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ABSTRACT 

The distributions of salinity, clissolvccl oxygen, phosphate, nitrate, and silicate in the 
Costa Rica Dome arc described from data collected during the Costa Rica Dome cruise 
Novcmbcr-Dccembcr 1959. The dome is an arca where nutrient-rich, oxygen-poor water is 
brought to the surface by upwelling. 

The ratios of change of oxygen, phosphate, and nitrate arc computed statistically from 
the observed data to 1,100 m depth. 

A simple mixing model is used to explain the obscrvcd vertical distribution of oxygen 
above 65 m when allowances are made for photosynthetic oxygen production. The contri- 
butions of oxygen From various sources arc estimatccl by use of the model. A similar model 
is used to compute the ratios in which nutrients arc assimilated by phytoplankton. 

INTRODUCTION 

The Costa Rica Dome (Cromwell 1958) 
is an area approximately 400 km in diam- 
eter centered near 8” N lat, 89” W long, in 
the eastern tropical Pacific Ocean where 
the isothermal surface layer is extremely 
shallow. Wyrtki (1964) has described the 
physical oceanography of this area on the 
basis of observations made during the 
Costa Rica Dome cruise, November- 
December 1959 ( Scripps Institution of 
Oceanography 1960) ( Fig. 1 ), and hc has 
suggested a mechanism that maintains up- 
welling in the dome. His results are sum- 
marized below. 

The anticlinal thermal structure, or dome, 
is located at the eastern extremity of 
the thermal ridge that separates the North 
Equatorial Countercurrent from the North 
Equatorial Current. Wyrtki states that the 
dome may be caused by the northward de- 
flcction of the countercurrent as it impinges 
on the coast of Central America, causing 

redistribution of mass that is effected 
it d’ y lvergence and crosscurrent flow. He 
has computed an average ascending veloc- 
ity within the dome of 10 mF m/set and has 
estimated that the upwelling originates be- 
twecn depths of 75 and 200 m. The north- 
ward transport across the eastern limb of 
the dome was about 20 X lo6 m”/sec, 
whereas the vertical transport or upwelling 
was only 7 x lw m3/sec. The dome has 
been observed several times and appears to 

bc a permanent feature, although it may 
vary seasonally in magnitude and position. 

The upwelling had a pronounced effect 
on the distribution of properties at the sea 
surface ( Figs. 2b, c, d ) . Surface manifesta- 
tions of the ascending motion were the 
higher salinities, lower oxygen contents, and 
higher nutrient concentrations in the sur- 
face water in the dome than in the sur- 
rounding surface waters. 

The author wishes to thank Mr. E. 13. 
Bennett of the Inter-American Tropical 
Tuna Commission for the many helpful 
criticisms and suggestions that he offered 
during this work. Dr. K. Wyrtki is grate- 
fully acknowledged for offering some of his 
illustrations for use in this paper. The 
Costa Rica Dome survey was conducted 
jointly by the Inter-American Tropical Tuna 
Commission and Scripps Institution of 
Oceanography. 

METHODS 

During the Costa Rica Dome cruise, 6 
November through 14 December 1959, 50 
hydrographic stations were occupied in the 
area of the dome (Fig. 1). At all stations, 
salinity, tcmperaturc, dissolved oxygen, and 
inorganic phosphate were observed to at 
least 1,000 m. At 16 of these stations, inor- 
ganic nitrate, nitrite, and reactive silicate 
were observed. In addition, 8 shallow sta- 
tions were occupied, and 48 surface sam- 
ples were taken in the vicinity of COCOS 

40 
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I%. 1. Track chart of Costa Rica Dome cruise, 9 November to 14 Dcccnlbcr 1950. 

Island, about 275 km south of the dome’s VERTICAL DISTRIBUTIONS 

center. 
Dissolved oxygen analysts were done by 

the Winkler method, and oxygen solubili- 
ties wcrc based on tho solubility data of 
Truesdale, Downing, and Lowden ( 1955). 
Inorganic phosphate concentrations were 
determined by the method described by 
Strickland and Parsons (1960), and temper- 
ature corrections were applied as described 
by Wooster and Rakestraw (19151). Samples 
for nitrate, nitrite, and silicate. were frozen 
aboard ship and later analyzed ashore 
using methods described by Strickland and 
Parsons (1960). Productivity measurements 
were made using the 0” technique of Stec- 
mann Nielsen ( 1952). 

A characteristic of the eastern tropical 
Pacific is the shallow, mixed surface Iaycr. 
It is only 20-30 m deep near the American 
coast and incrcascs in depth to 50-70 m at 
130” W long ( Wyrtki, in press). This shal- 
low thermocline is probably a consequcncc 
of a general ascending motion throughout 
the eastern tropical Pacific north of the 
equator that is caused by surface waters 
being driven westward by persistent north- 
east trade winds. Extremely high nutrient 
and low oxygen concentrations are found 
in the intermediate water in this area, dcm- 
onstrating that this water has undergone 
chemical change due either to a long resi- 
dencc or to an abundance of oxidizable ma- 
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FIG. 2. Distribution of properties at the surface during Costa Rica Dome cruise, November-Dcccmbcr 
1059: (a) Geopotential topography of the surface relative to 1,500 dccibars, dynamic m; (1~) Surface 
salinity, go; (c) S ur ace oxygen, % saturation; (d) Surface phosphate, kg-at./litcr. f 

tcrial in the overlying water. The distri- 
butions of chemical properties in the Costa 
Rica Dome are of particular interest bc- 
cause nutrient-rich water is readily acces- 
sible to primary producers in the dome, 
where the mixed layer was absent or, at 
most, only 10 m deep at the time of this 
survey. 

In the dome, the inorganic phosphate 
concentration increased from 0.75 pg-at./ 
liter at the surface to 2.13 pug-at/liter at 50 
m. A correspondingly sharp oxygen gradi- 
cnt was also observed, the oxygen decrcas- 
ing from 4.25 ml/liter at the surface to 1.04 
ml/liter at 50 m ( Fig. 3). During the 
cruise, the sea surface was undersaturated 

with oxygen at every station ( Fig. 2c), al- 
though the surface waters in the eastern 
tropical Pacific Ocean are generally super- 
saturated ( Bennett 1963). The widespread 
occwreme of low oxygen concentrations at 
the surface demonstrates the intensity of 
upwelling in the dome. 

The oxygen minimum, containing unde- 
tectablc amounts of oxygen in some cases, 
was found at about 500 m, and the phos- 
phate maximum, 3.4-3.5 j..kg-at./liter, was 
found at 1,000 m. The maximum apparent 
oxygen utilization ( AOU ), the difference 
between the equilibrium oxygen solubility 
at 1 atm pressure, the in situ temperature 
and salinity, and the observed oxygen con- 
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I.%. 3. Vertical distribution of oxygen, phos- 
phate, nit&c, silicate, and salinity in the Costa 
Rica Dome (Station 18, 8”35’ N lat, 88”OO’ W 
long). Oxygen in ml/liter, nutrients in pg-at./ 
liter, salinity in so. 

centration ( Redfield 1942)) was at about 
800 m. 

The vertical distribution of nitrate shows 
the same general features as the phosphate 
distribution, The nitrate concentration was 
about 6 pg-at/liter at the surface and 29 
pg.-at/liter at 50 m. Maximum conccntra- 
tions of about 50 pug-at/liter were found at 
the same depth as the phosphate maximum. 

The silicate concentration was about 3 
pg-at/liter at the surface and 20 pg-at./liter 
at 50 m. Maximum obscrvcd silicate con- 
centrations were about 100 pg-at/liter at 
1,000 m. 

At 35 of the 50 stations in the dome, 
oxygen maxima and phosphate minima were 
Eound near the potential density surface 
sigma-t = 26.25 g/liter (50 m in Fig, 3). 
Because the oxygen maxima and phosphate 
minima were not found at every station, 
and bccausc double oxygen maxima wcrc 
frequent, it is difficult to determine their 
origin. In the area of the dome, the oxygen 
maxima were always found bctwcen- ihc 

potential density surfaces sigma-t = 26.0 
and 26.5 g/liter, the layer in which Equa- 
torial Subsurface Water is found. Bennett’s 
(1963) chart of the oxygen distribution on 
the potential density surface sigma-t = 26.23 
g/liter ( delta-t = 180 cl/ton) shows an area 
of relatively high oxygen content that lies 
along the equator and spreads out toward 
the southeastern side of the Costa Rica 
Dome, The oxygen maximum in the Costa 
Rica Dome may be related to the prcscncc 
of Equatorial Subsurface Water, water of 
high salinity that was formed south of the 
equator and sub,sequcntly modified by mix- 
ing in the Pacific Equatorial Undercurrent 
as it flowed northward across the equator. 

I-IORIZONTAL DISTRIBUTION OF PROPEKlYIES 

The distribution of salinity at the surface 
(Fig. 2b) shows low-salinity water ( < 33%0) 
separating the high-salinity water in the 
Costa Rica Dome from the Central Amcri- 
can coast. The occurrence of this low- 
salinity water was due to local coastal pre- 
cipitation. Peterson ( 1960) has shown that 
during the rainy season, from May through 
November, the low-salinity water is con- 
fined to coastal areas near the Gulf of 
Nicoya, directly cast of the dome. Thus, 
the low salinity observed at the eastern 
edge of the dome survey arca was probably 
not representative of offshore surface con- 
ditions in the eastern tropical Pacific. Near 
Cocos Island to the south of the dome 
( Fig. 1 ), whcrc coastal precipitation was 
not evident, the average surface salinity 
was 33.0%0. Maximum surface salinities 
( > 34%0) were found in the depression in 
dynamic topography along the 8th parallel 
an d northward along the 88th meridian. 
These areas of high salinity indicate rcccntly 
upwelled water. Southward flow along the 
89th meridian, indicated by the dynamic 
topography ( Fig. 2a), appears as an arca 
of relatively low salinity. 

The distribution of phosphate at the sur- 
face (Fig. 2d) was similar to that of salin- 
ity. The highest phosphate concentrations 
(> 0.9 ,ug-at/liter) were found in the dc- 
prcssion in dynamic topography, and the 
lowest ( < 0.5 rug-at/liter) were along .thc 
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13~. 4. Distribution of properties at 50 m &ring Costa Rica Dome cruise, November-December 
1050: (a) Geopotential topography of the 50-clccibar surface rclntive to 1,000 clecibars, dynamic m; 
(b) 50-m salinity, go; (c) 50-m oxygen, ml/liter; (d) 50-m phosphate, pg-at./liter. 

coast and in the low-salinity water along 
the 89th meridian. Near Cocos Island, 
phosphate concentrations were about 0.4 
pg-a t/liter. 

The oxygen distribution at the surface 
(Fig. 2c) was patchy and not clearly re- 
lated to the circulation. At all stations in 
the dome, the surface water was under- 
saturated with oxygen. Surface concentra- 
tions ranged from 3.51 to 4.56 ml/liter (be- 
tween 76.7 and 99.9% saturation). Lowest 
concentrations were observed near the phos- 
phatc and salinity maxima at 8” N lat, 88” 
W long. Near Cocos Island, surface oxygen 
contents were about 101% of the equilib- 
rium solubility. At 50 m, the relation bc- 

twcen circulation, salinity, oxygen, and 
phosphate may be clearly seen (Figs. 4a, 
b, c, d ) . At this depth, the salinity varied 
between 34.70 and 34.95g0 and was ap- 
parently little affected by coastal prccipita- 
tion. Lowest oxygen concentrations ( < OS 
ml/liter) were coincident with highest phos- 
phate concentrations ( > 2.2 pug-at/liter ) . 
All the distributions show the influence of 
cyclonic circulation and upwelling. 

The nitrate and silicate distributions were 
consistent with the phosphate and salinity 
distributions both at the surface and at 50 
m. High nitrate and silicate concentrations 
were observed where salinity and phosphate 
contents were high. The horizontal distri- 
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butions of nitrate and silicate are not prc- 
scntcd here, because these properties were 
observed at only one-third of the stations. 

NUTRIENT RELATIONSl3IPS 

As organic matter is metabolized in the 
sea, organically bound phosphorus and 
nitrogen are returned to solution by bac- 
terial oxidation. Simultaneously, dissolved 
oxygen is consumed (that is, the apparent 
oxygen utilization, or AOU, is increased). 
Upon complete oxidation of the organic 
matter, the phosphorus, nitrogen, and car- 
bon that have been chemically combined in 
the organism are released into solution as 
inorganic phosphate, nitrate, and carbonate 
ions. The proportions in which they arc 
released are determined by the proportions 
in which they were present in the living 
organism. Conversely, as phytoplankton 
synthesizes nutrients in the euphotic zone, 
inorganic phosphorus, nitrogen, and carbon 
become organically combined, and oxygen 
is produced as a by-product. 

There is a growing body of evidence to 
suggest that oxygen, carbon, nitrogen, and 
phosphorus are assimilated and subse- 
quently regenerated in the atomic ratios 
- 27’6 : 106 : 16 : 1 (see Rcdfield, Ketchum, 
and Richards 1963). There are certain 

70 , 

FIG. 5. Apparent oxygen utilization (AOU), 
ml/liter, vs. phosphate, ,ug-at/liter, in the Costa 
Rica Dome. The computed slopes are AAOU : AP 
= 274 : 1 by atoms for AOU (= 5.0 ml/liter and 
AAOU : AP = 114 : 1 by atoms for AOU > 5.0 
ml/liter. The dashed lines indicate the 95% con- 
fidence limits. 

FIG. 6. Nitrate vs. phosphate, ,ug-at./litcr, in 
the Costa Rica Dome. The computed slope is 
AN : AP = 16.5: 1 by atoms. The dashed lines 
indicate the 95% confidence limits. The ,symbol 
x represents the average surface value near Cocos 
Island that was not used in the regression analysis. 

notable exceptions to this statistical rcla- 
tionship that will not be dealt with here. 

In the Costa Rica Dome, the relationship 
between AOU and inorganic phosphate is 
not linear (Fig. 5). An abrupt change in 
slope is found near the value AOU = 5.0 
ml/liter, P04-3-P = 2.3 pug-at/liter. Two 
regression lines were computed for these 
data: the first for those values of AOU 2 5.0 
ml/liter, representing conditions in the 
water column above the potential density 
surface, where sigma-t = 26.3# g/liter (above 
approximately 120 m), the second for 
values AOU > 5.0 ml/liter, rcprescnting 
conditions below sigma-f = 26.3 g/liter (be- 
tween about 120 and 1,100 m). The AOU- 
phosphate data do not appear to be linear 
for AOU > 5.0 ml/liter, but, for the pur- 
pose of demonstrating the differences above 
and below this value, a linear rcgrcssion 
analysis was used for both groups of data. 

The nitrate and phosphate data were - 
separated into two groups whose corrc- 
sponding AOU values were greater than 
and less than 5.0 ml/liter. The AN : AP re- 
gression coefficients for these two groups 
were not significantly different, and it is 
concluded that the nitrate : phosphate ratio 
of change is constant throughout the water 
column ( Fig. 6). 

The AOU : phosphate ratio of change in 
the water above 120 m (that is, AOU Z 
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TABLE 1. Results of hew regression analyses 

Range 

Apparent oxygen utilization VS. inorganic phosphate 

b 
(rn~~i&r) (m&-at.) 

r 
(ml/E.cg-at.) 

3L AAOU:AP 
(atom : atom) 

AOU 2 5.0 ml/liter 
(uf Z 26.3 g/liter) 

AOU > 5.0 d/liter 
(ut > 26.3 g/liter) 

3.07 9.31 kO.03 +0.98 420 274:l 

1.28 10.16 20.02 +0.96 450 114: 1 

Tnorgnnic nitrate vs. inorganic phosphate 

R:lllgC 

All data 

b 
(atom : atom) 

16.5 

(fig-2yliter) 

-+2 (x = 1.0) 
-c-5 (x = 3.5) 

L b s 
(atom : atom) 

20.45 

r 

+0.95 

n AN:AP 
(atom : atom) 

200 16.5 : 1 

5.0 ml/liter) (Table 1) is in excellent 
agrcemcnt with the normal oxidative ratio 
AAOU : AP = 276 : 1 proposed by other 
authors (Redficld et al. 1963). Because 
oxygen may be transferred across the sea 
surface, the AAOU : AP relation computed 
from data obtained from the surface layer 
might not necessarily represent the true oxi- 
dative ratio. However, as will bc shown in 
the next section, the addition of oxygen from 
the surface is probably important only to 
depths of 20 m. Because the data obtained 
from the surface to 20 m do not appear to 
deviate from the regression line established 
by data collected between 20 and 120 m 
(Fig. 5)) it is probable that the regression 
line does represent the AOU : phosphate 
oxidative ratio which has the value 274 : 1 +- 
Fj at the 95% confidence level. 

The AAOU : AP ratio computed for data 
collected below 120 m (Table 1) (that is, 
AOU > 5.0 ml/liter) is less than half the 
normal oxidative ratio, This low ratio can 
be explained in terms of the preformed 
phosphate distribution. In the Costa Rica 
Dome, the preformed phosphate content 
( that amount of phosphate that has not 
been derived from the decomposition of 
organic material but was present in the 
dissolved inorganic form when the water 
sank below the surface) is constant ( about 
0.65 pg-at/liter ) from the sea surface to 
the potential density surface sigma-t = 26.3 
g/liter, the density level at which the 
change in slope occurs. The depth at which 
the slope changes varies from place to place 

but is approximately 120 m. Between this 
level and the maximum sampling depth, 
where sigma-t = 27.4 g/liter, the preform&l 
phosphate content increases from 0.65 to 
1.25 pg-at/liter. It is likely, although not 
conclusive, that the AOU : phosphate ratio 
observed below the level sigma-t = 26.3 
g/liter results from a mixture of Equatorial 
Subsurface Water containing little prc- 
formed phosphate and intermediate water 
containing large amounts of preformecl 
phosphate, rather than from a change in 
the oxidative ratio. The mixture of these 
two waters containing different amounts of 
preformed phosphate need not produce a 
linear AOU : phosphate relationship. This 
hypothesis is consistent with Redf i&l’s 
(1942) explanation of the phosphate distri- 
bution in the Atlantic Ocean, in which hc 
demonstrated that large amounts of prc- 
formed phosphate spread out isentropically 
from the Antarctic Convergence toward the 
equator between the levels sigma-t = 27.2 
and 27.6 g/liter. 

The nitrate : phosphate ratio of change 
is 16.5 : 1 1: 0.9 at the 95% confidence level, 
in agreement with the previously estab- 
lished value of 16 : 1. The fact that the 
slope AN : AP is constant over the com- 
plete range of observed values is evidence 
that the change in slope in the AOU : phos- 
phate relationship is caused by inequali- 
ties in the preformed phosphate distribu- 
tion. The absence of a break in slope in 
the nitrate : phosphate relationship suggests 
that the amounts of preformed nitrate and 
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preformed phosphate are cquivalcnt 
throughout the water column and that the 
oxidativc ratios do not vary. 

THE OXYGEN MODEL 

The distribution of oxygen in the sea is 
determined by a complicated interplay of 
physical and biological processes. Richards 
( 1957) has reviewed these processes. They 
are: 1) photosynthetic production in the 
euphotic zone, 2) atmospheric exchange 
( gain or loss ) at the sea surface, 3) respira- 
tory consumption at all depths, and 4) cir- 
culatory and mixing processes. An attempt 
will be made to estimate the magnitude of 
these processes in the near-surface layer of 
the Costa Rica Dome through the use of a 
simple model. 

In this model, the dome is considered to 
be an area where water of uniform high 
salinity, high phosphate, and low oxygen 
concentrations is brought close to the sur- 
face by upwelling from some depth cl. Sur- 
face water in the area close to, but unin- 
fluenced by, the dome is assumed to have 
uniform low salinity, low phosphate, and 
high oxygen contents. Mixing of these two 
water types is assumed, so that the fraction 
of each water type in the mixture is a linear 
function of salinity. Thus, 

P 
p (S-So> +p 

niising = d 
&-S) 

(&-So> O (S&j ’ (l) 

where Plllisillg is the phosphate content due 
to mixing in the absence of biological proc- 
esses, Pd the phosphate content character- 
istic of the water type at depth tl, PO the 
phosphate content of the surface water 
type, Sd the salinity of the deep water, So 
the salinity of the surface water, and S the 
observed salinity at each sampling depth, 

Similarly, the oxygen content due to mix- 
ing can be computed as 

0 IlliXiIlg 

=o w-so> +o (s,-s> 
~z(s~-SO) “(S,-qJ> C2) 

where OllliS~llg is the oxygen concentration 
that would result from the mixture of these 
two water types in the absence of atmo- 
spheric exchange and biological processes, 

Od the oxygen content of the deep water 
type, and O. the oxygen content of the sur- 
face water type. 

The effect of biological production (or 
consumption) of oxygen can be estimated 
from the difference bctwecn the observed 
phosphate concentration and the phosphate 
concentration computed for the mixture. 
Thus, the net amount of oxygen produced 
biologically at each sampling depth would 
be 

0 biol = ( P - Pmising ) AO : AP 2 (3) 

whcrc ObiOr is the amount of oxygen pro- 
duced (or consumed, if the value is nega- 
tive), P the observed phosphate concentra- 
tion, and AO : AP the ratio of change re- 
lating the production of oxygen to the con- 
sumption of phosphate. 

If the Costa Rica Dome can bc consid- 
ered to be a two-component system, and if 
the biological production is estimated by 
equation (3)) the oxygen concentration at 
any depth above c2 is 

0 Illodl~l = alisilrg + Oblol , (4) 

so that Orllodcl is a function of salinity and 
phosphate. 

The boundary conditions, which arc the 
salinity, phosphate content, and oxygen con- 
tent of the unmixed deep and surface com- 
ponents, must be chosen to represent aver- 
age values of these water types. 

The salinity maximum, as determined by 
averaging the station data by depth, is 
found at 105 m. This is the greatest depth 
at which the model would be valid, bc- 
cause it is assumed that the salinity above 
the lower boundary is always less than the 
salinity at this boundary. Because produc- 
tivity measurements indicate negligible net 
production below 50 m, the lower boundary 
is set at 65 m, which is the next lower sam- 
pling depth. Limiting the model to 65 m 
rather than to 105 m reduces the possible 
effects of lateral mixing processes that arc 
unaccounted for by the model. The bound- 
ary conditions determined by averaging the 
station data at 65 m and their respective 
standard deviations from the mean are: 
Scz = 34.85%, * O.OS& Pd = 2.13 Pg-at/ 
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‘L-AISLE 2. Average observed and computed dis- 
tributions of oxygen in the Costa Rica Dome* 

Pro- 
Ob- Com- 

UP- 

Depth scrvecl 
clucccl Mixccl welled Model 

( ‘1’ ) 
puted biolog- from from 

oxygen 
“?3 

idly surface depth 
anomnly 

in ml/ in ml/ in ml/ 
in ml/ 

liter) 
liter 

liter liter liter 
(%) (%) (%I 

(%) 

0 4.19 3.91 0.60 3.01 0~30 

(15) (77) (8) 
10 3.72 3.59 0.86 2.24 0.49 

(24) (62) (14) 
20 2.22 2.37 0.87 0.70 0.80 

(37) (29) (34) 
30 1.56 1.60 0.49 0.19 0.92 

(31) (12) (57) 
40 1.19 1.22 0.22 0.05 0.95 

(18) (4) (78) 
50 1.04 1.01 0.03 0.02 0.96 

(3) (2) (95) 
65 0.96 0.99 0.03 0.00 0.96 

(3) (0) (97) 

+o.zs 
(7) 

+0.13 
(4) 

-0.15 
(6) 

-0.04 
(2) 

-0.03 
(2) 

-to.03 
(3) 

-0.03 
(3) 

* This table gives the average results of computations 
using the oxygen model clescribccl in the text. Each value 
reprcscnts clata from 50 stations. The computed oxygen 
concentrations arc the sums of contributions from biolog- 
ical production (equation [3]) and from oxygen originally 
prcscnt in the two water components (equation [!?,I) ; the 
motlcl anomaly is the cliffercnce hctwccn the obscrvcd and 
compntccl oxygen contents. The numbers in parcnthcses 
arc the percentages of the computccl total oxygen content 
at the corrcsponcling depths. 

liter f 0.14 pg-at/liter, Od = 0.96 ml/liter + 
0.32 ml/liter. 

The salinity, phosphate, and oxygen con- 
tents of the surface water component were 
taken from the values observed around 
Cocos Island ( Fig. 1). These averages and 
their standard deviations computed from 
48 observations near the island are: So = 
33.00%0 +- o.osyL, PO = 0.41 pg-at/liter * 
0.04 pg-at/liter, and O0 = 4.57 ml/liter + 
0.18 ml/liter (101% of saturation). Bennett’s 
(1963) surface salinity chart shows that sur- 
face conditions near Cocos Island are reprc- 
scntative of the arca south of the Costa 
Rica Dome and that the surface properties 
near the island are probably not greatly in- 
Eluenced by the dome. Cocos Island lies in 
the path of the North Equatorial Counter- 
current, and surface water near the island 
is probably representative of water that is 
mixed into the upwelling region. The low- 
salinity water near the coast is assumed to 
be confined to coastal areas and not to play 
an important role in the mixing process. 

The oxidative ratio AO : AP is taken as 
-276 : 1 by atoms or -3.09 : 1 ml O2 : pg-at. 
P04- :I-P, which is the normal value pro- 
posed by Redfield et al. ( 1963). The USC 
of this value is justified on the basis of 
the AAOU : AP ratio computed statistically 
from observed data. 

RESULTS OF TIIE OXYGEN MODEL 

The oxygen model was used to compute 
the vertical distribution of oxygen at the 50 
stations occupied during the Costa Rica 
Dome cruise. The average results of these 
calculations (Table 2) are separated into 
three components : a) oxygen produced bio- 
logically, b ) oxygen mixed into the dome 
with surface water, and c) oxygen originally 
present in the deep water that upwelled 
from depth. Component a) was computed 
from equation ( 3)) while b ) and c ) wcrc 
computed from the two terms in equation 
(2). 

The vertical distribution of oxygen pro- 
duced by photosynthesis and that of the 
incubator productivity are similar in shape 
(Fig. 7), and although the maximum in the 
distribution of oxygen due to biological 
production coincides with the maximum in 
productivity, these maxima result from dif- 
ferent processes. This is readily seen from 
the following argument. 

If there were no mixing, and if upwelling 
brought undiluted deep water directly to 
the surface, the oxygen content due to bio- 
logical production would increase from zero 
at the compensation depth to a maximum 
at the surface. That is, as water ascends 
through the euphotic zone, oxygen accumu- 
lates owing to photosynthetic production. 
The distribution of oxygen resulting from 
this process alone would, in effect, bc pro- 
portional to the integral of the productivity 
distribution from the compensation depth 
to the depth in question. The effect of mix- 
ing surface water with deep water, as as- 
sumed in the model, can be compensated 
for by dividing the oxygen content due to 
biological production by the fraction of 
deep water at each depth. The amount of 
oxygen produced biologically in a unit vol- 
ume of upwclled deep water is estimated in 
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this way. The distribution of oxygen pro- 

duced biologically in a unit volume of deep 
water (Fig. 7) shows that this quantity is 
nearly zero at 65 m, increases to a maxi- 
mum value at the surface, and exhibits its 
maximum gradient at the depth of the pro- 
ductivity maximum. Therefore, the distri- 
bution of oxygen produced per unit volume 
of deep water is consistent with the produc- 
tivity distribution, and the similar shapes of 
the biological oxygen curve as estimated 
from the model and the distribution of 
productivity are a consequence of the mix- 
ing processes. The subsurface productivity 
maximum is generally attributed to light in- 
hibition at the surface. 

If the model accurately describes the 
net biological production of oxygen, these 
values should agree with productivity mea- 
surements. Integrating the oxygen content 
resulting from biological production from 65 
m to the surface gives 2.9 x 1@ ml O/m2. If 
the ratio of oxygen production to carbon as- 
similation by atoms is h0 : AC’ = -276 : 106, 
the net amount of carbon fixed would bc 
1.2 X lo4 mg C/m 2, Under the assumptions 
of the model, it is cstimnted that 87% of the 
water above 65 m has been upwellcd at a 
velocity of lo-” m/see (Wyrtki 1964). Thcrc- 
fore, the net productivity estimated from 
the model is 190 mg C rn-:! day-l, which 
agrees well with in situ productivity mca- 
suremcnts of between 160 and 440 mg C 
n--” day-‘. 

The distributions of oxygen derived from 
the surface and deep water components 
(Table 2) are inversely related. At the SLW- 

face, 77% of the oxygen content originated 
in what is assumed to be surface water like 
that observed near Cocos Island, and only 
8% was upwelled from depth. At 50 m, 
there is a 2% contribution from the surface 
and a 95% contribution from deep water. 
Between 10 and 50 m, the distribution of 
oxygen that has been mixed into the water 
column with surface water is exponential 
(Fig. 8). Broenkow and Bennett (unpub- 
lishcd data) have shown that an exponen- 
tial distribution could be expcctcd in a two- 
component system with upwelling, and the 
observed distribution supports the assumed 

INCUBATOR PRODUCTIVITY mg C/m3hr 

y-0204 96 r -,- 08 IO 7 12 1. I,4 J,6 

0 

IO 

20 

50 

60 

70 

OXYGEN (ml/lifer) 

0.2 04 06 08 IO 12 14 1.6 I8 

i -OXYGEN PRODUCED BIOLOGICALLY 

OXYGEN PRODUCED BIOLOGICALLY 
PER UNIT VOLUMF DEEP WATER 

49 

FK. 7. Averagc vertical distributions of oxy- 
gcn procluccd biologically computed from the 
model and oxygen produced biologically per unit 
volume of clecp water, ml/liter; average vertical 
distribution of incubator productivity from 11 sta- 
tions in the Costa Rica Domc, mg C m-” hr-‘. The 
amount of oxygen proclucccl biologically per unit 
volume of clecp water is the amount of oxygen 
procluced biologically at each depth divided by 
the fraction of deep water at that depth. 

mixing process. It should be repeated for 
the sake of clarity that the computed dis- 
tributions of oxygkn mixed from the surface 
and deep water components are merely 
functions of salinity (see equation [Z] ) , 

The distribution of the model anomaly, 
which is the difference between the ob- 
served and computed oxygen conccntra- 
tions, shows the cffcct of oxygen exchange 
with the atmosphcrc (Table 2). Because 
the model does not allow for exchange of 
oxygen across the sea surface, these effects 
can bc deduced only from the model anom- 
aly. At the surface and at 10 m, the ob- 
served oxygen content is greater than that 
computed from the model by 7 and 4% of 
the computed contents at those depths. Bc- 
cause the surface layer in the Costa Rica 
Dome is everywhere undcrsaturated with 



WILLIAM W. BROENKOW 50 

0 

IO 

20 

M 
E 30 
I 
z - 

f- 40, 

OXYGEN MIXED FROM SURFACE (ml/liter) 

0.03 0.05 0.1 0.3 0.5 1.0 30 
8 I I I I 1 , 

60 - 

70 ’ 

FIG. 8. Average vertical distribution of oxy- 
gen, computed from the model, that has been 
mixed into the water column with surface water, 
ml/liter, logarithmic plot. 

oxygen (Fig. 2c), it is likely that these 
anomalies result from a net transport of 
oxygen into the sea. The anomalies between 
the surface and 20 m are significant at the 
95% confidence level. Below 20 m, the dif- 
fcrences between the model and observa- 
tions are not significant at the 95% level. 
The standard error of estimate of the model 
anomaly is constant with depth and is -I- 0.3 
ml OJitcr. 

TI-IK NUTRIENT MODEL 

A model similar to the oxygen model can 
bc applied to the nitrate and silicate distri- 
butions. The assumptions involved in the 
oxygen model also apply to the nutrient 
model. Because the nitrate and silicate 
contents in the surface water near Cocos 
Island arc ncgligiblc, nutrient models anal- 
ogous to equation ( 4) become - 

N ll~otlcl 
=N (s-so> + 

d(&-sO) 

( P - Poising ) AN : AP (5) 

and 

%a?1 = % 
w-so> + 

(&-So> 

( f’ - %txirg ) ASi : AP , ( 6 > 

where N lllo~~cl and %noc~cl are the nitrate and 
silicate contents computed from the model. 
Nd and Sid are the nitrate and silicate con- 
centrations at cl = 65 m and equal 29.3 pug- 
at. NO3 .-N/liter and 21.0 pg-at. Si04-4-Si/ 
liter. AN : AP and ASi : AP are the assimi- 
lation ratios of change that relate nitrate and 
silicate consumption to the phosphate con- 
sumption. 

The ratio of change AN : AP is well 
known and has been estimated by numer- 
ous authors to be between 15 : 1 and 16 : 1 
(Redfield et al. 1963). The value AN : AP = 
16 : 1 was used in these computations and is 
within the range computed statistically 
(Table 1) . There is, however, no universal 
regeneration or assimilation ratio that can 
bc used in the silicate model. The analysis 
of plankton gives Si : P concentration ratios 
varying between 16 : 1 and 50 : 1 ( Vino- 
gradov 1953). Richards ( 1958) found the 
ratio of change aSi : AP = 15 : 1 for waters 
of the western Atlantic, and Stcfansson and 
Richards (1963) found the ratio of change 
ASi : AP = 22 : 1 in the eastern North Pa- 
cific. 

Assuming that the model can bc used to 
describe the silicate distribution, the sili- 
cate content calculated from the model 
should equal the observed silicate concen- 
tration, and equation (6) can then bc rc- 
written 

Si (s-so> ~- si 

ASi: AP=--- 
d(sd- So) 

,(S-So) +p (f&-S) p’ 17) ___-- 
d(s&o) “(s,sJ- 

where Si refers to the observed silicate con- 
centrations. The numerator of equation (7) 
is termed the “silicate anomaly” after 
Stcfansson and Richards (1963), and the 
denominator is termed the “phosphate 
anomaly.” The rcgrcssion coefficient of the 
numerator on the denominator is the sili- 
catc : phosphate ratio of change. 

The nitrate concentrations computed 
from the model agree with observations 
( Fig. 9). The regression coefficient of the 
computecl vs. the observed data is + 0.97, 
which is not significantly different from 
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1.0. This suggests that the assumed assimi- 
lation ratio, AN : AP = 16 : 1, a@es and 
also that the nutrient model could be used 
to estimate the Asi : AP ratio of change. 

The regression lint (Fig. 10) computed 
to determine the ratio of change A% : AI’ 
(based on 91 samples ) is 

silicate anomaly = 0.7 -I- 
16.2 X phosphate anomaly, 

where the silicate anomaly is the numerator 
and the phosphate anomaly the dcnomina- 
tor in equation (7). The ratio of change 
expressed by atoms is 

A!% : AP = 16.2 : 1 t- 1.6 (at the 95% 
confidence level ) . 

The fact that the regression line dots not 
pass through the origin is probably due to 
small inaccuracies in the boundary condi- 
tions. 

CONCLUSIONS 

The distributions of the nutrients and 
oxygen in the Costa Rica Dome arc deter- 
mined mainly by the localized upwelling of 
nutrient-rich, oxygen-poor water from 65 m 
or deeper and its subsequent mixing with 
surface water having high oxygen and low 
nutrient contents. As the water ascends 
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Frc. 9. Nit&c content computed from moclcl 
vs. observed nitrate, PLg-&/liter. Dashccl lint in- 
clicatcs 1 : 1 correlation. 
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FIG. 10. Silicate anomaly vs. phosphate anom- 
aly, pg-at./litcr. The anomalies arc the cliffer- 
cnces bctwccn the ohscrvcd silicate and phos- 
phatc concentrations and those computed for a 
mixture of deep and surface waters (equation [7]). 
Computed slope is ASi: AP = 16.2 : 1. Dashed 
lines indicate 950/a conficlcncc limits. 

through the cuphotic zone, the distribu- 
tions of these chemical properties are fur- 
ther modified by biological consumption of 
nutrients. 

Assuming that the surface layer of the 
Costa Rica Dome is a two-component mix- 
turc of water upwelled from 65 m and SLH- 

face water, and that the proportions of 
water from each of these sources can be es- 
timated from the observed salinity, the dis- 
tribution of oxygen was estimated on the 
basis of the phosphate content. The aver- 
age computed oxygen distribution agrees 
well with the average observed distribution 
except at the surface, where the atmospheric 
cxchangc of oxygen is important, The gross 
oxygen budget above 65 m is estimated as: 
38% of the oxygen content was present in 
the deep water bcforc upwelling, 37% was 
llrcscnt in the surface water and was mixed 
into the dome, 22% was biologically pro- 
duced in situ, and 3% entered the sea by 
atmospheric cxchangc. 

The average rate of carbon fixation based 
on the model is about 190 mg C m-2 day-‘. 
As much as 10 pug-at/liter of silicate-silicon, 
10 UP-at./litcr nitrate-nitrogen. and 0.6, UP- 
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a t./liter of phosphate-phosphorus were con- 
sumed by photosynthetic activity in the 
dome as the water was upwellcd. Silicate, 
nitrate, and phosphate appear to be biologi- 
cally utilized in the atomic ratio 16 : 16 : 1. 

The ratio of change AAOU : AP as com- 
puted by regression analysis is not constant 
in the dome. An abrupt change in the ratio 
is found at the potential density surface 
sigma-t = 26.3 g/liter. Above this surface 
( AOU Z 50 ml/liter ), the atomic ratio of 
change is AAOU : AP = 274 : 1, and below 
this surface (AOU > 5.0 ml/liter) the ratio is 
AAOU : AP = 114 : 1. The change in slope 
is thought to be due to an increasing 
amount of prcformcd phosphate below the 
surface sigma-t = 26.3 g/liter. The AN : AP 
ratio of change is 16.5 : 1 and is constant 
over the concentration range observed in 
the dome. 
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