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Abstract

Multiple regression analysis was applied to oxygen, phosphate, and nitrate data from
stations in the Atlantic and Pacific Oceans. The 95% confidence intervals for AQ, : APO,
and AQ.: ANO. ratios were consistent with Redfield’s model. Thus, the variation of
0-~PO. and 0.-NO: slopes with depth, latitude, and time is due to mixing between differ-

ent water types with different prefarmed portions of oxygen, phosphate, and nitrate.

Redfield (1934, 1942; Redfield et al.
1963) proposed a relation between the con-
centrations of dissolved oxygen, carbon di-
oxide, nitrate, and phosphate in seawater
based on the average chemical composition
of plankton (Fleming 1941). This relation
predicts that the ratio of oxygen consump-
tion to nutrient production by biological
oxidation is constant and can be repre-
sented by the equation

(CI"IQO)]OG(NHs)l(;HgPO4 + ].38 02 -
106 CO- + 122 H.O +16 HNO; + H,PO, .
(1)
(CH,0)106( NH;3) 16H;POy is a hypothetical
organic molecule containing carbon, nitro-
gen, and phosphorus in the ratio in which
they occur in plankton. Equation 1 pre-
dicts that the consumption of 276 oxygen
atoms results in the production of 106 car-
bon atoms, 16 nitrogen atoms, and 1 phos-
phorus atom.
Theoretically, the best way to test Red-
ficld’s model is to plot oxygen consumption
(apparent oxygen utilization: AOU) ver-
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sus the increase in concentration of a nutri-
ent arising from this biological oxidation; at
present however, changes in niitrient con=—
centrations due to biological oxidation can-
not be calculated independently without
the use of this model. The purpose of our
work was to test Redfield’s model for the
0.,-PO; and O:-NO; relationships by ap-
plying multiple regression analysis to field
data.

Data sources

We used hydrographic data from the fol-
lowing cruiges: YALOC-66 (Barstow et al.
1968), SCORPIO (Scripps Inst. Oceanogr.
Data Rep. Ref. 69-15, Woods Hole Ocean-
ogr. Inst. Data Rep. Ref. 69-56), SOUTH-
ERN CROSS (Horibe 1970), and from
GEOSECS intercalibration stations in the
Atlantic  (Spencer 1970) and Pacific
(GOGO-I unpublished data). Station po-
sitions are shown in Fig. 1. Nutrient mea-
surements during GOGO-1 were made by
a Technicon AutoAnalyzer with a precision
of >1% or better. Nutrient determinations
on all other cruises were made by manual
methods. The precision of nutrient analy-
ses is not reported for YALOC-66 and
SCORPIO expeditions. For the SOUTI-
ERN CROSS cruise, the estimated preci-
sion was 4% for nitrate and #3% for
phosphate (Ioribe 1970).
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Fig. 1. Locations of the hydrographic stations
used in this study.

Discussion

The regeneration of nitrate in seawater
is more complicated than that of - phos-
phate. Nitrogen is released from organic
substances as ammonia and subsequently
oxidized to nitrite, and then to nitrate
(Redfield et al. 1963). Ammonia and ni-
trite are not ordinarily found in significant
quantities below the photosynthetic zone
in the deep sea, and we will assume that
all nitrogen derived from biological oxida-
tion is in the form of nitrate.

When O, is expressed in ml liter!, and
PO, and NOj; are in uM, the ratios pro-
posed by Redfield et al. (1963) are O, :
PO, = -3.1, Oz : NO;3; =-0.19. From Red-
field et al. (1963), °

AOU =0y ~O0,, (2)
PO4 - PO4(0_\) + PO4(U) 5 (3)
POyxy = (AOU) /3.1, (4)
NO3 = NO3(UX) -+ NO3(1,) 5 (5)
and
NOz.xy = (AOU)/0.19, (6)

where O’ is the calculated concentration
of dissolved oxygen at saturation with a
wet atmosphere at the potential tempera-
ture of the sample; POy(oyy and NOj oy
are the phosphate and nitrate released by
biological oxidation; and POy, and NOj
are the preformed phosphate and nitrate.
Rearranging Eq. 2-6 yields

0. =-31P0, +[0, + 3.1 P04, ], (7
and
0, =—0.19NO; + [0, + 019 NO3,,]. (8)

From Eq. 7 and 8 we see that if Redfield’s
model is correct, any variation of the Oo—
PO; and 0O.-NO; slopes with location,
depth, and time is due to mixing between
water types with different values of pre-
formed 0.(0."), POy, and NOs;.

Test of Redfield’s model by regression
analysis—One way to test Redfield’s model
is by using regression analysis on field data.
If we regress O on PO,, temperature and
salinity, the temperature or salinity terms
may represent the conservative fraction of
phosphate and oxygen, namely O, + 3.1
PO,,), so that the PO, term represents
only the nonconservative fractions. The
same type of approach can be used for the
0.-NO; relationship.

Ben-Yaakov (1971) applied regression
analysis to 3 CO,, O., total alkalinity, sa-
linity, S, and temperature data. He showed
that, when dealing with a water mass
which results from the mixing of n water
types, at least n—~1 conservative parame-
ters are needed in the regression equation.

We will first use the regression analysis
to test Redfield’s model for the AQ, : APO,
ratio, and then apply the same procedure
to the AOs: ANO; ratio. To test the hy-
pothesis that the AQ, : APOy ratio is equal
to -3.1, the regression equation

02:(10'*'(11 PO4+026+02(1-05) (9)

was applied to the data, where Qg are
the O, residuals after regression of O: on
PO, and potential temperature (8); aq, ai,
and a» are constant regression coefficients.
ay equals AOs : APO4. Potential tempera-
ture is used to eliminate the effect of adia-
batic heating; it is preferred to S because
0. depends more on temperature than on
S.

It may seem that to apply Eq. 9 to field
data we must choose a portion of the water
column where no more than two water
types are mixed, since we only have one
conservative variable in the equation. But
bv comparing Eq. 7 and 9 we see that the
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Fig. 2. O.) 4+ aPOsp versus 6—a; Oucresy ver-

sus —b, of a hypothetical station.

only condition necessary for the proper ap-
plication of 9 is that the conservative quan-
tity Q2 + a;POyq,, be a linear function of 6.
That is

O;}, + a; PO.;(D) =ay+ (120. (10)

This means that Eq. 9 must be applied to
data from a portion of the water column
where a diagram of Oy + a,POy(,, versus
6 can detect only two-point mixing.

If Eq. 9 is applied to the proper portion
of the water column, a plot of Oz sy ver-
sus 6 should be completely random, because
Osres; should result from only the random
errors in the measurements of O,, PO,, and
8. Thus, if we apply 9 to the whole water
column and plot O:.sy versus 6, the pat-
tern shown by the diagram, if any, will give
us an indication of how to separate the wa-
ter colummn into suitable portions.

Suppose we have data from the whole
water column of a certain station, and it
yields the O." + a,POyy,, versus ¢ diagram
similar to the one shown in Fig. 2a where
three water types, A, B, and C, have been
detected. Since 0O + a@;PO,q, is not a
linear function of 6, a plot of Oz versus
6 would generate a diagram as shown in
Fig. 2b. Each minimum and maximum in
the Oges) versus 8 diagram represents a
different water type. This procedure was
applied to data from station HAH30 of
YALOC-66 (30°55.4'N, 162°37.4'W) (Bar-
stow et al. 1968). This station was chosen
because samples were taken from 49 dif-
ferent depths. Most published data con-
tain no more than 30 observations per
station. The number of observations is im-
portant because the standard errors of the
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Fig. 3. Oaqes versus # diagram for the whole

water column of station HAH30 (30°55.4'N, 162°
37.4W). A, B, C, D, and E denote water types.

regression coefficients decrease as the de-
grees of freedom increase. Multiple linear
regression analysis is a least square fit to
the given data. The fitting was accom-
plished by a computer program (SIPS:
Oregon State Univ. Dep. Statistics). For
cach coefficient of the following regression
equations, 95% confidence intervals are
given.

The results are as follows. Regressing
0. on PO, and 6 for the whole water col-
umn, 0-5275 m, we find the regression
cquations’

with PO, only:
0, =(5.79 +0.36)
—(1.27 = 0.17)PO,;

with PO, and 6:
0. = (10.65 + 0.78) — (0.27 = 0.04)6
~(2.85 = 0.26) PO, . (12)

Equation 12 has a coefficient of determina-
tion R* = (.969.

Figure 3 shows a definite dependency
of O.qey 0N 4. Since the O." versus 6 dia-
gram is a smooth curve (Fig. 4), the pat-
tern shown in Fig. 3 is due to differences
in POsq, between different water types.
In Fig. 3, A is surface water, C is Subarctic
Intermediate Water with a salinity mini-
mum, D coincides almost with the O, mini-
mum, E is Pacific Bottom Water. The 6-S
diagram (Fig. 5) does not show B and D
distinctly, but suggests their presence be-

(11)
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Fig. 4. Oy versus ¢ diagram for the whole
water column of station HAH30.

cause the -S diagram is not linear in their
vicinity. For Antarctic Intermediate Wa-
ter, Reid (1965) chose the surface of ther-
mosteric anomaly (8;) equal to 80 cl ton™,
o, =27.28, Water D (Fig. 3) has a o of
27.32.

The confidence interval for the PO, re-

Table 1.
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Fig. 5. 6-S diagram for station HAH30 (30°
55.4'N, 162°374'W). A, B, C, D, and E denote
same water types shown in Fig. 3.

gression coefficient, —(2.85 = 0.26), in Eq.
12 is consistent with Redfield’s model. This
agreement is fortuitous since the plot of
Oz (res) versus 8 (Fig. 3) is not random.
The data from HAH30 was separated
into three sets: Ato' B, Bto C, and D to E.
Between C and D (Fig. 3) there is only
one data point so no regression was ap- -
plied to that portion of the water column. -

Regression equations of O, on PO, and 6 for different portions of the water column of sta-

Portion of the . . . . s Equation
water column Regression equations (showing 95% confidence intervals) number
A-B with PO4 only: O2 =(5.54 £0.15) - (1l.12% 0.80)PO4 13

(0-155 m) with PO4 and 9: O2 = (7.08 £ 0,60) - {0.07% 0.03)9 -(2.50 0. 64)PO4 14

B-C with PO4 only: O2 =(5.71 £0.24) - (1.20%0. ZO)PO4 15
(155-610 m) with PO4 and 0: OZ=(10.91i 1.84) - (0.32 £0.12)8 - {2.71% 0. 54)PO4 16
D-E with PO4 only: O2 =(14.18% 0.70) - (4.3 0. 26)P'O4 17
(915-5,275) with PO4 and @: O2 ={(11.27% 0.78) - (0.49 £0.12)0 - (2.93 *0.36)PO4 18
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Fig. 6. Ouqesy versus 6 diagrams for portions of the water column. a—O0 to 155 m; b—155 to

610 m; c—915 to 5,275 m, station HAH3O0.

The results of the regressions for this sta-
tion are shown in Table 1.

Equations 14, 16, and 18 (given in Table
1) have coefficients of determination, R?,
equal to 0.915, 0.988, and 0.996.

O (res) versus § diagrams for these three
sets of data show no particular trend (Fig.
6). This indicates that Oq s results only
from random errors in the O., PQy, and 4
data, and that Eq. 14, 16, and 18 properly
describe the data.

The PO, regression coefficients of Eq.
13, 15, and 17 (Table 1) are the least
squares slopes we obtained by plotting O,
versus PO, directly. Before 4 is added to
the regression equations, the PO, regres-
sion coefficients for A-B and B-C are
smaller than the value predicted by Red-
field’s model, and those for D-E greater.
After adding ¢ to the equations, the phos-
phate regression coefficients approach the
predicted value, -3.1, more closely.

To test the hypothesis that the AO;:
ANQO; ratio equals -0.19, the regression
equation

02 = bo + b1 N03 + bza + 02(res’) (19)

was applied to the data, where Oa ey are
the O, residuals after regression of O, on
NOj; and 6; by, by, and b; are constant re-
gression coefficients, and b, equals AO,:
ANOQO;,.

Applying Eq. 19 to data from HAH30
(no NOj data for upper 35 m) we obtained
the following results

with NO; only:
0; =(5.71+0.42)

—(0.889+0.014)NOs; (20)
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with NO; and 6:
0, =(10.98+1.08) —(0.33x0.12)6
~(0.21%0.02) NO;. (21)

Equation 21 has a coefficient of determina-
tion R? = 0.953.

Figure 7 shows a definite dependency of
O3 (resy On 8. It also shows very clearly the
Subarctic Intermediate Water and water
type D shown in Fig. 3. Below 3,725 m val-
ues for Os(esr) vary randomly. The data
points scatter more in Fig. 7 than in Fig. 3
because NO; data are not as precise as PO,
data from this station. During YALOC-66,
PO, samples were analyzed immediately
while NO; samples were frozen and ana-
lyzed ashore (Barstow et al. 1968).

The confidence interval for the NOj re-
gression coefficient of Eq. 22 (Table 2),
—0.19 to —0.23, is consistent with Redfield’s
model—a fortuitous agreement since the
plot of Og resy versus 6 (Fig. 7) is not ran-
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Fig. 7. Ozes» versus 0 diagram for the whole
water column of station HAH30. Open circles rep-
resent data from below 3,725 m.
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3,725 m, station HAH30.

dom. To test Redfield’s model we divided

s Sy s b K i 21N
e JNU‘; U.d.ld lIlLU two Sets, J.-JO to 01U m

and 915 to 3,725 m. The regression for the
35-155-m depth range was not significant
as there are only six data points for that
portion of the water column (Fig. 7). The
results of the regressions for this station
are shown as Eq. 22-25 in Table 2. Equa-

tions 23 and 25 have coefficients of deter-
mination R- equal to 0.966 and 0.978.

aliliadiallas, A LRl 30 V.OUU ciifs V.d

The Ogms -y versus @ diagrams for these
two sets of data are random (Fig. 8). This
indicates that Oa(resr) result only from ran-
dom errors of O,, NO;, and 8 data, and that
Eq. 23 and 25 properly describe the data.
The NO; regression coefficients of 23 and
25 are consistent with Redfield’s model.

Equations 9 and 19 were applied to data
from other stations to study the effect of
geographic location. The results are shown
in Tables 3 and 4. There are no NO; data

for station HAHS32 (Barstow et al. 1968).

TP ) Y P NTNCKRMNe P P P
ror ult! All(llltlb \JDUDL:\JO bldtlull Lht:

Scripps’ Q. data were used (Spencer 1970).
Regression equations for those without the
6 term are given in Tables 3 and 4 for com-
parison of 0,-POy and O»~NO; slopes be-
fore and after the mixing effect is extracted.

The precision of the regression coeffi-

cients depends on the random errors of the
0., PO;, NO; and 6 measurements, the

474, NG, il U 1SNV CLIITALS 20

range of these properties, and the degrees
of freedom of the residuals. Poor precision
does not necessarily mean bad field data.
Tables 3 and 4 show that in some cases
the residuals had only 3 df: with 3 df the
value for to.ns is 3.18. Some regions of
the water column were not tabulated in
Tables 3 and 4, because either the O,, PO,,
and NOj; ranges were too small or there
were not enough data points to apply the
regression analysis.

Table 2. Regression equations of O: on NO, and ¢ for different portions of the water column of sta-

tion HAH30.
Portion of the Regression equations {showing 95% confidence intervals) Equation
water column ' : number
with NO_ only: O, =(5.57% 0.22) - {(0.081 £ 0. 014)NC 22
= 3 2 3
155-610 m
with NO3 and 0: O2 =(9.56% 2,82) - (0.26 £0.18)8 - (0.16 0. 06)NO3 23
-
with NO3 only: Oz =(16.76% 4,56) - (0.364 *0, IIO)NO3 - 24
915-3,725 m
with NO3 and 0: O2 =(9.36 £2.26) - (0.87% 0.20)6 - (0.14 * 0, ()f:)NC)3 25
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Table 3. Regression equations of O. on PO, and 8, on PO, and S, on NO; and 8, and on NO; and
S. The confidence intervals are at the 95% confidence level. Stations HAH52, AAH2, and SCORPIO
71 and 72.

Depth range] 2
Station {meters} Regression eguations {showing 95% confidence intervals) R n=p-l
HAH52 125-405 with PO, only: O, = (9.90 £ 0,39) - (2.78 % ().ZOJF’O4 - 4

{45°52.8'N : p 3.4 PO o] 48 0 9

; . i : = {14.02 . - (3. . - 10,5 0. .
174°2.3'W) with PO4 & @ O2 (14.02 £ 3.91) - { 9 + 0.58) n {0 Ed e 99 3
405-1765 with PO4 only: OZ = {12.59 = 2.02) - (3.75 & 0466)1304 0.978 5
with PO4&9 0, = (13.24 + 7.67) - {3.92 ¢ 1.95)PO4— {0.05 £ 0.53)8 0.979 4
75-300 with PO4 only: O) = (22.87 % 0.90) - (7.05 = 0.35)1’04 4
with PO4&S 2 O, = (186 £ 96) - {2.9 * 2,6)P04— (5.2 % 3.115 0.999 5
AAH2 360-1020 with PO.* only: O, = (24.4 £ 6.4) - (7.4 % Z.O)F’Q4 7
(52°56.1'N, N C e e N e . S .
179°55'W) with PO4&S B OZ' (74.4 23.5) - (3.3 % Z.Z)IO4 t1.85 % 0.H6)S 0.985 6
1215-3200 with 1304 only: (20.33 = 2.04) - (6.15 ¢ 0-6(\)!’04 11
with PO-} &S {4.21 £ i.'l-i»vPO_* +{2.58 & 1.28)8 0.587 i6
515-3500 with NOa only: OZ = (14.03 £ 2.06) - (0.297 ¢ 040461.\'03 12
\\'iLhN’O‘kS H OZ:-MO.Zt 36.7) - (0,224 ¢ O.O(;O)NO3 (1.5 £ 1.0)8 0.961 It
90-865 with PO_} only: O2 = (6.88 £ 1.06) - (0.82 O.()Z]PO4 24
SCORPIO with PO4 &6 02 = (13.80 £ 0.70) - (3.12 % O.Z(J]PO4 - (0.45 £ 0.04)0 06.962 23
Tl w72

{off Chile) 80-840 with NO3 only: 02 = {(6.49 £ 0.92) - (0.04 0.04)NO3 24
with NO3 &6 O2 = (15.91 £ 1.48) - (0.26 = 0.04)NO3 - 10.62 £ 0.10)8 0.902 23

n-p-1 arc the residual degrees of freedom, n is the number of observations and p is the number of independent
variables alrcady in the regression equation.

Table 4. Regression equations of O, on PO, and 6, and on NO; and 9. The confidence intervals are
at the 95% confidence level. North Pacific and North Atlantic GEOSECS intercalibration stations.

Depth range N
Station tmeters) Regression equations (showing 95% confidence intervals) RO PP
260-800 with vPO4 only: Oz = 7.60 % 0.57)- (2.22 0.?_1)}30qi [
with PO4 &0 OZ = (10.78 + 1.20) - (2.82 & 0.7.3)PO4 - 10.23 £ 0.07)0 Q.99 5
GOGO 1 1200-4200 with PO only: O, = (12.8]1 £ 0.44) - (3.61 = 0,16)PO 1t
(GEOSECS) * p i :
4 . = 5 - 5 N 2 Ly 5
(28° 29'N, with P04 &o O2 (11.50 £ 1.54} - (3.05 & O.GG)PO.* (0.19 £ 0.21)0 0.994 15
121°38'W) .
- h : = A7 % 4, - (0. . N
(off Baja 905-2005 with \103 only O.Z (17.17 4.16) - (0.38 £ 0.10) 03 s
California) with NO3 &0 O2 = (9.77 = 3.36) - (0.18 % O.OB‘JNO3 - (0.36 = 0.14)9 0.997 4
2005-4200 with N03 only: O2 = (17.91 = 2,64) - {(0.39 » 0.()7)NO3 12
with03&9 : 021(8.90& 2.4) - {0.12 = 0.07)NO3 -{1.19 = 0.28)8 0.992 1
430-860 with PO4 only: O2 = (5.17 £ 0.11) - (1.58 = Q. ZO)PO4 4
WithO4&9 : OZ=(8.52& 3.84) - l2.72i1.31)}:’04—(0.18:0.17)9 0.998 3
860-1840 with PO, only: O, = (9.11 % 6.67) - {(3.18 = 5.29)PO 8
ATLANTIC . § 2 M
STATION with PO4&9 H OZ: (10.49 % 0.74) - (2.62 % 0.53)}304- (0.35 = 0.02)0 0.993 7
{(GEOSECS) = N ~ P, -
(35°46. O'N, 150-580 with NO3 only: O2 = (4.97 £ 0.29) - (0,04} = 0.07}!1\03 5
67°58.0'W) with NO, & 8 ¢ O, = (11.09 = 3.44) - (0.18 + 0.081NO, - (0.31 + 0.17)0 0.905 +
860-1840 with .\'03 only: OZ = (12.18 ¢ 5.75) - {0.36 = 0. 2H}NO3 8
with NO3 &0 O2 = (10.82 £ 0.67) - (0.20 % 0.04).\'03 - {0.30 £ 0.03)0 0.995 7
1840-4915 with NO3 only: Oz = (T.43 £ 1.12) - (0.07 ¢ (J.O())NO3 f4
withNO3&9 H OZ—(‘).Z()tX.S4b-(0.1()*0.08h\'03-I(Lll + 0.08)9 0.571 13

kS
n-p-1 are the residual degrees of freedom, n is the number of observations and p is the number of independent variables

already in the regression equation.

b
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Bering Sea, the presence of a temperature
minimum and maximum in the upper 400
m ( Alvarez-Borrego et al. 1972) made S a
better parameter than 6 for the regressions;
a higher coefficient of determination was
obtained using S instead of ¢ as the inde-
pendent variable. At HAH52 the tempera-
ture minimum and maximum are also pres-
ent but 8 was used in the regression ‘with
satisfactory results (Table 3). In the At

lantia and CQasdh Doadfia ~
lantic and South Pacific Oeeans,

nnoa

~h
buauéca
of O,, POy, and NO; are not as great as in
the North Pacific Ocean. When changes
in these properties are small, random errors
of the determinations are large in percent-
age. SCORPIO stations 71 and 72 are geo-
graphically close, 43°14.7’S, 80°02.0'W,
and 43°19.0'S, 79°01.5'W, and were treated

together to have more degrees of {

reedom
for the regression.

With few exceptions, the results are con-
sistent with Redfield’s model (Tables 3
and 4). For SCORPIO stations 71 and 72
the PO, regression coefficient is slightly
higher than the value predicted by Red-
field’s model. The adjustment of the NO;
regression coefficient after § was added to
the equation was in the right direction, but
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Fig. 10. 6-S diagrams for stations 34 and 35
of the SOUTHERN CROSS cruise.

it went too far (Table 3). In some cases
the PO, and NO; regression coefficients
were not significantly different from zero
before 6 was added to the equations, but
they became consistent with Redfield’s
model when it was added (Tables 3 and 4).

The confidence interval for the POy re-
gression coefficient after 8 is added to the
equation is —4.21 * 1.14 (Table 3) at sta-
tion AAH2 (1 215-3,200 m). Alvarez-Bor-

Q79 sannlicd vagracsion analvy

ICSU et d.l \_una} aypucd ICEITISIVLL dllaly -
sis to the region of the water column where
the 6-S diagram is straight (1,300-3,600 m).
They treated data from stations AAHZ and
AAHS (also in the southeastern Bering Sea)
together and obtained a PO, regression co-
efficient of -3.4 = 1.0. The confidence in-
terval in this case is larger because we have
fewer degrees of freedom. Alvarez-Borrego
et al. (1972) calculated POy, using Red-
field’s model, plotted it versus 6 for the
region of the water column where they ap-
plied the regression, and found a signifi-
cant, although not very pronounced, de-
parture from linearity. On this basis they
indicated that their application of regres-
sion analysis to test Redfield’s model was a
first approximation. The Ogreq)—8 diagram
for the whole water column of station

AAHZ does not detect the presence of a

third water type for the depth range 1,215-
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Fig. 11. 6 versus PO, diagram for station
HAH22 (24°30.68'N, 161°30.0W).

3,200 m (not shown). The Oses)-0 dia-
gram can clearly detect different water
types only when abrupt inflections in the
Oy + a,POyp) versus 0 diagram exist. The
confidence intervals obtained by Alvarez-
Borrego et al. (1972) and here are con-
sistent with Redfield’s model.

Proportion of water types—We used data
from the SOUTHERN CROSS cruise (Ho-
ribe 1970) to test Redfield’s model in the
South Pacific Ocean. The ranges for O,
POy, and 6 are smaller than in the North
Pacific Ocean and we did not obtain a sig-
nificant regression when applying our
method to data from one station. Because
of this, we applied Eq. 9 to data from two
stations simultaneously. The Oges)—8 dia-
gram (Fig. 9) shows that the proportions
of the different water types are different
at each station. We cannot represent data
from both stations with the same set of re-
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~o\._‘\
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: s \
E 3 \\
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0 10 20 3.0
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Fig. 12. O, versus PO, diagram for station
HAH22. i

gression equations. Figure 9 shows that
when Eq. 9 has been applied to data from
two geographically close stations, "the
O (res)~0 diagram may be used to indicate
which station has a higher proportion of a
certain water type. The Og(res)—~f diagram
(Fig. 9) and the 6~S diagram (Fig. 10)
show that station 35 has a higher propor-
tion of Antarctic Intermediate Water (sta-
tion 35 is farther south than 34). The
Oz (res)—0 diagram does not give any differ-
entiation for SCORPIO stations 71 and 72
(not shown). :

Estimation of mixing—Station HAH22
has an almost linear POy, —8 diagram for
the region of the water column (754,550
m) below the near-surface O, maximum
(Fig. 11). Its Oy’-f# diagram is similar to
that for HAH30 (Fig. 4). This allows us
to illustrate the extraction of the mixing
effect by adding a conservative property,
such as 6, to the regression equation. The
0:-PO, diagram for station HAH22 (Fig.
12) has a hooklike shape; if this is due to
variation in the. preformed quantities, 6
should extract the mixing effect and leave
a linear relationship between O; and PO,
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Fig. 13. Oum versus POy diagram for station
HAH22,

This is onlv a first approximation hecause
the 0.6 and POy,,~¢ diagrams arc not
completely linear.

When O, is regressed on POy and 6, the
PO, term represents the regression of the
residuals of O, after regression on . The
residuals of PO, which resulted from a sim-
ple lincar regression on 6 are then fitted
with O.0,. When we do the regression in
a stepwise manner, adding ¢ first, we have

O::C|,+C19+O:u-)- (26)
Tmplicitly and simultaneously
PO.; = (]() +(l]6 + 1)01(1')) (27)

where ¢o, ¢y, dy, and dy are constant regres-
sion cocfficients and Qs and POy, are
the O, and PO, residuals after regression
on 6.
Addine POy to regression Eq. 26, we re-
aress Ouypy 011 POy,
Og(; y = f() -+ y PO4(,~) + Og(,-(;s), (28)

where fo and a; are constant regression co-
cfficients and Os ey, is defined in Eq. 9.

Substituting the value of POy, from 27
into 28 we have

Oz, = (fo — ardp) + a, PO,

”01(119'*"02(1-&5); (29)

and substituting 29 into 26 we have
Og = <C0 + f()— (lld()) + a, PO4
+(Cj_a1(ll)0+02(res). (30)

The terms (C() + f()—a!d()) and (Cl —dldl)
are constants and can be represented by ao
and as. Therefore, Eq. 30 is the same as 9.
The PO, regression coefficient of Eq. 9,
ay, is the slope of the Os(, versus POy,
diagram.

For station HAH22 the 0.,-PO,, 0.4,
and PO,-6 correlation coefficients are
-0.91, 0.75, and -0.95. Applying Eq. 26
and 27 we have

0. =(1.68 =0.56)+(0.18 =0.06)4, (31)
and
PO, =(3.19+0.18)-(0.16 = 0.02)8. (32)

Figure 13 shows the Os(, versus PO,
diagram. The hooklike shape shown in Fig.
12 has disappeared after 8 has extracted the
mixing effect. The Qg ,y~POy(ry correlation
coefficient is —0.99 and the confidence in-
terval for the O.)-PO4, slope is ~3.03 =
0.14, which is consistent with Redfield’s
model. In Fig. 13 the data points are not
sequential with depth: points at one end
are not necessarily near-surface points, and
points at the other end are not necessarily
deep points. Data points at the lower end
of the O.)-POy) diagram correspond to
the O» minimum zone.

0.y and POy, should not be regarded
as nonconservative fractions of O, and PO,.
Q. and POy, values by definition be-
come zero when added. For this station
the calculated ranges for AOU and PO, .,
are 0.16 to 6.40 ml liter?! and 0.05 to 2.05
uM. The ranges for Oz and POy are
only about half 4he ranges for AOU and
PO,y (Fig. 13) because AOU and
PO,y are partially correlated with 4.
Thus, when.we make the stepwise regres-
sion adding 6 first as shown in Eq. 26, the
6 term contains information about O, +
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3.1 PO, ,;, AOU, and POy . The com-
plete regression equation for HAHZ22

(75-4,550 m) is

0, = (11.33%0.45) — (0.310.02)6
*  —(3.03%0.14)PO, (33)

with a coefficient of determination R2=
0.994.

In summary, our regression
analysis gave results consistent with values
predicted by Redfield’s model for AO,:

ADN, A AN kel
ArUs ana uu2 : ANQ; ratios.

multiple
r

Diagrams
of O, residuals after regression of O, on 4
and PO, on 6 or NO; can be used to detect
water types, some of which are not clearly
shown by 6-S diagrams. Qualitative stud-
ies on the proportions of water types at dif-
ferent stations can also be done using the
O, residuals versus 6 diagram.
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