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ABSTRACT

This report is basically an atlas presenting diagrams and charts of
temperature, salinity, oxygen, nutrient, and relative baroclinic current
data for the eastern tropical North Pacific. Special emphasis is on the
oxygen deficient layer in this region and a number of the charts constitute
an isentropic study of this layer. Two of. the included properties,
nitrate deficits and equivalent nitrate, are particularly appropriate fo!'
investigations dealing with denitrification in these waters, and the
methods for calculating them are described.

A temperature-salinity, temperature-oxygen diagram presents evidence
for significant respiration at depths of about 800 m.
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INTRODUCTION

The diagrams and charts comprising the bulk of this 'report are
primarily from a thesis on denitrification in the eastern tropical North
Pacific Ocean (Codispoti, 1973). Some of the less useful figures have
been excluded, some have been updated, and a new figure showing the
relative baroclinic currents in the region of the California Undercurrent
has been added. .

This report has been prepared because the included figures form a
useful atlas for some'properties in the oxygen minimum layer of the eastern
tropical 'North Pacific Ocean. Due to space limitations, only a fraction
could appear in forthcoming publications dealing with the main results of
the denitrification study.

DATA SOURCES

Except for Figure 1 which is redrawn from Reid (1965), the data sources
for this report are listed in Tables 1 and 2. Additional information on the
~zomas G. Thompson cruises is available in Dugdale and Healy (1970), University
of Washington (1970), and Lowman and Codispoti (1973).

EXTENT OF THE OXYGEN DEFICIENT ZONE

Most of the evidence indicates that oxygen concentrations must be
less than ~O.l ~/liter (~10 ~g-atoms/1iter) before denitrification can be
observed in marine environments (Brandhorst, 1959; Richards, 1965; Thomas,
1966; Fiadeiro and Strickland, 1968; Cline and Richards, 1972). If sulphate
reduction has not begun but denitrification is ~roceeding, the term oxygen
deficient is used to describe such environments. Figures 1 and 2 ~ive some
idea of the horizontal and vertical extent of the oxygen deficient layer in
the eastern tropical North Pacific. The vertical extent also decreases with
increasing distance from the coast.

VERTICAL AMMONIA DISTRIBUTION

TIle purpose of Figure 3 was to present additional evidence in support
of Thomas' (1966) contention that ammonia does not appear to be the major
end product of Initrate reduction and denitrification in the eastern tropical
Horth Pacific.

-----------------
To be rigorous, the ammonia concentrations should have been expressed as
ug-atoms/1iter of ammonia nitrogen instead of }.Ig-atoms/1iter of ammoni,a.
The reader should note that this type of "shorthand" has been used through­
out this report. For example, reactive silicate in }.Ig-atoms/1iter should
really be expressed as reactive silicate-silicon in lJg-atoms/liter~ nitrate
in ~g-atoms/1iter should be nitrate-nitrogen in }.Ig-atoms/1iter; etc.
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Table 1. Cruises sponsored by the University of Washington.

Vessel and Cruise No. Year

R/V Thomas G. Thompson Cruise 1 1965

R/V Thomas G. Thompson Cruise 26 1968

R/V Thomas G. Thompson Cruise 35 1969 }
}

R/V Thomas G. Thompson Cruise 37 1969 }
}

R/V Thomas G. Thompson Cruise 46 1969-70}
}

R/V Thomas G. Thompson Cruise 66 1972 }

Sources

University of Washington, Dept.
of Oceanography, Tech. Report
249, and the National Oceano­
graphic Data Center

University of Washington, Dept.
of Oceanography, Tech. Report
250, and the National Oceano­
graphic Data Center

University of Washington, Dept.
of Oceanography, Tech. Report
284, and the National Oceano­
graphic Data Center
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Table 2. Cruises sponsored by agencies other than the University of
Washington.

Vessel and Cruise No. or
NODC Ref. No. Year Source

R/V Horizon

R/V Hugh M. Smi th

R/V D.S. Jordon

R/V D.S. Jordan

R/V D.S. Jordan

STEP-I 1960

C~tiise 1959
T9.-S9-2
I!

Cruise 12 1967

CALCOFI 1968
Cruise 6804

i

CALCOFI 1968
Cruise 6806

~Scripps In~titution of Oceanography

u.s. D~pt. of the Interior, Fish and
Wildlife Service

EASTROPAC (Natiqnal Uarine Fisheries
Service, Scripps Institution of
Oceanogranhy, Inter-American Tropical
Tuna Commission)

California Cooperative Oceanic
Fisheries Investigations (Scripps
Institution of Oceanography)

California Cooperative Oceanic
Fisheries Investigations (Scripps
Institution of Oceanography)

~IODC 90-0589

NODC 31-1072

NODC 31-1166

1959 National Oceanographic Data Center
I

1966 National Oceanographic Data Center

1967 National Oceanographic Data Center

R/V Proteus Cruise 22 1970 Stanford University

R/V Proteus Time-Series 1969-71 Stanford University
Station

R/V Shoyo Maru Cruise 13 1963-64 Inter-American Tropical Tuna
Commission

"

R/V Te Vega

R/V Te Vega

R/V Te Vega

R/V Te Vega

C+"uise 13
I

Cruise 14

Cruise 16

Cruise 17

1967

1967

1967

1968

Stanford University

Stanford UniverRity

Stanford Universiity

Stanford University

R/V Cayuse Cruise C7002D 1970 Ore~on State University
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Figure 1. Extent of the oxygen deficient region in the eastern tropical
Pacific. The shaded area indicates oxygen concentrations of
less than 0.25 ml/1iter on the 125 c1/ton thermosteric anomaly
surface. This surface is at ~ 400 m (after Reid, 1965).
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TEMPERATURE-SALINITY AND TEMPERATURE-OXYGEN DIAGRAMS

Figure 4 is a I conventional temperature-salinity diagram for the region
investigated in the denitrification study. Except for station 71 which is
to the north of the: oxygen deficient layer, the diagram indicates considerable
uniformity in the layers below 1\1200 meters and in waters with a values

Texceeding 1\126.0. Figure 5 is a temperature-salinity, temperature-oxygen
diagram for the aTI- 27.3 surface. This surface is near the core of the
salinity minimum and is generally found at a depth of about 800 meters.
When the above factors are considered, this diagram presents strong evidence
for significant in situ changes in non-conservative properties at the depth
of the a m 27.3 surface.

T
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TE~ORAL VARIATION DIAGRAMS

These diagrams (Figs. 6-9) were designed to investigate temporal
variations in nitrate, nitrite, and dissolved oxygen in the oxygen
deficient region. Often, the agreement appears to be within the
precision of the methods, particularly in the deeper layers. This suggests
that a knowledge of the concentrations of non-conservative properties in
the deeper layers for a given area could provide a rapid means for estimating
data quality.

I

.,
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VERTICAL SECnONS

These sections (Figs. 10-16) give some idea of the distribution of
nitrite, nitrate deficits, temperature, salinity, reactive silicate,
reactive phosphorus, and the relative baroclinic currents in portions of
the region emphasized in the denitrification study (Codispoti, 1973).
The nitrate deficit ,(Fig. 11) is an estimate of the amount of nitrate
converted to free nitrogen by denitrification. The calculation and validity
of this term will be briefly discussed later on in this· report and in more
detail in a forthcoming publication (Codispoti and Richards, in prep.).

The relative baroclinic current sections (Figs. 15 and 16) appear to
present a reasonable picture of the currents. For example, nitrate deficit
transports computed'with the aid of these currents (and the use of reasonable
estimates for the vertical and horizontal diffusive transports) yielded a
denitrification rate which compared favorably with an independent estimate
(Codispoti, 1973). These currents are, nevertheless, subject to the normal
limitations of such I representations. For example, the barotropic mode was
neglected; the net westward transport in Figure 15 seemed somewhat low
(Codispoti, 1973); and some significant baroclinicity may remain at the depths
of the reference levels (Reed, 1970).

For the shallow area in Figure 16, Helland-Hansen's (1934) method
was used to obtain the relative baroclinic currents. These values compared
reasonably well wit~ the currents obtained by using the deepest reference
levels possible in the water column.

Two shallow stations (maximum sampling depth = 370 m) were occupied to
the north of station 6 (Fig. 15). These stations were not included in the
original calculations, but a preliminary analysis indicates a strong net
flow towards the east.
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"ISENTROPIC" ANALYSIS CHARTS

Although these charts (Figs. 17-26) were used primarily to develop a
method for estimating nitrate deficits and to assi~t in the determination
of denitrification rates, they reveal many other interesting features.
Table 3 lists the a surfaces which were selected for the "isentropic"
analysis and also gIves some idea of the depth range of each surface.
Nitrite values were 'contoured whenever there was a distinct manifestation
of the deep nitrite imaximum (the maximum associated with oxygen deficient
waters). However, at two locations values in excess of 0.5 ~g-atoms/liter

and associated with low oxygen concentrations were found on 25.8 a surface.
T

The equivalent nitrate charts represent a property. defined as follmls~

l\NO~

l\02

where NO- = equivalent nitrate,
3EQUIV.

NO; = the observed nitrate concentration,

NO; = the observed nitrite concentration,

°2 = the observed dissolved oxygen concentration, and

l\NO; the ratio of nitrate produced to oxygen consumed during
~ =·aerobic respiration, 16/276 (by atoms) as suggested by

2 Redfield, Ketchum, and Richards (1963).

In other words,equivalent nitrate is an estimate of the amount of
nitrate which should be present in a water parcel when aerobic respiration

I

has reduced the oxygen concentration to zero. Within a given water parcel,
this quantity should be nearly constant until denitrification begins,
provided that the ratio for the ~NO;/l\02 term remains close to 16/276
(by atoms). 2

I

2 Because of this property, equivalent nitrate values, like preformed
nutrient values, can often be used to assess data quality for aerobic
subsurface water masses .
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Table 3

Surfaces chosen for "isentropic" analysis

a
'f

Thermosteric Anomaly Approximate Depth Range in
the Study Region (Meters)

25.5 249.1 40 - 120

25.8 220.6 50 - 140

26.1 192.1 50 ,- 200

26.4 163.6 100 - 300

26.6 144.6 175 - 375

26.8 125.6 300 - 475

27.0 106.7 450 - 560

27.3 78.2 770 - 880

27.5 59.3 1100 - 1350

."
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The consensus of most recent investigators is that free nitrogen is the
main end product of nitrate during marine denitrification (Codispoti, 1973).
Since free nitrogen appears to be essentially conservative below the surface
layers, areas of low equivalent nitrate values do not necessarily indicate
active denitrification sites. For example, oxygen concentrations throughout
the 25.5, 25.8 and 27.5 0 surfaces were generally too high to expect

Ldenitrification. Nevertheless, equivalent nitrate v~lues on these surfaces
display a minimum in the vicinity of the oxygen deficient region indicating
the possibility of mixing with waters from denitrification zones.
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Figure 17. Equivalent nitrate in lJg-atoms/liter (A) and salinity in
0/00 (B) on the 25.5 0 surface. Expected nitrate for this
surface is 32.8 lJg-at~/liter.
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Figure ~8. Equivalent nitrate in llg-atoms/liter i (A) and salinity in
0/00 (B) on the 25.8 a surface. Expected nitrate for this
surface is 33.6 Ilg-ato~/l1ter. !
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Figure 19. Equivalent nitrate in pg-atoms/liter (A), and salinity in °/0.
and nitrite in pg-atoms/liter (B) on the 26.1 a surface.
Expected nitrate for this surface is 34.6 pg-at6ms/liter.
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Figure 20. Equivalent nitrate in Vg-atoms/liter (A) and salinity in Q/ oo
(B) on the 26.4 a surface. Expected nitrate on this surface
is 35.4 ~g-atoms/liter.
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Figure 22. Equivalent nitrate in lJg-atoms/liter (A), and salinity in 0/00

and nitrite in lJg-atoms/liter (B) on the 26.6 a surface.
Expected nitrate on this surface is 3604 lJg-ato~/liter.
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Figure 23. Equivalent nitrate in lJg-atoms/liter (A), -and salinity in 0/00

and nitrite in lJg-atoms/liter (B) on the 26.8 a surface.
TExpected nitrate on this surface is 38.7 lJg-atoms/liter.
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Figure 24. Equivalent nitrate in ug-atoms/liter (A), and salinity in 0/00

and nitrite in ug-atoms/liter (B) on the 27.0 a surface.
TExpected nitrate for this surface is 42.5 ug-atoms/liter.
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Figure 25. Equivalent nitrate in lJg-atoms/liter (A) and salinity in 0/00

(B) on the 27.3 aT surface. Expected nitrate' on this surface is
48.6 lJg-atoms/liter.
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NITRATE DEFICITS

By averaging equivalent nitrate values in the source waters for the
oxygen deficient strata a term called expected nitrate (NO; ) was determined.

EXP
Nitrate deficits (N03 ),3 as shown above (Fig. 11), are then calculated

ANOM II
as follows:

/

NO- ~ NO; - NO- , and
3ANOM EXP 3EQUIV

NO; = NO; x 1.094.
ANOM II ANOM

A more detailed discussion of the development, the reliability and the
rational behind the method for computing nitrate deficits is given in
Codispoti (1973). Here it is sufficient to note that the above equations
used in combination with the expected nitrate values given in the figure
captions (Figs. 17-26) will yield useful nitrate deficit estimates for the
study region. However, the reader should be aware that the method for
calculating nitrate deficits may be slightly modified when published in its
final form (Codispoti and Richards, in prep.).

(2)

(3)

Figures 27 and 28 give some idea of the agreement between the above
method and the method of Cline and Richards (1972). These comparisons were
made using the same data employed for developing Cline and Richards' method.
One disadvantage of their method is that it requires reactive phosphorus
data and is sensitive to errors and systematic differences in these data.

3 As mentioned on page 15, nitrate deficits provide a measure of the
amount of nitrate converted to free nitrogen during denitrification.

."
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