12 x 1017 l/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 10" 
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 loao 1). Munk, 
following a suggestion by Sverdrup et al. (1942, 
p. 217), estimated the rate of production of 
deep water of the world oceans aa 9 x 1017 l/yr, 
based on evidence that one meter thick sea ice 
with a salinity of 5 X 0  forms each year over 
2 x 1019 cms 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 
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OPTIMUM SOLUTIONS TO THE 3 RESERVOIR MODEL 

zz (4) yr 

I4C age = 630 yr 
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(2) TI = (:$) yr 
(I!) ’ 
(I!) ’ 

ocean 
water 

I4C age = 370 yr 

COLD SURFACE 
WATER - 

(80 x 10’’ liters) 

T~ = I l l 0  yr 

I4C age = 1690 yr 

DEEP WATER 
(12,980 x IOl7 liters) 

WARM SURFACE 
C WATER 

(160 x lo” l iters) 

Fig. 17. Numerical solutions for the three-reservoir model (cf. Table 12): a,. b,, f ,  hi, in units of 101’ 
mg-atoms/yr-’; g in units of 10’7 mmol/yr-’; F, k,, k - i ,  in units of 1017 1/yrr1. Upper figures denote advec- 
tive solution; lower figures denote diffusive solution. Single figures denote invariants. 

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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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 I1 or 11’), and 
because we forbid negative values of the transfer 
coefficients consistent with the physical inter- 
pretztion 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 
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Table 12. Optimum solutions to the three-reservoir model for the Pacific Ocean, 40” N-YO” S 

Input data Solutions 

Property wsw csw DW Property “Advective” “Diffusive” 
7 A h 

U B 3  
OV 

2.4 1.2 
8.20 8.08 7.98 
2.296 2.283 2.423 
0.08 0.08 0.08 
2.017 2.139 2.330 
0.0 0.0 0.0 
0.212 0.308 0.150 
0.18 1.17 2.58 

35.70 34.70 34.70 
0.955 0.925 0.810 

25.27 6.89 1.50 
160.0 80.0 12,980.0 

1.000 
1.000 

- 1.30 (invariant) 
0.955 0.925 
0.936 0.906 
0.917 0.888 
8.033 yr-l (invariant) 

’ 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 11’ (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); pl -pa  = 15 ppm (cf. 
subsection 8.5). Direct observations in Tables 
4 and 5 yield a surface salinity gradient, 
‘6, = 35.20 %, - 34.30%, = 0.90 %,, lower than that 
consistent with Wust (1954) (see subsection 
8.1). If we accept Wust’s model, but with this 
reduction in gradient, we expect P = 0 . 4 0  x 1017 
VYr- 

-u, (loi7 mg-ath) 
-a2 (10” mg-atjl) 
-b, (1017 mg-at/l) 
-b, ( 1017 mg-at/l) 
f (loi7 mg-at/l) 
F (1017 l/yr) 
g ( loi7 mmol/yr) 
h, ( 1017 mg-at/yr) 
h, (loz7 mg-at/yr) 
k, ( 1017 l/yr) 
k- ,  ( 1017 l/yr) 
k ,  ( 1017 l/yr) 
k- ,  ( 1Ol7 1/yr) 
k3 ( 1017 l/yr) 
k- ,  ( 1 O l 7  l/yr) 
P1-Po ( P P 4  
P a i U o  ( P P ~ )  
Xao/X1, 
7 1  (Yr) 
7 2  (Yr) 
7 3  (Yr) 

7 3  ( Y d  
(Yr) 

pY x 103 

IC 

Water exchanges’ 

Advec tion’ 

0.40 0.31 
0.42 0.51 
1.10 1.03 
0.32 0.39 
0.68 0.81 
0.28 0.34 
2.14 2.56 
1.19 0.77 
2.06 2.49 
9.7 11.7 
8.0 12.0 

11.7 11.7 
9.7 11.7 
2.0 0.0 
0.0 0.0 
9.8 18.2 

- 8.6 - 8.6 
2.3 4.2 

16.0 13.3 
4.1 3.4 

1110 1110 
0 0 

760 760 
11.64 11.64 

8 12 

2 0 u 

Employing the data of Case I1 with Oy = 

- 1.30, we obtain as a reasonable compromise 
to our demands: ‘6, = l .OO%,, Ak, k-, = (0, 12), 
b,/(b, + b , )  =0.73, F = 3 4  x 1017 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. 

I f  we introduce a moderate advection, Ak = 

2 x 1017 l/yr, in qualitative accord with other 
evidence that upward advection of water occurs 
a t  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 x 1017 l/yr, p ,  -pa  = 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 
snd 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 Brcecker's, 
using radiocarbon alone as a tracer (Broecker, 
1963 a), 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 kO.01, are of 
little value for general ocean circulation studies. 
Also, more information on organic carbon is 
needed. 
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OAHOBPEMEHHOE BCIIOJIb30BAHBE XMMB4ECICBX TPACCEPOB B 
B3Y4EHMM OHEAHA 11 

BOnbI  M e x t n y  r J I y 6 0 K H M  O K e a H O M  li I I O B e p X -  
HOCTbIO IIpOMCXOAMT B OCHOBHOM 3a C q e T  o 6 ~ e e a  
C XOJIOnHOfi I IOBepXHOCTHOfi  BOnOfi .  He6onbura~1 
qMpKyJIJI iqHFI OT TeIIJIOfi  I IOBepXHOCTHOfi  BOgbI  K 

CKOPOCTb ee H e J I b 3 K  BbI’IMCJIRTb C n O M O q b I O  
x o n o n ~ o t  n p e n y c M a T p m a e T c f f  M o A e n b m ,  HO 

miemqef im m @ o p M a q m .  
3) T p e x p e a e p ~ y a p ~ a ~  M o n e n b  H e  M o m e T ,  

q H p K y n R q m o  c e s e p H o f i  s acm T A x o r o  o K e a H a ,  

6 0 ~ 0 R  B O ~ H  B c e s e p H y m  Ciacm Tuxoro o K e a H a  
83 m i m o 8  qamn Taxoro o K e a H a .  

game B l I e p B 0 M  I I ~ M ~ ~ H W ~ H M M ,  0 6 5 J I C H H T b  

IIOTOMy q T 0  O H a  H e  P a C C M a T p M B a e T  IIOTOK m y -  

4) ]iz KHCJIOPOA I4 YrJIeKMCJIbIf i  ra3 I13BJIe-  
KaIOTCR H 3  EOBePXHOCTHbIX B O n  B HHBKAX 

CKOPOCTH 0 6 M e H a  T e n J I O f i  I IOBepXHOCTHOfi  BOgbl  
C XOJIOnHO# I IOBepXHOCTHOfi  BOAOfi n O p f T n K a  10“ 
MMOJIblrOR. 

IIOBepXHOCTH H rny6o~of i  B o n e  npOHCXOAMT B 
OCHOBHOM A 3 - 3 a  ~ H O J I O ~ H ~ ~ C K I I X  I IpOyeCCOB,  
OCO6eHHO r p a B H T a q M O H H O r 0  O C e n a H H R  O p r a H H -  
‘IeCKOrO J’rJIepOAa H H e p a C T B O p H M O r O  ~ a p 6 o -  
H a T a .  T O J I b K O  O R H a  T p e T b  HeOpl ’aHHqeCKOrO 

r u a p o T a x  H n o r n o w a m T c H  B B ~ I C O K M X  m H p o T a x .  

5) I I e p e H o c  p a R A o a K T m H o r o  yrnepona OT 

yrnepoga B r n y 6 o ~ o i  B o n e  n e p e H o c m c r r  T y n a  
c a M o #  B O A O ~ .  

6) k l c n o n b a o ~ a a ~ e  pH m ~ e p e ~ ~ f i  AJIR a H a -  
n ~ 3 a  p a c T B o p e H H o r o  H e o p r a H m e c K o r o  yrne- 
pona H 14enowr c m m o  o r p a H n s m a m T  AOCTO- 

B n e K y T  3a c060fi 6 o n b m ~ e  H e o n p e n e n e H H o c T a  B 

H o c a  O p r a H H s e c K o r o  yrnepoga H H e p a C T B O p M -  

B e p H O C T b  Y r J I e p O n H b I X  A a H H b I X  B HaCTOJIWef i  
C T a T b e .  He6onbmae O L U H ~ K H  B M 3 M e p e H M H  pH 

I IOJ IyYeHHbIX CKOPOCTJIX r p a B M T a ~ M O H H O r 0  IIepe- 

MbIX K a p 6 O H a T O B  A B CHOpOCTIl  o6weaa CO,  C 
a T M o c @ e p o f i .  
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